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CHARACTERIZATION OF GROUNDWATER IN JOHNS AND
EMERY VALLEYS, GARFIELD AND KANE COUNTY, UTAH,
WITH EMPHASIS ON THE GROUNDWATER BUDGET AND

GROUNDWATER-SURFACE-WATER INTERACTION

by Janae Wallace, Trevor H. Schlossnagle, Kathryn Ladig, Paul C. Inkenbrandt,
Hugh Hurlow, and Christian Hardwick

ABSTRACT

Johns and Emery Valleys are in south-central Utah, about 20
miles (32 km) southeast of Panguitch in Garfield and Kane
Counties, and have a population of about 360 residents. How-
ever, Bryce Canyon National Park forms the southeastern
boundary of the study area and tourist visitation to the park
and the valleys reaches the millions annually. Water resource
development and water quality concerns in this seasonally
overpopulated area have prompted our comprehensive study
of groundwater in Johns and Emery Valleys.

This report presents a new estimate of valley-fill thickness;
six valley-fill cross sections; potentiometric surfaces and
water-level change maps; a water-level trend analysis; a
comprehensive analysis of the stable isotope signatures of
surface water and groundwater; a groundwater age analysis;
a water balance of Johns and Emery Valleys and of Tropic
Reservoir, all backed by gross estimates of water-budget
components; a groundwater quality classification; and an
evaluation of predicted water-quality degradation by future
septic tanks.

We completed fieldwork for this study from 2018 to 2022,
which included collecting new gravity measurements to un-
derstand basin geometry. We sampled wells, springs, surface
water, and precipitation for general chemistry and stable and
radioactive isotopes. We also conducted seepage runs on the
East Fork Sevier River and its tributaries as well as the Tropic
Ditch. We measured streamflow of the East Fork Sevier River
periodically by monitoring the water level in the stream chan-
nel at key locations to create a stage-discharge relationship for
each location for the 2022 water year.

Groundwater quality in the principal valley-fill aquifer in Johns
and Emery Valleys is excellent and was deemed Pristine by the
Utah Division of Water Quality Board’s groundwater quality
classification designation. The average total-dissolved-solids
(TDS) concentration in the study area is 295 milligrams per
liter (mg/L), with the valley-fill aquifer and Claron Formation
yielding higher quality water than the Cretaceous sandstone
aquifers. Our report provides an evaluation of predicted water-
quality degradation by future increased septic tanks, including
large underground wastewater disposal systems.

This study uses a soil-water-balance (SWB) model to un-
derstand the interaction between surface water, the uncon-
solidated valley-fill aquifer, and Tropic Reservoir. SWB-
modeled precipitation averaged approximately 383,000
acre-feet/yr and evapotranspiration averaged 372,000 acre-
feet/yr over the entire study area for the years 2017 through
2021. The SWB model indicated an average recharge to the
valley-fill aquifer of 9400 acre-feet/yr and average gross loss
of 11,000 acre-feet/yr. These data indicate that the valley-fill
aquifer had a net loss of water from 2017 to 2021.

The major findings of this study are: (1) the valley-fill aqui-
fer is relatively thin (less than 250 feet thick in most places)
with low storativity and high transmissivity; (2) water levels
in wells in most of the valley-fill aquifer increase directly
in response to high precipitation years and decrease in low
precipitation years relative to bedrock wells, which show
little response to seasonal fluctuations in precipitation; (3)
the East Fork Sevier River in Emery Valley is strongly con-
trolled by releases from Tropic Reservoir and the Tropic
Ditch diversion, and is regularly completely diverted from
April to October; the river begins to become perennial
and reappear in northern Johns Valley where it encounters
groundwater discharge from the valley-fill aquifer, where
the water table intersects the land surface and supports ex-
tensive wetlands; (4) the East Fork Sevier River is both a
net losing and net gaining stream depending on timing and
location in the watershed; (5) the valley-fill aquifer receives
recharge primarily from mountain-block recharge (approxi-
mately 4390 acre-feet/yr) and from precipitation (940 acre-
feet/yr); (6) groundwater loss from the valley-fill aquifer is
from evapotranspiration and well water withdrawal (averag-
ing approximately 5400 acre-feet/yr) and to the East Fork
Sevier River in the northernmost part of Johns Valley (ap-
proximately 5600 acre-feet per/yr on average); (7) Tropic
Reservoir loses water each year to the groundwater system;
(8) based on a nitrate mass balance model, we project that
adding the equivalent nitrate loading of 124 septic tanks in
the form of large underground wastewater disposal systems
to the aquifer in Emery Valley could result in a septic tank
density of 57 acres per system and 14 acres per system if
allowable nitrate concentration is increased to 5 mg/L, and
(9) water quality in the valley-fill aquifer is Pristine, having
TDS concentrations less than 500 mg/L.



INTRODUCTION

Purpose and Scope

The primary goals of this study are to (1) characterize the hy-
drogeology of the Johns and Emery Valley drainage basin as
it pertains to the occurrence and flow of groundwater, with
emphasis on delineating the valley-fill aquifer thickness and
lithology and determining the water-yielding characteristics
of unconsolidated and fractured-rock aquifers in the study
area; (2) characterize groundwater levels, chemistry, flow
paths, and connection to surface water; (3) develop a water
budget for the drainage basin; and (4) develop septic-system
density recommendations and an aquifer classification map.
To accomplish these goals, we:

e Compiled a geologic map of the Johns and Emery
Valley study area, with accompanying stratigraphic
columns.

e Assembled existing well data, including specific ca-
pacity and aquifer test data.

e Estimated aquifer characteristics and produced a
map showing the transmissivity for the valley-fill
aquifer and bedrock aquifers.

e Measured water levels in wells and constructed po-
tentiometric surface maps for the valley-fill aquifer,
from which change-over-time maps were created.

e Delineated the hydrostratigraphy of valley-fill and
fractured-rock units and produced six valley-fill
cross sections.

e Produced an isopach map for the valley fill using
new and existing gravity data.

e Collected groundwater and surface water samples and
analyzed for environmental tracers and geochemistry.

e Determined groundwater—surface-water connection
based on water chemistry type, age of groundwater,
and the isotopic signature of stream water compared
to groundwater.

e Developed a hydrologic water budget for the Johns
and Emery Valley drainage basin, with a focus on the
valley-fill aquifer system.

e Calculated expected water-quality degradation based
on septic-tank density.

e Performed a potential contaminant inventory to doc-
ument potential threats to groundwater quality.

e Classified groundwater quality of the principal
valley-fill aquifer to formally document the area’s
groundwater resources.

Some of the data and interpretations in this report were previ-
ously published in Utah Geological Survey Open-File Report
733 (Wallace et al., 2021), which describes the hydrogeology
and connection between surface water and groundwater in the
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upper East Fork Sevier watershed, focusing on Emery Valley
and the southern end of Johns Valley. This report supersedes
any information found in that publication. We expanded the
study area in this report to include the entire watershed ex-
tending to northern Johns Valley where the East Fork Sevier
River exits through Black Canyon.

Background Information

Location and Geography

The study area encompasses Johns and Emery Valleys in east-
ern Garfield and northern Kane Counties, south-central Utah.
The study area includes Bryce Canyon City and the gently
rolling, forested slope to the north and northwest; the East
Fork Sevier River below Tropic Reservoir and associated side
drainages, particularly East Creek; and Johnson Bench, Em-
ery Valley, and Johns Valley (Figure 1). Bryce Canyon City is
about 20 miles (32 km) southeast of Panguitch, the Garfield
County seat. The eastern administrative boundary of Bryce
Canyon National Park forms the southeastern boundary of
the study area in northern Kane County. Emery Valley is an
intermontane basin that is bounded by the Sevier Plateau on
the north and the Paunsaugunt Plateau on the southwest, and
opens to Johns Valley to the northeast. Johns Valley is also an
intermontane basin bounded by the Sevier Plateau to the west
and Escalante Mountains to the east. The East Fork Sevier
River flows through Emery Valley from southwest to northeast
and continues northeast through Johns Valley, exiting through
Black Canyon. The hand-dug Tropic Ditch, an irrigation canal
listed on the National Register of Historic Places dating back
to 1892, taps into the East Fork Sevier River south of Emery
Valley and transports water east across the Great Basin Divide
(Davis and Pollock, 2010).

Climate

Johns and Emery Valleys are in a high-altitude, semi-arid
environment. Weather conditions are variable throughout the
year, with an average of 69 freeze-free days per year at the
Bryce Canyon Airport weather station (years 1949 to 2022;
data were retrieved from https://climate.usu.edu/mapServer/
mapGUI/index.php). Monsoon season is common in July
and August, with heavy, short-lived downpours. SNOTEL
data (Widtsoe #3 station in the Escalante Mountains and
Agua Canyon station on the Paunsaugunt Plateau; Natural
Resources Conservation Service, 2021) indicate an average
of'about 25 inches of precipitation per year (1981-2020). The
Bryce Canyon Airport weather station recorded a maximum
temperature of 95°F (35°C) and a minimum temperature of
-32°F (-35°C) between 1948 and 2023.

Population and Land Use

Johns and Emery Valleys, having a total permanent popula-
tion of 363, are sparsely populated rural areas that have had
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Figure 1. Johns and Emery Valleys study area and geographic setting.




little to moderate population growth, but rapid growth in tour-
ism (U.S. Census Bureau, 2021). Although the population of
Bryce Canyon City has grown from 138 at its incorporation in
2007 to 336 in 2020 (U.S. Census Bureau, 2021) and swells
with seasonal employment, visitation to Bryce Canyon Na-
tional Park increased from one million in 2008 to 2.7 million
in 2018 (National Park Service, 2020).

Although land use and development in the study area is cen-
tered around tourism, agriculture remains an important land
use in Johns and Emery Valleys. In 2021, over 7700 acres
of land were designated as irrigated, sub-irrigated, or non-
irrigated agricultural use (Utah Division of Water Resources,
2022). Irrigation in the study area is typically from surface
water sources such as the Tropic Ditch in Emery Valley and
drainages in the Escalante Mountains bordering Johns Valley,
including Horse Creek, Sweetwater Creek, Birch Creek, and
South Creek. Non-irrigated agriculture use includes fallow
and idle croplands as well as dry land. Urban areas comprise
1200 acres of the study area.

Wastewater disposal in Johns and Emery Valleys is a mix of
sewage lagoon systems and underground wastewater disposal
systems. Bryce Canyon National Park and Bryce Canyon City
have their own sewage lagoons, and outside of these areas,
hotels currently use three large underground wastewater dis-
posal systems (LUWDS) and 36 homes or other structures use
septic tank soil-absorption systems.

Previous Work

Dutton (1880) described the geology of the High Plateaus of
Utah, including the Sevier and Paunsaugunt Plateaus and as-
sociated valleys. Gregory (1944) described the geology of the
East Fork Sevier River valley, focusing on the Tertiary Claron
Formation (then called the Wasatch Formation) and Brian
Head Formation. Marine (1963) appraised the groundwater
resources of Bryce Canyon National Park, focusing on shal-
low alluvial drainages, springs, and potential development of
the Claron Formation and Cretaceous bedrock.

Carpenter et al. (1967) investigated groundwater conditions
of the Upper Sevier River Basin, emphasizing the interrela-
tion of groundwater and surface water, the effects of increased
groundwater pumping, and the amount of groundwater storage.
They divided the East Fork Valley into three sub-basins: Em-
ery Valley, Johns Valley, and Antimony, and noted that Johns
and Emery Valleys exhibited no confined groundwater condi-
tions. They reported 6000 and 90,000 acre-feet of groundwater
storage in Emery Valley and Johns Valley, respectively.

Thiros and Brothers (1993) summarized the water-yielding
characteristics of the East Fork Valley that includes Johns and
Emery Valleys. In Emery Valley, they identified the sand and
gravel deposits of the valley-fill aquifer as having the highest
hydraulic conductivity. They estimated transmissivity, based
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on an aquifer test in Emery Valley, at 6 square feet per day (ft%/
day) (0.56 m?%day). Aquifer tests yielded hydraulic conduc-
tivity values of 0.2 feet per day (ft/day) (0.06 m/day) from an
alluvial fan in Johns Valley and 1500 ft/day (457 m/day) for a
well in Emery Valley completed in gravel and sand. Hydrau-
lic conductivity values were estimated from specific capacity
data from 21 well logs and ranged from 6 to 20 ft/day (1.8 to
6 m/day), and specific yield was estimated to be 0.13 (Thiros
and Brothers, 1993).

Ott (1999) surveyed springs and surface water within Bryce
Canyon National Park with an emphasis on water quality.
Doremus and Kreamer (2000) studied water quality and quan-
tity in Bryce Canyon National Park, focusing on Mossy Cave
Spring and Water Canyon, and produced a simple hydrologic
budget for the park. Loughlin Water Associates (2022) per-
formed a hydrogeologic assessment of several wells in Emery
Valley located along Highway 12. They concluded that the
valley-fill aquifer there locally has transmissivities as high as
59,000 ft*/day (5500 m?/day) and that pumping wells com-
pleted in the valley-fill aquifer have no or negligible effect
on nearby wells completed in Cretaceous sandstone bedrock.

Geologic Setting

The study area falls within three 30’ x 60" quadrangles: Pan-
guitch, Escalante, and Kanab. The primary sources for the
geologic summary below are the geologic maps of these quad-
rangles produced by Biek et al. (2015), Doelling and Willis
(2018), and Doelling (2008), respectively. Johns and Emery
Valleys are in the Colorado Plateau physiographic province.
Johns Valley, situated between the Escalante Mountains and
Sevier Plateau, is a topographic depression in which valley-
fill sediment has accumulated from the East Fork Sevier River
and alluvial fans and side drainages emanating from the sur-
rounding hills. Emery Valley extends southwest from Johns
Valley and is situated between the Sevier and Paunsaugunt
Plateaus. The valley fill forms the principal aquifer of both
valleys. Bryce Canyon is a major geologic feature to the south
of these valleys.

Geologic units in the study area are Quaternary unconsoli-
dated deposits, Tertiary volcanic and sedimentary rocks, and
Cretaceous sedimentary rocks. The predominant geologic
units are Quaternary valley fill, the Tertiary Osiris Tuff, and
the Tertiary Mount Dutton, Brian Head, Claron, Pine Hollow,
and Grand Castle Formations, as well as the Cretaceous Kaip-
arowits, Wahweap, and Straight Cliffs Formations.

The Quaternary unconsolidated deposits include gravel,
sand, and clay derived from adjacent hills and mountains
that were deposited in alluvial-fan, fluvial, and mass-move-
ment environments.

The early Miocene to late Oligocene Osiris Tuff is mapped
as the outflow facies of the Marysvale volcanic field (Biek et



al., 2015). It consists of resistant, light-gray and brown, rhyo-
dacitic ash-flow tuff (Williams and Hackman, 1971).

The Oligocene-Miocene Mount Dutton Formation is volcanic
mudflow breccia consisting of angular to subrounded, pebble-
to boulder-size clasts in a muddy to sandy matrix (Mackin
and Rowley, 1976; Maldonado and Williams, 1993a, 1993b;
Rowley et al., 1994). In the northwestern part of Johns Valley
in the Sevier Plateau, the Mount Dutton Formation is light-
to dark-gray and brown volcanic mudflow breccia and lesser
interbedded volcaniclastic conglomerate and tuffaceous sand-
stone (Biek et al., 2015). Exposures in the plateau are the al-
luvial facies of the Mount Dutton Formation, are part of the
Markagunt gravity slide, and are about 2000 feet (600 m)
thick at the southern end of the plateau (Rowley et al., 2013;
Biek et al., 2015).

The Eocene-Oligocene Brian Head Formation is composed of
non-tuffaceous sandstone and conglomerate, volcanic mud-
flow breccia, mafic lava flows, volcaniclastic sandstone with
minor limestone and chalcedony, and ash-flow tuff (Biek et
al., 2015). The unit consists dominantly of yellowish-gray and
light-gray tuffaceous sandstone with interbedded pebble- to
boulder-size conglomerate, sandstone, and minor limestone
and mudflow breccia (Maldonado and Moore, 1995).

The Eocene-Paleocene Claron Formation in the study area
consists of mudstone, siltstone, sandstone, limestone, and mi-
nor conglomerate deposited in fluvial, floodplain, and lacus-
trine environments of an intermontane basin (Mullet, 1989;
Ott, 1999; Biek et al., 2015).

The Claron Formation is divided into the younger white
member that was deposited in both fluvial and lacustrine
environments and the older pink member that is domi-
nantly fluvial (Goldstrand,1994; Bown et al., 1997). The
upper limestone unit of the white member is white, pale-
yellowish-gray, pinkish-gray, and very pale-orange micrit-
ic limestone, and is typically about 80 to 100 feet (24-30
m) thick on the southern flank of the Sevier Plateau (Biek
et al., 2015). The lower part of the white member consists
of micritic limestone similar to the upper white limestone
interval and forms a cliff or steep, ledgy, white slope. The
lower limestone unit has a maximum thickness of about
300 feet (91 m) at Bryce Point in Bryce Canyon National
Park (Bowers, 1991), and is about 160 feet (49 m) thick to
the north on the southwestern flank of the Sevier Plateau
(Biek et al., 2015). Within Bryce Canyon National Park
at Inspiration Point, the lower limestone unit of the White
Member is mostly white, pink, and pale-orange, slope-
forming mudstone and siltstone with only minor limestone
(Knudsen et al., in preparation).

The pink member of the Claron Formation consists of micritic
limestone, calcite-cemented sandstone, calcarcous mudstone,
and minor pebbly conglomerate that weather to colluvium-
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covered ledgy slopes. The unit is about 600 feet (183 m) thick
at Bryce Canyon National Park (Biek et al., 2015).

The early Paleocene to middle Eocene Pine Hollow Forma-
tion consists of purple-gray to red-brown conglomerate, mud-
stone, siltstone, and claystone. The claystone is commonly
smectitic, particularly near the middle of the formation. The
unit contains interbeds of gray, tan, or red, fine- to coarse-
grained sandstone in the lower part and has thin conglomerate
lenses mostly near the base (Goldstrand and Mullet, 1997).
The unit thins to the north and has a thickness of 0 to 450 feet
(0-137 m) (Doelling and Willis, 2018).

The Cretaceous Grand Castle Formation is light-gray and
light-red massive conglomerate. Clasts are well-rounded, peb-
ble- to boulder-size quartzite, limestone, sandstone, and chert.
The formation is locally mapped on the Paunsaugunt Plateau
where it is typically thin and poorly exposed at the base of the
Claron Formation (Bowers, 1972).

The Kaiparowits Formation is a light-brown, very fine grained
sandstone and gray sandy mudstone that crops out above the
capping sandstone member of the Wahweap Formation south-
west of Tropic Reservoir (Bowers, 1991). The Kaiparowits
Formation was deposited in a relatively wet, subhumid allu-
vial plain that had periodic to seasonal aridity near the west-
ern margin of the Late Cretaceous Western Interior Seaway
(Roberts, 2007).

The Late Cretaceous Wahweap Formation overlies the Straight
Cliffs Formation in the East Fork Sevier River drainage basin.
These two units are very similar, especially near their contact,
and are commonly lumped together as an undivided map unit.
The Wahweap Formation is mostly fine-grained sandstone, silt-
stone, and mudstone deposited in braided and meandering river
and floodplain environments of a coastal plain (Lawton et al.,
2003). Around Tropic Reservoir, because of extensive vegeta-
tive cover and poor geomorphic expression, three members of
the Wahweap Formation are mapped as undivided, except for the
distinctive capping sandstone (Knudsen et al., in preparation).

The Late Cretaceous Straight Cliffs Formation consists of the
Drip Tank and John Henry Members in the study area. On
the Paunsaugunt Plateau, the Drip Tank Member is white to
light-gray, fine- to medium-grained quartzose sandstone, and,
in the upper part of the unit, it has pebbly sandstone and peb-
bly conglomerate (Biek et al., 2015). The John Henry Mem-
ber consists of gray, brown, and reddish-brown mudstone and
thin- to thick-bedded, grayish-orange to yellowish-brown,
fine-grained sandstone and forms ledgy slopes on the east-
ern margin of the Bryce Canyon National Park boundary. In
the area around Bulldog Hollow near the town of Tropic, the
John Henry Member is stacked or amalgamated sandstone in
the upper part of the unit. North of Tropic, a prominent 20-
to 40-foot-thick (6—12 m) coal-rich interval is mapped as a
marker bed (Knudsen et al., in preparation).



The principal structural elements of the study area (Biek et al.,
2015) include the Paunsaugunt fault zone, a northwest-side-
down Quaternary normal fault that strikes northeast through
Johns Valley along the eastern margin of the study area; the
Pine Hills and Rubys Inn thrust faults, which strike east-west
and form the northern and southern boundaries, respectively,
of Emery Valley; the Johns Valley thrust fault northwest of
Flake Mountain, which strikes northeast through the central
part of Johns Valley in the northern part of the study area; and
the Hunt Creek thrust fault, which strikes northeast parallel to
the Johns Valley thrust fault. The thrust faults are interpreted as
resulting from the Markagunt gravity slide (Biek et al., 2015).

HYDROSTRATIGRAPHY AND AQUIFER
PROPERTIES

Delineation of Hydrostratigraphy

We derived hydrostratigraphy for the geologic units in our
project area based on geologic maps, water-well data, and
limited field observations. Defining hydrostratigraphic units
involves grouping or splitting geologic formations based
on their known or inferred water-yielding characteristics.
The scheme used here includes aquifer, heterogeneous unit
(mixed confined/unconfined or interbedded fine and coarse
sedimentary layers), and confining unit. Hydrostratigraphic
units were delineated for the valley fill, Claron Formation, and
Cretaceous formations (Kaiparowits, Wahweap, and Straight
Cliffs), all of which yield water to wells and springs in the
study area (Figures 2—4).

Quaternary and late Tertiary deposits are primarily alluvial
and coarse- to medium- grained, include comparatively thin
and laterally discontinuous fine-grained layers, and are clas-
sified as aquifer units. The next section provides more detail
about the lithology and stratigraphy of the Quaternary-Ter-
tiary valley-fill deposits. Quaternary mass-movement deposits
are prominent in the northeast and are primarily composed of
slump blocks and debris slides of volcanic rock. These de-
posits are classified as heterogeneous units. The Sevier River
Formation is a crudely stratified conglomerate, sandstone, and
siltstone derived from volcanic sources and is classified as a
heterogeneous unit. The Mount Dutton Formation, predomi-
nantly volcaniclastic mudflow breccia, is classified as a het-
erogeneous unit due to lateral and vertical variations in texture
and fracturing. This unit’s water-yielding characteristics are
expected to vary with location, and individual aquifers within
the unit are not expected to be connected at a regional scale.
The Osiris Tuff is a densely welded ash-flow tuff that is clas-
sified as a heterogeneous unit due to the presence of extensive
fracturing and at least one spring that appears to source from
an outcrop. The Brian Head Formation is classified as a con-
fining unit based on its composition of volcanogenic mudstone
and localization of springs at its top in the northern part of the
study area. The Claron Formation is split into two heteroge-
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neous units; the upper unit is composed predominantly of car-
bonate rocks and the lower unit is composed predominantly of
siliciclastic rocks (Figure 2). Both units yield water to wells.
The carbonate heterogeneous unit is karstic on the Markagunt
Plateau about 35 miles (56 km) to the west (Bick et al., 2015).
Karst features were not observed in outcrop in this study area
but may be present in the subsurface and control the loca-
tions of springs. Late Cretaceous formations are composed of
alternating predominantly coarse-grained and predominantly
fine-grained intervals that are classified as aquifer units and
heterogeneous units, respectively (Figure 3). The heteroge-
neous units are mostly fine-grained sandstone grading to con-
glomerate having a coarse-grained sandy matrix and include
shale interbeds. These units yield water to wells and springs.

Valley-fill Aquifer

Lithology

We entered lithology data from well logs (Utah Division of
Water Rights, 2018) into a well management program, con-
structed cross sections through the valley fill, and identified
laterally continuous lithologic units. We chose cross-section
lines based on the distribution of well logs within the study
area (Figure 5). We used 48 well logs to interpret subsurface
geology on the cross sections based on their proximity to the
section lines. Wells used in cross sections (Figure 6) are la-
beled by HydrolD, a unique identifier assigned by the well
management program. The cross sections assist in interpret-
ing valley-fill stratigraphy and thickness, water levels, flow
paths, groundwater—surface-water interactions, and construct-
ing the conceptual flow model. The valley fill in Johns and
Emery Valleys is divided into predominantly coarse (sands
and gravels), predominantly fine (clay, silt, and fine sand), and
mixed-grain-size units. Some well borehole lithologies are
mismatched with adjacent interpolations in the cross sections.
Borehole lithologies are based on recorded drilling observa-
tions, and some well logs include inaccurate lithologic infor-
mation (e.g., unconsolidated material overlain by bedrock).
The potentiometric surface from spring 2022 is projected onto
cross sections in Figure 6 (discussed in Groundwater Levels
and Streamflow section below).

Cross section A-A’' trends northwest-southeast through
central Emery Valley and includes the area of greatest
groundwater development in the study area, along highway
12 (Figures 5 and 6A). Within 25 to 30 feet (8—9 m) of land
surface, unconsolidated deposits are predominantly coarse
grained near the valley margins and predominantly mixed
grain size in the valley center. In the middle to lower parts
of the valley fill, predominantly fine-grained deposits exist
near both ends of the cross section. The valley-fill deposits
are over 100 feet (30 m) thick in the center of the valley
and overlie Cretaceous (undivided) rocks below the valley
floor and the Claron Formation (undivided) near the val-
ley margins. Well logs are insufficiently detailed to identify
hydrostratigraphic units within the Claron Formation and
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Figure 2. Hydrostratigraphy of Quaternary and Tertiary sedimentary deposits and rock units in the study area. Modified from Biek et al.

(2015) and Doelling and Willis (2008).

Cretaceous rocks; however, several wells along the cross
section are completed in each, suggesting they yield at least
moderate amounts of groundwater.

Cross section B-B' trends north-south through the west end
of Emery Valley (Figures 5 and 6B). Valley-fill deposits are
primarily fine grained and mixed grain size, are as much as
200 feet (61 m) thick, and overlie Cretaceous bedrock. Cut-
tings (housed at the Utah Geological Survey [UGS] Utah Core
Research Center) from a petroleum exploration well located
north of the section line were examined for this study and in-
dicated about 200 feet (61 m) of pebbly valley-fill deposits
lie above medium-grained, well-sorted sandstone (Appendix
A). The pebbly deposits are Quaternary alluvial pediment de-
posits (unit Qap from Biek et al., 2015). Well 1035 is a water
supply well for the petroleum exploration well, but its log in-
dicates only bedrock. Valley-fill deposits in this area evidently
vary in thickness substantially over short distances. The line

of cross section B-B’ is south of a limited exposure of the
John Henry Member of the Straight Cliffs Formation along
the north wall of a modern dry wash. The valley fill-bedrock
contact, therefore, rises steeply south to intersect the land sur-
face on the north side of the dry wash.

Cross section C-C’ trends north-south across central Em-
ery Valley (Figures 5 and 6C). Moderately continuous fine-
grained deposits overlie mixed- and coarse-grained deposits
in the valley margins, which may indicate locally confining
conditions. Wells completed in the northern valley margin
are primarily completed across or below the alluvium-bed-
rock interface.

Cross section D-D' trends north-south across eastern Emery
Valley (Figures 5 and 6D). Mixed-grain-size deposits over-
lie coarse-grained deposits in the valley margins. Wells at
the south end of the cross section are primarily completed in
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Figure 3. Hydrostratigraphy of Cretaceous rock units in the study area. Modified from Biek et al. (2015) and Doelling and Willis (2008).

Cretaceous rocks. In the valley center, mixed-grained alluvial-
fan deposits overlie a substantial lens of predominantly fine-
grained deposits.

Cross section E-E’ trends east-northeast across southern Johns
Valley (Figures 5 and 6E). Valley-fill deposits are predomi-
nantly coarse grained in the west-southwest part of the sec-
tion, and predominantly mixed grain size in the northeast part
of the section. A fine-grained layer exists at about 120 to 180
feet (37-55 m) below the land surface in the central part of
the section. Most wells in the northeast part of the section
are drilled into and likely completed in Cretaceous bedrock.
The cross section intersects the Johns Valley thrust fault in
the southwest and the Paunsaugunt normal fault in the north-
east. We do not know the age of the deepest coarse-grained
deposits in the central part of the section; they could be cut
by either or both faults. Younger valley-fill deposits onlap the
fault surfaces.

Cross section F-F’ trends north-south along the axis of north-
ern Johns Valley (Figures 5 and 6F). Valley-fill deposits are
predominantly coarse grained in the northern and central parts
of the section and transition to predominantly mixed grain
size in the southern part of the section. These deposits are
overlain by a fine-grained deposit at the surface in the center
of the section. The section also intersects a fine-grained layer
described in section E-E" above. The cross section intersects
the Hunt Creek thrust fault in the center and the Johns Valley
thrust fault in the south. Well 1089 at the northern end of the
section is drilled through the Osiris Tuff, which likely pinches
out to the south.

The cross sections collectively indicate that the valley-fill de-
posits of Emery Valley and Johns Valley are predominantly
coarse grained to mixed grain size and are less than about 200
feet (61 m) thick in most places. Coarse-grained deposits are
prevalent near the mountain fronts and are interbedded with
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heterogeneous deposits below the valley floor. Fine-grained
layers are rare and generally laterally discontinuous, suggest-
ing unconfined groundwater conditions exist in most areas.
We are uncertain whether the mixed-grain-size deposits con-
sist of poorly sorted deposits or interlayered fine- and coarse-
grained deposits.

Thickness

Wells: We interpreted depth to bedrock using well logs. Lo-
cating the valley fill-bedrock contact from well logs can be
straightforward or ambiguous, depending on the level of de-
tail of the log and on the lithologic contrast between valley fill
and bedrock. For example, cuttings from the Lion/Monsanto 1
Bryce well (Appendix A) include a wide variety of rock types
having rounded edges (i.e., pebbles) in the upper 200 feet (61
m), and exclusively medium- to fine-grained, angular sand-
stone fragments below 270 feet (82 m); the exact contact is,
unfortunately, missing. The contact between multi-lithologic
gravel and uniform sandstone would be evident to most well
drillers. Where fine-grained valley-fill deposits overlie Creta-
ceous shale (e.g., one of the confining hydrostratigraphic units
shown on Figure 3), the change in lithology and drilling char-
acteristics between valley fill and bedrock is more difficult to
discern. We subjectively chose the most reliable well logs to
estimate valley-fill thickness.

Gravity study: We conducted a gravity survey in the study
area to delineate valley-fill thickness and subsurface struc-
tures, acquiring 124 new gravity stations during the 2019 field
season (Figure 7). In gravity surveys, the working unit Gal is
defined as 1 centimeter per second squared (cm/s?) making,
for example, the commonly stated acceleration due to gravity
at the Earth’s surface 980 Gal (9.8 m/s?). Observed changes in
the Earth’s local gravity field are most sensitive to elevation
(vertical changes) which makes elevation control a critical pa-
rameter in gravity surveys.

We used two Scintrex CG-5 Autogravs (precision of 1
nGal, accuracy of 5 pGal) to make field measurements of
the vertical component of the gravity field, following the
methods of Gettings et al. (2008) and utilizing an absolute
gravity base station located near the Utah Department
of Natural Resources building in Salt Lake City. We
established elevation control through post-processing of
data collected by high-precision Global Positioning System
(GPS) survey equipment. When logging for a minimum of
10 minutes, we observed better than 3 cm (1 inch) vertical
precision for 114 stations, 20 cm (8 inches) or better for 5
stations, and the remaining 5 stations were submeter (39
inches). The vertical absolute accuracy depends on the
local base station absolute coordinates which are within
the range of 1 to 3 cm (0.4 —1.2 inches). From calculations
based on the vertical gravity gradient (0.309 mGal/m), the
GPS surveying procedure would result in a vertical gravity
accuracy of better than 0.001 mGal (1 pGal) for 90% of the
stations, which is acceptable because 1 pGal exceeds the

Utah Geological Survey

gravimeter’s sensor accuracy of 5 pGal. We applied terrain
corrections to the processed gravity data and calculated
the Complete Bouguer Gravity Anomaly (CBGA) for each
station using the methods outlined in Hintze et al. (2005)
with a reduction density of 2.67 grams per cubic centimeter
(g/cm?). UGS gravity data were merged with 749 legacy
gravity stations from PACES (Pan-American Center for
Earth & Environmental Studies [PACES], 2012), a national
gravity and magnetics data repository, to improve data
coverage in the study area.

Gravity data are tabulated in Appendix B. The map of the
CBGA field (Figure 7) illustrates broad downward steps in
a northwestward direction in the gravity anomaly signal that
are on the order of 30 mGal in the southeast to 15 mGal in
the northwest. These broad, sequential steps in the gravity
anomaly are a result of density contrasts between the local
geology bounding Emery and Johns Valleys. The shape of the
anomaly is elongated and shelf-like, the main axis trending
south-southwest to north-northeast along the Sevier and Pa-
unsaugunt Plateaus, and the steepest gradients in the gravity
field are on the southeastern margins. We interpret the areas
having the most widely spaced CBGA contours—central Em-
ery Valley, southwestern Johns Valley, and northeastern Johns
Valley—as the thickest parts of the valley fill.

Valley-fill isopach map: We constructed an isopach map
(Figure 8) of the unconsolidated valley-fill deposits in Emery
and Johns Valleys based on information from well logs and
the CBGA map. Uncertainty in interpretation of the well logs
for this purpose is discussed above. The shape and gradient
of the CBGA field was used to guide the location and spac-
ing of thickness isolines; however, as discussed in the previ-
ous section, the contours reflect both lateral gradients in pre-
Quaternary geologic units and the thickness of the valley-fill
aquifer. Interpretation of valley-fill thickness beneath south-
western Johns Valley south of Flake Mountain and northeast-
ern Johns Valley northeast of Widtsoe is based solely on the
CBGA anomaly and is highly speculative because no local
well data exist (Figure 8). As drawn, the isopach contours
indicate: (1) mostly shallow and highly variable valley-fill
thickness in western Emery Valley, (2) an elongate, northeast-
trending, oval-shaped depositional center in eastern Emery
Valley and southeastern Johns Valley, and (3) an oval-shaped,
north-northeast-trending depositional center in central Johns
Valley. The isopach contours have high uncertainty and could
be modified based on new well data or additional analysis of
the gravity data. These isopach contours should not be used to
estimate depth to bedrock for potential new wells, except in a
very general way, or to interpret the depositional or structural
evolution of the basin.

Aquifer Properties Estimates

Aquifer properties describe how well an aquifer will yield
water to wells and springs. Aquifer tests, which involve
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Figure 8. Isopach map for the valley fill based on well logs and gravity data.



pumping a well while monitoring the water-level response in
the pumping well and/or nearby wells, provide good estimates
of aquifer properties. We compiled data from aquifer tests
performed on public drinking water sources for the Utah
Division of Drinking Water, which provide good estimates
of aquifer properties (Appendix C and Appendix D Table
D-1). Aquifer test data for most domestic wells are not readily
available, so we estimated aquifer properties from information
obtained from water well logs.

Eight aquifer tests were conducted in the study area for public
water supply wells (Appendix C). Three of the tests were con-
ducted on wells in the valley-fill aquifer or alluvial sediments:
two in Emery Valley and one in the East Creek drainage for
a Bryce Canyon National Park public supply well. One test
was conducted in the Claron Formation and the remaining
four were conducted in various formations within the Cre-
taceous bedrock. Transmissivities derived from aquifer tests
in the valley-fill aquifer ranged from 8900 to 60,700 ft*/day
(827-5640 m?/day). Transmissivities from bedrock aquifer
tests ranged from 65 to 1350 ft*day (6-125 m?/day). These
data were not included with summary statistics of transmissiv-
ity values estimated from specific capacity data, but are shown
on Figure 9.

We estimated storativity using the equation S=Sy + (Ss*D),
where S is storativity, Sy is specific yield, Ss is specific stor-
age, and b is aquifer thickness. We based Sy and Ss on pub-
lished values for aquifer materials from Johnson (1967) and
Domenico (1972) and based b on well logs. We derived spe-
cific capacity estimates using drawdown data from well logs
where specific capacity is the pumping rate divided by draw-
down. We estimated transmissivity using specific capacity
data from well logs using the TGUESS algorithm of Bradbury
and Rothschild (1985), which utilizes the Cooper and Jacob
(1946) solution of the Theis (1935) equation. We estimated
hydraulic conductivity by dividing transmissivity by saturated
aquifer thickness. Aquifer thickness was assumed to be the
length of the screened or perforated interval.

We estimated transmissivity for the principal valley-fill aqui-
fer (n = 19) and grouped the Tertiary Claron Formation and
Cretaceous sandstone aquifers together as bedrock aquifers (n
=28) (Figure 9). We used a storativity of 0.3 for the valley-fill
aquifer and a range of 0.005 to 0.0005 for the bedrock aqui-
fers. The valley-fill aquifer had the highest estimated trans-
missivities, ranging from 10 to 10,680 ft*/day (0.9-992 m?%
day). The geometric mean for this aquifer was 316 ft?/day (29
m?/day). Transmissivities in the bedrock aquifers ranged from
8 to 1252 ft*/day (0.7-116 m?/day), with a geometric mean of
69 ft*/day (7 m*/day). The range of transmissivity data from
specific capacity data is shown on Figure 10.

In Emery Valley, valley-fill aquifer transmissivities appear to
correlate with valley-fill thickness, with lower values on the
valley margins and higher values toward the valley center.
South of Emery Valley on the Paunsaugunt Plateau, several

Characterization of groundwater in Johns and Emery Valleys, Garfield and Kane County, Utah

wells are completed in young alluvium in the East Creek and
East Fork Sevier River drainages that have high transmissivi-
ties despite limited aquifer thickness. To the north in Johns
Valley, valley-fill aquifer transmissivities are low despite hav-
ing the greatest aquifer thicknesses in the study area. How-
ever, the sparse wells of Johns Valley are used for domestic
and stock watering and have no associated aquifer test data, so
the existing data may not reflect the potential transmissivity of
the aquifer. Transmissivities from aquifer test data are higher
than transmissivities derived from specific capacity data, but
generally correlate.

GROUNDWATER LEVELS AND
STREAMFLOW

Water Levels and Potentiometric Surfaces

Methods

To construct potentiometric surface maps, we measured wa-
ter levels in a total of 45 wells from September 2018 to May
2022 (Figure 11). We measured water levels biannually, in ap-
proximately spring and autumn of each year. Our water level
measurements were focused on southern Johns Valley, Em-
ery Valley, and the Paunsaugunt Plateau from 2018 to 2020
and expanded to include the rest of Johns Valley in 2021 and
2022 (Figure 12, Appendix D Table D-2). We calculated the
water-level elevation at each well by subtracting the measured
depth to water referenced to land surface from the land surface
elevation (Appendix D Tables D-1 and D-2), which was mea-
sured using a Trimble high-precision GPS instrument having
vertical accuracy of 10 centimeters or better. We constructed
potentiometric surface maps for each season of measurement;
May 2021, October 2021, and May 2022 are presented on Fig-
ure 12 and discussed below, whereas potentiometric surface
maps from 2018 to 2020 are in Appendix D.

Potentiometric Surfaces

We used wells completed in only the valley-fill aquifer,
screened in both alluvium and bedrock, or screened in bedrock
having water levels consistent with nearby valley-fill wells to
generate potentiometric surface maps (Figure 12). Due to the
paucity of wells in the study area, we included water-level
data regardless of well pumping activity.

Potentiometric surfaces from all seasons show that valley-fill
water-level elevations are highest in the East Creek drainage
where the National Park Service well field is located, and
lowest at the northern end of Johns Valley. Because most of
the wells in Emery Valley provide water to hotels and busi-
nesses centered around the high tourism season from May to
September, we expected to see water level measurements re-
flecting pumping and localized cones of depression, evident
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Figure 9. Transmissivity map compiled from public supply well data and well logs. Note that the ranges of transmissivity values represented

by circle diameter are different for the valley-fill aquifer and the bedrock aquifers.
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in all measuring campaigns (Figure 12, Appendix D Figure
D-1). However, water level measurements in Johns Valley are
mostly from stock watering wells used less frequently relative
to the commercial wells in Emery Valley, and from landfill
monitoring wells that are pumped infrequently, if at all. Water
levels in the Cretaceous bedrock aquifer fluctuate less than
in the valley-fill aquifer. Hydraulic gradients are generally
steeper in Emery Valley than in Johns Valley, although data
are sparse in most of Johns Valley.

The potentiometric surface for the spring 2021 season (Fig-
ure 12A) shows conditions that reflect the poor snowpack of
that year but shows the highest water-level measurements for
most wells of the 2021 to 2022 measurement period, due to
another below-median snowpack in 2022. Although the shape
of groundwater contours on Figures 12A—C suggest possible
groundwater discharge in Emery and southern Johns Valley
to the East Fork Sevier River, the contours are poorly con-
strained near the stream and groundwater levels in wells near-
est to the stream are as much as 50 feet (15 m) deep. Where the
streambed is permeable, streamflow may infiltrate to recharge

Characterization of groundwater in Johns and Emery Valleys, Garfield and Kane County, Utah

the local valley fill, but the regional groundwater table is too
deep to likely provide discharge to the stream. However, in
northern Johns Valley, the potentiometric surface essentially
intersects the land surface, coinciding with an extensive wet-
land (~100 acres) and conspicuous spring system. The spring
2022 potentiometric surface is projected approximately onto
the cross sections on Figure 6.

Depth to water in valley-fill aquifer wells generally ranges
from 1 to 175 feet (0.3—53 m) below ground surface (bgs). In
the shallow drainages upgradient from Emery Valley, depth to
water in valley-fill aquifer wells is generally between 1 and 15
feet (0.3—4.6 m) bgs. Along the Highway 12 corridor within
Emery Valley, depth to water in the valley fill is typically 20 to
70 feet (621 m) bgs. In northern Johns Valley, depth to water
in wells near the valley margin generally ranges from 6 to 27
feet (2-8 m) bgs, whereas in the center of the valley depth to
water is typically 75 to 160 feet (23—49 m) bgs. Depth to water
in the Cretaceous bedrock aquifer wells ranges from 24 to 247
feet (7-75 m) bgs.

Water-Level Trends

We measured the generally lowest and highest water levels
during our study in valley-fill wells in autumn 2018 and spring
2020, respectively. Figure 13 shows water-level changes for
autumn 2019 to spring 2020, spring 2020 to autumn 2020,
autumn 2020 to spring 2021, spring 2021 to autumn 2021,
and autumn 2021 to spring 2022. Except for the water-level-
change map for autumn 2020 to spring 2021 (Figure 13C),
which shows some water-level rises in wells north and south
of Highway 12, the remaining maps show that most wells
have water-level declines independent of season or year. This
decline is likely due to the below-average snowpack record-
ed during winter 2020, 2021, and 2022 (Appendix D Figure
D-1). Water levels in wells completed in bedrock generally
were less variable than valley-fill wells, with some water lev-
els declining and others rising during different seasons and
years, independent of weather and snowpack.

The 2023 water year was a banner year in terms of record-
breaking precipitation throughout the state of Utah, including
the study area. Although this report focuses on data collected
from 2018 through 2022, we took water-level measurements
from five wells situated near the densest development in Emery
Valley on May 17, 2023; three measurements were in bedrock
wells and two in valley-fill wells. Water levels, as expected,
rose in the valley-fill wells, and either dropped or maintained
similar levels in bedrock wells (Figure 14, Table 1).

Water levels have been monitored long-term in only two
wells: one in Emery Valley and one in Johns Valley. We ana-
lyzed long-term trends in water levels using data from these
two wells. To consistently interpret the year-to-year changes
in water table depth, we used only measurements from March
and April for analysis due to availability of data.
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Figure 11. Well, spring, and stream water-level and discharge measurement locations.
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Figure 13. Continued. Change in water-level elevation in wells. C) Autumn 2020 to spring 2021.
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Figure 13. Continued. Change in water-level elevation in wells. E) Autumn 2021 to spring 2022.
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Figure 14. Water-level data for monitoring well BC23.

Table 1. Water-level data during spring 2022 and spring 2023 for a subset of valley-fill aquifer (VFA) and bedrock wells. Water levels rose
during 2023 due to high winter precipitation in VFA monitoring wells and not in bedrock wells.

Well ID! Date Water level (ft bgs)? Date Water level (ft bgs) Aquifer
BC23 5/5/22 28.33 5/17/23 26.51 VFA
BC24 5/5/22 19.53 5/17/25 16.15 VFA
BC13 5/9/22 187.51 5/17/23 186.1 bedrock
BC96 5/9/22 46.85 5/17/23 48 bedrock
BC122 5/5/22 25.57 5/17/23 25.56 bedrock

!'See Appendix D Tables D-1 and D-2 for site information and older water-level data.
2 bgs = below ground surface
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Well USGS ID 374205112091501 (Bryce Airport well) is
located in Emery Valley at the Bryce Canyon Airport and is
completed through valley fill and the John Henry Member
of the Straight Cliffs Formation. Although water levels have
been measured at this well since 1947, it was used as a water-
supply well until 1990 when it was replaced. Therefore, we
only used data from 1990 to the present for analysis. Well
USGS ID 374845112031001 (a.k.a. the Johns Valley well)
is located in southern Johns Valley, northeast of the Garfield
County landfill, and is completed in the valley-fill aquifer. The
overall trend of the Bryce Airport well since 1990 is +0.03
feet (+0.009 m) per year, with depth to water hovering at ~30
feet (9 m) (Figure 15). Despite a few multi-year variations
exceeding 10 feet (3 m), the overall trend appears stable. The
overall trend of the Johns Valley well since 1963 is +0.2 feet
(+0.06 m) per year (Figure 15). Yearly and multi-year varia-
tions in this well occasionally exceed 30 feet (9 m), but on
average, water levels in this well have been slowly increasing,
including over the past three decades. Based on the stability
present in these water-level records, we conclude that long-
term change in storage in the valley-fill aquifer is negligible.

Discharge Measurements

We measured discharge (flow) at 32 unique stream locations
and 29 unique spring locations from 2018 to 2022 (Figure
11). We measured discharge to (1) determine groundwater—
surface-water interaction and quantify the amount of water
gained or lost from streamflow, and (2) quantify the amount
of groundwater discharge from springs when feasible. We

Utah Geological Survey

used a Hach FH950 electromagnetic current velocity meter
or a Marsh-McBirney electromagnetic current velocity meter
and the 0.6 depth method to measure velocity across a stream
transect and compute the cross-sectional area. At springs and
smaller channels and culverts with lower flow, we measured
discharge using a portable v-notch weir, the neutral buoy-
ant object method, or a graduated measuring device (e.g., a
5-gallon bucket, 1-gallon bucket, or a pint-size bucket) and a
stopwatch. Discharge measurement site information is given
in Appendix D Tables D-1, D-3, and D-4.

We observed streamflow on the East Fork Sevier River rang-
ing from 0.17 to 43.79 cubic feet per second (cfs) (0.005—
1.24 m?/s) during our study. The East Fork Sevier River had
the highest flows in spring 2019. Spring flow measurements
ranged from 0.001 cfs (0.00003 m3/s) at many smaller springs
to 2.13 cfs (0.06 m3/s) for BC128 (Figure 16) located in north-
ern Johns Valley. Tropic Ditch discharge ranged from a low
0f 0.52 cfs (0.015 m>/s) during autumn 2021 to a high of 19.1
cfs (0.54 m¥/s) during spring 2019. Stream and spring dis-
charge measurements are detailed in Appendix D Tables D-3
and D-4.

We used our periodic discharge measurements at repeat lo-
cations to create stage-discharge relationships to quantify
streamflow as part of the water budget. The methodology
and results of that technique are discussed in the Streamflow
subsection of the Water Budget Development section below.
Time-specific discharge measurements are the basis of our
seepage runs.

0
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Figure 15. Long-term monitoring records of groundwater levels (depth below ground surface [bgs]) measured at Johns Valley well (USGS
ID 374845112031001) and airport well (USGS ID 374205112091501). The airport well record reflects active pumping until replacement in

1991, at which point it became a monitoring well.



Characterization of groundwater in Johns and Emery Valleys, Garfield and Kane County, Utah

A.

Figure 16. A) Unnamed spring BC128S issues from alluvium near Osiris Tuff outcrop, flow discharge averaged 1.95 cfs from 2021 to
2022. B) View northeast of a ditch fed by unnamed spring BC128S flowing north and feeding the adjacent ~100-acre wetland in northern
Johns Valley.
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Stream Seepage Studies

Gaining an understanding of the extent of groundwater—surface-
water interaction in Johns and Emery Valleys is a key goal of
this study. Streams interact with groundwater in three basic
ways: streams gain water from inflow of groundwater through
the streambed when the water table is higher than the streambed
or the depth of water in the stream; streams lose water to
groundwater by outflow through the streambed when the water
table is below the bottom of the streambed; or they do both,
gaining in some reaches and losing in other reaches (Winter et
al., 1998). If the water table rises or falls through time, losing
sections can become gaining sections and vice versa.

Methods

Seepage studies using discharge measurements, coupled with
geochemistry and environmental tracer analysis, form the ba-
sis of our understanding of the degree of interaction between
surface water and groundwater. Seepage runs involve measur-
ing streamflow on multiple sections of a watercourse, ideally
in as short a time span as possible.

During 2018, 2019, and 2020, we performed a total of four
seepage runs on the East Fork Sevier River and Tropic Ditch
along seven segments that span from a point 1.2 miles (1.9 km)
above Tropic Reservoir dam to either the main Tropic Ditch
diversion (4.4 miles [7 km] below Tropic Reservoir dam) or
to the northern extent of the study area (~4 miles [6.4 km]
northeast of Flake Mountain) (Appendix E Figures E-1 and
E-2). The East Fork Sevier River flows from its headwaters at
the south end of the Paunsaugunt Plateau over thin stream al-
luvium overlying the Wahweap Formation to about 0.5 miles
(0.8 km) south of Tropic Reservoir dam, where the underlying
bedrock is the Claron Formation. Where the East Fork Se-
vier River enters Emery Valley, it crosses thicker valley-fill
deposits. The Tropic Ditch seepage runs were performed from
the main Tropic Ditch diversion to the point where the Tropic
Ditch crosses Highway 12 in Bryce Canyon National Park.
From just below the confluence of East Creek and East Fork
Sevier River, the Tropic Ditch is piped underground in val-
ley-fill sediments until it daylights east of Bryce Canyon City
in Water Canyon above Mossy Cave Springs. It then flows
across the Claron Formation within Bryce Canyon National
Park. Only during the spring 2019 seepage run was a measur-
able amount of water flowing in the East Fork Sevier River
past the Tropic Ditch diversion point. We report results from
2018 to 2020 here but focus on results from 2021 to 2022 to
emphasize the entire study area.

We expanded the study area to include all of Johns Valley to
the north and performed seepage runs in October 2021 and
May 2022. These runs included the original seepage run sam-
pling locations, but were expanded to the northern study area
boundary in Black Canyon to include additional sites along
the East Fork Sevier River and its tributaries (Figure 17).
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Each of these runs was performed by three teams measuring
streamflow simultaneously on a given stream segment. We
took additional flow measurements in October 2022 at three
reaches of the East Fork Sevier River before its confluence
with Deer Creek in Black Canyon.

Prior to seepage runs, we inventoried all diversions (canals,
ditches) or tributaries (natural or irrigation return ditches)
to or from the stream segments using high-resolution aerial
imagery, ground survey, and interviews with irrigation users
before the seepage runs. Autumn runs were conducted during
base flow conditions and spring runs during the late part of
spring runoff.

We calculated gains and losses for discrete reaches of the East
Fork Sevier River and Tropic Ditch as the difference between
the flow measured at each location and the flow measured at
the location immediately upstream of that location, plus any
tributary flow and minus any diversions:

Gain or loss = downstream flow — (upstream flow + tributary — diversion) (1)

Negative values indicate the stream channel lost flow be-
tween the upstream and downstream locations and positive
values indicate the stream gained water from its banks be-
tween the locations. Error in the gain/loss calculation is the
sum of the error values of all measurements in that calcula-
tion and is likely an overestimate of the error associated with
each calculation.

Seepage Study Results

Flow in October 2018 ranged from O cfs in the central reaches
to 9.1 cfs (0.26 m3/s) above Tropic Reservoir (Appendix E
Figures E-1 and E-2). The East Fork Sevier River was losing
from above the reservoir to the Tropic Ditch diversion (reach-
es 1 and 2) and was dry from the ditch diversion to Tom Best
Road (reaches 3-5). Tropic Ditch gained, within error, from
the ditch diversion to the top of Water Canyon (reach 6). Flow
in Tropic Ditch at the top of Water Canyon was 7.9 cfs (0.22
m?3/s) (Table 2; Appendix D Table D-3).

In June 2019, after a winter with above-average precipitation,
the East Fork Sevier River was gaining from above the res-
ervoir to Tropic Ditch (reaches 1 and 2) and was losing from
there to Tom Best Road (Appendix E Figures E-1 and E-2).
Flows ranged from 6.3 cfs (0.18 m%/s) at Tom Best Road to
43.8 cfs (1.2 m?/s) above the ditch diversion. The upper reach-
es had notable gains, as the thin alluvium was likely saturated
during the runoff season. This seepage run was the only one
during which the East Fork Sevier River flowed beyond the
ditch diversion into Emery Valley. The Tropic Ditch is permit-
ted to divert up to 20 cfs (0.57 m3/s) from April 1 to June 1
and up to 15 cfs (0.42 m¥/s) from June 1 to October 15. Due
to the above-average snowpack, up to 60% of the East Fork
Sevier River’s flow continued past the diversion point. As the
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Table 2. Gains, losses, and reach status for seepage runs on the East Fork Sevier River and Tropic Ditch.

October 2018 Seepage Run

June 2019 Seepage Run

September 2019 Seepage Run

May 2020 Seepage Run

October 2021 Seepage Run

May 2022 Seepage Run

Gain/ Cumulative | % of flow Gain/ Cumulative | % of flow Gain/ | Cumulative | % of flow Gain/ Cumulative | % of flow Gain/ | Cumulative % of flow Gain/ Cumulative | % of flow
Reach s . Reach . Reach . Reach . Reach . Reach . Reach
D Reach Description loss measurement | gained/ status loss measurement | gained/ status loss measurement | gained/ status loss measurement gained/ status loss measurement gained/ status loss measurement | gained/ status
(cfs) error (cfs) lost (cfs) error (cfs) lost (cfs) error (cfs) lost (cfs) error (cfs) lost (cfs) error (cfs) lost (cfs) error (cfs) lost
East Fork above Tropic losing
1 Reservoir to below -0.65 0.60 -7 losing 5.1 4.75 15 gaining 6.86 1.76 91 gaining -0.9 1.56 -7 (within | -6.56 0.14 -98 losing 1.04 0.88 13 gaining
Tropic Reservoir dam error)
East Fork below Tropic losing gaining gaining gaining gaining
2 Reservoir Dam to Tropic | -1.09 1.15 -13 (within 34 5.54 9 (within 1.51 2.42 10 (within 1.43 1.61 12 (within 0.28 0.05 168 gaining 0.22 0.94 2 (within
Ditch diversion error) error) error) error) error)
East Fork above Tropic losing
3 Ditch diversion to E 0 0 0 dry -1.0 4.75 -2 (within 0 0 0 dry 0 0 0 dry 0 0 0 dry 0 0 0 dry
Fork Rd bridge error)
East Fork at E Fork Rd .
4 bridge to airport bridge 0 0 0 dry -3.1 2.35 -12 losing 0 0 0 dry 0 0 0 dry 0 0 0 dry 0 0 0 dry
East Fork at airport
5 bridge to Tom Best 0 0 0 dry -15.7 1.41 =72 losing 0 0 0 dry 0 0 0 dry 0 0 0 dry 0 0 0 dry
Spring Rd
East Fork Tropic Ditch gaining losing gaining losing losing losing
6 diversion to Tropic Ditch | 0.56 1.12 8 (within -1.0 4.34 -2 (within 0.57 2.59 4 (within | -0.22 2.05 -2 (within | -0.04 0.06 -6 (within -0.21 0.94 -2 (within
above Bryce Canyon rim error) error) error) error) error) error)
Tropic Ditch above losing gaining losing gaining
7 Bryce Canyon rim to - - - - -1.3 1.61 -7 (within 0.35 2.66 2 (within 2.82 2.26 22 gaining | -0.02 0.06 -3 (within 0.15 1.22 2 (within
below Tropic Ditch falls error) error) error) error)
Tropic Ditch below falls gaining losing losing
8 to below Mossy Cave - - - - 3.5 1.73 23 gaining | -0.44 2.66 -3 (within | -1.37 2.65 -9 (within 0.30 0.07 58 gaining -0.18 1.50 -2 (within
outflow error) error) error)
Tom Best Spring Rd to
9 East Fork Near Osiris - - - - - - - - - - - - - - - - 6.68 0.75 - gaining 7.95 1.84 - gaining
and Gleaves spring
East Fork Near Osiris
and Gleaves Spring to .. ..
10 East Fork at Flying V - - - - - - - - - - - - - - - - 3.89 1.06 58 gaining 1.45 0.80 18 gaining
Ranch
East Fork at Flying
V Ranch to East Fork .. ..
11 above Deer Creek con- - - - - - - - - - - - - - - - - 2.12 1.16 20 gaining 1.40 1.29 15 gaining
fluence
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river flowed over deep permeable valley-fill deposits, ap-
proximately 75% of the flow was lost to groundwater by the
time it reached the farthest downstream measurement point,
30 stream miles (48 km) away. The Tropic Ditch was los-
ing, within error, from the diversion to Water Canyon Falls
(reach 6) and gaining from there to below the Mossy Cave
outflow (reaches 7 and 8). Flow in the Tropic Ditch ranged
from 15.5 to 16.8 cfs (0.44-0.48 m?3/s) (Table 2; Appendix
D Table D-3).

In September 2019, the area above the ditch diversion (reaches
1 and 2) was still gaining, but less than in the spring. The East
Fork Sevier River below the ditch diversion was dry (reaches
3-5). Flows ranged from 0 to 15.9 cfs (0-0.45 m?/s) in the East
Fork Sevier River, with the highest flow measured above the
ditch diversion (BCEF3). The Tropic Ditch was gaining, within
error, from the ditch diversion to below the Mossy Cave out-
flow (reaches 6-8). Flow in the ditch ranged from 16.4 to 16.8
cfs (0.46-0.48 m3/s) (Table 2; Appendix D Table D-3).

In May 2020, the East Fork was slightly losing above the res-
ervoir (reaches 1 and 2) and slightly losing between the reser-
voir and the ditch diversion (reaches 3—5). The East Fork Se-
vier River below the ditch diversion was dry, as the diversion
captured the entirety of the river flows. Flows ranged from
0 to 12.9 cfs (0-0.37 m>/s), with the highest flow measured
above the ditch diversion (BCEF3). Tropic Ditch was losing
slightly from the diversion to the rim of Water Canyon (reach
6), gaining from the rim to Water Canyon Falls (reach 7), and
losing slightly again from the falls to below the Mossy Cave
outflow (reach 8). Both losing reaches were within error. Flow
in the Tropic Ditch ranged from 12.7 to 15.5 cfs (0.36-0.44
m?/s) (Table 2; Appendix D Table D-3).

From 2021 on, we extended the seepage runs to include all of
Johns Valley up to the northern study area boundary in Black
Canyon. During the October 2021 seepage run, the East Fork
Sevier River was losing above Tropic Reservoir (reach 1) and
gaining between Tropic Reservoir and the Tropic Ditch diver-
sion (reach 2; Figure 17A). There was no net flow between the
ditch diversion and Tom Best Road (reaches 3-5). The East
Fork was gaining through all reaches north of Tom Best Road
(reaches 9—11), though the stream did not start to gain until
well north of Tom Best Road, in the middle of reach 9. Flows
ranged from 0 to 12.7 cfs (0-0.36 m¥/s), with the highest flow
recorded above the confluence with Deer Creek (end of reach
11). Tropic Ditch was losing slightly, within error, from the
diversion to Water Canyon Falls (reach 6) and gaining from
the falls to below the Mossy Cave outflow (reaches 7 and 8).
Flow in Tropic Ditch was 0.5 to 0.8 cfs (0.01-0.2 m3/s) when
East Fork Sevier River flow was not being diverted.

In May 2022, the East Fork Sevier River was gaining above the
ditch diversion (reaches 1 and 2; Figure 17B). There was no net
flow in the central portion of the study area (reaches 3-5). The
East Fork Sevier River was gaining again north of Tom Best
Road to the Black Canyon (reaches 9-11). Once again, flow
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was not observed directly at Tom Best Road, but rather farther
north into reach 9. Flows ranged from 0 to 10.8 cfs (0-0.31
m?/s), with the highest flow measured above the confluence
with Deer Creek. The Tropic Ditch was losing slightly from the
diversion to the rim of Water Canyon (reach 6), gaining from
the rim to Water Canyon Falls (reach 7), and losing slightly
again from the falls to below the Mossy Cave outflow (reach 8),
all within error (Table 2). Flow in Tropic Ditch ranged from 9.3
to 9.5 cfs (0.26-0.27 m?/s) (Appendix D Table D-3).

In October 2022 in only the northern part of Johns Valley, flow
on the East Fork Sevier River ranged from 0 to 9.6 cfs (0-0.27
m’/s) at the East Fork Sevier River crossing at Johns High-
way Road and the East Fork Sevier River before the conflu-
ence with Deer Creek, respectively (Appendix D Table D-3).
East Fork Sevier River flow near an unnamed spring (Figure
16, BC128S) was 4.7 cfs (0.13 m%/s) and increased markedly
downstream (7.5 cfs [0.21 m?/s]) as measured at the bridge
near Flying V ranch (BC131EF) (Appendix D Table D-3). An
extensive perennial wetland area (~100 acres) exists between
the unnamed spring (Figure 16, BC128S) and the East Fork
Sevier River. The source of this water is likely valley-fill aqui-
fer groundwater based on our potentiometric surface maps
and groundwater chemistry.

CHEMISTRY OF GROUNDWATER AND
SURFACE WATER

The type of geologic materials in a drainage basin and the
length of time groundwater is in contact with those materials
are fundamental controls on water chemistry (Winter et al.,
1998). Groundwater and surface water chemistry can indicate
the quality of available water, as well as help us understand
the conceptual groundwater system. The water chemistry
from wells, springs, and streams in different locations and at
different well depths, when viewed with other physical data,
can help us infer flow paths of groundwater and interactions
with surface water.

We sampled 62 sites from 2018 to 2022, focusing on charac-
terizing the major solute chemistry of water from 32 wells,
29 springs (15 springs have only field parameters and total
dissolved solids [TDS] derived from converted specific con-
ductance data), and 3 surface water sites (Figure 18). We
also analyzed water quality for a subset of 27 wells and 16
springs, including nutrients (nitrate plus nitrite, ammonia,
phosphate) and iron. All samples were analyzed by the Utah
Department of Health, Chemical and Environmental Services
Division of the Utah Public Health Laboratory (Appendix D
Tables D-1 and D-5).

Methods

We collected water samples using standard field sampling
practices (Utah Division of Water Quality, 2014). At each
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location, we measured field chemistry parameters: pH,
specific conductance, and temperature. Most wells had been
in use on the day of sampling and the well was run at least 15
minutes to allow stabilization of field parameters within 0.1
pH units, 0.1°C, and 5 microSiemens per centimeter (ps/cm)
specific conductance. Dissolved metals samples were field
filtered within 15 minutes of collection time. Samples were
collected in lab-provided bottles and stored on ice until proper
laboratory delivery.

Chemistry of Groundwater and Surface Water

Total Dissolved Solids and Major Solutes

Water quality based on TDS is generally excellent through-
out the study area (Figure 19). Measured TDS concentrations
range from 178 to 716 mg/L (Appendix D Table D-1); the
average TDS concentration in the study area is 295 mg/L.
The average TDS concentration in the valley-fill aquifer is
276 mg/L (n = 28), whereas the average TDS concentration
in bedrock aquifers is 311 mg/L (n = 33). TDS concentrations
for groundwater samples from all but four sites are below 500
mg/L. TDS concentration in surface water averaged 289 mg/L
from three sites.

Major solute composition in the study area is predominantly
calcium-magnesium-bicarbonate type, as shown in a Piper
diagram illustrated using a color scheme after Peeters (2014)
(Figure 20). Calcium and magnesium are the dominant cat-
ions, apart from one sample having significant sodium from
a likely fault-controlled spring flowing from the Cretaceous
Grand Castle Formation on the northeastern margin of Johns
Valley. Bicarbonate is the dominant anion, apart from one
sample with significant chloride from a well screened in Cre-
taceous bedrock at the east end of Emery Valley. The some-
what uniform composition and lack of major spatial variation
of major solutes reflects the dominant rocks and correspond-
ing mineralogic composition of valley-fill sediments derived
from them.

Lower quality water, in terms of elevated TDS, mostly occurs
within the Cretaceous sandstone aquifer. The higher quality
water in the valley-fill material is likely due to recharge direct-
ly from precipitation in the higher elevations and from surface
infiltration. The lower quality water in the bedrock aquifers
may be from longer residence times of groundwater reaching
the bedrock aquifer.

Nutrients and Iron

Nitrate plus nitrite concentrations range from <0.1 to 1.47
mg/L (Figure 21). All sampled sites had ammonia concentra-
tions of <0.05 mg/L, except for one well that measured 0.164
mg/L. The background nitrate concentration is 0.35 mg/L and
geometric mean nitrate concentration in the principal valley-
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fill aquifer is 0.23 mg/L. Total phosphate ranges from <0.003
to 0.159 mg/L. Iron concentrations were analyzed in 13 wells
and had a range of <30 micrograms per liter (ug/L) to 192
pg/L, with the majority below detection levels. We discuss
water quality in greater detail in the Septic-Tank Density sec-
tion below.

Groundwater Quality Classification

We submitted a petition on behalf of Garfield County to the
Utah Department of Environmental Quality (DEQ) Water
Quality Board to formally classify the principal valley-fill
aquifer in Johns and Emery Valleys as Class IA—Pristine
groundwater (Wallace and Schlossnagle, 2021). Class IA
groundwater is defined by the Water Quality Board as having
TDS concentrations less than 500 mg/L (Utah Division of Wa-
ter Quality, 1998). The classification is based on groundwater
quality data supporting the proposed classification, for which
we used TDS data from 32 wells and 22 springs (Appendix
D Table D-1). Where insufficient data exist, we extrapolated
groundwater quality conditions based on local geologic char-
acteristics. The Johns and Emery Valleys valley-fill aquifer
was formally classified by the DEQ Water Quality Board in
January 2021.

To facilitate groundwater-quality classification, we used data
collected from 28 wells and 21 springs during autumn 2018,
spring 2019, and autumn 2019. Data utilized included specific
conductance from 27 wells and 20 springs, general chemistry
from 26 wells and 16 springs, and nutrients from 27 wells
and 16 springs (Appendix D; Appendix F Plate F-1). We aug-
mented our data with dissolved metals and pesticides values
from 14 sites recorded in the USGS National Water Informa-
tion System (NWIS) and Utah Department of Agriculture and
Food (UDAF) databases. Select solutes reported in these da-
tabases include aluminum, arsenic, boron, barium, bromide,
copper, lead, selenium, iron, manganese, fluoride, zinc, lithi-
um, silicon, and uranium.

Specific conductance for the 47 wells and springs measured
ranges from 297 to 884 uS/cm. We computed TDS concentra-
tions from specific conductance measurements using a con-
version factor of 0.61. This conversion factor was calculated
by comparing TDS and specific conductance data collected
in this study (Appendix F Figure F-1). Using this conversion
factor, we calculated TDS values for one well and five springs
sampled for this study. The converted TDS values range from
307 to 364 mg/L; all but one of these samples are below 500
mg/L and classified as Pristine water quality as defined by the
Utah Water Quality Board.

In addition to groundwater quality data, we also documented
potential contaminant sources in Johns and Emery Valleys
(Appendix F Plate F-2 and Table F-1). We mapped potential
groundwater contaminant sources including facilities
related to mining, manufacturing, agricultural practices,
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and wastewater-treatment facilities. Eighty-four potential
contaminant sources in the following categories were mapped
in Johns and Emery Valleys:

(1) mining, which includes abandoned and active gravel
mining operations and borrow pits that potentially
contribute metals, solvents, and petroleum products;

(2) agricultural practices, which consist of irrigated and
non-irrigated crops, active and abandoned animal
feedlots, corrals, and stables/barnyards that poten-
tially contribute nitrate;

(3) industrial facilities that potentially contribute pes-
ticides, metals, solvents, petroleum products, and
polychlorinated biphenyl (PCB) spills associated
with a variety of sources such as transportation fa-
cilities, salt storage facilities, transformer (power)
stations, and cell towers;

(4) small businesses, such as hotels, restaurants, re-
tail shops, and commercial shooting ranges, some
of which may contribute pollutants such as metals
and solvents;

(5) large lawns, including parks and cemeteries, that
may contribute fertilizer and pesticides;

(6) service stations including auto shops and gas stations
that may contribute petroleum products, antifreeze,
and solvents, and junkyard/salvage operations that
may contribute pollutants such as metals and sol-
vents; and

(7) waste-disposal sites that may contribute pollutants
such as solvents, metals, and nitrate.

In addition to the above-described potential contaminants,
septic tank soil-absorption systems are also present in Johns
and Emery Valleys. Since 1978, 36 wastewater permits have
been issued or are in process in the study area (Jeremy Rob-
erts, Southeastern Utah Public Health Department, verbal/
written communication, August 15, 2019). Outside of towns
and cities, septic-tank systems in Garfield County, until re-
cently, have been widely spaced. Within Bryce Canyon Na-
tional Park, a few septic tanks still exist (Moyle Johnson, ver-
bal communication, November, 2020) but were likely more
prevalent historically within the Bryce community.

ENVIRONMENTAL TRACERS

Environmental tracers are naturally occurring or anthropogen-
ic chemicals or isotopes that can indicate water sources and
flow processes such as recharge, flow rate, geologic subsur-
face interactions, residence times, and mixing between sourc-
es (Kendall and Caldwell, 1998). Ideal tracers have well-de-
fined input sources and input histories, are inert (no reactions)
or geochemically conservative (limited reactions), have trans-
port mechanisms identical to water, and are detected precisely
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and economically. The use of multiple tracers provides a more
comprehensive understanding of the groundwater system. We
analyzed water samples from wells and springs for tritium and
radiocarbon concentrations, and from precipitation, streams,
wells, and springs for stable isotope composition.

Methods and Theory

Stable Isotopes of Water

Oxygen-18 ('*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 iso-
topes (i.e., ZH'HO and H,'®0) fractionate preferentially dur-
ing phase changes such as evaporation and condensation. Val-
ues for 180 and ?H are expressed as ratios in delta notation (3)
per mill (%o) relative to a reference standard:

ox= (Rx/Rstandard — 1) x 1000 2)
where:
ox = delta notation of the sample x (in per mill, %o)
Rx = isotopic ratio of 2H/'H or '80/'°0 in the

sample (no units)

Rstandard = isotopic ratio of *H/'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 '%0 and §’H of precipitation (Craig, 1961;
Rozanski et al., 1993; Clark and Fritz, 1997) (Figure 22):

FH = 8(5'50) +10 3)

Higher fractions of heavier isotopes are considered “en-
riched” (less negative) and lower fractions of heavier isotopes
are considered “depleted” (more negative). Precipitation can
be enriched or depleted depending on origin, distance inland,
elevation, 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 gener-
ally plots along a local meteoric water line (LMWL), which
typically differs slightly from the GMWL (Clark and Fritz,
1997). During evaporation of groundwater or surface water,
8180 is enriched more than 8°H, so samples that have been
partially evaporated deviate from the LWML.

We collected stable isotope samples of precipitation, streams,
wells, and springs. Precipitation samples were collected
approximately every two months for a total of 11 samples. The
precipitation collection site was chosen for its central location
within the study area and accessibility. Our precipitation
sampler consists of a 2.5-gallon HDPE carboy, containing
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Figure 22. Relation of oxygen-18 to deuterium in waters, including some factors that affect depletion and enrichment.

approximately 16 ounces of mineral oil to prevent evaporation,
connected to a funnel and housed in a 30-gallon garbage can
with the lid inverted to aid in the collection of rain and snow
(modified from those described by Ingraham and Taylor [1991]
and Scholl et al. [1996]) (Figure 23). Precipitation collection
began December 2018 and concluded September 2021.

Stream samples were collected from 19 sites along the East
Fork Sevier River and its tributaries, the Tropic Ditch, and
Yellow Creek at the south end of Bryce Canyon National
Park. Sampling occurred from October 2018 to August 2021.
Seven sites were sampled more than once.

Groundwater samples were collected from 34 wells and 47
springs. Repeat sampling was performed at 25 wells and 23
springs. Sampling occurred between September 2018 and
July 2022.

All stable isotope samples were field-filtered with disposable
0.45-pm disc filters into 10 mL snap-cap or crimp-cap vials
with no head space. Isotopic analysis of 8'%0 and 6°H was
performed by cavity ring-down spectrometry at the Univer-
sity of Utah Stable Isotope Ratio Facility for Environmental
Research (SIRFER).

Tritium
Tritium (PH) provides a qualitative age of groundwater

for determining the relative time when water entered the
groundwater system (Clark and Fritz, 1997). Tritium is an

Figure 23. Precipitation collector for the study area.
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unstable isotope of hydrogen with a half-life of 12.32 years,
therefore tritium concentration in groundwater isolated from
other water will decrease by one-half after 12.32 years.
Tritium is produced naturally in the upper atmosphere in small
quantities, but above-ground thermonuclear testing from 1952
tothelate 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
nuclear testing ceased. Tritium concentrations in water are
reported in tritium units (TU). One TU represents one tritiated
water molecule per 10'® non-tritiated water molecules (Clark
and Fritz, 1997). In Utah, concentrations in precipitation
measured since 1953 ranged from background levels of 3 to
13 TU to over 8000 TU in 1963 (Lindsey et al., 2019). Tritium
in the atmosphere is incorporated into water molecules and
enters the groundwater system as recharge from precipitation.
Because 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 67 years before present. Water that entered the
groundwater system before 1952 and has remained isolated
from younger water contains negligible tritium. Therefore,
trittum can be used to distinguish between water that entered
an aquifer before 1952 and water that entered the aquifer
after 1952. 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
trittum record in precipitation for a grid cell defined by 37°—
39° N. latitude and 110°-115° W. longitude and groundwater
samples collected in 2019 and 2022, we define premodern
thresholds as 0.19 TU and 0.16 TU, and modern thresholds
as 1.7 TU and 1.4 TU, respectively. Samples falling within
this range between premodern and modern are considered
mixed. A mixture of water having different tritium ages
complicates interpretation. We sampled 13 wells and five
springs for tritium analysis (Table 3). Samples were collected
in two 0.5 L 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 (Solomon and Cook, 2000),
which measures the concentration of *He, a radioactive decay
product of tritium.

Radiocarbon

Carbon-14 (14C) is a naturally occurring radioactive isotope
of carbon that has a half-life of about 5730 years, which al-
lows 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 (13C) is a naturally occurring stable isotope
of carbon that is used to evaluate chemical reactions involv-
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ing carbon (Clark and Fritz, 1997). Carbon-13 is expressed
as an isotopic ratio (13C/!2C), reported as delta (8) 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 §'3C compositions of those minerals) is dissolved or
precipitated during recharge, and whether the system is open
or closed. We sampled 12 wells and four springs for carbon
isotope analysis (Table 3). Samples were collected in 1 L
HDPE bottles sealed with minimal head space and analyzed
by accelerator mass spectrometer at the University of Georgia
Center for Applied Isotope Studies in Athens, Georgia.

Carbon-14 is produced naturally in the upper atmosphere by
a cosmic ray reaction with nitrogen. Atmospheric testing of
nuclear weapons also produced elevated '“C concentrations,
so in some instances values greater than 100 pmC can occur in
groundwater. Carbon-14 is not part of the water molecule, so
14C 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; therefore,
knowledge of chemical reactions that occur during recharge
and transport through the aquifer are necessary for estimating
the initial activity (Ao) of '“C. Age calculations require esti-
mates of some chemical parameters during recharge and model
calculations of reactions during groundwater transport.

Ao 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, Ao 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 re-
actions and gas exchanges to determine Ao (Ingerson and
Pearson, 1964; Mook, 1972; Tamers, 1975; Fontes and Gar-
nier, 1979; Han and Plummer, 2013). We calculated Ao using
the revised Fontes and Garnier model of Han and Plummer
(2013), which models isotopic exchange controlled by soil
gas CO, in the unsaturated zone and carbonate minerals in
the saturated zone. We assumed end members of radiocarbon
activity and 8'3C ratios to be 100 pmC and -21.8 = 1.4%, re-
spectively for soil gas CO, (Hart, 2009), and 0 pmC and 0%o
for carbonate minerals, respectively.

Groundwater age is calculated by:

t = In (Ao/A) (4)
where:

t=  groundwater age (years)

= 8267, aconstant equal to "*C half-life (5730 yrs) +In 2

Ao = calculated initial "*C activity (pmC)

A= measured '“C activity (pmC)
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Table 3. Tritium and radiocarbon concentrations, carbon isotope ratios, and radiocarbon model age results.

Tritium Carbon-14
UGS Site | Sample . Concentration | Qualitative | Concentration | d13C Uncorrected | Fontes anfl Garnier Revis.ed Fontes a.nd
Site ID type date Aquifer (TU) age (pmC) (%o) age correction age Garnier correction
(yr B.P.) (yr B.P.) age (yr B.P.)

BC6S Spring | 5/15/19 Claron 1.56 Modern 73.3 -9.38 2563 -* =%

BC35S | Spring | 6/11/19 Claron 1.95 Modern 55.1 -7.87 4929 -- --

BC31S | Spring | 6/11/19 Claron 5.60 Modern 85.7 -11.21 1277 -- --

BC68S | Spring | 6/18/19 Claron 3.79 Modern 100.3 -10.58 =% -- --
BC128S | Spring | 7/19/22 | Alluvium 1.83 Modern -- -- -- -- --
BC142W | Well | 5/15/19 | Alluvium - -- 96.4 -10.81 307 -- --
BC40W | Well | 5/16/19 | Alluvium 0.40 Mixed 80.0 -8.17 1845 -- --
BC21W | Well | 5/14/19 | Alluvium 2.80 Modern 98.0 -10.49 165 -- --
BC44W Well | 5/15/19 | Alluvium 3.50 Modern 96.5 -11.52 294 - -
BC66W | Well | 6/12/19 | Alluvium 2.88 Modern 99.0 -9.19 79 -- --
BC28W | Well | 6/11/19 | Alluvium 1.39 Mixed 73.5 -10.13 2550 -- --
BC30W | Well | 6/11/19 | Alluvium 2.83 Modern -- -- -- -- --
BC48W | Well | 5/15/19 Claron 3.71 Modern 105.6 -12.02 -- -- --
BCI3W Well | 5/13/19 | Cretaceous 0.01 Pre-modern 16.2 -6.88 15,036 6700 4800
BCI19W Well | 6/10/19 | Cretaceous 0.12 Pre-modern 12.0 -7.96 17,508 10,200 8600
BC329W | Well | 7/19/22 | Cretaceous 1.11 Mixed 93.4 -11.15 567 -- --
BCI127W | Well | 7/19/22 | Alluvium 1.24 Mixed -- -- -- -- --
BC120W | Well | 7/19/22 | Alluvium 1.27 Mixed 92.7 -10.40 628 -- --
BC330W | Well | 7/20/22 Claron 0.31 Mixed 48.3 -10.03 6013 -- --

* Null value indicates a given model resulted in a negative age

If A is greater than Ao, the sample likely contains '*C pro-
duced from nuclear testing and indicates the sample has at
least some component of modern water, which can be verified
using tritium data.

Results

Stable Isotopes of Water

Stable isotope ratios from precipitation, surface water, and
groundwater range from -126%o to -24.7%o for &°H and
-16.7%o to -3.4%o for §'%0 (Appendix D Table D-6). Nine-
ty-five percent of samples fall within the range of -109%o to
-87%o for 8°H and -15%o to -10%o for 8'%0. Differences in
sample ratios are apparent when differentiated by sample type
(Figure 24).

Precipitation: The mean 6°H and §'%0 ratios in precipitation
are -88.7 & 34%o and -12.2 £ 4.5%o, respectively (Figure 24).
Winter precipitation is much more depleted than non-winter
precipitation (Figure 25). Precipitation origin is likely the
cause of this difference. During winter, the polar jet stream
brings storm systems from the Pacific Ocean, whereas during
summer, monsoonal flow brings limited amounts of precipita-
tion originating from the Gulf of California, Gulf of Mexico,
and Pacific Ocean (Gillies and Ramsey, 2009).

The slope of a linear regression line using all precipitation
is 7.6. Global and local meteoric water lines typically have

slopes near 8 (Clark and Fritz, 1997). Due to what is likely
evaporation of summer precipitation, either during rainfall or
within the precipitation collector, the slope of a LMWL based
on our samples is slightly underestimated.

Surface water: Surface water samples consist of the East
Fork Sevier River and tributaries, the Tropic Ditch, and Yel-
low Creek, an ephemeral stream on the east side of Bryce Can-
yon National Park (Figure 26). The mean ratios of §°H and
8180 in surface water are -93.9 + 4.5%o and -12.1 £ 1%o, re-
spectively (Figure 24). The data fall along a local evaporation
line (LEL) based on a linear regression (R? = 0.84) of surface
water data with a slope of 4.2, which is consistent with evapo-
rative fractionation of surface water found elsewhere (Clark
and Fritz, 1997). The most enriched surface water sample was
an autumn season sample from Skunk Creek, a headwaters
tributary to the East Fork Sevier River (Figure 25).

We assessed temporal and along-reach trends for the spring
2019 and autumn 2019 sampling events for the East Fork
Sevier River and Tropic Ditch. In both spring and autumn,
we observed isotopic enrichment due to evaporation from
upstream to downstream of Tropic Reservoir (Figure 27).
Downstream of Tropic Reservoir we observed isotopic
depletion, likely from small tributaries or groundwater in-
put, until the Tropic Ditch diversion (Figure 27). In spring
2019, after the heavy snowpack, the East Fork Sevier River
was still flowing beyond the Tropic Ditch diversion point.
The stable isotope composition remained constant until
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Figure 24. Statistical comparison of 0°H in study area waters. VSMOW = Vienna Standard Mean Ocean Water:

the river entered Emery Valley, at which point it became a
losing reach and we observed evaporative enrichment. In
spring 2019, the river composition was within or near the
range of valley-fill aquifer compositions until the enrich-
ment over the losing reach. However, the autumn 2019 riv-
er composition started closer to the mean valley-fill aquifer
composition but was then enriched heavily via evaporation
within Tropic Reservoir.

The isotopic composition of the Tropic Ditch was enriched
in spring 2019 from the diversion point to the rim of Water
Canyon, despite being piped below ground. We observed
depletion as the Tropic Ditch flows through Water Can-
yon, possibly due to groundwater input from the springs
and seeps of the Claron Formation. However, the com-
position enriched slightly beyond the input from Mossy
Cave springs (Figure 27A). In autumn 2019, we observed
completely opposite changes in isotope composition in
the Tropic Ditch: depletion from the diversion point to the
start of Water Canyon, followed by enrichment within Wa-
ter Canyon. This change may reflect increased evaporation
and a seasonal decrease in groundwater input, although
the composition depletes with the addition of Mossy Cave
springs outflow (Figure 27B). The dominant factor control-
ling autumn isotope composition of the East Fork Sevier
River and Tropic Ditch appears to be long residence time

of water within Tropic Reservoir, allowing heavy evapora-
tive enrichment.

Springs and wells: The mean ratio of §°H in wells is -99
+ 4.4%0 (Figure 26). Enrichment of heavier isotopes (less
negative isotopic signatures) in groundwater in the western
United States has been attributed to paleoclimate effects
(White and Chuma, 1987) such as arid conditions, and to
extensive evaporation prior to recharge. Evaporation prior
to recharge occurs in both surface water and soil water and
can yield evaporation line slopes ranging from 2.5 in soils
to greater than 6 in large water bodies (Gibson et al., 2008).
Evaporative enrichment is evident in wells screened in each
of the main study area aquifers (Figure 28). This evapora-
tive signal may be from evaporation of surface water prior
to recharge in losing sections of streams, or from evapora-
tion prior to infiltration of in situ snowmelt on the valley
floor. The mean ratio of 8’H in springs is -99.3 + 4.7%o (Fig-
ure 26). Evaporative enrichment is also apparent in spring
samples, most notably from springs issuing from the Claron
and Cretaceous aquifers. Evaporative enrichment in these
aquifers may be from evaporation during direct recharge, or
from evaporation-influenced alluvial groundwater seeping
into the underlying formations. Some of these samples may
have experienced evaporation from the time of discharge
to sample collection. Stable isotope ratios of groundwater
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throughout the study area indicate that recharge is a mix-
ture of winter and non-winter precipitation, predominantly
weighted toward winter precipitation (Figure 25). Spring
samples issuing from volcanic deposits on the eastern mar-
gin of northern Johns Valley are the most depleted ratios in
the study area, excluding precipitation. These springs may be
recharged entirely from winter snowpack, rather than a mix
of winter- and non-winter precipitation like most springs and
wells indicate.

Tritium

We collected water samples for tritium analysis from 13 wells
and five springs in the study area (Figure 29, Table 3). Tritium
concentrations measured in groundwater range from 0.01 to
5.60 TU with a mean of 2.04 TU and a mean measurement
uncertainty of 0.23 TU. Samples BC13W and BC19W have
trittum concentrations less than the premodern threshold and
are considered premodern. Ten samples have tritium concen-
trations greater than the modern threshold and are considered
modern, whereas the remaining six samples have concentra-
tions between the thresholds and are considered mixed (Table

3). The two premodern samples are from wells screened in
the Cretaceous bedrock aquifer at relatively deep depths of
285 and 420 feet (86.9 to 128 m) below ground surface (bgs).
Modern and mixed samples come from the alluvial, Claron,
and Cretaceous aquifers. Modern and mixed samples from the
Cretaceous aquifer are from wells screened across the alluvi-
um-bedrock interface at relatively shallow depths.

Radiocarbon

We collected water samples for radiocarbon analysis from 12
wells and four springs in the study area (Figure 29, Table 3).
We also include data from three wells collected by Lough-
lin Water Associates (Bill Loughlin, written communication,
2023). Carbon-14 activities ranged from 12.0 to 105.6 pmC
(Table 3). The mean measurement uncertainty is 0.22 pmC,
excluding samples from BC13W and BC19W, which had
uncertainties of 0.064 and 0.066 pmC, respectively. Sample
813C ratios ranged from -12.0%o to -6.9%o (Table 3). Bomb-
peak '“C is present in most of the samples, as indicated by a
measured '“C activity greater than the Ao value calculated us-
ing the revised Fontes and Garnier model (Han and Plummer,
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Figure 27. 8°H and gaining or losing status in stream reaches versus distance from Tropic Reservoir. A) 6°’H and reach status in June 2019.
B) 6°H and reach status in September 2019. Blue line is East Fork Sevier River, purple line is Tropic Ditch; orange circle is Mossy Cave
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red = losing within measurement error, blue = gaining, light blue = gaining within measurement errvor. VSMOW = Vienna standard mean

ocean water.

2013). Bomb-peak '4C is also evident by comparing §'3C ra-
tios to C activities. Samples with bomb-peak '“C plot above
and right of the mixing line between soil gas and carbonate
minerals (Figure 30).

We calculated 'C ages using the revised Fontes and Garnier
model (Han and Plummer, 2013) for the two samples with
measured '“C activities less than the calculated Ao values.
The '“C ages for samples BC13W and BC19W are 4800 +
500 and 8600 £ 500 '“C yr before present (BP), respectively.
The age uncertainty is derived from the uncertainty in soil
gas CO, 8'3C ratios (Hart, 2009). These samples are from
wells screened in the Cretaceous bedrock aquifer at rela-
tively deep depths of 285 and 420 feet (86.9 to 128 m) be-
low ground surface, respectively. These ages suggest a much
slower groundwater flow rate, or much longer groundwater
flow path, than the valley-fill aquifer. Samples BC329W and
BCl1 are also screened in the Cretaceous bedrock aquifer,
but across the alluvium-bedrock interface at depths of 45
feet (13.7 m) below ground surface, which could explain the

modern '“C activity. Sample BC330W, from a well screened
in the Claron Formation and underlying Cretaceous Grand
Castle Formation, has a moderate '*C activity of 48.3 pmC
and a mixed tritium age, suggesting a mixed source of mod-
ern and premodern recharge.

DISCUSSION

Conceptual Groundwater Flow Model

The study area boundary, most of which is the surface drain-
age divide for the East Fork Sevier River, provides a good ap-
proximation of the limits of the groundwater basin. We recog-
nize, however, that some localized sections of the study area
boundary may not represent the true groundwater divide. The
underlying Cretaceous aquifer, part of the regionally exten-
sive Mesaverde aquifer group, extends northward below the
surface drainage divide.
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Valley-Fill Aquifer

The valley-fill aquifer receives recharge from in situ infiltra-
tion of snowmelt and precipitation on the valley floor, seepage
from streams (primarily the East Fork Sevier River) as they
enter the valley, and unconsumed irrigation water applied to
the land surface. Septic-tank leachate also provides a small
quantity of local recharge to the valley-fill aquifer. The occur-
rence and amount of subsurface inflow from adjacent bedrock
aquifers is unknown. Groundwater in the valley-fill aquifer
flows from the valley margins (i.e., the Paunsaugunt Plateau,
Sevier Plateau, and Escalante Mountains) toward Tropic Res-
ervoir and the East Fork Sevier River, approximately perpen-
dicular to potentiometric contours assuming no major anisot-
ropy in the horizontal component of hydraulic conductivity.
Valley-fill groundwater discharges to pumping wells in Emery
and Johns Valleys, and to the East Fork Sevier River and wet-
lands near the north boundary of the study area (Figure 31).

Valley-fill aquifer thickness varies from less than 50 to 350
feet (<15-107 m) (Figure 8). Valley-fill deposits along the val-
ley margins are less than 50 feet (<15 m) thick, and well logs
provide no evidence of thickening adjacent to valley-bound-

ing faults. The spatial distribution of valley-fill thickness is
poorly constrained but is highly variable in western Emery
Valley; valley fill is as much as 200 feet (61 m) thick in cen-
tral Emery Valley and as much as 350 feet (107 m) thick in
Johns Valley. These sediments are the principal reservoir for
groundwater; however, groundwater storage in the valley fill
is relatively limited based on its thickness. Most groundwater
in the valley-fill aquifer has experienced some evaporation
and contains some tritium. This is consistent with groundwa-
ter in the valley-fill aquifer: originating as surface water ex-
periencing evaporation in Tropic Reservoir and/or along the
East Fork Sevier River prior to infiltration; as recharge into
the Claron aquifer and discharging to surface water before in-
filtrating into the valley-fill aquifer; or from evaporation prior
to infiltration of in situ snowmelt on the valley floor.

Water levels in most valley-fill wells fluctuate depending on
winter precipitation, indicating storage is limited. The poten-
tiometric surface in the valley-fill aquifer generally increases in
the spring and declines in the fall. Water levels in wells com-
pleted in bedrock aquifers were less variable than wells com-
pleted in valley fill, with some water levels declining and others
rising during different seasons and years, weather independent.
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Water-level increases in valley-fill wells after heavier winter
snowpack indicates the valley-fill aquifer is more sensitive to
precipitation via surface water runoff and direct infiltration than
the bedrock aquifers (Appendix G Figure G-1). Groundwater
pumping also likely contributes to water-level fluctuations in
the valley-fill aquifer, particularly along the more densely de-
veloped Highway 12 corridor. However, scant long-term water
level data show no evidence of decline in the period of record.

Bedrock Aquifers

Recharge from precipitation to the bedrock aquifers flows ei-
ther toward springs and streams to become surface flow, or
through the bedrock below Johns and Emery Valleys. The
Claron Formation is the highest stratigraphic layer of the Pink
Cliffs within Bryce Canyon National Park; springs situated
along the rim likely receive recharge directly from precipita-
tion in the higher elevation areas of the rim on the escarpment
of the Paunsaugunt Plateau. The lower elevation springs that
emanate from the Cretaceous formations may receive recharge
from the overlying stratigraphy or directly from precipitation
on Cretaceous bedrock outcrop exposures.

The isotopic signature of water from the Cretaceous aquifers
shows little evidence of evaporation or connection to surface
water. Radiometric dating using carbon and tritium isotopes
indicates that two distinct aquifer zones may be within the
Cretaceous bedrock: an upper zone near the valley-fill aqui-
fer with a mixture of modern and premodern recharge, and a
deeper zone with radiocarbon ages of approximately 4800 to
8600 years before present.

The hydraulic properties of the Paunsaugunt fault zone and
various thrust faults in the study area may influence region-
al groundwater flow patterns and potential capture of spring
flow and groundwater by future development in Emery and
Johns Valleys. Further work is needed to understand wheth-
er these faults act as groundwater flow barriers, conduits, or
a combination.

Seepage between Bedrock and Valley-Fill Aquifers

Our chemistry and environmental tracer results show that
surface water, precipitation, and water in the valley-fill and
Claron aquifers have similar chemistry. However, environ-
mental tracers indicate that water from wells screened deep
in the Cretaceous aquifers is older than water in the overly-
ing Claron and valley-fill aquifers. Loughlin Water Associates
(2022) shows water levels in a currently non-producing well
completed in the upper Cretaceous sandstone just below val-
ley fill (BC122W) declines from about May through February
and rises from about March through April in response to sea-
sonal fluctuations in recharge. Groundwater levels in the well
have fallen overall since the well was drilled in October 2020
in response to the regional drought. However, water levels in
the bedrock well do not appear to be affected by the pumping
of other nearby wells completed in alluvium, including nearby
public-supply wells (BC20W, BC21W, and BC22W). Lough-
lin Water Associates (2022) also observed a decline of 2 to 3
feet (0.3—0.6 m) when a nearby public-supply well (BC51W),
also completed in the upper zone of Cretaceous sandstone,
was pumped continuously at ~80 gallons per minute for one
to three days. This observation aligns with previous research
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that assumed that vertical flow between aquifers is minimal
(Carpenter et al., 1967).

Thiros and Brothers (1993) calculated vertical hydraulic con-
ductivity as 0.01% to 1% of horizontal hydraulic conductivity
in the alluvial aquifer of the main stem of the Sevier River. We
conclude that lateral homogeneity and vertical heterogeneity
in the valley-fill and bedrock aquifers of the East Fork Sevier
River drainage will lead to similarly preferred horizontal flow
rather than vertical flow. We assume that the portion of pre-
cipitation that infiltrates this region moves dominantly hori-
zontally from the lower-conductivity bedrock to the higher-
conductivity valley fill.

Further research is needed to determine the exact relationship
between the bedrock and valley-fill aquifers. The installation
of nested piezometers, completed in valley fill and bedrock,
combined with pump tests would increase our understanding
of vertical flow.

Groundwater—Surface-Water Interaction

Surface water plays a key role in the groundwater system of
Johns and Emery Valleys. Losing streams and tributaries re-
charge the valley-fill aquifer when and where the water ta-
ble is below the bottom of the streambed, especially during
low-flow conditions. Conversely, streams are gaining in areas
having shallow water tables, especially during runoff season
when the aquifer is receiving in-place recharge on the valley
floor. This interchange of groundwater and surface water is
apparent in the environmental isotope data. Our results show
an evaporative signal in the alluvial aquifer, and considerable
overlap between the isotopic signatures of surface water and
the valley-fill aquifer, suggesting recharge from streams.

The interchange between surface water and the valley-fill aqui-
fer between Tropic Reservoir and Emery Valley is net gaining
to surface water but can transition to net gaining to groundwa-
ter in autumn depending on the snowpack and releases con-
trolled by Tropic Reservoir. Based on our observations from
spring data, the valley-fill aquifer in Johns and Emery Valleys
is net gaining to groundwater when surface water is actively
flowing through the valleys and the East Fork Sevier River is
not fully diverted by the Tropic Ditch. This dynamic transi-
tions to net gaining to surface water at the northern end of
Johns Valley where the water table essentially intersects the
land surface and perennial wetlands are supported.

WATER BUDGET

Water Budget Development

We estimated a water budget for the drainage basin for water
years 2017 to 2021 (water year October 1 to September 30) us-
ing the USGS Soil-Water-Balance (SWB) model (Westenbroek

Utah Geological Survey

etal., 2018) and by quantifying annual inflow and outflow. The
primary inflow component of the water balance is precipitation
and the main known outflow components are evapotranspira-
tion, loss to the Tropic Ditch, and loss to the East Fork Sevier
River at the northern boundary of the study area.

Soil Water Balance Model

The SWB model calculates spatial and temporal variations of
net infiltration, which is a good approximation of groundwater
recharge. The SWB model is a modified Thornthwaite-Mather
soil-water-balance model, computed on daily time step.

The spatial data input requirements of the SWB model include
Daymet climate data (Thornton et al., 2021), a digital eleva-
tion model (DEM) for calculating water flow direction, a de-
scriptive soils layer, and land cover data. All spatial data were
projected into an Albers equal area projection (EPSG:5070)
and clipped to a rectangular area that encapsulated the study
area, plus a 2-kilometer (1.2 mi) buffer. All spatial data used
in the model were raster data in ASCII format.

Soil properties used in the SWB model are taken from the
U.S. Department of Agriculture Soil Survey Geographic Da-
tabase (SSURGO) dataset (Natural Resources Conservation
Service, 2022). From the SSURGO dataset, we used the Soil
Hydrologic Group and Available Water Storage 0150 centi-
meter (0-59 inch) layers served by ESRI ArcGIS Living At-
las. Available water storage indicates the amount of water a
soil can hold that is available to plants. The soil hydrologic
groups are created based on physical properties of the soil
which dictate whether precipitation will predominantly run
off or infiltrate. These soil properties were tied to a lookup
table for the model that designated curve numbers according
to the soil group. The SWB model uses the Natural Resources
Conservation Service curve number rainfall-runoff method
(U.S. Department of Agriculture, 1986) to help determine the
amount of surface water (precipitation and runoff) that is in-
filtrated as it passes over a cell in the model. We used curve
number values from Tillman (2015), because that research
covered the Upper Colorado River basin which has similar
geology and topography to the study area.

The SWB model uses the Hargreaves-Samani (1985) method
to produce spatially variable estimates of potential evapo-
transpiration (PET) from spatially varying minimum and
maximum air temperature data for each daily time step. The
air temperature data are from Daymet grids that were down-
loaded programmatically from the Thredds server.

For the land use spatial input, we used 2019 National Land
Cover Database (NLCD) data from the Multi-Resolution
Land Characteristics Consortium (https://www.mrlc.gov/data/
nlcd-2019-land-cover-conus). These data have a format that is
acceptable and easy to augment for input into the SWB model.
Like soil, land use is tied to a lookup table that dictates runoff
versus recharge for the SWB model.
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To generate a flow direction raster, which is used by the SWB
model to determine runoff direction, we used 30-meter-res-
olution (98 ft) elevation data from the Utah Geospatial Re-
source Center (UGRC) created by the USGS. To determine
flow direction from elevation, major “sinks” (low points) are
filled and then an eight-direction flow tool is applied to the
sink-filled elevation data.

We applied the model to daily data from calendar years 2016
to 2021, using 2016 as a model “warm up” year. We sum-
marized the results by water year. The resulting rasters were
averaged to determine the monthly and yearly average soil
water, actual evapotranspiration, runoff, and recharge.

Remotely Sensed Data

We divided the study area using two different methods for
remote analysis: (1) above and below the Tropic Ditch diver-
sion and (2) between the bedrock and valley-fill aquifers, with
the bedrock subdivided into the part south of the valley-fill
aquifer and the part east/west of the valley-fill aquifer. We also
mapped phreatophytes, crops, and areas of open water to de-
termine groundwater sources of evapotranspiration (ET).

We used the Open-ET SSEBop (Operational Simplified Sur-
face Energy Balance Model; https:/github.com/Open-ET/
openet-ssebop) model configuration to estimate ET. SSEBop,
developed by Senay et al. (2013, 2017), uses Landsat and
Daymet data to calculate ET. For reference ET, we used The
University of Idaho Gridded Surface Meteorological Dataset
(gridMET; Abatzoglou, 2012). We used this model to calcu-
late ET over the entire basin and to calculate ET specific to
phreatophytes, crops, and open water.

To calibrate the SWB model outputs, we analyzed PRISM (Pa-
rameter-elevation Regressions on Independent Slopes Model;
Daly et al., 2008, 2015) and Daymet V4 (Thornton et al., 2021)
datasets. We compared these precipitation data to the SWB
model outputs and found good agreement (12> 0.90).

Streamflow

We relied on the SWB model to estimate streamflow due to
a lack of available data. We verified the SWB model using
transducers placed along the main stem of the East Fork Sevi-
er from August 2021 to October 2022. We also used historical
data from two decommissioned USGS gage stations to con-
firm relationships between precipitation (PRISM) and runoff.
Streamflow leaves the basin via the Tropic Ditch and the East
Fork Sevier River at the northern boundary of the study area.

USGS Gage Data: No gages exist within the study area,
but two sites existed previously. The East Fork Sevier River
gage near Ruby’s Inn (10183900) collected data at variable
frequencies from October 1, 1961, to October 1, 2015, and the
East Fork Sevier River gage near Antimony, Utah (10184450)
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has data available from July 1, 1961, to September 9, 1966.
Although these dates are well outside of our study period, we
were able to analyze and compare them to our values for base
flow conditions.

We examined the relationship between the measured flow at
the USGS site 10183900 and precipitation of the upstream
watershed area from PRISM precipitation data. We matched
a best-fit function to the data to estimate current water year
flows from the East Fork Sevier River based on the amount of
precipitation in a given water year. We found that from 1962
to 1995, runoff averaged 11% of precipitation and ranged
from 6% to 20% of precipitation. The SWB model suggests
runoff is closer to 2% of precipitation. Transducer data and
hand measurements recorded in 2021 and 2022 suggest runoff
is about 3% of precipitation. Therefore, we accept the SWB
model runoff values, but assume the results represent a mini-
mum. Alternatively, the SWB model results may represent
a change in management practices, with more surface water
being diverted for agricultural use after 1995, resulting in a
smaller ratio of runoff to precipitation.

Transducer data: We attempted to estimate streamflow of
the East Fork Sevier River by monitoring the water level in
the stream channel at 60-minute intervals at locations along its
course during water year 2022, targeting areas of change such
as above and below Tropic Reservoir and the Tropic Ditch di-
version. Due to the short observation period and other issues,
such as the transducers freezing, these data are of limited use
and the results function only as extreme bounds to compare
with modeled flow.

We processed the stream transducer data to estimate the hour-
ly discharge of the East Fork Sevier River. We used Solinst
Levelogger vented pressure transducers that do not require
a correction for barometric pressure. We also deployed non-
vented pressure transducers in Tropic Reservoir and at the
discharge measurement point below the Tropic Ditch diver-
sion. We corrected these transducer data for barometric pres-
sure using atmospheric pressure recorded on a Solinst baro-
metric pressure logger located at BLM well (BC23W) in the
approximate center of the study area. We used a linear regres-
sion between the raw water pressure and barometric data to
correct for atmospheric pressure. After removing barometric
pressure, the adjusted measurements indicate water pressure
above the transducer.

Transducer measurements for the East Fork Sevier River
started on August 3, 2021, and continued to October 25, 2022,
allowing for summary statistics and aggregate calculations
over water year 2022 (Appendix G Figures G-6 through G-8).

We collected absolute manual measurements of the stream
stage. These data only represent the “relative stage” of the
stream (relative changes of the water level in the stream). The
relative stage measurements in the transducers have obvious
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jumps or “tares” when the transducers were moved to down-
load data. The obvious jumps were visible in the data as sud-
den offsets of more than 0.25 feet (0.076 m) between hourly
measurements. We manually adjusted and removed these
offsets from the data, re-aligning the data where the obvious
jumps occurred. We also removed data from both vented and
non-vented transducers in cases where streamflow decreased
and the transducer froze during the winter months. These pe-
riods were identified as times when temperature was below
0°C and pressure values ceased to fluctuate normally, instead
holding at a steady value.

We matched the manual discharge measurement to the closest-
in-time relative stage measurement, then plotted the manual
discharge values against the relative stage measurements in a
scatter plot and fit a power function to the points. The power
function (Braca, 2008) is in the form of:

0 =Cx+4)? ®)
where:
0= stream discharge
A, B, C = fitting coefficients
X = absolute stage of the stream

This equation assumes steady, uniform flow in a rectangular
channel and does not accommodate for hysteresis. However,
we chose this equation because of limited manual data and
the ease of its application. Once we fit the power equation to
the streamflow data, we applied the equation to the relative
stage data from the transducers to produce hourly estimates
of stream discharge. We calculated r? values of 1.0 at a site
directly above the Tropic Ditch diversion using two manual
measurements, 1.0 at Flying V Ranch bridge using two man-
ual measurements, and 0.37 at the north boundary site using
four manual measurements. However, values for r? will al-
ways equate to 1.0 when only two manual measurements are
collected. Due to the paucity of measurements, these numbers
are not a reliable measure of how well the simplified equation
is representing streamflow. We were not able to calculate flow
at the site below the Tropic Ditch diversion due to a lack of
manual measurements.

East Fork Sevier River Seepage Runs: Seepage runs
are one way to quantify the amount of streamflow lost to or
gained from the groundwater system at one point in time. We
used the results of our spring and autumn seepage runs on
the stream system to estimate the volume of water gained or
lost by streams and then used those data to estimate gains and
losses throughout the year. Seepage run methods and results
are described in the Stream Seepage Studies section above.

Tributaries and springs: We collected flow data from
springs and tributaries from 2018 to 2022. We measured flow
using a Hach FH950 electromagnetic current velocity meter, a
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Marsh-McBirney electromagnetic current velocity meter, weir
plates, buckets, neutral buoyant objects, and Parshall flumes.

Well and Spring Water Usage

We tabulated annual water use data from 2017 to 2021 using
data supplied voluntarily by public water suppliers through
the Utah Water Use Program (Utah Division of Water Rights,
2022). The Utah Division of Water Resources conducts de-
tailed studies every four years on municipal and industrial wa-
ter use by community water systems that detail the type of use
(potable, secondary, indoor, outdoor, and others) (Utah Divi-
sion of Water Resources, 2019). The municipal and industrial
use studies provide a framework to interpret and verify the an-
nual Water Use Program data. We also tabulated water rights
for domestic use, which summed to slightly less than 50 acre-
feet/yr (Table 4). Water use amounts based on water rights
are assumed to be maximum estimates of actual water use.
We summed municipal, industrial, and domestic water use for
total water consumption.

Infiltration of Unconsumed Irrigation

All water applied to crops during our study period was divert-
ed from springs and tributaries. We measured flow from these
source areas and noted that they infiltrated the ground surface
fully, whether in their natural channels or on the fields, minus
evapotranspired water. We used SWB model runoff from the
bedrock areas adjacent to the valley-fill aquifer to calculate the
total water flowing onto the aquifer, which is also the total vol-
ume of runoff lost to the aquifer. Water used for irrigation is a
portion of this value but was not partitioned from total adjacent
runoff. The SWB model was used to calculate infiltration over
bedrock adjacent to the valley-fill aquifer. A portion of this wa-
ter flows through the subsurface directly to the aquifer, whereas
some daylights at springs along the margins of the valley. This
spring water is lost to the groundwater in the channel or di-
verted to fields, where it also infiltrates the ground surface or is
consumed by ET. Similar to runoff, we did not partition the por-
tion of spring water used for irrigation but considered its loss
to the aquifer included in water infiltrating adjacent bedrock.
Our methods for calculating loss to ET are summarized in the
Remotely Sensed Data section of this report.

Septic-Tank Drain-Field Seepage

We estimated the volume of groundwater recharge from septic-
tank drain-field leachate by multiplying the population using
septic tanks by per capita indoor water use. The Bryce area
has high seasonal population variability because it is a tourist
destination with resort lodging used on a part-time basis. We
obtained the number of septic-tank systems based on data
provided by the Southwestern Health Department and Garfield
County. Aerial imagery was used to identify structures served by
these systems (Southwestern Utah Health Department, Jeremy
Roberts, written communication, September 15, 2019; Kaden



Figgins, Garfield County Economic Development Director,
written communication, November 19, 2019). We identified 36
septic systems and three large underground wastewater disposal
systems (LUWDS); three additional LUWDS are approved for
construction. Each LUWDS discharges the equivalent of about
170 septic systems. To calculate recharge from the domestic
septic tanks, we used 2.56 people per household and an average
use of 151 gallons of water per person per day (Utah Division of
Water Resources, 2010; see the Septic-Tank-Density Analysis
section below). Sewage lagoons exist in the central part of
the study area, but these are well designed and therefore not
considered in the water budget.

Table 4. Domestic water rights listed in the Utah Division of Water
Rights Database associated with the Johns and Emery Valleys
valley-fill aquifer.

Water Right No. CFS Acre-feet
61-1857 0.009 1.988
61-1464 - 2.996
61-2916 - 0.84
61-2403 - 1

61-96 - 0.552
61-2693 - 0.168
61-100 - 0.03
61-133 - 0.013
61-147 - 0.02
61-3213 - 1
61-1466 0.081 18.15
61-126 0.007 1.6
61-299 0.018 4
61-3213 - 1
61-480 0.015 0.45
61-2896 0.01 2.1
61-1767 0.015 1.368
61-2952 - 0.25
61-2936 - 0.25
61-2890 - 0.25
61-2636 - 0.25
61-2412 - 1
61-1907 - 1
61-1908 - 0.982
61-1945 - 1
61-1815 0.012 1.101
61-2915 0.007 0.84
61-1601 - 1.09
61-2752 - 0.25
61-289 0.067 missing value
61-801 0.111 missing value
61-388 0.015 missing value
61-481 0.044 missing value
61-549 0.015 missing value

TOTAL 46
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Water Budget Results for Johns and
Emery Valleys

The main components of the water budget for the ground-
water system in the Johns and Emery Valleys drainage ba-
sin for water years 2019 through 2021 are summarized in
Table 5. We followed Thiros and Brothers (1993) in assum-
ing that the surface-water drainage boundary is a ground-
water divide and any possible interbasin flow reaching the
valley-fill would be insignificant compared to other sources
of recharge. Therefore, precipitation is the only primary
input to the system. Water can leave the system by three
primary means: evapotranspiration, discharge to the Tropic
Ditch, and discharge from East Fork Sevier River (Figure
32 and see Appendix G Figures G-2 through G-5 for SWB
model raster results).

Recharge/Precipitation

The SWB model calculated an average of 382,965 acre-feet/
yr of precipitation from 2017 to 2021. Of this amount, 0.33%
(2018) to 4.09% (2019) of precipitation becomes infiltra-
tion, which is less than Thiros and Brothers' (1993) estimated
value of 5% for the entire East Fork Sevier River basin. The
SWB model uses Daymet data for precipitation. We compared
Daymet data with PRISM precipitation data and found them
to be similar for this region, confirming our use of SWB mod-
el outputs for precipitation (Table 5).

Discharge

Evapotranspiration: We calculated ET using the SSEBop
method and the SWB model. SSEBop calculated ET values
10% to 85% higher than those calculated by the SWB model.
It also calculated ET as up to 200% of precipitation. SSEBop
and SWB ET results are more similar near the valley floor
and less similar in the upland areas of the watershed. We be-
lieve that the ponderosa and pinyon-juniper forests may be the
source of error in the SSEBop method. Other sources of error
could come from clouds and shadows in the remotely sensed
data. The SWB model suggests ET is on average 98% of net
precipitation (2017-2021).

We elected to use SWB values for ET to apply a single
model, and also because of the difference between precipi-
tation and SSEBop ET. The SWB model suggests an aver-
age ET of 19 acre-feet/yr for Tropic Reservoir (2017-2021)
(Table 7). ET represents 97% of water leaving the study
area (SWB model 2017-2021 average). In general, ET and
precipitation have a direct relationship and vary together
over time.

We calculated ET specific to phreatophytes, wetlands, and ri-
parian areas in the basin. Total ET from these groundwater
sources averages 5055 acre-feet/yr, which is 1.4% of total ET
(Table 6).
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Table 5. Recharge and discharge estimates showing gains from precipitation and losses from evapotranspiration (ET) and runoff for the study

area (in acre-feet per year).

2019 2020 2021 zgiz;iogzel
Above Below Basin Above Below Basin Above Below Basin
Inputs Diversion | Diversion Total Diversion | Diversion Total Diversion | Diversion Total
Precipitation 140,411 394,242 534,653 76,654 233,262 | 309,916 92,405 285,277 377,682 382,965
Total Input 534,653 309,916 377,682 382,965
Above Below Basin Above Below Basin Above Below Basin
Qutputs Diversion | Diversion Total Diversion | Diversion Total Diversion | Diversion Total
Evapotranspiration Total 119,984 360,914 480,898 71,815 226,162 | 297,977 85,189 266,906 352,095 372,435
ET from open water - - 39 - - 25 - - 27 30
ET from agriculture - - 2435 - - 1770 - - 1777 1940
ET from riparian - - 2057 - - 1223 - - 1385 1535
ET from wetlands - - 2162 - - 1281 - - 1474 1580
Other ET - - 474,206 - - 293,679 - - 347,433 367,350
Surface flow out Total 16,736 4305 11,121 8017
Tropic Ditch 5760 - 5760 940 - 940 3686 - 3686 2656
North Boundary - 10,976 10,976 - 3365 3365 - 7435 7435 5361
Total Output 125,744 371,890 497,634 72,755 229,527 | 302,282 88,875 274,342 363,216 380,452
Storage Change 37,018 7634 14,466 2513

Surface water discharge: We attempted to use transduc-
ers to calculate flow for water year 2022. The transducer data
ratings curve is of limited use because we only have two or
three manual measurements to constrain the continuous flow
record. Rough jumps in the transducer record of the north-
ern boundary flow site are likely caused by changes in the
stilling well and transducer height at that location. Freezing
likely caused an increase in pressure at the downstream and
upstream transducers near the Tropic Ditch diversion because
the thermometers in the transducers reported temperatures
near or below 0°C that are coincident with the pressure in-
creases. In addition, water year 2022 may not be representa-
tive of other water years in the study area. For example, the
Tropic Reservoir gate was left open during the winter months
0f 2022 (Kirk Forbush, Utah Division of Water Rights, written
communication, March 2022), preventing the reservoir from
filling and the water managers from performing controlled re-
leases of water to Johns and Emery Valleys.

Due to the limitations of our collected transducer data, we chose
to use SWB model runoff for our water budget calculations.
The Tropic Ditch is permitted to divert up to 20 cfs (0.57 m?/s)
from April 1 to June 1 and up to 15 cfs (0.42 m3/s) from June 1
to October 15. We reviewed available transducer data and cal-
culated a rough estimate of total acre-feet flowing below the
Tropic Reservoir dam and above the diversion for water year
2022. We used the same dataset to estimate the total acre-feet
that exceeded 15 cfs (0.42 m?/s) in water year 2022, or the wa-
ter that would be bypassing the diversion and flowing to Johns
and Emery Valleys. We found that about 3% of the total flow
was above the diversion, meaning that surface water discharge
to Tropic Ditch was 97% of runoff from the basin upstream of

it. We therefore consider that 97% of runoff from above the
diversion ditch, as calculated by the SWB model, represents
water lost to the Tropic Ditch. Using these ratios, we calculated
that 266 to 5760 acre-feet/yr is diverted to the Tropic Ditch and
8 to 178 acre-feet/yr flows beyond the diversion. These values,
with an average of 2656 ac-ft/yr, are in the range of those re-
ported by Carpenter et al. (1967) who found that 2610 acre-feet/
yr was diverted to the Tropic Ditch. We assume that all water
flowing beyond the diversion was lost to groundwater during
our period of study. Changes in management could significantly
alter the 3% value we are reporting. For example, we observed
that the ditch was still open on October 21, 2021, preventing
water from flowing into the East Fork Sevier River.

We used runoff from the watershed below the Tropic Ditch di-
version to model surface water runoff at the northern bound-
ary of the study area. We estimated a range of 537 to 10,976
acre-feet/yr, with an average of 5361 acre-feet/yr (2017-2021).
These numbers agreed well with the available transducer data,
which indicated a baseflow of 7617 acre-feet/yr at the north-
ern boundary of the study area during the 2022 water year. The
SWB model values also agreed well with our flow measure-
ments in the northern part of the study area in 2021 and 2022,
which suggested a baseflow of about 8000 acre-feet/yr.

Change in Storage

We calculated groundwater and soil-water change in storage
on two time-scales: the period of record (1947-2022) and sea-
sonal fluctuations. Change in storage for the valley-wide wa-
ter balance is the difference between input and output.
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Figure 32. Maps showing the two ways that the Bryce study area was divided for analysis in the SWB model and example SWB model output
rasters. A) Lower alluvial, lower bedrock, and upper bedrock boundaries used for analysis in the SWB model and water budget calculations.
B) Areas above and below the Tropic Ditch diversion used for analysis in the SWB model and water budget calculations. Output rasters from
the SWB model of water year 2021 showing: C) precipitation, D) evapotranspiration, E) infiltration, and F) runoff.
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Table 6. The valley-fill aquifer (VFA) water budget (in acre-feet per year).

Utah Geological Survey

Recharge 2017 2018 2019 2020 2021 Averages Source/Notes
Precipitation infiltration 678 191 2748 497 308 884 SWB! model
Recharge from septic tanks 62 62 62 62 62 62 131r61 di:g;giiz (;?S;((fs:lr; d 3 large
Recharge from surrounding runoff 3312 413 7054 2503 5549 3766 SWB model
Recharge from upper East Fork 81 8 178 29 114 82 SWB model?
Interflow from above diversion that recharges VFA - 0 16 6 0 6 tsizip:;gneg;"l(l)r;s&alnéd a(cji:tc/;lr e
Groundwater recharge from adjacent mountain bedrock | 4005 400 12,465 3664 1035 4391 SWB model®
Total Recharge 8138 1074 | 22,523 | 6761 7068 9190
Discharge 2017 2018 2019 2020 2021 Averages Source
Total phreatophyte evapotranspiration 6060 3654 6653 4274 4635 5055
Wetlands | 1918 1066 2162 1281 1474 1580 SWB model
Riparian | 1929 1080 2057 1223 1385 1535 SWB model
Agriculture | 2213 1508 2435 1770 1777 1940 SWB model
Pumping Total 346 361 375 342 369 358
Public | 296 311 325 292 319 308 Estimated from water rights
Domestic 50 50 50 50 50 50 Estimated from water rights
Groundwater Discharge to East Fork at North Boundary | 4489 537 10,976 3365 7435 5578 SWB
Total Discharge 10,895 | 4553 18,005 | 7981 | 12,440 10,992
Net Groundwater Change | 2757 | 3479 | 418 | ai220 [ 5372 | aasm

' SWB = soil water balance

2 Assumes 3% runoff from south basin makes it past the diversion

3 Assumes 100% of infiltration to bedrock adjacent to the VFA recharges the VFA eventually, as well as 9.5% upper bedrock area recharge.

Table 7. Tropic Reservoir water budget (in acre-feet per year).

Acre-feet per water year Source/Notes
Component 2019 2020 average
Inputs Flow into Tropic Reservoir 15,782 7240 9479 | Seepage runs water years 2019, 2020, 2022
Precipitation into Tropic Reservoir 362 193 278 Daymet, assumes Tropic Reservoir area is 180 acres
Total 16,144 7433 9757
Outputs Evaporation from Tropic Reservoir 23 18 19 SWB model average 2018-2021
Flow out of dam 15,803 9339 9520 Seepage runs
Total 15,825 9357 9540
Water year input - water year output 319 -1925 217 fg’;?\t’g?:::;{ﬁ?; /Eior f;‘:;::sj:ater’ missed surface flow, or
Reservoir storage change (+ increase) 0 Assumed no net change over multi-year period




Considering the long-term record, we reviewed existing well
data from well USGS ID 374205112091501 (Bryce Airport
well) at the Bryce Canyon Airport to examine long-term
trends for the valley. This well is finished in the upper parts
of the Cretaceous bedrock aquifer, but is chemically similar to
the valley-fill aquifer (see Chemistry of Groundwater and Sur-
face Water section) and the longest record that we have avail-
able in the area. The depth to water fluctuates but maintains
an average around 30 feet (9.14 m) (Figure 15). We interpret
this to mean that net storage change over the period of record
is close to zero.

We examined groundwater levels to form hypotheses about
seasonal fluctuations in storage. Conditions during autumn
2018 were drier than normal, with water levels lower in most
wells than any other year or season measured. After a heavy
snowpack in 2019 (116% of the 30-year median) water lev-
els rose in alluvial wells, and after below-average snowpack
in 2020 (70% of the 30-year median) water levels declined
in alluvial wells (Appendix D Figure D-2). Water levels in
wells completed in bedrock were less variable than alluvial
wells, with some water levels declining and others rising dur-
ing different seasons and years, weather independent (Appen-
dix D Figure D-2). This demonstrates the connection between
precipitation and change in groundwater storage, where wet-
ter periods of time yielded higher groundwater levels or an
increase in storage. Conversely, drier periods yielded lower
groundwater levels or decreased storage. These findings sug-
gest that extended periods of above-average precipitation
could increase storage and extended periods of drought could
decrease storage in the valley-fill aquifer, even though the
long-term trend in storage change has been close to zero.

Valley-Fill Aquifer Water Budget

We estimated the 2017-2021 water year components of input
and output from the valley-fill aquifer to conceptualize the in-
terchange of water between groundwater and surface water
(Table 6) and to see how a change in one component may
influence other components. To constrain the components we
used the SWB model, seepage runs, and compilation of avail-
able data.

Recharge to the Valley-Fill Aquifer

Precipitation: Precipitation directly over the valley-fill aqui-
fer averaged 36,255 acre-feet/yr from 2017 to 2021 based on
the SWB model. Infiltration from precipitation ranged from
191 (2018) to 2748 acre-feet/yr (2019). Average infiltration
was 884 acre-feet/yr (2017-2021) (Table 6). We calculated
precipitation using the SWB model (Daymet) and confirmed
these data using PRISM.

Losing streams: During the study period, all of the East Fork
Sevier River flow bypassing the Tropic Ditch diversion was
lost to the valley-fill aquifer. Water users are permitted to di-
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vert up to 20 cfs (0.57 m?/s) through the Tropic Ditch from
April 1 to June 1 and up to 15 cfs (0.42 m?/s) from June 1
to October 15. We used transducer data to determine periods
when flow above the diversion was in excess of 15 cfs (0.42
m?3/s). In 2022, this was about 3% of the total runoff recorded
by our transducer. Therefore, we took 3% of runoff calculated
for the area above the diversion by the SWB model to be the
total groundwater contribution from the watershed above the
Tropic Ditch diversion. Runoff passing the diversion ranged
from 8 to 178 acre-feet/yr and averaged 82 acre-feet/yr.

All flow from runoff in tributaries to the East Fork, adjacent
to the valley-fill aquifer, fully infiltrates the alluvium. We
used SWB runoff calculated for the adjacent uplands to esti-
mate tributary recharge. Runoff from these areas ranged from
413 to 7054 acre-feet/yr and averaged 3766 acre-feet/yr from
2017 to 2021. We compared these values to average point flow
measurements for each tributary collected between 2018 and
2022. These hand measurements totaled to an average of 3518
acre-feet/yr, which confirms the SWB model calculations.

Unused irrigation seepage and septic-tank drain-field
seepage: As discussed above, Johns and Emery Valleys rely
on stream and spring water for irrigation. The SWB model
allowed us to calculate total values for water entering the val-
ley-fill aquifer, all of which eventually recharges the aquifer,
whether in channel or on the fields, less ET.

Groundwater recharge by septic-system leachate, both domes-
tic and LUWDS, was about 62 acre-feet/yr for water years
2018-2021.

Throughflow from above the Tropic Ditch diversion:
We used a simple Darcy flux calculation to approximate flow
in the valley-fill aquifer past the Tropic Ditch diversion. A
gradient of 0.007 exists near the diversion, where the valley
bottom is approximately 1320 feet (400 m) wide and we es-
timate about 10 feet (3 m) of alluvial fill across the valley
bottom. Thiros and Brothers (1993) determined that hydraulic
conductivity of alluvial fill in this area ranged from 6 to 20 ft/
day (1.8-6 m/day), similar to our calculated geometric mean
hydraulic conductivity of 12 ft/day (3.7 m/day) (Appendix C
Table C-2). Using these inputs we calculate a range of flow
from 6 to 16 acre-feet/yr. The years 2018 and 2021 were ex-
ceptionally low precipitation years, limiting water availabil-
ity, so we determined that there was no throughflow during
these water years. The year 2019 had above-average precipi-
tation, so we used the upper end of the range at 16 acre-feet/yr.
The year 2020 had below-average precipitation, so we used a
lower approximation of 6 acre-feet/yr.

Mountain-block recharge: For this study, we assume pre-
cipitation that infiltrates bedrock adjacent to the valley-fill
aquifer moves primarily horizontally, eventually charging
small alluvial channels, fans, or the aquifer directly as the
water moves from the lower-hydraulic-conductivity bedrock
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to higher-hydraulic-conductivity valley fill. We delineated in-
filtration in the bedrock adjacent to the aquifer and used the
SWB infiltration output to estimate recharge. We determined
mountain-block recharge was 400 to 12,465 acre-feet/yr, with
an average of 4391 acre-feet/yr (2017-2021).

Discharge from the Valley-Fill Aquifer

Evapotranspiration from the groundwater system:
Evapotranspiration directly from groundwater (as opposed to
the surface or vadose zone) occurs through plants transpiring
water from the water table or capillary fringe. Evaporation
from bare ground occurs if the water table or capillary fringe
is near the surface. This ET occurs primarily in areas of wet-
land vegetation, including riparian areas, where the ground-
water table is shallow and within the reach of plant roots.
Studies in the western U.S. have shown that phreatophytes,
especially greasewood, can utilize groundwater from a water
table as deep as 30 feet (9 m) below surface when precipita-
tion does not meet plant needs (Moreo et al., 2007).

We delineated areas of wetland, riparian, and irrigated veg-
etation. We then summarized SWB model output rasters of
actual ET by these boundaries. ET from phreatophytes ranged
from 3654 to 6653 acre-feet/yr, with an average total of 5055
acre-feet/yr.

Gaining stream: The East Fork Sevier River is losing or
dry through most of its course, with no flow through the cen-
ter of the valley. The river gains abruptly in the northern
part of the study area, due to groundwater discharge. Using
runoff values from the SWB model, we estimated flow in
the East Fork Sevier River to be 537 to 10,976 acre-feet/yr
and an average of 5578 acre-feet/yr (2017-2021). For water
year 2022, we estimated a total flow of 7617 acre-feet at
the northern end of the study area using our transducer data.
Hand measurements taken during 2021 and 2022 suggest a
total flow at the northern boundary of approximately 8000
acre-feet/yr.

Well and spring discharge: The largest sources of well
discharge from the groundwater system are public sup-
ply wells (PSWs): Ruby’s Inn, Bristlecone, Bryce Canyon
Pines, and Bryce Canyon National Park. Water pumped
from PSWs has increased with increased development.
The Bristlecone well had records from 2015 to 2021, with
one year calculated as average water use and the remainder
as metered water use. The range of use for Bristlecone is
18.08 to 36.70 acre-feet/yr, with an average use of 30.33
acre-feet/yr. Two Ruby’s Inn water supply wells have data
beginning in 1981, but we used the same data range as the
Bristlecone well to provide average annual use. For the
years 2015 to 2021, average combined use for the PSWs
was 233.38 acre-feet/yr, read from a metered unit. The
Bryce Canyon Pines well provides data for only 2020 and
2021, with an average use of 16.75 acre-feet/yr. Two PSWs
serving Bryce Canyon National Park combined for an av-
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erage use of 59.69 acre-feet/yr from 2015 to 2021. We es-
timate the total average discharge from PSWs to be about
308 acre-feet/yr.

We estimated discharge from domestic wells and wells not
reported to the Water Use Program (Utah Division of Water
Rights, 2022) by applying either the full water right for small
domestic water rights or a fraction of the water right for larger
rights. These private wells use a total of approximately 50
acre-feet/yr, with individual rights ranging from 0.29 to 18.15
acre-feet/yr.

Another way to estimate water use is by per capita use.
Garfield County residents used an estimated 151 gallons of
water per person per day in 2015 (Utah Division of Water
Resources, 2019). The 2020 population estimate for Bryce
Canyon City is 336 (U.S. Census Bureau, 2021). Therefore,
total groundwater use is about 57 acre-feet/yr. For our calcu-
lations, we used the 50 acre-feet/yr estimated by examining
water rights in the valley. Irrigation wells rely on surface
water, not groundwater.

Groundwater outflow exiting the basin: We estimated
that flow in the alluvium through Black Canyon is insignifi-
cant due to the small cross-sectional area of the alluvium. Car-
penter et al. (1967) also determined that net groundwater flow
into and out of the valley was negligible.

Tropic Reservoir Budget

Recharge

Tropic Reservoir receives recharge primarily from direct pre-
cipitation and streamflow from the East Fork Sevier River,
and Henderson and Badger Creeks. Groundwater inflow may
be another small component. Surface flow into the reservoir
ranged from 5417 to 15,782 acre-feet/yr and averaged 9479
acre-feet/yr.

Discharge

Discharge from Tropic Reservoir is primarily from evapo-
transpiration and releases of water to the East Fork Se-
vier River drainage. Groundwater outflow may be another
small, poorly constrained component. SWB evapotranspi-
ration values for Tropic Reservoir ranged from 17 to 22
acre-feet/yr and averaged 19 acre-feet/yr from 2018 to
2021. Flow out of the dam was measured by hand during
seepage runs during the 2019, 2020, and 2022 water years.
Flow ranged from 3419 to 15,803 acre-feet/yr and averaged
9520 acre-feet/yr.

Storage Change

Overall, net storage change in the reservoir during the study
period is close to zero, but seasonal changes and management



practices create annual changes in water storage. Total aver-
age recharge is 9740 acre-feet/yr and total average discharge
is 9540 acre-feet/yr. It is possible that water seeps from the
reservoir, but more data are required to confirm this value.

Water Supply

Historical well records and previous water budgets show that
the valley watershed has been in a generally balanced state
since the 1960s. Long-term monitoring records indicate that
wet years in which water is put into storage in the groundwa-
ter reservoir balance dry years (Figure 15). However, there
are few long-term data records to support this idea, making
several of the water budget components difficult to quantify.
Therefore, we recommend continuous monitoring of select
sites. The valley-fill and Claron aquifers appear sensitive to
increases or decreases in precipitation, with water levels in
wells increasing or decreasing directly in response to heavy
or light snowpack years (Figure 14). Similarly, continued
drought could offset the observed balance in the aquifers
and result in net depletion of the groundwater. The immedi-
ate response of these aquifers to snowpack indicates that the
response to prolonged drought may also be instantaneous and
directly related.

SEPTIC-TANK DENSITY ANALYSIS

Introduction

Groundwater resource development and increased appli-
cations for water rights and large underground wastewater
disposal systems (LUWDS) prompted part of this study to
understand groundwater quality and quantity in the study
areca. Most new development is expected to be on valley-
fill deposits of the unconsolidated alluvial aquifer. We per-
formed a nutrient analysis (discussed earlier) and septic-tank
density study of the area to understand the impact of future
growth due to an increase in LUWDS (mostly from hotels).
We characterized the water chemistry of the Emery Valley
and southwestern Johns Valley drainage basin as it pertains
to the valley-fill aquifer thickness and land-use practices with
emphasis on nitrate. Coupled with the nutrient data, we pro-
vide a mass-balance analysis based on septic-tank systems
and groundwater flow available for mixing and background
nitrate concentrations and conducted a potential contaminant
source inventory to determine a correlation between land use
and nitrate concentrations.

Land-use planners have long used soil maps and septic-tank
suitability maps to determine where septic-tank systems will
likely percolate within an acceptable range. However, studies
show that percolation alone does not remediate many constitu-
ents found in wastewater, such as nitrate. Under aerobic condi-
tions, ammonium from septic-tank effluent can convert to ni-
trate, contaminating groundwater and posing potential health
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risks to humans (primarily very young infants; Comley, 1945;
Fan et al., 1987; Bouchard et al., 1992). Studies involving lab
rats ingesting a combination of nitrate and heptamethylenei-
mine in drinking water reported an increase in tumor occur-
rence (Taylor and Lijinsky, 1975). However, epidemiological
investigations involving human beings have shown conflicting
evidence. Stomach cancer in humans associated with nitrate
from drinking water was reported in Colombia and Denmark
(Cuello et al., 1976; Fraser et al., 1980). Conversely, investiga-
tions in the United Kingdom and other countries indicate no
correlation exists between nitrate levels and cancer incidence
(Forman, 1985; Al-Dabbagh et al., 1986; Croll and Hayes,
1988; Taneja et al., 2017). The U.S. Environmental Protection
Agency (EPA) maximum contaminant level for drinking water
(and Utah groundwater quality standard) for nitrate as nitrogen
is 10 mg/L (U.S. EPA, 2022). Mass-balance calculations of ni-
trate in groundwater have been used to evaluate the potential
impact of septic-tank systems on groundwater quality in Utah
(Hansen, Allen, and Luce, Inc., 1994; Zhan and McKay, 1998;
Wallace and Lowe, 1999; Lowe and Wallace, 1999; Lowe et
al., 2000, 2002, 2003; Bishop et al., 2007a, 2007b; Jordan et
al., 2019; Schlossnagle et al., 2022).

The purpose of septic-tank density mapping conducted in this
study is to provide recommended septic-tank densities for the
Bryce Canyon City area, including Emery Valley and south-
ern Johns Valley, using the mass-balance approach to evaluate
potential water-quality degradation. We estimated groundwa-
ter hydraulic conductivity from aquifer tests and specific ca-
pacity data to estimate flow. For the study area, we determined
subdomain area acreage, groundwater flow volume, number
of existing septic-tank systems, and present-day nitrate con-
centrations. Then, using the appropriate amount of wastewater
and accompanying nitrogen load introduced per septic-tank
system and large-scale wastewater disposal systems from
hotels, we projected nitrogen loadings based on increasing
numbers of septic tank soil-absorption systems. By limiting
allowable degradation of groundwater nitrate concentration to
1 mg/L (the amount of water-quality degradation acceptable
by government officials in previous septic-tank density stud-
ies), we were then able to derive septic-tank density recom-
mendations valley-wide.

With continued human population growth and installation of
septic tank soil-absorption systems in new developments, the
potential for contamination from septic systems will increase.
At the time we conducted this study, the estimated 2019 popu-
lation of Bryce Canyon City was 222 with an average of 3.3
people per household (pph), so we extrapolated the average
population estimate of 3.3 pph in the Bryce area and applied
it to the 36 septic systems outside of Bryce Canyon City to
calculate effluent per day for a domestic home. We applied a
mass-balance calculation to evaluate the potential impact of
septic-tank systems on groundwater quality in Johns and Em-
ery Valleys, allowing planners to help designate appropriate av-
erage septic-system densities in their community. The current
minimum lot size in Garfield County for septic systems is one
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acre per system. We used nitrate as a proxy for dispersion and
dilution of most common septic-tank effluent constituents be-
cause it is soluble, mobile, and less expensive to test than other
constituents. We used this analysis as a gross model for evaluat-
ing the possible impact of proposed developments using septic-
tank systems for wastewater disposal on groundwater quality.

The Mass-Balance Approach

General Methods

We use a mass-balance approach for water-quality degrada-
tion assessments because it is a practical method to apply un-
der time, budget, and data availability/acquisition constraints,
and it provides a quantitative basis for land-use planning de-
cisions. In the mass-balance approach to compute projected
nitrate concentrations, the average nitrogen mass expected
from projected new septic tanks is added to the existing mass
of nitrogen in groundwater and then diluted with the estimat-
ed groundwater flow available for mixing, plus water that is
added to the system by septic tanks and LUWDS. We used
an estimated discharge of 198 gallons (749 L) of effluent per
day for a domestic home based on a per capita indoor usage of
60 gallons (227 L) per day (Utah Division of Water Resourc-
es, 2010) by an average 3.3-person household (U.S. Census
Bureau, 2017). We used an estimated nitrogen loading of 64
mg/L of effluent per domestic septic tank based on (1) an aver-
age 3.3 people per household, (2) an average nitrogen loading
of 17 g nitrogen per capita per day (Kaplan, 1988), (3) 227
L per capita per day water use, and (4) an assumed retention
of 15% of the nitrogen in the septic tank (to be later removed
during pumping) (Andreoli et al., 1979); this estimated nitro-
gen loading is close to Bauman and Schafer’s (1985) nitrogen
concentration in septic-tank effluent of 62 + 21 mg/L based on
the averaged means from 20 previous studies. We determined
groundwater flow available for mixing, the major control on
nitrate concentration in aquifers when using the mass-balance
approach (Wallace and Lowe, 1999), using aquifer test data
compiled from drinking water source protection documents
on six wells in the study area, along with specific capacity
data from well logs (Appendix C Table C-1).

We obtained the number of septic-tank systems based on data
provided by the Southwest Utah Public Health Department,
Garfield County, and aerial imagery to identify structures served
by a septic-tank system (Southwest Utah Public Health Depart-
ment, Jeremy Roberts, written communication, September 15,
2019; Kaden Figgins, Garfield County Economic Development
Director, written communication, November 19, 2019).

For the analysis, we used 36 septic systems and six LUWDS
(three existing and three proposed but not yet operating) in
the study area (Figure 33). Ambient nitrate concentration is
0.35 mg/L. For our mass-balance calculations, we allowed a
1 mg/L degradation above current background levels of ni-
trate (a value adopted by other Utah counties as an acceptable
level of degradation to be protective of water quality [Hansen,

Utah Geological Survey

Allen, and Luce, Inc., 1994]) as a reference point to evalu-
ate the potential impact of increased numbers of septic-tank
systems. Local government officials may choose a different
nitrate concentration as an acceptable level of degradation,
but we recommend a maximum of 5 mg/L nitrate concentra-
tion under special circumstances (for example, if background
nitrate concentrations are uncommonly high) to be protective
of water quality.

In our mass-balance approach, the nitrogen mass from the
projected additional septic systems and LUWDS was added
to the current nitrogen mass and then diluted with the amount
of groundwater flow available for mixing plus the water added
by the septic-tank systems and LUWDS themselves. We used
the following equation to determine the projected nitrate con-
centration resulting from additional septic systems, and thus
to determine how many septic-tank systems can be added be-
fore exceeding a designated target nitrate concentration:

No= [(8Tr- STc)QOsr] * Nsr + [Na(Qaw + [STr * Osi))] + [Nsr * Quwl]

- IST:* Q] + Oan + Oow ©)
where:

Np= projected nitrate concentration (mg/L),

Ny= ambient (background) nitrate concentration for
the domain (mg/L)

Ngr= estimated average nitrate concentration from
septic tanks (mg/L)

STr= total number of septic tanks in the domain
(variable, unitless)

STe= current number of septic tanks (constant, unit-
less)

Osr= flow from each septic tank in liters per second
(L/s)

Ouw=  flow from LUWDS (L/s)

Oew=  groundwater flow derived from transmissivity

data (L/s)

To determine a recommended septic-system density, we divid-
ed the domain area acreage by the total number of septic tanks
(STr) that existed at the projected nitrate concentration (Np).

Groundwater Flow Calculations

We calculated groundwater flow available for mixing using
the Darcy flow equation as:

O=KbLi (7)
where
= volume of discharge (ft*/sec)
= hydraulic conductivity (ft/sec)
= vertical mixing zone thickness (ft)
L= width of cross section (ft) where flow occurs

hydraulic gradient (ft/ft)
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Figure 33. Location of septic systems and subdomains in the study area.

We used data from aquifer tests compiled from drinking wa-
ter source protection documents (Diedre Beck, Utah Divi-
sion of Drinking Water, written communication, February 2,
2019) and well logs to estimate groundwater flow for our
mass-balance approach assessment (Appendix C Table C-1).
We used well water levels measured during autumn 2018 to
determine groundwater flow direction and generate a poten-
tiometric surface map. In the study area, we interpreted the
mixing zone as represented by up to 150 feet of alluvium
based on valley-fill aquifer thickness (Figure 8) and depth to
water; we assumed uniform and complete mixing/dilution of
septic-tank effluent occurs within this layer. The upper part
of the aquifer is where nitrate associated with septic-tank
systems is most likely to degrade water quality. Bauman and
Schafer (1985) found that mixing zone thickness has mini-
mal impact on nitrate concentrations in aquifers having low
groundwater velocities like those commonly found in Utah.
This offsets the potential of the high ratio of horizontal to
vertical hydraulic conductivity to limit the depth of the mix-
ing zone. Aquifer parameters used to quantify groundwater
flow are detailed in Table 8.

We used discharge data from the Utah Division of Water
Quality for LUWDS (Robert Beers, written communication,
April 23, 2020) to augment the amount of effluent discharged
from domestic septic tanks. At the time of this analysis, three
LUWDS discharged from larger facilities along Highway 12:
Bryce Canyon Pines (11,779 gallons per day [gpd]), Bryce
Canyon Resort and Shuttle Terminal (22,000 gpd), and Bryce
Point Lodge (7565 gpd). Other LUWDS proposals have been
approved by the Utah Division of Water Quality for two hotels
north of Bryce Point Lodge (29,500 gpd total) and additional
recreational vehicle pads at Bryce Canyon Pines (4375 gpd).
Because these latter facilities have been approved and are ex-
pected to discharge water into the aquifer, we take these num-
bers into account in our mass-balance calculations.

Region-Specific Septic-System Density
Evaluations

We partitioned the study area into three subdomains in Em-
ery Valley and southern Johns Valley using region-specific
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Table 8. Aquifer parameters used to compute groundwater flow available for mixing.

Utah Geological Survey

Parameter Emery Valley Lower Johns Valley Upper Johns Valley
Hydraulic conductivity (K) 28.8 ft/day 2.43 ft/day 2.43 - 28.8 ft/day*
Thickness of mixing zone (b) 100 ft 150 ft 100 - 150 ft*
Width of cross section (L) 10,990 ft 17,780 ft 13,460 ft
Hydraulic gradient (I) 0.00624 0.00521 0.00521 - 0.00624*
Volume of water available for mixing (Q) 2.29 ft¥/sec 0.39 ft¥/sec 0.2 - 4.2 ft’/sec

*Based on values used in Emery Valley and lower Johns Valley calculations

groundwater flow available for mixing to aid in determining
recommended septic-system density and lot size (Figure 33).
Reported acreages and septic-system densities are based only
on land where future development is feasible (e.g., private and
State-owned land). One subdomain is Emery Valley, which
has the most development, the highest existing septic-system
density of the study area, and all currently operating and pro-
posed LUWDS. A second subdomain is referred to as lower
Johns Valley, which includes the unincorporated community
of Widtsoe, and has some development and existing septic
systems. The third subdomain is referred to as upper Johns
Valley, the southernmost part of Johns Valley between Emery
Valley and lower Johns Valley. This area currently has little to
no development and no existing septic systems.

Emery Valley

Groundwater flow direction is generally to the east in Emery
Valley. Based on water-level data collected in autumn 2018
and spring 2019, the average horizontal hydraulic gradient in
the valley ranges from 0.0051 to 0.0062. Based on specific
capacity data from wells in the valley fill, transmissivities in
the Emery Valley subdomain range from 72 to 10,680 ft?/day.
From transmissivity we calculate hydraulic conductivities
ranging from 3 to 557 ft/day. Using the average hydraulic gra-
dient, hydraulic conductivities, and a mixing zone thickness
of 100 feet (30.5 m), we estimated groundwater flow available
for mixing through a 2.1-mile (3.4 km) transect (Figure 33) is
2.29 ft¥/sec (Table 8). Of the 36 septic systems in the study
area, 28 are in or immediately upgradient of Emery Valley
(Figure 33). Emery Valley is approximately 8700 acres, so the
current average septic-system density is about 310 acres/sys-
tem. The three existing and three proposed but not operating
LUWDS are also located within Emery Valley.

Figure 34A shows a plot of projected nitrate concentration in
the Emery Valley area versus number of septic systems and
septic-system density. For Emery Valley to maintain an over-
all nitrate concentration of 1.35 mg/L (allowing 1 mg/L of
degradation as described above), the total number of septic
systems should not exceed 152 based on the estimated nitro-
gen load of 64 mg/L per septic system. The increase in ni-
trogen concentration corresponds to an increase of 124 new
septic systems and an average septic-system density of 57

acres/system (Figure 34A). However, the maximum discharge
from the approved but not yet operating LUWDS is equiva-
lent to approximately 171 additional septic systems, exceed-
ing the recommendation. The additional nitrate loading from
LUWDS would raise the overall nitrate concentration to 4.68
mg/L. We can assume that discharge from LUWDS in Emery
Valley is coupled with high tourism season (March through
early October). Groundwater pumping for culinary use would
also peak during this time, increasing the potential for move-
ment of septic-tank effluent toward water-supply wells. If we
reduce new LUWDS discharge to 60% of maximum to better
estimate the likely flow of LUWDS used at capacity only part
of the year, the resultant discharge is equivalent to 103 ad-
ditional septic systems and an overall nitrate concentration of
3.15 mg/L. If the allowable nitrate degradation concentration
is increased to 5 mg/L, then between 440 and 508 additional
septic systems could be added, depending on discharge from
the additional LUWDS. The corresponding septic-system
density is 14 acres/system (Appendix F Table F-2).

Lower Johns Valley

Groundwater flow direction is generally to the north-northeast
in lower Johns Valley. Based on water-level data collected in
autumn 2018 and spring 2019, the average hydraulic gradient
in lower Johns Valley is 0.0052. Based on estimates from lim-
ited specific capacity data, transmissivities in the lower Johns
Valley subdomain range from 25 to 355 ft*/day. From trans-
missivity, we calculated hydraulic conductivities ranging from
0.26 to 59 ft/day. Using the average hydraulic gradient given
above, hydraulic conductivities, and a mixing zone thickness
of 150 feet (45.72 m), estimated groundwater flow available
for mixing through a 3.37-mile (5.42 km) transect (Figure 33)
is 0.39 ft*/sec. Of the 36 septic systems in the study area, eight
are in lower Johns Valley. Lower Johns Valley is approximate-
ly 14,200 acres, so the current average septic-system density
is about 1775 acres/system. In 2019, there were no LUWDS
in lower Johns Valley.

Figure 34B shows a plot of projected nitrate concentration
in the lower Johns Valley area versus the number of septic
systems and septic-system density. For lower Johns Valley
to maintain an overall nitrate concentration of 1.35 mg/L (al-
lowing 1 mg/L of degradation as described above), the total
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A.

Figure 34. Projected nitrate concentration versus septic-system density. LUWDS = large underground wastewater disposal system. A) Emery
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number of septic systems should not exceed 29 based on the
estimated nitrogen load of 64 mg/L per septic system. This to-
tal corresponds to an increase of 21 new septic systems and an
average septic-system density of about 496 acres/system (Fig-
ure 34B). If the allowable nitrate degradation concentration
is increased to 5 mg/L, 102 additional septic systems could
be added, resulting in a septic-system density of 129 acres/
system (Appendix F Table F-2).

Upper Johns Valley

Groundwater flow direction is generally to the northeast in
upper Johns Valley, which is about 7800 acres. There are no
wells in this subdomain from which to derive transmissivity,
hydraulic conductivity, or hydraulic-gradient data from esti-
mates. Using the wide range of hydraulic gradient and hydrau-
lic conductivity values from Emery Valley and lower Johns
Valley and a mixing zone thickness ranging from 100 to 150
feet (30.5 to 45.7 m), maximum estimated groundwater flow
available for mixing through a 2.55-mile (4.10 km) transect
(Figure 33) ranges from 0.2 to 4.2 ft¥/sec (Table 8). There are
no septic systems or LUWDS in upper Johns Valley.

Figure 34C shows a plot of projected nitrate concentration in
the upper Johns Valley area versus number of septic systems
and septic-system density. For upper Johns Valley to main-
tain an overall nitrate concentration of 1.35 mg/L (allowing 1
mg/L of degradation as described above), the total number of
septic systems should not exceed between 10 and 220, based
on the estimated nitrogen load of 64 mg/L per septic system
and the range of groundwater flow estimates. This total corre-
sponds to an increase of 10 to 220 new septic systems and an
average septic-system density of about 35 to 754 acres/system
(Figure 34C). If the allowable degradation level of nitrate con-
centration is increased to 5 mg/L, between 51 and 1088 septic
systems could be added, depending on groundwater flow cal-
culations. The corresponding septic-system density would be
7 to 153 acres/system (Appendix F Table F-2).

Discussion

For our analysis, we only considered housing units built
within the limits of the valley-fill aquifer and ignored hous-
ing units in Bryce Canyon City and Bryce Canyon National
Park that are serviced by two separate sewage lagoons. Fur-
thermore, we only considered groundwater that flows in the
valley-fill aquifer, not the sandstone or limestone aquifers, as
we consider it to be the primary path for groundwater in the
shallow subsurface where septic leachate is focused. In ad-
dition, our approach assumes uniform spatial distribution of
septic systems and temporally consistent production of efflu-
ent. Tourism-related development is likely to be concentrated
along the current corridor of development and both effluent
production and groundwater pumping for culinary supply are
likely to be higher during the peak tourism season.
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Figure 34 shows plots of projected nitrate concentration ver-
sus number of septic-tank systems located in the valley fill in
the study area in three different subdomains. The present-day
ambient (background) nitrate concentration for the valley-fill
aquifer is 0.35 mg/L nitrate as nitrogen. The valley-fill aqui-
fer (excluding Tropic Reservoir and non-developable lands)
has a collective surface area of approximately 63,700 acres,
so the existing average septic-system density is 1770 acres
per system. If we only consider land where future develop-
ment is feasible (e.g., private and State-owned), the surface
area is 30,700 acres and existing septic-system density is 853
acres per system. Based on our analyses, maximum estimated
groundwater flow available for mixing in the valley-fill aqui-
fer ranges from 0.39 ft3/sec in the lower Johns Valley subdo-
main to 2.29 ft¥/sec in the Emery Valley subdomain. Given
the higher uncertainty in the upper Johns Valley subdomain,
groundwater flow available for mixing ranges from 0.2 to 4.2
ft*/sec. Higher septic-system discharge is expected to be cou-
pled with future population growth, which is included in the
equation. The scenarios we present allow 1 mg/L of degrada-
tion over the 2019 mean concentration. Allowable water-qual-
ity degradation of 1 mg/L nitrate in the scenarios presented
above is for discussion only; our data can be used to make
land-use decisions for any level of water-quality degradation.

We did not consider agricultural contributions to groundwater
nitrate in our approach, and new septic input may be partially
negated by a decrease in agricultural nitrate input as land use
changes from agriculture to residential. Nitrate contribution
to groundwater from future development could also be less-
ened by a requirement that new systems use advanced nitro-
gen removal technology. Advanced systems may decrease the
amount of total nitrogen in effluent by more than 50% com-
pared to the 64 mg/L value we used in our analysis (Lancel-
lotti et al., 2017).

The 2019 geometric mean nitrate concentration in the prin-
cipal valley-fill aquifer is 0.23 mg/L, and, because nitrate
concentrations in wells are log-normally distributed, there is
a 95% certainty that a well’s nitrate concentration will not ex-
ceed 0.91 mg/L under current conditions. As mean concentra-
tion increases with the addition of septic tanks and LUWDS,
the probability of encountering high nitrate concentrations
also increases.

Recommendations

Our analyses of nitrate concentrations/water-quality degrada-
tion provide the least conservative (best case) first approxi-
mation of long-term groundwater pollution from septic-tank
systems. The plots of projected nitrate concentration versus
number of septic-tank systems (Figure 34) show recommend-
ed septic-tank density based on the parameters described
above. For land-use planning purposes, we consider two
categories of recommended maximum septic-tank system
densities for development using septic tank soil-absorption



systems for wastewater disposal: 57 acres per system in Em-
ery Valley and 496 acres per system in southern Johns Valley
(Figure 34, Appendix F Table F-2). We recommend apply-
ing the more conservative septic-system density calculated
for the lower Johns Valley subdomain to the upper Johns
Valley subdomain given the groundwater flux uncertainty in
the upper Johns Valley mass-balance analysis. Our lot-size
recommendations apply to development using septic systems
for wastewater disposal, and are not relevant to develop-
ment using well-engineered, well-constructed sewage lagoon
systems or advanced onsite wastewater treatment systems.
However, poorly engineered and constructed sewage lagoon
systems could have a greater negative impact on groundwater
quality than septic-tank systems.

FUTURE WATER RESOURCE IMPACTS
AND DEVELOPMENT

Water Supply

The water supply for Johns and Emery Valleys is primarily
modern groundwater from the valley-fill aquifer. The wide-
spread presence of modern groundwater in the valley-fill and
Claron Formation aquifers suggests these aquifers are actively
recharged with relatively short flow paths and thus sensitive
to fluctuations in snowpack levels and climate change and are
susceptible to surface-based contamination sources.

Shallow groundwater systems such as the Johns and Emery
Valleys valley-fill aquifer that are dominated by modern water
are indicative of active in situ recharge and are typically high-
ly responsive to climate variability on short time scales (Kun-
dzewicz and Doell, 2009). If, in the future, climate change re-
sults in reduced snow water equivalent and soil moisture and
increased extreme precipitation events and consumptive water
use due to higher potential evapotranspiration as predicted for
central Utah (USGCRP, 2018), in situ recharge to the valley-
fill aquifer may decline.

Shallow, young groundwater systems lacking major areas of
valley-floor discharge (i.e., upward vertical hydraulic gra-
dient) and laterally continuous confining layers above the
aquifer, as is present in Johns and Emery Valleys, are highly
susceptible to contamination from nearby sources. The most
likely new sources of potential groundwater contamination
will come from tourism-related development.

Increased future water use in the Johns and Emery Valleys will
likely be related to tourism-based development. Future devel-
opment of groundwater resources in the valley-fill aquifer may
result in a reduction of groundwater discharge to the East Fork
Sevier River, an already scarce surface water resource. Shal-
low water in the valley-fill aquifer is generally recharged local-
ly and is sensitive to climatic changes (Figure 14). An increase
in groundwater withdrawal from the valley-fill aquifer can af-
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fect the water table, potentially reducing the hydraulic gradient
toward northern Johns Valley, and thus recharge, to the valley.

Effect of Adding LUWDS and Septic Systems

Eight LUWDS projects are currently planned for the area
north of Highway 12 as of June 2023, with potential flow of
140,850 gallons per day (gpd). Each of these is required to
treat the wastewater per the Utah Division of Water Quality’s
requirements so that the treated effluent has no more than 2.5
mg/L total inorganic nitrogen upon discharge (Robert Beers,
written communication, DWQ, November 15, 2022). The in-
stallation of these LUWDS will nearly double the amount of
effluent currently discharged in Emery Valley.

New development using septic tanks as wastewater dispos-
al will mostly return to the groundwater system, though as
poorer quality groundwater recharge. New development us-
ing existing sewage lagoons could potentially discharge as
surface water, but with likely negligible evaporation in this
high-desert cold climate.

Need for Increased Monitoring of Tropic
Reservoir, Tropic Ditch Diversion, and East Fork
Sevier River Flow

This study concludes that the valley-fill aquifer is recharged
by precipitation and surface water, responding readily to
fluctuations in climate. Wetter-than-average years result in
increased groundwater levels, whereas drier-than-average
years result in decreased water levels. In recent times, all water
flowing beyond the Tropic Ditch diversion into Emery Valley
has been lost to groundwater, highlighting the aquifer’s reliance
on the East Fork Sevier River and its tributaries. This study
demonstrates that groundwater discharge in northern Johns
Valley supports an extensive wetlands system and streamflow
in the East Fork Sevier River. Some of this groundwater likely
recharges in the mountains in the northern part of the valley,
far from currently proposed development, but some is derived
from the valley-fill aquifer in the Emery—southern Johns Valley
area. Extensive groundwater development in Emery Valley
and southern Johns Valley would cause the potentiometric
surface in the valley-fill aquifer there to decline, reducing
the hydraulic gradient to the north and thereby capturing
some of the groundwater discharge in northern Johns Valley.
Reduced groundwater discharge would potentially affect
the groundwater-dependent ecosystem represented by the
wetlands and decrease streamflow out of the valley. The Sevier
River basin suffered the greatest reduction in streamflow and
reservoir storage in Utah during the 2021-2022 extreme drought
(https://www.nrcs.usda.gov/wps/portal/wec/home/quicklinks/
states/utah/water/). Due to the close link between groundwater
and surface water in Emery and Johns Valleys and limited
groundwater storage in the valley-fill aquifer, reduction of the
potentiometric surface may impact streamflow in an already
vulnerable system. The exception is the northernmost reach
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in Johns Valley, where groundwater recharges the East Fork
Sevier River as it exits the basin. The scant long-term water-
level data indicate groundwater levels have fluctuated around
a steady average, but extended drought could easily alter this
balanced pattern and result in decreased water availability. The
relatively recent period of drought has increased the percentage
of total recharge coming from the East Fork Sevier River,
which depends on how Tropic Reservoir and Tropic Ditch are
managed. We suggest continued monitoring of this drainage at
points above and below Tropic Reservoir, in the Tropic Ditch,
and of the East Fork Sevier River as it exits northern Johns
Valley, especially if the drought persists.

The interaction between the valley-fill aquifer and bedrock
aquifers is poorly understood. In general, groundwater levels
increase or decrease in valley-fill aquifer wells in response
to the amount of winter precipitation and resulting recharge
compared to bedrock wells, which show little or no response
to fluctuations in precipitation events. It would be beneficial
to construct nested piezometers completed in both aquifers so
that pump tests could be conducted to better understand the
vertical gradient between aquifers and the amount and loca-
tion of groundwater—surface-water exchange between the
East Fork Sevier River and the valley-fill aquifer. Monitoring
wells could also enable evaluation of the hydrogeologic influ-
ence of local faults.

SUMMARY

Groundwater resource development and the threat of future
drought in Garfield County in the area including Bryce Can-
yon City in Emery Valley and adjoining Johns Valley to the
north 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 valleys. Most development in the area centers along the
east-west corridor of Highway 12 that borders Bryce Canyon
City and the gateway to Bryce Canyon National Park. Tour-
ism is the major draw to the area where millions of people
visit, thereby acting as a temporary population who enjoy
seasonal and recreational opportunities. Because of the po-
tential increase in growth from tourism-related development
and an increased demand on water resources, this study was
warranted to aid with careful land-use planning and resource
management to preserve Johns and Emery Valleys’ surface
and groundwater resources.

The primary goals of this study were to (1) characterize
the hydrogeology of the Johns and Emery Valleys drainage
basin as it pertains to the occurrence and flow of ground-
water, with emphasis on delineating the valley-fill aquifer
thickness and lithology and determining the water-yielding
characteristics of unconsolidated and fractured-rock aqui-
fers in the study area; (2) characterize groundwater levels,
chemistry, flow paths, and connection to surface water; (3)
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develop a water budget for the drainage basin; and (4) de-
velop septic-system density recommendations and an aqui-
fer classification map.

New data collected for this study includes 124 gravity mea-
surements; water levels in 45 wells; discharge measurements
at 32 streams and canals and 29 springs; general chemistry
from 62 wells, springs, and surface water sites; water quality
from 43 wells and springs; stable isotopes from 101 wells,
springs, surface water, and precipitation; and radiometric iso-
topes from 19 wells and springs.

Groups of geologic units having similar hydrogeologic proper-
ties are classified as either aquifers (unconsolidated valley fill,
Tertiary conglomerate, Cretaceous sandstone/conglomerate),
confining units (Tertiary tuff and volcaniclastic mudstone/
siltstone, Cretaceous shale), or having mixed hydrogeologic
properties (Tertiary brecciated volcaniclastics and tuff, Ter-
tiary mudstone/limestone/siltstone/sandstone, and Cretaceous
sandstone/siltstone/mudstone). The principal aquifer in Johns
and Emery Valleys is the unconsolidated valley-fill aquifer,
which is mostly unconfined, except locally. Despite the clas-
sification of the Claron Formation as a mixed hydrogeologic
unit, it is one of the primary bedrock aquifers of the region.

Johns and Emery Valleys have complex structural components
of faults and folds that likely affect groundwater movement.
The north-south-trending Paunsaugunt normal fault runs the
length of the study area bordering Johns Valley on the east and
extends south along the eastern margin of Bryce Canyon Na-
tional Park. The Pine Hills and Rubys Inn thrust faults, which
strike east-west and form the northern and southern boundar-
ies, respectively, of Emery Valley, and the Johns Valley and
Hunt Creek thrust faults northwest of Flake Mountain, which
strike northeast through central and northern Johns Valley, re-
spectively, may play a role in the movement of groundwater
from bedrock aquifers to the valley-fill aquifer. The role of
faults on the groundwater system needs additional research.

Most supply wells in the study area are completed in the val-
ley-fill aquifer, the upper unconfined zone of the Cretaceous
aquifer, or across the valley-fill-Cretaceous interface. Geo-
metric mean transmissivities for the valley-fill aquifer and
bedrock aquifers (Cretaceous and Claron Formation) are 316
and 69 ft*/day, respectively. High-quality aquifer test data are
generally limited to the Highway 12 corridor through Emery
Valley and the thin alluvial drainages on the Paunsaugunt Pla-
teau. Our understanding of valley-fill transmissivity in much
of Johns Valley is based on limited specific capacity data from
domestic and stock wells, so we may be underestimating
transmissivity in this region of greatest aquifer thickness.

Our potentiometric surface maps typically show a slight
groundwater depression within Emery Valley, which we
attribute to localized pumping of public-supply wells.
Potentiometric surface maps and water level change maps



generally show decreasing water levels from spring to autumn,
especially following years with below-average snowpack
and/or precipitation. Water levels in spring 2022 continued
decreasing from the prior year due to an exceptionally poor
snowpack. Bedrock wells are less sensitive to climatic
variation; wells completed in bedrock show lesser variability
in water level measurements and trends do not reflect seasonal
or annual variation as in the valley-fill aquifer. Additionally,
though long-term monitoring records are sparse, they indicate
that groundwater levels in Johns and Emery Valleys are
relatively stable.

Stream discharge on the East Fork Sevier River ranged from
0.17 to 43.79 cfs. Our seepage studies show that the East Fork
Sevier River on average gains water from groundwater in the
Paunsaugunt Plateau, but when it is allowed to flow into Em-
ery Valley over deep valley-fill deposits, begins to lose water
to groundwater. The Tropic Ditch plays a key role in this dy-
namic, as most or all of the river’s flow is diverted away from
Emery Valley during the growing season. At the northern end
of Johns Valley, the East Fork Sevier River becomes a gaining
stream again as it encounters the high water table associated
with groundwater discharge and extensive wetlands.

Groundwater and surface water is of uniform excellent qual-
ity, with a few exceptions. TDS concentrations are low, av-
eraging 295 mg/L, and no sample constituents exceeded pri-
mary or secondary water quality standards. TDS concentra-
tions are lower in the valley fill (276 mg/L) than the bedrock
aquifers (311 mg/L). Groundwater chemistry throughout the
study area aquifers is classified as calcium-magnesium-bicar-
bonate type water. These consistent data indicate relatively
short travel distances where water does not have sufficient
time to incorporate additional ions, or the aquifers through
which water flows have similar geologic chemical composi-
tion, yielding indistinguishable soluble constituents. Overall
groundwater quality for the valley-fill aquifer is formally clas-
sified as Pristine water quality according to the Utah Division
of Water Quality Board.

Environmental tracer analysis allowed us to make several dis-
tinctions regarding the aquifers and surface water in Johns and
Emery Valleys. Stable isotope ratios of groundwater through-
out the study area indicate that recharge is a mixture of winter
and summer precipitation, predominantly weighted toward
winter precipitation. Stable isotope composition of the East
Fork Sevier River falls along an evaporation line consistent
with evaporative fractionation of surface water elsewhere, and
appears to be controlled by residence time in Tropic Reser-
voir. Stable isotope ratios from wells and springs show signs
of evaporative enrichment as well, due to either evaporation of
surface water prior to recharge in losing sections of streams, or
from evaporation prior to infiltration of in situ snowmelt. Tri-
tium and radiocarbon data indicate that most wells and springs
sampled have a modern recharge source, including wells and
springs located in the valley-fill aquifer, Claron Formation,
and upper zone of the Cretaceous bedrock aquifer. Tritium
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and radiocarbon data for two wells screened in the lower zone
of the Cretaceous bedrock aquifer at relatively deep depths
indicate premodern recharge, with radiocarbon ages ranging
from 4800 to 8600 years.

We estimated a water budget for the drainage basin for water
years 2017 to 2021 (water year October 1 to September 30)
by quantifying annual inflow and outflow. Precipitation is the
primary inflow component, and evapotranspiration, loss to the
Tropic Ditch, and loss to the East Fork Sevier River at the
northern study area boundary are the main outflow compo-
nents. Our study found that all water flowing past the Tropic
Ditch diversion northward in the East Fork Sevier channel is
lost to groundwater. All tributary streams were also losing to
groundwater through the central part of the study area, which
highlights the aquifer’s reliance on water from the East Fork
Sevier River and its tributaries. The East Fork Sevier River
gains in the northernmost reach in Johns Valley, near Black
Canyon, where groundwater is discharging to the surface.

A basin-wide soil-water balance for the watershed study area
shows that for the valley-fill aquifer, the greatest source of
recharge was from adjacent mountain bedrock and surround-
ing runoff followed by precipitation; discharge for the valley-
fill aquifer is dominantly from groundwater seepage to the
East Fork Sevier River at the northern boundary followed
by evapotranspiration and well water withdrawals. The soil-
water balance indicated an average recharge to the valley-fill
aquifer of about 9200 acre-feet/yr and average net loss of
about 11,000 acre-feet/yr from 2017 to 2021, a time period
characterized by drought. Although the long-term change in
storage has been close to zero, we recommend careful water
resource management for future development given the ob-
served quick response of groundwater levels to climate condi-
tions on shorter timescales.

Tropic Reservoir receives recharge primarily from stream-
flow from the East Fork Sevier River and small tributaries
and direct precipitation; recharge from groundwater is pos-
sible but unquantified. Surface flow into the reservoir ranged
from 5417 to 15,782 acre-feet/yr and averaged 9479 acre-feet/
yr. Discharge from Tropic Reservoir is primarily from evapo-
transpiration and releases of water to the East Fork Sevier
River. Groundwater outflow may be another small, poorly
constrained component. SWB model evapotranspiration val-
ues for Tropic Reservoir ranged from 17 to 22 acre-feet/yr and
averaged 19 acre-feet/yr from 2018 to 2021.

We performed a septic-tank density mass-balance analysis to
produce maximum septic-system density recommendations.
The mass-balance approach for the valley-fill aquifer in
Johns and Emery Valleys indicates that two categories of
recommended maximum septic-tank system densities are
appropriate for development using septic tank soil-absorption
systems for wastewater disposal: 57 acres per system in
Emery Valley and 496 acres per system in Johns Valley.
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These recommended maximum septic-tank system densities
are based on an increase in mean nitrate concentration of 1
mg/L. If the allowable nitrate degradation concentration is
increased from 1 to 5 mg/L, maximum septic-tank system
density recommendations in Emery and Johns Valley change
to 14 acres per system and 129 acres per system, respectively.
Allowing this level of nitrate degradation will increase the
probability that nitrate concentrations in individual wells
could rise above the EPA maximum contaminant level.

Johns and Emery Valleys and the Bryce Canyon City area are
sparsely inhabited, though pressures to accommodate tour-
ism-related development have resulted in increased demand
on water resources. Future water supply in the valleys will
depend on precipitation because the valley-fill aquifer is sen-
sitive to changes in climate. An increased reliance on large-
scale underground septic systems may impact the Pristine
water quality of the aquifer. Careful water management plan-
ning is recommended to preserve the high quality of water
resources in the area.
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APPENDIX A

Percentage Log of Well Cuttings

UTAH GEOLOGICAL SURVEY
Well Name: 1 Bryce Well Owner: Lion/Monsanto API #: 4301710662
Location: 37.69264, -112.217187 (WGS84); 990FNL 990FWL Section 10 T36S R04W (PLSS)
Geologist: Hugh Hurlow

PERCENTAGES
Unconsolidated/Disaggregated®
Depth Range Categories are lithologic types; see descriptions below COMMENTS
(feet) Crystalline
Sandstone! | Limestone? | Tuff® | Quartzite* | quartz & Siltstone®
calcite’
Sandstone particles are
0 30 30 0 variably weI:)athered.
30 40 50 45 2 0 3 0 o
40 50 50 45 3 0 2 0 o
50 60 85 0 5 0 5 5 Sandstone is disaggregated
o | 70 | e | 8 | 0 2 O | varably weathered.
70 80 60 30 8 0 2 0 o
80 90 75 20 4 0 1 0 o
90 100 85 20 2 0 3 0 o
100 110 60 35 3 0 2 0 o
110 120 30 60 5 5 0 0 o
120 130 5 45 5 45 0 0 o
130 140 5 45 5 45 0 0 o
140 150 60 30 4 3 3 0 o
150 160 70 24 0 2 2 2 o
160 170 45 50 0 3 0 2 o
170 180 30 39 30 0 1 0 o
180 190 45 45 2 5 1 2 o
190 200 75 20 3 1 1 0 o
200 270 - - - - - No cuttings. See note B.
270 280 95 2 1 1 See note C.
280 290 98 1 1 0 0 o
Notes

A. Cuttings from 0 to 200 feet depth consist of rock fragments of sand to pebble size, and disaggregated minerals. The wide
variety of rock types and ages and presence of some rounded, weathered boundaries on pebble-sized fragments in the cut-
tings indicate that these are unconsolidated basin-fill deposits. The basin-fill deposits may be entirely gravel and sand, or
finer-grained material may have been washed away during drilling and/or sample collection.

B. The basin fill-bedrock contact is interpreted to be between 200 and 270 feet deep.

C. Sandstone is fresh, unlike in cuttings from shallower depths. Non-sandstone fragments may be derived from well bore
above. Interpreted as John Henry Member of the Straight Cliffs Formation in this interval and below.
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Lithologic Type Descriptions — Basin Fill
1. Gray to pale-brown, fine- to coarse-grained quartz-lithic sandstone, well- to moderately sorted, calcite cement.
2. Orange, pink, and white micrite to microcrystalline limestone, interpreted as Claron Formation (Eocene).
3. White to pale-gray quartz-phyric tuff, microcrystalline groundmass, thin quartz veins. Phenocrysts are 1-2 mm diameter.
4. Dark gray to black, fine-grained quartzite grading to siltstone, noncalcareous cement.

5. Crystalline calcite and quartz, translucent to milky-opaque. May include vein quartz and calcite and detrital quartz grains
derived from sandstone.

6. Pale to dark-gray siltstone, calcareous or noncalcareous, laminations visible in some pebble-size fragments.

Consolidated Rock
PERCENTAGES
: 2
Pty See desriptions belovs COMMENTS
Sandstone Siltstone Igneous
290 300 98 2 0 Fresh sandstone. A few limestone & tuff fragments.
300 310 98 2 0 Fresh sandstone. A few limestone & tuff fragments.
310 320 96 4 0 Fresh sandstone. A few limestone & tuff fragments.
320 330 98 2 0 Fresh sandstone. A few limestone & tuff fragments.
330 340 78 22 0 Fresh sandstone & siltstone.
340 350 50 50 0 Siltstone is white, tan & gray.
350 360 30 70 0 Siltstone is white to gray. Sandstone is fine grained.
360 370 0 100 0 Siltstone is white to gray; calcareous cement.
370 380 4 96 0 Siltstone is medium to dark gray, grading to very fine sandstone.
380 390 0 100 0 Siltstone is gray to tan-gray.
390 400 25 75 0 Sandstone is fine grained; calcareous cement.
400 410 0 100 0 Siltstone is gray to tan-gray.
410 420 0 100 0 Siltstone is gray to tan-gray.
420 430 5 95 0 o
430 440 50 50 0 o
440 450 95 4 1 o
450 460 50 50 0 o
460 470 5 95 0 o
470 480 100 0 0 Sandstone is fine to medium grained, well sorted.
480 490 95 1 o
490 500 80 20 0 o
500 510 95 5 0 Cuttings at 100-foot intervals examined below.
600 610 50 50 0 Sandstone is fine grained.
700 710 70 30 1 Sandstone is fine to medium grained.
800 810 100 0 0 Sandstone is medium to coarse grained, lithic.
900 910 100 0 0 Sandstone is medium to coarse grained, lithic.
1000 | 1010 90 10 0 o
1100 | 1110 50 50 0 o
1200 | 1210 90 10 0 Sandstone is fine to medium grained.
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Lithologic Type Descriptions — Bedrock

John Henry Member of the Straight Cliffs Formation
Sandstone: Gray to pale brown, fine to coarse grained quartz-lithic sandstone, well to moderately sorted, calcite cement.
Siltstone: Pale gray to pale brown siltstone, calcite or silica cement, easily disaggregated, planar laminations visible in some
larger fragments.

Igneous Rocks

Igneous-rock fragments are (1) black and gray, striated devitrified tuff or glass, and (2) andesitic(?) flow or intrusive rock
having small phenocrysts of quartz and plagioclase, and gray to black, dense, microcrystalline groundmass. Fragments of
these rocks occur in small amounts in several intervals. The igneous rocks may be derived from caving of the borehole,
where a deposit of Mount Dutton Formation may have been encountered below the basin-fill deposits and above the Straight
Cliff Formation in the interval from which no cuttings were recovered; or may be small intrusive masses.
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APPENDIX B

Gravity Data

Link to supplemental data:

https://ugspub.nr.utah.gov/publications/special _studies/ss-172/ss-172b.xIsx
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APPENDIX C

Reference list of Utah Division of Drinking Water Source Protection Documents and
Aquifer Test Methods Cited on Table C-1.

Bowen Collin & Associates, Inc., 2018, Drinking water source protection plan for Bryce Canyon Pines well no. 3, Public Water
System No. 09027, Source ID WS003: Draper, Utah, unpublished consultant’s report for Bryce Canyon Pines, 92 p.

Bulloch Brothers Engineering, Inc., 2001, Drinking water source protection plan, Bristlecone well #1, Foster’s Bryce Canyon
Area Parcels Bristlecone Development, Garfield County, Utah: Cedar City, Utah, unpublished consultant’s report for Fos-
ter’s Bryce Canyon Area Parcels Bristlecone Development, 54 p.

Cascade Water Resources, 2022, Drinking water source protection plan for the Under Canvas Bryce Canyon Well 1, Garfield
County, Utah: Park City, Utah, unpublished consultant’s report for Under Canvas, 53 p.

Cooper, H.H., and Jacob, C.E., 1946, A generalized graphical method for evaluating formation constants and summarizing well
field history: American Geophysical Union Transactions, v. 27, p. 526-534.

Dixie National Forest, 2012, Source protection plan for King Creek Campground well, Public Drinking Water System No.
09052, Source No. 02, Dixie National Forest: Cedar City, Utah, unpublished drinking water source protection report, 38 p.

Hantush, M.S., and Jacob, C.E., 1955, Non-steady radial flow in an infinite leaky aquifer, Am. Geophys. Union Trans., vol. 36,
no. 1, pp. 95-100.

Leslie & Associates, Inc., 2009, Updated drinking water source protection plan for Ruby’s Inn Resort: Cedar City, Utah, unpub-
lished consultant’s report for Ruby’s Inn, 138 p.

Loughlin Water Associates, LLC, 2022, Expert Report: Ruby’s Inn vs Teresa Wilhelmsen et al—Case No. 200600028, 107 p.

Moench, A.F., 1993, Computation of type curves for flow to partially penetrating wells in water-table aquifers: Groundwater,
v. 31, p. 966-971.

National Park Service Water Resources Division, 1998, Drinking water source protection plan, East Creek well field, Bryce
Canyon National Park: Fort Collins, Colorado, unpublished drinking water source protection report, 45 p.

Theis, C.V., 1935, The relation between the lowering of the piezometric surface and the rate and duration of discharge of a well
using groundwater storage: American Geophysical Union Transactions, v. 16, p. 519-524.

Table C-1. Aquifer characteristics compiled from Utah Division of Drinking Water source protection documents.

. Well . T (feet
UGS Site Hydlr 1 wine Source System Depth Geol.ogfc Test Method®> | squared Reference?
ID ID Name Name Description
(feet) per day)
BC20W | 1050 | 3595 | Well #2 Ruby's Inn 153 | Valley fill Theis, 1935 51,600 | Lestie & Associ-
ates, Inc., 2009
, . Leslie & Associ-
- 1048 | 431484 | Well #1 Ruby's Inn 140 | Valley fill Theis, 1935 60,700
ates, Inc., 2009
BCIOW | 1019 | 433375 | Well #2 King Creck 440 | Wahweap Theis, 1935 65 | Dixic National For-
Campground Sandstone est, 2012
- 1002 | 441545 | Well No. 3 Bryce Canyon | 55 | Claron Theis, 1935 600 | Bowen Collins &
Pines Formation Associates, 2018
Brvee Canvon NPS Water Re-
BC46W 1025 - Well #2 A Y’ 52 Valley fill Moench, 1993 8900 sources Division,
National Park
1998
. . Bulloch Brothers
Bristlecone Bristlecone Cooper-Jacob, . .
BC51W 1011 16592 Well #1 Development 133 | Valley fill 1946 709 Eggineermg, Inc.,
. . Loughlin Water
BC122W | 1081 | 44069 | MP Bryee - 1g7 | Straight Cliffs | Cooper-Jacob, 706 | Associates, LLC,
Well Sandstone 1946
2022
Under Canvas Pine Hollow/
BC330W | 1085 | 445895 | Bryce Canyon | UPderCanmvas, | 500 | Giond Castle | Hantush-Jacob, |55, | Cascade Water
Inc. . 1955 Resources, 2022
Well #1 Formations

! Hydro ID is the unique site identifier used in generating cross sections
2 WIN is the unique well identifier used by the Utah Division of Water Rights

3 See appendix C reference list
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Table C-2. Aquifer properties determined from water well log specific capacity data.

UGS Site Hydlro WINZ Aquifer Transzmissivity Hyt:lr.aulic Screen Yield Pu'mp ) Well. Well
ID ID (ft*/day) Conductivity (ft/day) | Length (ft) | (gpm) | Duration (hr) | Diam. (in) | Depth (ft)
- 1001 33124 bedrock 517 3.83 135 30 0.5 6 150
- 1002 | 441545 | bedrock 157 3.14 50 40 14 8 240
BC22W 1004 | 431483 | valley fill 10680 427 25 275 24 12 172
BC27W 1007 8318 valley fill 72 3.14 23 20 1 6 63
BC40W 1010 35339 | valley fill 277 11.08 25 25 1 6 91
BC51W 1011 16592 | valley fill 539 6.13 88 100 5 8 136
- 1013 33693 bedrock 36 0.13 284 15 1.5 6.625 300
BC25W 1014 | 427430 | valley fill 167 8.33 20 60 3 8 125
- 1020 27631 bedrock 33 0.82 40 30 4 8 420
BC12W 1021 | 433455 | valley fill 5574 557.45 10 290 8 10 51
BC46W 1025 - valley fill 2455 65.46 37.5 160 24 8 52
- 1027 32773 | valley fill 342 11.41 30 30 1 6 106
BC67TW 1030 | 430599 | valley fill 10 0.51 20 5 6 60
BC49W 1032 | 432734 | bedrock 21 0.52 40 24 4 6.625 353
BC48W 1033 | 434148 | bedrock 56 0.31 181 10 2.5 5 200
BC66W 1034 15622 | wvalley fill 210 21.04 10 30 4 4 50
BC120W 1036 | 432247 | valley fill 75 0.94 80 150 4 5 250
BC65W 1037 | 434225 | valley fill 25 0.26 99 9 2 6 240
- 1038 - bedrock 8 0.07 117 1.5 6 6 205
- 1048 | 431484 | valley fill 213 17.78 12 50 4 6 140
BC21W 1049 3607 valley fill 686 34.28 20 100 4 8 114
BC20W 1050 3595 valley fill 735 38.68 19 100 4 6 153
- 1051 - bedrock 189 18.89 10 20 4 6 216
- 1052 - bedrock 1116 18.61 60 60 1 8 125
BC328W 1059 - bedrock 49 0.70 70 30 4 4 195
BC329W 1060 - bedrock 38 0.31 120 17 4 4 165
BC38W 1061 - bedrock 70 0.70 100 30 4 4 145
BC37W 1062 - bedrock 116 1.01 115 60 4 4 145
BC39W 1063 - bedrock 35 0.33 108 20 4 4 145
- 1066 - valley fill 355 59.11 6 8 1 6 176
- 1068 16034 bedrock 177 2.73 65 15 2 6 181
BC118W 1069 16066 | valley fill 378 9.45 40 30 2 6 87
BC116W 1070 16068 | wvalley fill 378 10.49 36 30 2 6 107
- 1071 23999 bedrock 37 0.25 147 15 2 5 267
- 1073 29478 bedrock 40 0.34 119 25 2 5 297
- 1074 34106 bedrock 13 0.13 103 7 4 5 273
- 1075 | 427600 | bedrock 27 0.67 40 5 2 4 330
- 1076 | 429785 | bedrock 11 0.27 40 5 4 5 290
BC117W 1078 | 432226 | valley fill 173 2.88 60 125 2 5 250
- 1079 | 442668 | bedrock 39 0.48 80 50 36 8.625 350
BC96W 1080 | 443888 | bedrock 11 0.14 80 10 24 8 340
BC122W 1081 | 444069 | bedrock 647 16.17 40 100 24 8 187
BC133W 1083 | 445090 | bedrock 70 0.70 100 90 5 340
- 1084 | 445126 | bedrock 165 1.65 100 120 5 300
BC330W 1085 | 445895 | bedrock 1252 4.82 260 97 24 6 795
- 1087 | 446861 | bedrock 13 0.12 103 7 6.625 243
BC115W 1090 - valley fill 473 5.38 88 50 6.625 128

! Hydro ID is the unique site identifier used in generating cross sections
2 WIN is the unique well identifier used by the Utah Division of Water Rights
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APPENDIX D

Water Level, Discharge, and Water Chemistry Data

Link to supplemental data:

https://ugspub.nr.utah.gov/publications/special _studies/ss-172/ss-172d.xIsx
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APPENDIX E

Seepage Run Data
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Figure E-1. Location of seepage run reaches, and stream and spring discharge measurements from 2018 to 2020.
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Groundwater Quality Classification
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Potential Contaminant Inventory, Septic-Tank Density Recommendations, and
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Figure F-1. Total-dissolved-solids (TDS) concentration versus specific conductance for 29 wells in Johns and Emery Valleys. Based on Hem's (1985) equation
for estimating TDS from specific conductance: KA=S, where K=specific conductance, S=TDS, A ranges from 0.4 to 0.8 with an average A=0.63 (slope) used as
the conversion factor to compute TDS in the study area.
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Table F-1. Potential contaminant inventory for Johns and Emery Valleys, Garfield County, Utah.

FIELD ID TYPE Description of potential contaminant Pollutant

1 AFO! equestrian campground fertilizers, manure, nitrates
2 Waste Disposal RV dump station metals, solvents, nitrates

3 AFO horse corral fertilizers, manure, nitrates
4 Former AFO abandoned corral fertilizers, manure, nitrates
5 AFO corral fertilizers, manure, nitrates
6 Service station service station solvents, petroleum

7 Business RV park metals, solvents, nitrates

8 AFO horse corral fertilizers, manure, nitrates
9 Junk Yard/Salvage junk site metals, solvents, petroleum
10 AFO corral fertilizers, manure, nitrates
11 Business hotel, restaurant solvents

12 AFO horse corral, rodeo arena fertilizers, manure, nitrates
13 AFO corral fertilizers, manure, nitrates
14 AFO corral fertilizers, manure, nitrates
15 Government rest area solvents, nitrates

16 Government guard station metals, solvents, petroleum
17 AFO corral fertilizers, manure, nitrates
18 Junk Yard/Salvage personal junk yard metals, solvents, petroleum
19 Former AFO abandoned corral fertilizers, manure, nitrates
20 Junk Yard/Salvage junk site metals, solvents, petroleum
21 Former AFO abandoned corral fertilizers, manure, nitrates
22 Mining inactive borrow pit metals, solvents, petroleum
23 Former AFO abandoned corral fertilizers, manure, nitrates
24 Business, AFO wildlife museum, ATV storage, exotic animal corral fertilizers, manure, nitrates
25 Mining inactive borrow pit metals, solvents, petroleum
26 Mining inactive borrow pit metals, solvents, petroleum
27 Business hotel, restaurant solvents
28 AFO mule/horse corral fertilizers, manure, nitrates
29 Former AFO abandoned corral fertilizers, manure, nitrates
30 Government waste disposal, automotive storage/scrap yard metals, solvents, petroleum
31 Junk Yard/Salvage junk site metals, solvents, petroleum
32 Mining gravel pit metals, solvents, petroleum
33 Government maintenance yard, paint shop, automotive repair metals, solvents, petroleum
34 Mining inactive borrow pit metals, solvents, petroleum
35 Waste Disposal sewage lagoons metals, solvents, nitrates
36 Government radio towers metals, solvents
37 Industry power sub station PCBs
38 Former AFO abandoned corral fertilizers, manure, nitrates
39 Junk Yard/Salvage junk site metals, solvents, petroleum
40 AFO coral fertilizers, manure, nitrates
41 Business hotel, restaurant solvents
42 Service station abandoned service station metals, solvents, petroleum
43 AFO elk preserve fertilizers, manure, nitrates
44 Waste Disposal RV dump station metals, solvents, nitrates
45 Mining inactive borrow pit metals, solvents, petroleum
46 AFO horse corral fertilizers, manure, nitrates
47 AFO corral fertilizers, manure, nitrates
48 Mining inactive borrow pit metals, solvents, petroleum
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Table F-1. Continued. Potential contaminant inventory for Johns and Emery Valleys, Garfield County, Utah.

Utah Geological Survey

FIELD ID TYPE Description of potential contaminant Pollutant
49 Junk Yard/Salvage auto scrap yard/storage metals, solvents, petroleum
50 AFO horse corrals fertilizers, manure, nitrates
51 Business RV park metals, solvents, nitrates
52 Waste Disposal RV dump station metals, solvents, nitrates
53 Waste Disposal sewage lagoons metals, solvents, nitrates
54 Business, Large Lawn hotel, large lawns pesticides, fertilizer
55 Mining inactive borrow pit metals, solvents, petroleum
56 Government fire station metals, solvents, petroleum
57 Business maintenance yard, automotive repair metals, solvents, petroleum
58 Business restaurants solvents
59 Service station service station solvents, petroleum
60 Large Lawn park pesticides, fertilizer
61 Waste Disposal RV dump station metals, solvents, nitrates
62 Business gift shop, restaurants solvents
63 AFO horse corral fertilizers, manure, nitrates
64 Junk Yard/Salvage personal junk yard metals, solvents, petroleum
65 Industry airport metals, solvents, petroleum
66 Business hotel, restaurants solvents
67 Business, Large Lawn restaurant, large lawn pesticides, fertilizer
68 AFO corral, rodeo grounds fertilizers, manure, nitrates
69 Business, Large Lawn hotel, large lawn solvents, pesticides, fertilizers
70 Business hotel solvents
71 Industry power sub station PCBs
72 Business abandoned restaurant metals, solvents
73 Large Lawn cemetary pesticides, fertilizer
74 Business RV park metals, solvents, nitrates
75 Shooting range shooting range metals
76 Industry cell tower metals, solvents
77 AFO corral fertilizers, manure, nitrates
78 Junk Yard/Salvage junk site metals, solvents, petroleum
79 Former AFO abandoned corral fertilizers, manure, nitrates
80 Industry cell tower metals, solvents
81 Waste Disposal landfill metals, solvents, petroleum
82 Former AFO abandoned corral fertilizers, manure, nitrates
83 Junk Yard/Salvage junk site metals, solvents, petroleum
84 Former AFO abandoned corral fertilizers, manure, nitrates
85 Junk Yard/Salvage junk site metals, solvents, petroleum
86 Former AFO abandoned corral fertilizers, manure, nitrates
87 AFO corral fertilizers, manure, nitrates
88 AFO corral fertilizers, manure, nitrates
89 AFO corral fertilizers, manure, nitrates
90 Former AFO abandoned corral fertilizers, manure, nitrates
91 Mining gravel pit metals, solvents, petroleum
92 AFO corral fertilizers, manure, nitrates
93 AFO corral fertilizers, manure, nitrates
94 AFO corral fertilizers, manure, nitrates
95 AFO corral fertilizers, manure, nitrates
96 Former AFO abandoned corral fertilizers, manure, nitrates
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Table F-1. Continued. Potential contaminant inventory for Johns and Emery Valleys, Garfield County, Utah.

FIELD ID TYPE Description of potential contaminant Pollutant
97 AFO corral fertilizers, manure, nitrates
98 Former AFO abandoned corral fertilizers, manure, nitrates
99 Junk Yard/Salvage personal junk yard metals, solvents, petroleum
100 AFO corral fertilizers, manure, nitrates
101 AST? above-ground storage tank metals, solvents, petroleum
102 AST above-ground storage tank metals, solvents, petroleum
103 AST above-ground storage tank metals, solvents, petroleum
104 AST above-ground storage tank metals, solvents, petroleum

! Animal feed operation

2 Above-ground storage tank

Table F-2. Results of the mass-balance analysis using the best-estimate nitrogen loading of 64 mg/L N* for different groundwater flow domains and different
nitrate concentration degradation level projections in Johns and Emery Valleys.

Domain Area Current density | Projected total Calculated density? Projected total septic tanks | Calculated density?
(acres) (acres/system) septic tanks! (acres/system) (5 mg/L degradation) (acres/system)
468*
Emery Valley 8700 310 152 57 14
536
Lower Johns Valley 14,200 1775 29 496 110 129
10° 7543 515 1533
Upper Johns Valley 7800 --
220 35 1088 7

* best-estimate calculation is based on a nitrogen load of 17 g N per capita per day (Kaplan, 1988) for a 3.3-person household and 198 gallons per household
(Utah Division of Water Resources, 2010).

! Projected number of septic tanks based on 1 mg/L degradation of nitrate concentration.

2 Calculated lot size based on 1 mg/L degradation of nitrate concentration above background concentration.

3 Calculated lot size based on a degradation up to 5 mg/L nitrate concentration.

4 Projected total septic tanks based on 100% LUWDS discharge (top) and 60% LUWDS discharge (bottom).

3 Projected total septic tanks/calculated density based on minimum (top) and maximum (bottom) groundwater available for mixing.

95



DNRg | UTAH GEOLOGICAL SURVEY
‘ a division of
Utah Department of Natural Resources

< ™
o
02 o1 06
" 12 07 08
\ 14 13 18 17
1
23 24 19 20
Plateau /
2 27 25 30§ 29
s
33 34 35 36 31 32
T.33S. y 3
T. 34 S.
] 04 03 02 01 06 05
i
09 10 1 12 07 08
16 15 14 13 18 17

T. 36 S.
T. 37 S.

11

=0
w0 <
4
29
32
T.37 S.
T.38S.
05
08
- 13 z
% o
g 17 13 0 I
3 4
g [}
y 2 198 & |53
£ 2 30 158 2
36
32 » )
o1 T38S
0 id T39S
1 12 10
13, 15 14

This map was created from GIS files. Basemap
constructed from features obtained from the UGRC.

Projection: UTM
Datum: NAD 83 Zone 12N
Cartography by Nathan Payne

%

04

21

£
22,

42

43

38

40

48

24

01

06

08
® 115w

20

05

1198
0

120W
[

Plate F-1
Groundwater Quality Classification,
Johns and Emery Valleys, Garfield County, Utah

112°0'0" W z
1 L 5
o
s
@
5]
28 27 2 25
33 34 3] 36 ; ;
[QVIR o
N
04 01
. 09
09 12 0
18
13
21 22 23 24
2 27 P e 30 29 28 27
31 32 33 34
33 34 35 36
o
1M7W
04 03 02 o1 9 o 04 03
®
116W
11
09 10 1 12 g’ = ag 19
- o o T 18 17 16 15
22
19
‘ P 2 o 2 21 22
27 e Y
e A 30 2 2 27
o
% 3 36 Q9 £ E &
42 41 40 39
03 02 01 o)
“o
43 08 09 10
4 1 12 ‘D
\
46 17 16 15 14
15 14 (Q
|
a7 20 2 22 23
22 23 24 G
51 29 28 27 2
27 2 25
32
34 35 36
)
=}
o
&
-
e
Explanation

Groundwater Quality Classification

Class IA, Pristine Water Quality (TDS: 0- 500 mg/L)

Bedrock (not classified)

° Sampled perfected well
* Sampled perfected public supply well
34W . . . .
o Sample site (label indicates site ID from Appendix D)
* Public supply well
° Perfected well
Stream
Road
Valley-fill boundary
o Population center
— »  Groundwater-flow direction
0 2.5 5 10
I I | Miles
0 3 6 12
I | Kilometers

Scale: 1:140,000



DNR

UTAH GEOLOGICAL SURVEY
a division of
Utah Department of Natural Resources

Plate F-2

Potential Contaminant Sources,
Johns and Emery Valleys, Garfield County, Utah

112°0'0" W z
L S
= z N
™ N
3%
=
T o 45 31 32 33 ;
o ~ <
A
11 12 o7 08 09 10 38 12 ON_ g5 08 194 00 0
[~
Sevier
Plateau
é101
T 338, 34 35 36 & ] -3 @
T.348 103 102
97
03 E‘ mmo o1 06 05 04 03
91w5 14 13
22 C 90
=) 21 o 19 20 21 22
99, C’)
T
27 ® 30 =~ 29 28 27
2 25 (v}
“
<
34 35 36 313 92 &
T.348S. o
T.358S. §
o 2 o Q’AZ 41 40 39
“~
<
10 ‘U 43 08 09 10
1 12 NN
@
(¢)
¢ o, ‘(p 46 17 16 15 14
W -
;’ ) o b 2 51 29 28 27 26
=
< <
o [ ] o 32
=1 34 35 36
T.35S.
T.36S. :
Johnson EXplanatIOI'l
12 07, Ben%h
Potential Contaminants
3 (see Table F-1 for description
of numbered contaminants)
q e Above-ground storage tank
« Business
T s 3 2 Current animal feed operation
T.37S.
e i o ® = Former animal feed operation
12 07 *
Tropic Reservoir Government
~ y w Industry
. d = Junk yard/salvage
; 21 22 24 19 20 »
L?] 20
qi .
v > Bryce Canyon City L Large lawn
29 28 27 (0} 25 30 2 oy
Q) 26 . .
", X Mining
T.378. 2 ", S 50 ; i, [F
T.388. Q. oA 0 Service station
03 “~
» 5 § 2 & L, Shooting range
o)
Ao o? ‘ A A Waste disposal
. s = 2 z 0 2.5 5 10 S
o W g | T . ° eptic system
S: 16 © 14 13 50 :'; I 1 | MIIeS p y
k % | I | Kilometers ,
20 22 23 2 19 51 . VaU|t t0||et
3 5 0 3 6 12
B N i eSO IR Scale: 1:140,000 o Population center
T.388. & ¥ / § Stream
T.39S F Y 3
03 01 3 N Road

02

Study Area

This map was created from GIS files. Basemap
constructed from features obtained from the UGRC.

Projection: UTM

Datum: NAD 83 Zone 12N
Cartography by Nathan Payne

Valley-fill boundary




Utah Geological Survey

APPENDIX G
Water Budget Data
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Figure G-1. Snotel precipitation data for water years 2018 to 2023 at A) Widtsoe and B) Agua Canyon ( from USDA website https://www.nrcs.usda.gov/wps/
portal/wec/home/quicklinks/states/utah/).



https://www.nrcs.usda.gov/wps/portal/wcc/home/quicklinks/states/utah/
https://www.nrcs.usda.gov/wps/portal/wcc/home/quicklinks/states/utah/

Characterization of groundwater in Johns and Emery Valleys, Garfield and Kane County, Utah

112°2l0'0"W

112°0'0"W

112°2l0‘0"W 112°?‘0"W

!
38°0'0"N

1
37°40'0"N

z
o
= — p
3 B
|
> o~ Widtsoe
z
o
S F S
® )
:] Lower bedrock
\\J f - Yp/per bedéock
T T

> 112°20'0"W 112° 0'0"w 112°0'0"W
2 1 1 1
o
= — .
8 D

S | g |

3 - Widtsoe / » e Widtsoe

37“4‘)'0"N

1
38°0'0"N

!
37°40'0"N

> > )
-"4“"

P
s AN At V|

|}
112"?'0"W

38°(i'0"N

37“4‘)'0“N

3ryce Canyon Clty

"»”{ "

AV

|
Widtsoe

1
38°0'0"N

| |
Widtsoe

37°40'0"N

) )
112°20'0"W 112°0'0"W 112°20'0"W 112°(!‘0"W
0 5 10
[ = = — ) N

OO Klometers A
0 5 10 15 20 25

Figure G-2. A) Lower alluvial, lower bedrock, and upper bedrock boundaries used for analysis in the SWB model and water budget calculations. B) Areas above
and below the Tropic Ditch diversion used for analysis in the SWB model and water budget calculations. Output rasters from the SWB model of water year 2017
showing: C) precipitation, D) evapotranspiration (ET), E) infiltration, and F) runoff.
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Figure G-4. A) Lower alluvial, lower bedrock, and upper bedrock boundaries used for analysis in the SWB model and water budget calculations. B) Areas above
and below the Tropic Ditch diversion used for analysis in the SWB model and water budget calculations. Output rasters from the SWB model of water year 2019

showing: C) precipitation, D) evapotranspiration (ET), E) infiltration, and F) runoff.
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Figure G-5. A) Lower alluvial, lower bedrock, and upper bedrock boundaries used for analysis in the SWB model and water budget calculations. B) Areas above
and below the Tropic Ditch diversion used for analysis in the SWB model and water budget calculations. Output rasters from the SWB model of water year 2020
showing: C) precipitation, D) evapotranspiration (ET), E) infiltration, and F) runoff.
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Figure G-6. A) Ratings curve and B) resulting discharge measured on the East Fork Sevier River at site EF3, located just upstream of the Tropic Ditch diversion.
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Table G-1. SWB variable outputs for years 2017-2021 with the study area divided into three subbasins: lower alluvial, upper bedrock, and lower bedrock. All

values in acre-feet/vear.

Gross_precipitation Actual_ET Interception Rainfall
Water Lower Upper Lower Lower Upper Lower Lower Upper Lower Lower Upper Lower
Year Alluvial | Bedrock | Bedrock | Alluvial | Bedrock | Bedrock | Alluvial Bedrock | Bedrock | Alluvial | Bedrock | Bedrock
2017 75,347 135,984 | 238,196 82,012 139,943 | 255,221 4,944 31,156 45,543 46,777 61,596 122,237
2018 42,320 69,903 134,487 45,417 71,398 139,594 3,537 22,384 33,378 28,404 43,232 79,227
2019 92,620 152,311 | 292,955 86,571 129,181 267,109 5,940 37,116 56,080 46,617 58,309 117,137
2020 53,513 83,521 174,972 53,465 77,621 168,199 3,407 20,579 31,529 17,583 16,311 48,189
2021 63,973 100,205 | 216,249 60,377 91,687 201,744 3,622 19,996 35,965 41,897 62,922 132,177
Reference_ETo Irrigation Net_infiltration Rejected_net_infiltration
Water Lower Upper Lower Lower Upper Lower Lower Upper Lower Lower Upper Lower
Year | Alluvial | Bedrock | Bedrock | Alluvial | Bedrock | Bedrock | Alluvial Bedrock | Bedrock | Alluvial | Bedrock | Bedrock
2017 228,735 | 254,935 | 575,062 1162 0 49 678 4931 3536 568 4511 2454
2018 240,029 | 270,525 | 604,798 1221 0 52 191 433 359 82 325 147
2019 212,078 | 237,962 | 534,203 1257 0 56 2748 7922 11,712 1175 9155 6738
2020 236,551 | 268,648 | 603,811 1370 0 64 497 2636 3414 521 2709 2207
2021 237,485 | 268,896 | 604,878 1103 0 50 308 789 960 419 1438 1459
Runoff Runon Snowfall Runoff_outside

Water Lower Upper Lower Lower Upper Lower Lower Upper Lower Lower Upper Lower
Year Alluvial | Bedrock | Bedrock | Alluvial | Bedrock | Bedrock | Alluvial Bedrock | Bedrock | Alluvial | Bedrock | Bedrock
2017 1046 3023 3312 0 0 0 28,570 74,388 115,959 1614 7534 5767
2018 118 326 413 0 0 0 13,917 26,670 55,260 201 651 560
2019 3378 6739 7054 0 0 0 46,003 94,002 175,818 4553 15,895 13,792
2020 807 1140 2503 0 0 0 35,930 67,211 126,783 1328 3849 4709
2021 1583 4303 5549 0 0 0 22,076 37,282 84,072 2002 5740 7008

Table G-2. SWB variable outputs for years 2017-2021 with the study area divided into two subbasins: north and south of the Tropic Ditch diversion. All values

in acre-feet/vear.

Gross_precipitation Actual_ET Interception Rainfall Reference_ETo Irrigation

Vz:;‘;r North South North | South | North | South | North | South | North | South | North | South
2017 321,330 125,899 345,281 130,616 52,650 28,813 173,667 | 55,725 824,473 | 227,720 1211 0
2018 181,005 64,343 189,190 66,120 38,470 20,727 111,014 | 39,219 866,626 | 241,926 1272 0
2019 394,242 140,411 360,914 119,984 64,541 34,379 168,007 | 52,891 765,402 | 212,771 1313 0
2020 233,262 76,654 226,162 71,815 36,408 18,991 66,856 14,753 861,707 | 240,343 1433 0
2021 285,277 92,405 266,906 85,189 40,873 18,431 177,885 | 57,655 863,673 | 240,578 1153 0

Net _infiltration R?J ected_‘net_ Runoff Runon Snowfall Runoff_outside
- infiltration -

Water
Year North South North South North South North South North South North South
2017 4363 4368 3167 3854 4489 2710 0 0 147,663 70,174 7656 6564
2018 540 269 220 195 537 275 0 0 69,991 25,124 757 470
2019 14,763 7126 8535 8055 10,976 5938 0 0 226,235 87,520 19,511 13,993
2020 4003 2229 2797 2229 3365 969 0 0 166,406 61,901 6162 3198
2021 1285 518 1949 939 7435 3800 0 0 107,392 34,750 9384 4739
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