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MATHESON WETLANDS PRESERVE WATER
MONITORING, WATER BUDGET, WETLAND MAPPING,
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ABSTRACT

The Scott and Norma Matheson Wetlands Preserve (“the Pre-
serve”) is a rare riparian environment in the Colorado River cor-
ridor and a popular recreation area adjacent to Moab, Utah. We
undertook this study to better understand the hydrologic system
of the wetlands and a brine layer that underlies fresh water with-
in the boundaries of the Preserve. We calculated a water budget
for the Preserve using field measurements, remote sensing, and
the United States Geological Survey (USGS) Soil-Water Bal-
ance Model, version 2, for water years 2017 to 2022. We used
transient electromagnetic (TEM) surveys, electromagnetic-in-
duction (EMI) logging, and groundwater chemistry analyses to
constrain the location and origins of the brine. We improved
our understanding of the intersection between the dual-density
hydrologic system and the ecology by mapping the vegetation
and conducting remote-sensing analyses of the Preserve. Field
work took place from February 2021 to June 2023.

We calculated that, for water years 2017 to 2022, precipitation
averaged 478 acre-feet per year (ac-ft/yr), surface water inputs
averaged 413 ac-ft/yr, groundwater inflow averaged 164 ac-ft/
yr, actual evapotranspiration (ET) averaged 591 ac-ft/yr, run-
off averaged 16 ac-ft/yr, surface water outflow averaged 150
ac-ft/yr, and groundwater outflow averaged 300 ac-ft/yr.

We installed pressure transducers in 18 piezometers within the
Preserve and in a well near Swanny Park in Moab. We used
these data to construct 22 potentiometric surface maps. These
maps indicate that groundwater flows generally east to west
across the Preserve. Lower horizontal hydraulic gradients are
common in the spring and higher gradients are common in
the fall. We also constructed potentiometric surface maps for
the brine layer. These show that the brine flows both north
and south originating from a divide near the midpoint of the
Preserve. However, the brine may not be flowing and may in-
stead be trapped under the freshwater layer, having its location
depend on the elevation of the salt-rich Paradox Formation
caprock and overlying freshwater head. We find that ground-
water levels move in step with the Colorado River flow (i.e.,
higher river flow corresponds to higher groundwater levels),
except for water levels in wells near the southeast margin of
the Preserve, which peak prior to the Colorado River stage,
showing the importance of groundwater inflow in these areas.

TEM, EMI, and chemistry results show that the brine is deep-
est in the southeast region and shallowest in the northwest re-
gion of the Preserve, moving from deep to shallow near the
midpoint of the Preserve. Near this midpoint, the potentio-
metric surface maps show a shallow brine divide, the vertical
gradient is upward, and the vegetation community changed.
These observations indicate that either the brine is moving
upward in this area from increased hydraulic conductivity or
that the Paradox Formation is closer to the land surface in this
area. Trace element ratio chemistry of groundwater where the
brine upward vertical gradient is high is dominated by a sig-
nature closest to Paradox Formation produced waters, which
increases with depth. However, in the southern part of the
Preserve, data indicate a mixing trend between Paradox For-
mation waters and valley-fill aquifer fresh water. We observe,
in general, that freshwater head and salinity have a direct re-
lationship in wells close to the river and an indirect relation-
ship in wells farther from the river. This relationship indicates
that the groundwater beneath the Preserve was responding to
changes in freshwater pressure head similar to an unconfined
coastal aquifer experiencing passive saltwater intrusion.

We conducted a dye tracer test to study how water flows from
the east side of Highway 191 to and through the Preserve.
We find that this water is an important source for sustaining
the health of the wetlands on the east margin of the Preserve,
particularly as groundwater levels drop throughout the sum-
mer. Water rights allow for all of this water to be allocated to
the Central Pond or used by landowners and the City of Moab,
cutting off spring water to the eastern part of the Preserve.

We constructed two rating curves, which described the rela-
tionship between river stage and flow, using surface elevation
measurements of the Colorado River and flow from the USGS
Cisco and Potash gages. These curves allow us to calculate the
surface elevation of the Colorado River as it passes under the
pedestrian bridge that runs parallel to the Highway 191 bridge
using flow values reported at stream gages. This allows us to
compare the head of the Colorado River to groundwater head
in the Preserve.

We investigated changing vegetation and hydrology condi-
tions at the Preserve by reviewing 30- and 10-year vegetation
and open surface water trends calculated from satellite imag-
ery and other supporting datasets. On the western side of the



Preserve, we find decreasing trends in vegetation vigor related
to tamarisk and other invasive species removal. Salinity im-
pacts from the underlying shallow brine layer may further de-
crease vegetation vigor and contribute to the observed trends.
On the eastern marsh side of the Preserve, we find a general
30-year decrease in visible surface water that accompanies ap-
parent vegetative stress and possible community change on
the western edges of the marsh over the past 10 years.

INTRODUCTION

Purpose and Scope

The purpose of this study was to create a water budget for
the Scott and Norma Matheson Wetlands Preserve (“the Pre-
serve”) (Figure 1) and to delineate the location and chemistry
of brine in the groundwater. The results were used to assess
the state of surface and groundwater in the Preserve and to
establish a long-term monitoring plan for the Preserve.

To accomplish these goals, we monitored groundwater and
spring flow discharge into and out of the Preserve, conducted a
dye tracer test, monitored groundwater levels, conducted four
transient electromagnetic (TEM) surveys and two down-well
electromagnetic induction surveys (EMI), mapped vegetation,
and used remote-sensing and modeling techniques to assess
changes. Field work and sampling took place from Febru-
ary 2021 to December 2023 (Figure 2, Table 1). We listed all
years within the report as water years, beginning on October
st and designated by the year that they end, and all geospatial
data were reported in NAD83 horizontal and NAVDSS8 verti-
cal datums unless otherwise noted.

Background Information
Geographic Setting

The Preserve, established in 1991, is a rare 894-acre riparian
zone along the Colorado River corridor, bordering the western
edge of Moab, Utah (Figure 1). It is managed by The Nature
Conservancy and the Utah Division of Wildlife Resources.
The Preserve provides habitat to more than 200 species of
wildlife and is a popular local destination for hiking, birding,
and hunting. The Central Pond is a refuge for razorback suck-
er fish, a Utah Species of Greatest Conservation Need (Utah
Division of Wildlife Resources, 2022). Mill Creek runs across
the southern part of the Preserve. A few agricultural fields re-
main along the eastern side of the Preserve, but the area to the
east is largely urban.

Geologic Setting

The Preserve is located in the northwest part of the Moab-
Spanish Valley, which formed from the collapse of a salt anti-
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cline (Doelling et al., 2002) (Figure 3). The valley is approxi-
mately 1- to 1.5-miles (0.6-2.4 km) wide and 15-miles (24
km) long. It is bounded by high-angle normal faults and the
Moab fault, which is buried under valley fill and trends along
the valley axis (Lowe et al., 2007). The Jurassic-age Glen
Canyon Group, which is composed of Wingate Sandstone,
Kayenta Formation, and Navajo Sandstone, forms steep walls
along the valley margins and underlies most of the valley fill.
However, the valley fill in the Preserve rests directly on the
older Pennsylvanian Paradox Formation along an erosional
unconformity that excludes the Triassic Chinle and Moen-
kopi Formations and the Permian Cutler Formation (Doelling
et al., 2002; Lowe et al., 2007). The Paradox Formation is
a sequence of cyclically bedded evaporites, dolomite, shale,
and fine-grained siliciclastic sediments (Doelling et al., 2002;
Lowe et al., 2007). Salt from the Paradox formed diapirs con-
current with deposition of younger sediments like those in the
Glen Canyon Group, causing thin deposition over the diapirs
and variable thickness of strata in the valley (Doelling et al.,
2002). Locally thin deposits and subsequent erosion has led to
the absence of the Glen Canyon Group beneath the Preserve
(Lowe et al., 2007).

The valley fill consists of sand and gravel, deposited in
stream and alluvial-fan environments, that are about 400 feet
(ft) thick near the Colorado river and thinner and variable
in thickness farther south in Moab-Spanish Valley (Lowe et
al., 2007). Gardner and Solomon (2004) report that Colorado
River gravels exist in the aquifer around 18 ft below ground
surface and extend laterally from the river across half of the
Preserve. Clay-rich layers underlie healthy, lush vegetation in
the central part of the Preserve, whereas sand-rich soil is pres-
ent in the northern tamarisk barrens of the Preserve.

Aquifers

The Moab-Spanish Valley valley-fill aquifer (VFA) underlies
the Preserve. In this area, it is a dual density aquifer, having
a dense brine layer underlying fresh water. The VFA has a
chemical signal similar to Pack Creek (Nelson, 2017; Mas-
bruch et al., 2019) (Figure 3). Groundwater flow is northward
through Moab-Spanish Valley, turning westward beneath
the Preserve (Gardner and Solomon, 2003 and 2004; Moab
UMTRA Project 2007; Masbruch et al., 2019). Gardner and
Solomon (2004) found that water in the brine layer flowed
southeast in August 2003 and west in March and May 2004.
Masbruch et al. (2019) sampled the brine from a well (BL3D)
in the Preserve and reported that it had a '4C activity of 3.3
pmC, indicating an unadjusted age of 28,000 years. They also
reported that the average uncorrected age of the Glen Can-
yon Group Aquifer (GCGA) was 4900 = 730 years and the
VFA was 1600 = 1100 years. Therefore, they suggested that
the brine was stagnant beneath the overlying fresh water in
the aquifer based on the orders of magnitude separating its
age from that of the adjacent aquifers. Similarly, Gardner et
al. (2020) used tritium/helium-3 to categorize the VFA in the
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Table 1. Sampling location information, including well data used for gradient calculations.

Site ID Type Latitude’ Longitude' Elez]fzgion Stickup I:Z;ilh Scree;l)i\l/)[til(:point (S;]:_:‘cvllfi; Transducer
BGS
BLIS well | 38.59532709 | -109.5804913 | 3970.88 | 197 | 5163 50.63 1.01 AquaTroll
BLIM well | 3859532709 | -109.5804913 | 3970.88 | 222 | 96.8 95.28 107 | RuggedTroll
BLID well | 38.59532709 | -109.5804913 | 3970.88 | 238 | 137.22 136.22 108 | RuggedTroll
BL2S well | 3859060509 | -109.5866743 | 397159 | 195 | 5643 55.43 1.07 AquaTroll
BL2M well | 38.59060509 | -109.5866743 | 3971.59 | 2.05 | 99.95 98.95 109 | RuggedTroll
BL2D well | 3859060509 | -109.5866743 | 397159 | 223 | 140.57 139.57 1.09 | RuggedTroll
BL3S well | 38.58097409 | -109.5824463 | 3968.55 | 1.59 | 30.41 29.41 1.04 AquaTroll
BL3M well | 38.58097409 | -109.5824463 | 396855 | 179 | 4631 4531 107 | RuggedTroll
BL3D well | 38.58097409 | -109.5824463 | 3968.55 | 1.84 | 99.6 98.26 110 | RuggedTroll
BL3S2 well | 38.58097409 | -109.5824463 | 396855 | 2.06 | 28.72 28.47
u12 well | 3857348009 | -109.5700423 | 3973.52 | 2.83 | 53.00 50.5 RuggedTroll?
13 well | 38.57479709 | -109.5707393 | 397147 | 226 | 49.00 46.5 RuggedTroll
Ul4 well | 3857774777 | -109.5707196 | 3969.61 | 242 | 57.18 54.68 AquaTroll
uls well | 38.57960786 | -109.5742089 | 3967.04 | 238 | 39.12 36.62 AquaTroll
U16 well | 38.58144109 | -109.5738003 | 3967.92 | 239 | 36.68 34.18
u17 well | 3857283109 | -109.5714163 | 3972.77 | 228 | 59.42 56.92 AquaTroll
18 well | 38.59645009 | -109.5736423 | 3966.78 | 1.74 | 37.06 34.56 AquaTroll
020 well | 3857460551 | -109.5760783 | 396820 | 138 | 23.14 20.64 AquaTroll
v21 well | 38.57460551 | -109.5760783 | 396820 | 1.78 | 39.90 374 RuggedTrol
u22 well | 3857920666 | -109.5803931 | 3969.65 | 175 | 22.60 20.1
U23 well | 38.57920666 | -109.5803931 | 3969.65 | 2.07 | 36.23 33.73 1.02
N3-4 well | 3859518422 | -109.5728550 | 3968.96 | 0.5 | 13.50 13.25
N3-8 well | 38.59518422 | -109.5728550 | 3968.96 | 125 | 2720 26.95
N4-3.2 well | 3858113774 | -109.5742635 | 3966.59 | 1.40 9.28 9.03
N4-12 well | 38.58113774 | -109.5742635 | 3966.59 | 2.12 | 37.18 36.93
N5-4New well | 38.58655411 | -109.5705519 | 396824 | 116 | 13.10 12.85
N5-401d well | 38.58655411 | -109.5705519 | 396824 | 138 | 13.02 12.77
N5-7 well | 3858655411 | -109.5705519 | 396824 | 122 | 23.48 2323
N5-10 well | 38.58655411 | -109.5705519 | 396824 | 140 | 34.18 33.93
N5-14 well | 3858655411 | -109.5705519 | 396824 | 138 | 48.17 47.92
N6 well | 38.60243659 | -109.5779622 | 3965.74 | 183 | 1929 19.04
N7 well | 38.57481435 | -109.5768472 | 396741 | 072 | 3454 34.29 1.08
N11-6 well | 38.59068009 | -109.5870903 | 3971.61 | 2.73 | 1849 18.24 1.05
N11-11 well | 3859068009 | -109.5870903 | 3971.61 | 3.00 | 2526 25.01 1.05
W1-3.5 well | 38.59622009 | -109.5859093 | 397033 | 1.09 | 10.71 10.46
Wi-4.3 well | 3859620609 | -109.5858583 | 397021 | 1.16 | 1295 10.45 110 | RuggedTroll
W1-7 well | 38.59622009 | -109.5859093 | 397033 | 175 | 21.25 21 1.10
W1-10 well | 3859622009 | -109.5859093 | 3970.33 | 191 | 31.09 30.84 1.10
EC well | 38.58785262 | -109.5774891 | 3963.83 | 1.90 4.95 3.7 Campbell
Scientific
SWANNY well | 3857755638 | -109.5546811 | 4011.08 | -3.10 | 128.00 120 RuggedTroll
DWR well | 38.60264009 | -109.5782653 | 3977.53 | 1.84 | 74.00 58
Bob well | 38.58087757 | -109.5744567 | 396634 | 1.8 437 2
COloraggdf;‘;m Ped | Gurface | 38.60451205 | -109.5744481 | 398802 | 3.9
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Table 1 Continued. Sampling location information, including well data used for gradient calculations.

Well
. . . Elevation . Screen Midpoint | Specific
1 1
Site ID Type Latitude Longitude () Stickup Depth Depth Gravity Transducer
BGS
Duck Puddles N hor‘;;‘l“al 38.59661 -109.56774
Duck Puddles s | 1orizontal | 3¢ 5o5sg -109.56615
well
Skakel spring 38.59267 -109.56196
Skakel Wet Well .
Overflow spring 38.59267 -109.56196
Skakel Spring Box .
Overflow spring 38.59267 -109.56196
Watercress Weir spring 38.59279 -109.56267
Culvert piped 38.59582 -109.56954
flow
Metered Pipe piped 38.5957 -109.56954
flow
Central I"ond Inlet piped 33,5829 -109.57898
Pipe flow
Central Pond Inlet |0 e | 38.58306 -109.57873
Stream
Central Pond surface | 38.58069909 | -109.5820013 | 3956.66 0 Vented Dipper
Outlet Control Logger
RV Pond Inlet piped 38.58987 -109.56956
flow
RV Pond Outlet surface 38.58912 -109.56941
JJs Outlet surface 38.58927 -109.56742
Storm Drain piped 38.58848 -109.56578
flow
Mill Creek
USGS Gage surface 38.57341 -109.56707
Mill Creek
Pedestrian Bridge surface 38.57414 -109.57075
Mill Creek Low surface 38.57314 -109.57406
MWO1 TEM 38.59898583 -109.5851149 3965.91
MWO02 TEM 38.58630183 -109.5846359 3975.84
MWO03 TEM 38.57986883 -109.5757439 3959.14
MWo04 TEM 38.59534883 -109.5806849 3963.38
MWO05 TEM 38.59520583 -109.5813329 3963.81
MWO06 TEM 38.58900783 -109.5790879 3960.28
MWO07 TEM 38.59515083 -109.5866259 3965.67
MWO08 TEM 38.59068083 -109.5863399 3964.02
MWO09 TEM 38.58046383 -109.5819819 3963.58
MWI10 TEM 38.60286082 -109.5756679 3971.41
MWI11 TEM 38.60317503 -109.5793784 3971.57
MWI12 TEM 38.57359072 -109.567539 3977.10

'Significant digits are longer for values collected with Reach Emlid GPS unit and shorter for those collected using handheld GPS units.
2Solinst Levellogger transducers were used at these sites until March 2022.
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Preserve as a mixture of modern and pre-modern groundwa-
ter, excepting two deep brine samples categorized as pre-mod-
ern. The Moab UMTRA Project (2007) study found relatively
large CI/Br ratios in wells near the Colorado River. They sug-
gested that upconing of Paradox-derived brine occurred near
the Colorado River.

East of the Preserve and Highway 191 are two springs, Ska-
kel and Watercress, and two horizontal wells, Duck Puddles
North and South, that issue from the GCGA (Figure 2). Mas-
bruch et al. (2019) found that the GCGA recharges in the La
Sal Mountains to the southeast of the study area and differs
chemically from the VFA. Gardner et al. (2020) divided the
GCGA into shallow and deep sections. They found that the
hydrochemistry of the horizontal wells and springs issuing
from the cliffs east of the Preserve matches that of the deep
GCGA, and that the discharge water has a corrected radiocar-
bon age of 2700 + 700 years.

Springs

Skakel Spring is owned and used by the City of Moab. The
City possesses the water right to the entire discharge of Skakel
Spring; however, at present, spring flow in excess of the City’s
use flows into a storm drain that conveys water to the east part
of the Preserve. Watercress Spring is privately owned and The
Nature Conservancy leases a portion of the spring water. The
leased water is piped from the spring to the east side of the
Preserve. Another portion of Watercress Spring flow is leased
by the owner of the pasture west of Highway 191 for irri-
gation purposes. Overflow from the spring may also be sent
into the same storm drain as the Skakel Spring overflow. Duck
Puddles South horizontal well (DPS) flows into a series of
ponds, but it is unclear if this water contributes to surface flow
in the Preserve. Duck Puddles North horizontal well (DPN)
water flows through two ponds and then into a storm drain
that empties along the west side of Highway 191, adjacent to
where the Watercress Spring discharge pipe daylights. Other
surface flow into and through the Preserve is from stormwater
runoff and Mill Creek.

Previous Studies

The first water budget for Moab-Spanish Valley was calculated
by Sumsion in 1971. He determined that groundwater outflow
from the valley to the Colorado River is 8000 acre-feet per
year (ac-ft/yr). Gardner and Solomon (2004) calculated that
106 to 1512 ac-ft/yr of groundwater discharges from the Pre-
serve to the Colorado River using a Darcy flux equation. They
then added known hydrologic gains and losses from the Pre-
serve and calculated that 66 to 2672 ac-ft/yr of groundwater
flows into the Preserve. Nelson (2017) used a Darcy flux equa-
tion to find that a lower end value of 300 ac-ft/yr of groundwa-
ter discharges from the Preserve, and he used environmental
tracer data to calculate that an upper end value of 1000 ac-ft/
yr of groundwater discharges from the Preserve to the Colo-
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rado River. Masbruch et al. (2019) suggested that Nelson’s
discharge estimate may be greater than the long-term average
due to above average precipitation during the period of study
(2014-2016). They noted that transmissivities in southern
Moab-Spanish Valley are less than those in northern Moab-
Spanish Valley, which may help account for the discrepancy
between earlier estimates and those of Nelson (2017).

Sumsion (1971) and Crowley (2004) calculated evapotranspi-
ration (ET) from the Preserve. Sumsion calculated that 3000
ac-ft/yr of groundwater is lost to ET in the Preserve. Crowley
(2004) used a Penman-Monteith calculation and divided the
Preserve into separate plant communities to yield a total loss
to ET of 3200 acre-ft/yr.

Masbruch et al. (2019) used a regional-scale water-balance
method known as the Basin Characterization Model (BCM)
(Flint and Flint, 2007) to determine water budget components
for Moab-Spanish Valley. They found that no runoff occurs
within the boundaries of the Preserve and no recharge occurs
except along the Colorado River in the southwest margin of
the Preserve.

Cooper and Severn (1994) analyzed hydrographs and deter-
mined that the Colorado River floods the Preserve when flows
exceed 40,000 cubic feet per second (cfs) adjacent to the Pre-
serve. They applied this value to historical hydrographs and
suggested that the river flooded an average of every 1.86 years
from 1914 to 1959 and an average of every 8.5 years from
1959 to 1993. They also tested the conductivity of groundwa-
ter and found that the highest specific conductivities were in
the northwest corner of the Preserve. They reported that the
lower conductivity water in the southern part of the Preserve
was calcium sulfate rich and the higher conductivity water in
the northern part was sodium chloride rich. Nelson (2017) re-
ported the same hydrochemical results.

Briggs et al. (2019) conducted an electromagnetic imaging
(EMI) study and found shallow brine water that discharges to
the Colorado River in the northwestern and western sections
of the Preserve, which agreed with shallow piezometer data
reported by Gardner and Solomon (2004). Their greater find-
ings guided the installation of the U-labeled wells (Figure 2).

The wetland vegetation at the Preserve has been characterized
and analyzed over the years. Some hydrology studies grouped
the Preserve wetland vegetation in general categories to help
inform ET estimates or possible effects on fish and inverte-
brates (Cooper and Severn, 1994; Crowley, 2004). Cooper
and Severn further explained how reduced annual flow in the
Colorado River may result in decreased connection between
the wetlands and river, thus leading to decreased salt flush-
ing, decreased sediment deposition, and reduced cottonwood
(Populus fremontii) recruitment. Pataki et al. (2005) reported
a negative effect of high groundwater salinity and invasion of
tamarisk (7amarix spp.) on the photosynthesis, transpiration,



and nitrogen content of cottonwoods present in the Preserve.
Rasmussen and Shafroth (2016) assessed the condition of a
large reach of the Upper Colorado River including the Pre-
serve to assist in conservation planning. They mapped vegeta-
tion cover classes based on 2010 imagery, identified fish and
wildlife species, and created various habitat suitability, risk,
and restoration potential models. Goodwin (2023) mapped
vegetation communities and supporting hydrology across the
Preserve and the adjacent parcels based on 2021 imagery. Rim
to Rim Restoration mapped invasive species across the Pre-
serve concurrent with this study (Makeda Hanson, Utah Di-
vision of Wildlife Resources, written communication, 2023).

Two studies also examined vegetation trends at the Preserve
over time. Nagler et al. (2018) looked at the effect of north-
ern tamarisk beetles (Diorhabda carinulata) on tamarisk over
time in the Preserve and other sites using vegetation indices
from satellite imagery. Beginning in 2007, they noted two cy-
cles of apparent defoliation and recovery, as well as a reduc-
tion in evapotranspiration in post-beetle years. Dohrenwend
(2016) tracked vegetation cover along four transects on the
southern side of the Preserve in 2009-2012 and 2016 and col-
lected photopoints in 2008 and 2016.

WATER BUDGET

Methods

We used the Preserve boundary to delineate the study area for
water budget calculations. We completed a separate analysis
of an agricultural field to the east of the Preserve to calculate
the impacts of irrigation. We assumed zero change in storage
during our period of observation, water years 2017 to 2022,
based on the stability of groundwater levels in adjacent wells,
such as USGS sites 383405109324201 and 383423109330501
(U.S. Geological Survey, 2023).

Soil-Water-Balance Model

We used the USGS Soil-Water-Balance (SWB) model, version
2 (Westenbroek et al., 2018), a modified Thornthwaite-Mather
soil-water-balance model computed on a daily timestep, for
the estimation of groundwater recharge and other water bud-
get components. The model calculated spatial and temporal
variations of net infiltration, a good approximation of ground-
water recharge.

The spatial data input requirements of the SWB model in-
cluded Daymet climate data (Thornton et al., 2022), a digital
elevation model (DEM) for calculating water flow direction,
a descriptive soils layer, and land cover data. All spatial data
were raster data in ASCII format, projected into an Albers
equal area projection (EPSG:5070), and clipped to a rectan-
gular area that encapsulated the study area.
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For the SWB model, we used soil properties from the U.S.
Department of Agriculture Soil Survey Geographic Database
(SSURGO) dataset (Natural Resources Conservation Service,
2023). From the SSURGO dataset, we used the Soil Hydro-
logic Group and Available Water Storage 0 to 150 centimeter
(0-59 in.) layers served by ESRI ArcGIS Living Atlas. Avail-
able water storage indicated the amount of water held by a
soil and available to plants. The soil hydrologic groups were
grouped based on physical properties of the soil that dictated
whether precipitation would predominantly run off or infil-
trate. These soil properties were tied to a lookup table for the
model that designated curve numbers according to the soil
group. We assigned curve number values to each soil group
based on Tillman (2015), because that research covered the
Upper Colorado River basin. The SWB model used the Natu-
ral Resources Conservation Service curve number rainfall-
runoff method (U.S. Department of Agriculture, 1986) to de-
termine the amount of surface water (precipitation and runoff)
that infiltrated as it passed over a cell in the model.

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

We used 2019 National Land Cover Database (NLCD) data
from the Multi-Resolution Land Characteristics Consortium
(Dewitz and U.S. Geological Survey, 2021) for the land use
spatial input. These data had a format that was acceptable and
easy to augment for input into the SWB model. Like soil, land
use was tied to a lookup table that dictated runoff versus re-
charge for the SWB model.

We used 0.5-meter (m) (1.64 ft) resolution elevation data from
the Utah Geospatial Resource Center (UGRC) to generate a
flow direction raster, which was used by the SWB model to
determine runoff direction. To determine flow direction from
elevation, we first filled major “sinks” (low points) and then
applied an eight-direction flow tool.

We applied the model to daily data from calendar years 2016
to 2022, using 2016 as a model “warm up” year, and used
a 30-m grid resolution. We summarized the results by wa-
ter year. We averaged the resulting rasters to determine the
monthly and yearly average soil water, actual evapotranspira-
tion, runoff, and recharge.

Inputs

Surface water: We visited the Preserve and surrounding area to
measure flow at least once a month for the duration of the study.
We installed Midwest Instruments paddle wheel flow meters
at DPS and DPN (“Duck Puddles South” and “Duck Puddles
North” on Figure 2), which displayed total and instantaneous
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flow. We constructed a custom one-foot rectangular weir to fit
into an existing concrete structure so that we could measure
flow at Watercress Spring (“Watercress Weir” on Figure 2). We
were unable to measure Skakel Spring or its overflow.

We measured flow at several other points to determine how
much water made it from the springs and horizontal wells to
the Preserve. Some storm water runoff was also included in
these measurements. We measured flow monthly at a large
storm drain canal (“Storm Drain” on Figure 2) and a ditch
that feeds the storm drain from an adjacent horse pasture to
the north (“JJs Outlet” on Figure 2). The storm drain canal re-
ceived storm water and water from Skakel Spring. West of the
RV pond outlet (Figure 2), the storm drain canal arced north
and the water flowed into unused fish hatchery ponds along
the east margin of the Preserve. Other water flowed from the
RV pond, but flow from this pond was not measured regu-
larly. The RV pond owner reported that their pond was fed by
Watercress Spring and that the flow rate fluctuates, but other
property owners disagreed with this statement and said the
pond was fed by Skakel Spring.

The Utah Division of Wildlife Resources (DWR) maintained a
meter on a pipe on the eastside of Highway 191 that contained
water from Watercress Spring. We read the meter (“Metered
Pipe” on Figure 2) monthly and used a 90-degree weir plate
to measure flow issuing from a culvert (“Culvert” on Figure
2) adjacent to the metered pipe. The culvert conveyed water
from DPS and stormwater. The water from the culvert and
pipe flowed into the same ditch. This ditch led westward to a
diversion structure that either sent the water through a second
pipe directly to the Central Pond or diverted the flow over-
land, across the Preserve. We measured flow into the Central
Pond at the terminus of the second pipe and where a small
creek fed the pond.

A large agricultural field to the east of the preserve was at
the end of the Moab Irrigation Company’s Ditch 1. We ex-
amined water rights and summarized results from the SWB
v2 model for this property to calculate irrigation returns to
the Preserve.

We measured flow at three locations along Mill Creek to find
out if the stream was gaining or losing. From upstream to
downstream, the locations were: the Mill Creek Below Pack
Creek USGS stream gage, near the Nature Conservancy pe-
destrian bridge over Mill Creek, and about 200 ft above the
confluence with the Colorado River (“Mill Creek USGS
Gage,” “Mill Creek Pedestrian Bridge,” and “Mill Creek
Low,” respectively, on Figure 2). We took measurements with
a Hach FH950 electromagnetic current velocity meter, using
the 0.6 depth method to measure velocity across a stream tran-
sect and compute the cross-sectional area. We collected each
set of flow measurements within a two-hour period.

Precipitation: We calculated precipitation using Daymet
V4 (Thorton et al., 2022), TerraClimate (Abatzoglou et al.,
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2018), and PRISM (Parameter-elevation Regressions on In-
dependent Slopes Model; Daly et al., 2008) datasets available
on Google Earth Engine, and the SWB v2 model. We also
processed data from weather station number USTUTGRO0005
(“Moab 1.3 NW”; Utah Climate Center, 2023), located east
of the Preserve in Moab (Figure 2) and part of the GCHN
network. Data were collected from the Utah Climate Center
on October 27, 2023.

Infiltration: We used the SWB model to calculate infiltra-
tion and compared our results with those of previous studies.
Details on the SWB model were discussed in the Soil-Water-
Balance Model section of the Methods in this report.

Groundwater inflow: We determined that the hydrologic
system of the Preserve was neither net gaining nor net losing
during our period of observation (water years 2017—2022)
based on the stability of groundwater levels in adjacent wells
(USGS sites 383405109324201 and 383423109330501; U.S.
Geological Survey, 2023). This assumption allowed us to cal-
culate groundwater inflow by subtracting our calculated hy-
drologic losses from gains, using groundwater inflow to bal-
ance the budget. We compared our results to previous studies,
expecting them to fall within the range of the groundwater
inflow, 66 to 2672 ac-ft/yr, that Gardner and Solomon (2004)
calculated using a Darcy Flux equation.

Outputs

Surface water outflow: We established a stilling well on
the up gradient side of the concrete fish control structure lo-
cated along the outlet canal from the Central Pond (“Central
Pond Outlet Control” on Figure 2) and, within it, launched a
vented Heron Dipperlogger pressure transducer that recorded
hourly. We measured the distance to water from a known point
on the concrete structure to calculate the elevation of water
being held behind the structure. The structure leaked a small
amount of water constantly, which made translation of these
values to reliable flow estimates exceptionally difficult. In the
end, we only used the data to confirm when water was being
held in the Central Pond. Therefore, we approximated surface
flow out of the Preserve by averaging our measurements for
flow into the Central Pond and subtracting our calculated val-
ues for actual ET from the pond. This value missed water lost
or gained from groundwater, but was assumed to be a small
amount due to the clay-rich subsurface of the pond and canal
that extended from the pond to the Colorado River.

Groundwater outflow: Nelson (2017) determined a Darcy
flux result of 300 ac-ft/yr for groundwater outflow from the
Preserve using flownet theory, where transmissivity was mul-
tiplied by the hydraulic head contour interval and by the total
number of flowtubes. For the calculation, Nelson (2017) used
a transmissivity of 1000 ft*/day, the median result from aqui-
fer tests at sites within the Preserve, and a flownet containing
8 flowtubes, constructed using February 2016 water level data



and a 5-ft hydraulic head contour interval. We followed Nel-
son’s methods closely, using water level data from February
2022, a transmissivity of 1000 ft*/day, and a 5-ft hydraulic
head contour interval.

Nelson also calculated a higher value of 1000 ac-ft/yr of
groundwater discharge based on an environmental tracer
study, but Masbruch et al. (2019) suggested that these values
may be high due to high precipitation from 2014 to 2016.

Evapotranspiration: We calculated ET using TerraClimate
(Abatzoglou et al., 2018) and MODIS (MOD16A2 Version
6; Running et al., 2017) datasets, which were available on
Google Earth Engine, and the SWB v2 model. We intended to
use data from an eddy-covariance tower that was built within
the Preserve (labeled “EC” on Figure 2) in 2022; however,
the station suffered from multiple data gaps during our study.

Results

Our water budget results are presented in Table 2 and summa-
rized below. All years presented in this section are water years,
which start October 1, end September 31, and are named by
the year corresponding to the end of the period.

Inputs

Surface water: The spring flow from Watercress Spring
ranged from 0.36 to 0.45 cfs and averaged 0.39 cfs (282 ac-ft/
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yr). Flow from the DPS horizontal well ranged from 0.060
to 0.078 cfs and averaged 0.07 cfs (51 ac-ft/yr), and DPN
ranged from 0.117 to 0.124 cfs and averaged 0.12 cfs (87
ac-ft/yr) (Figure 4). We did not observe a change in flow at
DPN or DPS. There was possibly a slight decrease in flow
at Watercress, but the decrease was close to within error and
may have been the result of management practices at Moab
Springs Ranch, since we took our measurements below two of
their control valves. Error ranged from 1%—3% at Watercress
Spring and 5% at DPS and DPN, with the exception of the first
two measurements at each horizontal well site, which were
20% because they were collected with buckets.

We were unable to collect reliable discharge data from Skakel
Spring because Moab City did not want to establish a me-
ter in that area. We attempted timed bucket measurements of
the Skakel Spring overflow when we found it flowing, which
ranged from 0 to 0.45 cfs. While measuring the overflow, flow
abruptly changed from approximately 0.02 to 0.45 cfs, dem-
onstrating the high variability of flow from this source. Moab
City employees reported that Skakel Spring flowed approxi-
mately 1.01 to 1.02 cfs (~735 ac-ft/yr) at its source based on
their pumping rates from the spring, but most of this was di-
verted for municipal use ahead of the spring overflow.

The metered pipe flow ranged from 0.15 to 0.32 cfs and av-
eraged 0.22 + 0.01 cfs (163 ac-ft/yr; Figure 5). Flow in the
culvert east of Highway 191 ranged from 0.039 to 0.24 cfs and
averaged 0.086 = 0.006 cfs (63 ac-ft/yr). These water sources
totaled 225 ac-ft/yr.

Table 2. A water budget for the Matheson Wetland Preserve for water years 2017 to 2022.
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Ins 2017 2018 2019 2020 2021 2022 Average
Precipitation 542 257 677 334 523 538 478
Surface Water

Culvert 63 63 63 63 63 63 63
Metered Pipe 163 163 163 163 163 163 163
Irrigation Runoff 10 10 10 10 10 10 10
Storm Drain 95 95 95 95 95 95 95
Portal RV 83 83 83 83 83 83 83
Flood Water flood 0 flood 0 0 0
Groundwater In 95 235 230 180 90 155 164
Total In 1050 905 1321 927 1026 1106 1056
Outs 2017 2018 2019 2020 2021 2022 Average
ET 592 446 822 473 561 650 591
Runoff 9 10 50 7 17 5 16
Surface Water Out 150 150 150 150 150 150 150
Groundwater Out 300 300 300 300 300 300 300
Total Out 1052 906 1322 929 1028 1105 1057
Balance 2017 2018 2019 2020 2021 2022 Average
-1 -1 -2 -2 -2 1 -1
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Figure 4. Flow measured at Watercress Spring and Duck Puddles North and South horizontal wells over time, with average values shown

as horizontal lines.
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Figure 5. Flow measured at the Storm Drain, Culvert, Metered Pipe, and JJ's Outlet over time, with average values shown as horizontal lines.



The storm drain flow averaged 0.13 cfs (95 ac-ft/yr), though
it was highly variable, ranging from 0 to 0.52 cfs. JJs outlet
averaged 0.11 cfs (83 ac-ft/yr) during a period in which we
observed flow and 0.05 cfs over the course of this study; how-
ever, it was dry from May 19, 2022, onward, when water was
diverted to flood the field, so we did not include these values
in our calculations of total surface inflow. The outlet pipes
from the RV pond were flowing 0.115 cfs (83 ac-ft/yr) total on
the one visit when we obtained a measurement. This made the
total contribution from the area flowing into the old fisheries
ponds 178 ac-ft/yr. In sum, the springs and horizontal wells
contributed 403 ac-ft/yr to the Preserve during our study.

Based on our seepage runs, Mill Creek was neither gaining nor
losing as it passed through the Preserve (Figure 6). Flows during
our measurements ranged from 0.31 to 10.1 cfs, indicating that
the aquifer was neither losing water to nor gaining water from
Mill Creek within the boundaries of the Preserve. Our results
matched those of a bromide tracer test conducted by Nelson
(2017) that found Mill Creek was gaining only 0.1 cfs between
the Pack Creek and Colorado River confluences (Figure 3).

Groundwater inflow: Groundwater flow into the Preserve
ranged from 90 to 235 ac-ft/yr and averaged 164 ac-ft/yr. This
value fell within Gardner and Solomon’s (2004) calculated
inflow range of 66 to 2672 ac-ft/yr. Groundwater levels have
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decreased since their 2004 study, supporting our calculation
that groundwater flow into the Preserve was on the low side
of their calculated range.

Precipitation: SWB model-calculated precipitation ranged
from 257 ac-ft/yr (2018) to 677 ac-ft/yr (2019) and aver-
aged 478 ac-ft/yr from 2017 to 2022. Weather station number
US1UTGRO005 (Moab 1.3 NW) indicated average annual
precipitation of 607 ac-ft/yr, TerraClimate results averaged
612 acft/yr, and PRISM was 625 ac-ft/yr for the same time
period. Daymet averaged 642 ac-ft/yr from 2017 to 2021. This
indicated that the SWB model average precipitation result was
a minimum based on comparable data sets.

Infiltration: The SWB model showed no net infiltration
within the Preserve from 2017 to 2022. This result agreed
with BCM model results from Masbruch et al. (2019), which
showed no in-place recharge within the boundaries of the Pre-
serve other than a small area in and directly adjacent to the
Colorado River channel.

Agricultural tailwater and infiltration: The Moab Irriga-
tion Company reported that the adjacent agricultural property
was allotted 170 ac-ft/yr from Moab Irrigation Company’s
Ditch 1. The water user reported that very little water makes it
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Figure 6. Flow measurements from Mill Creek that show no trend of net gain or loss as it passes through the Preserve.
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all the way to their property from the ditch and most irrigation
water was pumped from an underground well. Their water
right from that well was 239 ac-ft/yr, meaning they had access
to a maximum of 409 ac-ft/yr. Assuming a common flood ir-
rigation efficiency of about 50% (Washington Department of
Ecology, 2005), about 200 ac-ft/yr could have made it to the
Preserve from this property.

The SWB model results indicated that there was no net infil-
tration and 0 to 0.014 ac-ft/yr (2019) of runoff from this field,
but the model did not account for applied water (i.e., irriga-
tion). Actual ET values from the model ranged from 27 to 54
ac-ft/yr. Assuming more water was available due to irrigation,
actual ET may have more closely resembled reference ET,
which ranged from 249 to 273 ac-ft/yr, as calculated by the
SWB model. In this case, most of the possible 409 ac-ft/year
of irrigation water would have been consumed, leaving 136
to 161 ac-ft/yr of water to infiltrate or flow onto the Preserve.
If actual ET was not affected by increased water availabil-
ity significantly, then up to 200 ac-ft/yr of water would have
been available to run onto the Preserve or infiltrate based on
the irrigation efficiency calculation. Given that the water user
would have been pumping groundwater adjacent to the Pre-
serve at 60% of their water allotment, creating a loss of water
in the aquifer below the field, we concluded that the net water
addition from the adjacent field to the Preserve ranged from
0 to 80 ac-ft/yr. We used 10 ac-ft/yr in our water budget to
represent a small hydrologic contribution from this property.
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Outputs

Evapotranspiration: SWB model ET results ranged from
446 ac-ft/yr (2018) to 822 ac-ft/yr (2019) and averaged 591
ac-ft/yr. Our summarized results from TerraClimate indicated
that average ET was 581 ac-ft/yr from 2017 to 2022. Analysis
of the MOD16A2 Version 6 Evapotranspiration/Latent Heat
Flux product showed an average ET of 980 ac-ft/yr over the
same period. These values were lower than those reported
previously (Sumsion, 1971; Crowley, 2004), but that may
have been because the SWB model and TerraClimate mod-
eled the effects of groundwater availability on ET, which has
decreased since 2004.

Runoff: The SWB model runoff results ranged from 5 ac-
ft/yr (2022) to 50 ac-ft/yr (2019) and averaged 16 ac-ft/yr.
TerraClimate runoff averaged 29 ac-ft/yr from 2017 to 2022.
We used results from the SWB model in the water budget
for continuity and because the BCM results of Masbruch et
al. (2019) indicated no runoff from within the boundaries of
the Preserve.

Surface flow out: Based on our calculations, the average
flow into the Central Pond was about 150 ac-ft/yr (Figure
7). We subtracted the average SWB model ET value for the
Central Pond and outflow canal, which was about 2 ac-ft/
yr, from the average inflow to the pond. This summation in-
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Figure 7. Flow into the Central Pond over time.



dicated that the average surface outflow from the Preserve
rounded to 150 ac-ft/yr. Note that this value was based on
the state of the pond after it was dredged, which significantly
decreased its surface area.

Groundwater outflow: Our flownet resulted in 8 flow-
tubes (Figure 8) using water level data from February 2022
and a hydraulic head contour of 5 ft. Groundwater outflow,
therefore, was 300 ac-ft/yr, which matched Nelson’s (2017)
calculation exactly.

Water Budget Accuracy

Flow measurements described above had errors ranging from
5% to 20%. Weir plate measurements only had error in the
positive direction, indicating that the plate likely underesti-
mated flow. When comparing the SWB model to other pre-
cipitation models and the local weather station, we found that
errors ranged from 8% to 40%. Similarly, error in ET ranged
from 30% to 50%. Runoff had an error of 4%—72%, but we
only had two models to compare. Masbruch et al. assigned an
error of 40%—50% to groundwater outflow, which we used in
this study.

DYE TRACER TEST

Methods

The flow paths from Moab City’s Skakel Spring overflow and
Duck Puddles horizontal wells to the Preserve were under-
stood poorly. Blueprints developed for the UDOT Highway
191 project conflicted with common knowledge of the flow
paths. To better constrain the source of spring water into the
Preserve, we conducted a dye tracing study. We consulted with
Ozark Underground Labs (OUL) to understand best practices
for sampling and which dyes to use in this setting. We used
one pound of a 75% solution of fluorescein to trace the Skakel
Spring overflow, two pounds of a 75% solution of eosine to
trace DPS, and four pounds of a 20% solution of rhodamine
water tracer (RWT) to trace DPN. These dyes were common-
ly used tracers that were considered safe for the environment
(Gombert et al., 2017; Aley, 2019; Skjolding et al., 2021).

We sampled water for dye in nine locations along the east
side and within the Preserve using charcoal samplers (also
called activated carbon or charcoal packets) that were 4
inches long by 2 inches wide and heat sealed. The OUL used
Calgon 207C coconut shell carbon, 6 to 12 mesh, or equiva-
lent charcoal samplers. We deployed charcoal samplers for a
week to test for background fluorescence. On November 13,
2023, we deployed fresh charcoal samplers and applied dye
to the source areas. We collected the charcoal samplers after
24 to 36 hours in the surface water locations and installed a
third set of samplers. We retrieved the third round of samplers
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from surface water locations and the second round of sam-
plers from groundwater locations on December 4, 2023. The
charcoal packets were shipped to OUL for analysis on Decem-
ber 6, 2023. We deployed a third series of charcoal packets in
groundwater sites on December 4, 2023 and retrieved these
packets on April 1 and 2, 2024. These packets were analyzed
by OUL on April 12, 2024. We collected water samples from
each surface water sampling location each time that we re-
trieved the charcoal packets.

Results

Within 36 hours of dye application, we detected fluorescein
in the storm drain canal, eosine in all of the ponds on the
south end of the Duck Puddles property, and RWT coming
through the culvert by the metered pipe and flowing over-
land into the small pond north of the North Pond on the far
east margin of the Preserve. We did not visually detect the
dye elsewhere.

OUL did not detect background fluorescence at any of our lo-
cations (Figure 9; Appendix A). From the 24—36-hour sample
packets, they detected fluorescein at the Storm Drain location
and RWT at the culvert location. Of the sample packets col-
lected on December 4, 2023, fluorescein dye was observed at
the Fisheries and Storm Drain locations, and RWT was ob-
served at the culvert and metered pipe locations. The char-
coal packet in the metered pipe was found dislodged from the
pipe and exposed to water from the culvert, so we suspected
that the positive RWT result was erroneous. We tested water
samples collected directly from the pipe to verify that the me-
tered pipe charcoal packet had been contaminated. The water
samples tested negative for RWT, indicating that the packet
had been contaminated by flow from the adjacent creek. Eo-
sine was not detected in the Preserve during the course of the
study. The lab reviewed charcoal packets and water samples
and confirmed that there was no evidence of eosine in the
sample packets or water samples. They also confirmed that
fluorescein was not blocking the eosine signal. We detected
RWT and fluorescein dye in the packet we collected on April
1, 2024 from well U18.

This study demonstrated that Skakel Spring overflow wa-
ter flowed solely towards the storm drain. The storm drain
was lined; however, this water was conveyed to an area west
of the RV pond where it must have recharged the aquifer
and flowed north toward well U18. The observed northward
flow did not match the potentiometric surface observations
perfectly, likely because this area of the Preserve had fewer
wells to constrain flow direction. DPN horizontal well wa-
ter flowed to the culvert exclusively, which poured into the
north end of the old fisheries ponds. This water recharged the
groundwater system and flowed north toward well U18. Wa-
ter from the DPS horizontal well did not appear to make it to
the Preserve, but there may have been undetected recharge to
groundwater. Watercress Spring water flowed to the preserve
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through the metered pipe and was also a possible source of
water used for the RV pond, though, the RV pond may have
been fed by the Skakel springbox overflow. A portion of
Watercress water was leased to the pasture across the street
from the spring and a portion of flow from the spring was
diverted to the storm drain.

COLORADO RIVER RATING CURVES

Methods

We created a rating curve to relate the elevation of the Col-
orado River stage (level) in Moab to flow measured at the
Cisco (09180500) and Potash (09185600) USGS-operated
gages (U.S. Geological Survey, 2023). The relationship be-
tween flow and stage allowed us to use flow of the Colorado
River at the two gages to calculate the surface elevation of the
Colorado River in Moab and compare the head of the river to
groundwater head. We measured the surface elevation of the
river from the pedestrian bridge adjacent to where Highway
191 crosses the river 16 times from February 17, 2022, to June
07, 2023. Flows during river elevation measurements ranged
from 2200 to 28,800 cfs on the Cisco gage and 2150 to 27,100
cfs on the Potash gage (Appendix B).

We matched the Potash and Cisco discharge measurements
to our closest-in-time relative stage measurement (measured
elevation of the river surface) at the pedestrian bridge, and
then plotted the manual discharge values against the 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= Clx+4)” (1
where:
0= stream discharge
A,B,C=  fitting coefficients
x= absolute stage of the stream

Results

The rating curves constructed using flow from the Potash
and Cisco gages both had an 12 of 0.997, which meant that
we could reliably calculate the absolute stage (surface eleva-
tion or head) of the Colorado River using flow measurements
at gages up and down stream from Moab. Results were pre-
sented in Figures 10A and 10B. Using flow at the Potash
gage, the fitting coefficients were 4 = -3955.21, B = 1.39,
and C = 841.51. Using flow at the Cisco gage, the fitting co-
efficients were 4 = -3954.89, B =1.53, and C = 600.40. Our
hand water level measurements used for this equation had an
error of + 0.10 ft.
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POTENTIOMETRIC SURFACES

Methods

We installed 18 InSitu Rugged Troll and AquaTroll pres-
sure transducers in the Preserve to collect data for potentio-
metric surfaces (Table 1). Another InSitu Rugged Troll was
located in a well on the southwest corner of Swanny Park
in Moab (“Swanny” on Figure 2), and a vented Campbell
Scientific pressure transducer was located in a shallow pi-
ezometer at an eddy-covariance tower within the Preserve
(“EC” on Figure 2). Pressure transducers were in place by
December 29, 2021, recorded hourly, and were checked
quarterly, at which time we recorded manual water level
measurements. We took manual measurements at wells
that did not have pressure transducers at least monthly us-
ing e- and steel tapes. We then corrected our water level
measurements for barometric pressure and transducer drift.
We used Emlid Reach GPS equipment to measure the loca-
tions and elevations of the wells. Standard deviations for
point elevations ranged from 0.00098 ft (Swanny) to 0.11 ft
(BL3). The data were processed to NADS83 horizontal and
NAVDSS vertical datums.

This report was focused on water in and underlying the Pre-
serve. Previous studies (Sumsion, 1971; Gardner and Solo-
mon, 2003, 2004; Nelson, 2017; Masbruch et al., 2019) in-
dicated consistent north and west flow of groundwater below
the Preserve, toward the Colorado River. Additionally, injec-
tion wells and water extraction at the UMTRA site continued
to alter groundwater north and west of the Colorado River
(Moab UMTRA Project, 2022) throughout the period of study.
As such, we did not monitor wells west and north of the Colo-
rado River at the UMTRA site.

For the construction of potentiometric surface maps, in ar-
eas with brine at any point in a nested well set, we chose the
shallowest well to most accurately compare hydraulic head
and equivalent freshwater head values horizontally. We used
specific gravity to determine the equivalent freshwater head
for wells W1-4.3, BL1S, BL2S, BL3S, and U23 (the fresh-
est wells of nested sets) by multiplying the pressure head by
the specific gravity and adding the elevation head, taken to
be the midpoint of the screen. We determined specific gravity
by reviewing previous research (Gardner and Solomon, 2003;
U.S. Department of Energy, 2007; Nelson, 2017; Masbruch
et al., 2019), reviewing values recorded by the AquaTrolls,
and analyzing water samples from wells. Specific gravity was
recorded for any wells containing water with a specific gravity
greater than 1.00 (Table 1). We did not correct all wells to a
common elevation for our potentiometric surface maps as sug-
gested in Marinelli (2024); however, our test maps appeared
within error and other studies have compared horizontal flow
without the common elevation correction (U.S. Department of
Energy, 2007; Nelson, 2017; Bernau, 2024).
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Figure 10. A rating curve for the Colorado River using elevation measurements from the pedestrian bridge over the Colorado River and flow

from the A) USGS Potash gage and B) USGS Cisco gage. 1° = 0.997

We created separate brine potentiometric surface maps, using
nested well sets where any completion had a specific grav-
ity greater than 1.0. We then corrected the data to a common
elevation of 3900 ft, assuming that the brine density changed
linearly with depth between nested well completions. A report
for the Moab UMTRA Project (U.S. Department of Energy,
2007) suggested this method introduces too much error, but
it allows for comparison to previous research (Gardner and
Solomon, 2003) and follows the methods outlined in Mari-
nelli (2024). Only the wells at BL1, BL2, BL3, U22/23, and
W1 qualified for this analysis.

We created potentiometric surface and brine potentiometric
surface maps in ESRI ArcGIS Pro by converting our point
measurements of equivalent freshwater head to a raster data-
set with the natural neighbor tool. We smoothed the raster and
then used it to create contours. We edited the results by hand
and did not include suspect data in our analysis.

Results

Our potentiometric surface maps spanned a period from No-
vember §, 2021, to June 7, 2023, (Figures 11A—11D; Appendix
C) and showed a nearly consistent east to west flow across the
Preserve throughout the course of the study. The most signifi-
cant change was seen on the May 9 and 10, 2023, map (Figure
11C), which displayed a shallower horizontal hydraulic gradi-
ent compared to all previous maps. This map represented con-
ditions only 10 days before the Colorado River reached a peak
spring flow of 40,900 cfs at the USGS Cisco gage (09180500;
U.S. Geological Survey, 2023), inundating the Preserve. The
potentiometric surface from June 5 to 7, 2023, also showed a
lower gradient, particularly in the north half of the Preserve.
The maps indicated that groundwater may be shallow enough
to discharge in and around the Central Pond, Old Fish Hatch-
ery Ponds, North Pond, and wetland area southwest of the cur-
rent sewage treatment plant.
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Figure 11A. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected

November 8 to 18, 2021. Freshwater equivalent head was used for wells W1-4.3,

BLIS, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure 11B. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data

collected July 19, 2022. Freshwater equivalent head was used for wells Wi1-4.3, BL1S, BL2S, BL3S, and U23. See Table 1 for well details.
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Figure 11C. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected

May 9 and 10,

2023. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3S, and U23. See Table 1 for well details.
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Figure 11D. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data
collected June 5 to 7, 2023. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3S, and U23. See Table 1 for well details.
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The brine potentiometric surface maps indicated flow to the
northwest and southwest from the center of the Preserve (Fig-
ures 12A—12D; Appendix D). The divide between northwest
and southwest flow appeared to be roughly between wells BL1
and BL2 (Figure 2). The divide appeared most pronounced
during winter and spring months, but it was also visible in the
November 18, 2021, map (Figure 12A). The gradients were
low compared to those of the main aquifer (Figures 11A-11D
and Appendix C), particularly as observed on maps from June
14, 2022, and September 20 and 21, 2022 (Figures D1 and
12C, respectively). The steepest gradient (0.004) occurred
when the Preserve was flooded on June 5 and 6, 2023 (Fig-
ure 12D). The gradient was to the northwest from the divide,
with a flat gradient to the southwest at this time. We did not
observe the seasonal changes in flow direction in the brine as
described by Gardner and Solomon (2003).

BRINE LAYER DELINEATION
Methods

TEM

We used transient electromagnetics (TEM), an active-source
geophysical survey method that measures the attenuation sig-
nal of induced magnetic fields corresponding to changes in the
electrical properties of subsurface materials (Christiansen et
al., 2006), for shallow subsurface analysis and brine detection.
The TEM method has been described in detail in Kaufman
and Keller (1983), McNeill (1990), and Fitterman and Labson
(2005). TEM has been used regularly in groundwater studies
(e.g., Fitterman and Stewart, 1986; Goldman et al., 1991; Fit-
terman et al., 1999; Fitterman and Labson, 2005; Wallace et
al., 2017; Hardwick et al., 2019). The method was particularly
fitting for brine detection because the extremely low resistiv-
ity of saline fluids in sediment pore space contrasted strongly
with the higher resistivity of most other earth materials (see
Archie, 1942; Palacky, 1988).

We used a portable ABEM WalkTEM system capable of a max-
imum depth of investigation (DOI) of 300 m (1000 ft) for the
configuration used in this study. Measurements were conducted
at 8 tol0 unique sites and repeated across four field seasons:
August 2021, May 2022, November 2022, and May 2023 (Fig-
ure 2). We performed repeat soundings at each station using 150
ohm-m and 200 ohm-m in-line resistors to account for effects
of surface resistivity. All stations across all seasons were mea-
sured using a 20-x-20-m transmitter loop for detailed shallow
investigation (~165 ft [50 m] depth; maximum potential depth
of 328 ft [100 m]). We obtained high-precision coordinates for
the TEM stations using Differential GPS (DGPS) Emlid Reach
GNSS equipment. Rover station occupations used static logs
of 5- to 10-minute durations which were post-processed with
the logs of the daily local base stations. Final horizontal and
vertical precisions for the TEM stations were better than 10 cm.
Location data are summarized in Table 1.

Utah Geological Survey

The data were first modeled in Aarhus SPIA v3.8.0 as one-
dimensional (1D) TEM inversions to reach a satisfactory data
residual of one standard deviation or less (Appendix E). Using
the preliminary 1D TEM inversion models, we created pseudo
two-dimensional (2D) cross sections of resistivity to aid inter-
pretations using a laterally constrained inversion (LCI; Auken
and Christiansen, 2004). The pseudo-2D cross sections dis-
played the 1D resistivity and were constrained using the depth
of investigation (DOI) parameter (Spies, 1989; Christiansen
and Auken, 2012; Auken et al., 2015). DOI was informed by
the physical properties of subsurface material and was there-
fore unique to each station. We also modeled the soundings as
depth slices using spatially-constrained inversion (SCI; Viez-
zoli et al., 2008; Aarhus Workbench v 6.9.0). Each depth-slice
averaged horizontal resistivity over a user-defined interval
and used Kriging statistics with a 1200-m search radius to
interpolate between soundings. We used different resistivity
color scales for LCI and SCI analyses.

Electromagnetic Induction Logging

The USGS conducted two downhole electromagnetic induction
(EMI) logging surveys in the Preserve. They were able to mea-
sure wells BL1, BL2, U12, U17, U18, U21, and U23 in both
May and December 2022. They provided the UGS with prelimi-
nary results (David O’Leary, written communication, August 9,
2023) to compare to TEM results. No discrepancies were identi-
fied between the EMI preliminary results and TEM results.

Chemistry of Groundwater and Surface Water

Trace elements, including but not limited to bromide, boron,
barium, lithium, and strontium, have long been used to deter-
mine the origin, movement, and mixing of groundwater, espe-
cially with respect to high-chloride waters and brines (Piper et
al., 1953; Davis et al., 1998). We compared trace elements and
trace-clement molar ratios of water from wells in the Preserve
and the Colorado River to those of wells upgradient in the VFA
(Masbruch et al., 2019, for bromide; U.S. Geological Survey,
2023, for boron, barium, lithium, and strontium) and of pro-
duced waters from wells completed in the Paradox Formation
within a ~10 mile radius of Moab (Rupke and Boden, 2023).

We sampled 12 wells in November 2022 and two sites on the
Colorado River in January 2023 for analysis of major solute
chemistry and select minor elements: barium, boron, bromide,
lithium, strontium, and uranium (Figure 13). All samples were
analyzed by Chemtech Ford Laboratories in Salt Lake City.
Water samples were collected using standard field sampling
practices (Utah Division of Water Quality, 2014). We purged a
minimum of three casing volumes from wells prior to sample
collection. We did not measure field parameters due to the
high salinity of brine wells. Dissolved metals samples were
field filtered within 15 minutes of collection time. Samples
were collected in lab-provided bottles and stored on ice until
delivery to the laboratory.
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Figure 12A. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation, and
wells used for contour data, from data collected November 18, 2021. See Table 1 for well details.
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Figure 12B. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation, and
wells used for contour data, from data collected June 14, 2022. See Table 1 for well details.
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Figure 12C. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation, and

wells used for contour data, from data collected September 20 and 21, 2022. See Table 1 for well details.
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Figure 12D. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation, and
wells used for contour data, from data collected June 5 and 6, 2023. See Table 1 for well details.
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AquaTroll Specific Conductivity

Of the 18 pressure transducers placed in the Preserve, 8 were
InSitu AquaTrolls, which measured specific conductivity in
addition to pressure and temperature. The AquaTrolls were
placed in wells U14, U15, U17, U18, U20, BLI1S, BL2S, and
BL3S. RuggedTrolls were placed in wells U12, U13, U21,
BLIM, BL1D, BL2M, BL2D, BL3M, BL3D, and Swanny
(Table 1). We placed these transducers at screen depth. We
checked the calibration before installing the transducers and
during the course of the study. We did not observe drift of
the AquaTroll specific conductivity measurements when they
were tested in standard solution during the study period. We
cleaned the sensors on the AquaTrolls on September 20 and
21, 2022. This cleaning resulted in some apparent jumps in the
specific conductivity data, particularly U14, U15, and BL1S.
We purged wells for water chemistry sample collection be-
tween November 15,2022, to November 17, 2022, which also
caused jumps in specific conductivity data. Data were made
available on the Utah Groundwater Monitoring Portal (https://

apps.geology.utah.gov/gwdp/).
Vertical Groundwater Gradient

We calculated the vertical groundwater gradient for May 2022,
November 2022, and May 2023 (months when TEM surveys
occurred) at nested well sites throughout the Preserve to un-
derstand where brine may be most likely to flow from depth
to the near surface. We did this using the following equations,
found in Marinelli (2024):

q v:_Kvtv(:ust/ﬂ)[(hfZ _hfl M (Zwa—zwi )+(Pc_ﬂf)/ﬂf] (2
Kstv:(kvp_/'g)/ﬂst (3)
p(p1tp)/2 “)
Where:
g= acceleration of gravity, 9.807 m/s?
hyi = equivalent freshwater head of well 1
hyy = equivalent freshwater head of well 2
K, = standard vertical hydraulic conductivity
,= vertical intrinsic permeability
st standard dynamic viscosity of pure water at 20°C
w = groundwater dynamic viscosity at the prevailing
system temperature
q, = vertical specific discharge
pe.= average density of water in wells 1 and 2
p1= groundwater density at z,,
p2 = groundwater density at z,,

pr=  density of pure water at 20°C, 998.2 kg/m?

Utah Geological Survey

z,,1 = elevation of the screen midpoint of well 1

z,, = elevation of the screen midpoint of well 2

To understand vertical gradient, we solved for the part
of Equation 2 in brackets. As noted in Marinelli (2024),
flow is up if that value is negative and the flow is down if
that value is positive. We created rasters using the natural
neighbors tool in ESRI ArcGIS Pro using vertical gradient
data from points collected in the same month as TEM sur-
veys were conducted.

We graphed the equivalent freshwater head of nested wells
over time. These time-series graphs did not account for the en-
tire vertical gradient equation; however, they were useful for
highlighting trends, such as seasonal changes of equivalent
freshwater head at each nested location.

Results
TEM

In the initial processing of the data from August 2021, the
TEM soundings yielded clean readings except for station
MWO04 and MW 10 (Figure 2). Station MW04 was intention-
ally placed over a utility line as a noise test and station. MW 10
likely was affected by buried infrastructure in Lions Park, lo-
cated east of Highway 191 along the Colorado River. For the
subsequent three data collection periods, stations MW04 and
MW10 were abandoned and stations MW11 and MW 12 were
implemented (Figures 14 and 15).

The spatial arrangement of TEM stations yielded two psuedo-
2D resistivity model cross sections: one roughly parallel to
the Colorado river shoreline (A to B, Figure 14), and one ap-
proximately through the center of the wetland (A to C, Figure
15). The TEM data were also modeled as depth slices using
bulk horizontal resistivity values for a given layer (see Figure
16 for an example slice). From the models, we identified four
general layers grouped by relatively high or low resistivity.
These layers were described based on their elevation, since
depth is relative to surface topography. Layer elevations and
thicknesses were approximated from visual interpretation of
the modeled cross sections (Figures 14 and 15):

e Layer 1 — surface to ~3957 ft (1206 m) elevation: The
top 3 to 15 ft (1-5 m) of the wetlands show high re-
sistivity (10-100 ohm-m). The thickness of this layer
depends on the surface topography.

e Layer 2 — 3957 to 3940 ft (1206-1201 m) elevation:
This layer is a zone of low resistivity (<10 ohm-m)
with a lens of very low (~1 ohm-m) resistivity concen-
trated along the shoreline of the wetland. Layer 2 di-
minishes in thickness toward the center of the wetland
to approximately 6.5-ft (2-m) thick, as does the lateral
extent of the very low resistivity lens. This lens is only


https://apps.geology.utah.gov/gwdp/
https://apps.geology.utah.gov/gwdp/
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Figure 16. A pseudo-depth slice between 3937 and 3953 ft (1200 and 1205 m) elevation for three seasons of data collection. Horizontal
resistivity is averaged over a 5-m depth slice and interpolated between TEM sites using Kriging with an exponential variogram. TEM sites
marked in yellow and blue dots. August 2021 data collection lefi out because there were fewer points for analysis.

observed at sites MWO01 and MWO7 of transect A to B
and at site MWO5 of transect A to C (Figures 14—16).
The lower boundary of this layer varies between 3927
and 3940 ft (1203 and 1201 m) elevation. Figure 16
shows an approximation of this layer in plan view.

e Layer 3 — below 3947 ft (1203 m) elevation: This lay-
er is another zone of relatively high resistivity (up to
~100 ohm-m) observed primarily in the interior of the
wetland underneath transect A to C (Figure 15). This
high-resistivity zone is interrupted near the shoreline by
a section of lower resistivity (~2—10 ohm-m, between
MWO01 and MWO02; Figure 14) beneath the lens of low-
est resistivity in layer 2. The upper boundary varies be-
tween 3947 and 3940 ft (1203 and 1201 m) elevation.
The lower boundary is around 3921 ft (1195 m) towards
the western part of the wetland (Site MWOS; Figure
14) and varies down to ~3773 ft (1150 m) in the south-
central part of the wetland (site MW12; Figure 15). As
a result of the varied upper and lower boundaries, this
zone varies between 13- and 164-ft (4- and 50-m) thick.

e Layer 4 — bottom of layer 3 to DOI: the final layer ex-
tends to the depth of investigation on most of the TEM
soundings, as deep as 3707 ft (1130 m) elevation. This
is a vast layer of low resistivity (<2 ohm-m, Figures 14
and 15) which extends across the entire wetland.

Chemistry of Groundwater and Surface Water

Results of solute chemistry analysis were included in Table 3.
Due to the dilutions required for analysis of brines, reporting
limits for barium, boron, lithium, and uranium were elevated
for samples from the BL-series wells. Brine samples from BL-
series wells were predominantly sodium-chloride type. Sam-
ples from U-series wells unaffected by the brine layer were
predominantly calcium-sulfate type, whereas those impacted
by brines were sodium-chloride type. Colorado River samples
were mixed calcium-sodium-chloride-sulfate type.

Chloride concentrations ranged from 30.7 mg/L (U13) to
59,300 mg/L (BL2D). Bromide concentrations range from
0.09 mg/L (CO River upper) to 24.9 mg/L (BL2D), except one
non-detect reported at <0.01 mg/L in BL1S. Most Paradox
Formation samples had a similar chloride/bromide ratio to
Moab-Spanish Valley groundwater (Figure 17B), but differed
by several orders of magnitude in both chloride and bromide
concentrations (Figure 17B). One Paradox Formation sample
that had substantially lower concentrations had an elevated
chloride/bromide ratio relative to the rest. The BL-series wells
were similar to this sample in both chloride/bromide ratio and
concentrations (Figure 17). The U-series wells and Colorado
River samples generally fell on a mixing line between Moab-
Spanish Valley groundwater and the BL-series wells.
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Table 3. Chemistry data for surface water and wells in the Preserve.

Site Date Na K Ca Mg Cl SOs | HCO; Ba Br B Li Sr U Conductivity pH
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) (nS/cm)
Cgpl;ie\r/er 1/18/23 136 5 87.9 28.7 175 260 161 0.18 0.09 0.08 | 0.036 | 1.06 | 0.0056 - -
Cﬁ)gi\;er 1/18/23 154 5.6 98.9 32.7 183 272 161 0.139 0.1 0.09 | 0.037 | 1.17 | 0.0055 - -
BL1S | 11/15/22| 4770 125 523 83 8370 444 282 1.25 0.01 12.5 1.25 12.4 0.01 22,700 7
BLIM | 11/15/22 | 22,400 | 125 2970 716 | 38,500 | 2640 92.4 1.25 17.1 12.5 1.25 56.3 0.01 90,600 6.5
BLID | 11/15/22 | 33,800 | 441 1520 518 54,700 | 4660 115 1.25 21.7 12.5 1.25 34.1 0.01 116,000 6.8
BL2S | 11/16/22 | 25,000 | 184 2010 543 33,300 | 2320 130 1.25 159 12.5 1.78 36.9 0.01 92,500 6.6
BL2M | 11/16/22 | 34,500 | 603 1440 528 51,400 | 3380 120 1.25 23.5 12.5 1.25 33.8 0.01 116,000 6.9
BL2D | 11/16/22| 36,000 | 710 1410 555 59,300 | 3950 120 1.25 24.9 12.5 1.25 31.4 0.01 121,000 6.8
BL3S | 11/16/22| 13,000 | 203 1290 348 19,200 | 1840 214 1.25 8.6 12.5 2.1 28.4 0.01 54,600 7
Ul2 11/17/22| 167 5.6 232 93.4 119 879 265 0.015 0.1 0.22 | 0.033 | 4.17 | 0.0101 2310 7.4
Ul13 11/17/22 | 338 2.3 160 53.4 30.7 360 252 0.052 | 0.09 0.06 | 0.007 | 2.14 | 0.0026 1130 7.8
u17 11/17/22| 213 6.3 473 94.7 182 1290 222 0.018 0.3 022 | 0.027 | 8.24 | 0.0094 3230 7.4
U23 11/17/22 | 6460 60.8 879 285 11,800 | 1270 160 0.091 4.9 0.2 0.077 | 20.6 | 0.0043 31,700 7.2
U21 11/17/22 | 1960 43 333 139 2910 940 240 0.044 0.1 0.25 0.03 5.93 | 0.0047 11,100 7.4

Values in bold italics are the minimum reporting limit for this analysis. Laboratory results indicate the constituent was not detected at a concentration at or

above this reporting limit.

Boron concentrations ranged from 0.06 mg/L (U13) to 0.22
mg/L (U12), but were reported as non-detect at <0.25 mg/L
in well U21 and 12.5 mg/L in all BL-series wells. Similar to
bromide, most Paradox Formation samples had a similar chlo-
ride/boron ratio to Moab-Spanish Valley groundwater (Figure
18A) with the exception of one sample that had substantially
lower concentrations and an elevated chloride/boron ratio
relative to the rest. By using the boron reporting limit for the
BL-series well samples, we established a lower boundary for
chloride/boron ratios for these wells. Boron concentrations
lower than the reporting limit would have resulted in higher
chloride/boron ratios. Using this reporting limit, the BL-series
ratios plotted similarly to the elevated ratio Paradox Forma-
tion sample. Ratios from the U-series wells and Colorado
River samples plotted along a trend from the Moab-Spanish
Valley groundwater end member. It was also possible that the
BL-series ratios are higher, and could have plotted along this
trend. The trendline suggested that if Moab-Spanish Valley
groundwater was mixing with Paradox Formation brine, the
uppermost brine layers were deficient in boron relative to the
available data from produced waters (Figure 18A).

Barium concentrations ranged from 0.015 mg/L (U12) to 0.18
mg/L (CO River upper), but were reported as non-detect at
<1.25 mg/L in all BL-series wells. Similar to boron, we es-
tablished a lower boundary for chloride/barium ratios for the
BL-series wells by using the barium reporting limit, as bari-
um concentrations lower than the reporting limit would have
resulted in higher chloride/barium ratios. These ratios were
based on the reporting limit plot above the lone Paradox For-
mation chloride/barium ratio. However, it was possible that
the ratios were underreported and plotted along a trend with
the rest of the data (Figure 18B).

Lithium concentrations ranged from 0.007 mg/L (U13) to 2.1
mg/L (BL3S), and were reported as non-detect at <1.25 mg/L
in the remaining BL-series wells. Lithium results generally
plotted along a mixing line between Moab-Spanish Valley
groundwater and Paradox Formation samples (Figure 19A).

Strontium concentrations ranged from 1.06 mg/L (CO River
upper) to 56.3 mg/L (BLIM). Strontium results generally
plotted along a mixing line between Moab-Spanish Valley
groundwater and Paradox Formation produced water, al-
though the Paradox Formation end member was represented
by a single sample result (Figure 19B).

AquaTroll Specific Conductivity

We reviewed conductivity data from the AquaTroll log-
gers and plotted equivalent freshwater head elevation and
specific conductivity to determine their relationship. Wells
with specific conductivity less than 3000 pS/cm (Ul4,
U15, U17, U18, U20) displayed a weak direct relationship
between equivalent freshwater head elevation and specific
conductivity (Figures 20A—-20E). However, at well Ul4,
specific conductivity and equivalent freshwater head eleva-
tion shared a direct relationship until early May 2023, when
the relationship became inverse (Figure 20A). Well U18 ap-
peared to share the same relationship between conductivity
and freshwater head as well U14, but it was less distinct and
more data were necessary to confirm the relationship (Figure
20D). Equivalent freshwater head elevation had an inverse
relationship with specific conductivity in well BL1S (Fig-
ure 20F) and a direct relationship with specific conductivity
in wells BL2S and BL3S (Figures 20G and 20H). Jumps in
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Figure 17. A) Molar chloride/bromide ratios and B) bromide concentrations as a function of chloride concentration in water from wells and
surface water in the Preserve. Moab-Spanish Valley groundwater data from Masbruch et al., 2019. Paradox Formation data from Rupke and

Boden, 2023.
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Figure 18. A) Molar chloride/boron ratios and B) molar chloride/barium ratios as a function of chloride concentration in water from wells
and surface water in the Preserve. Moab-Spanish Valley groundwater data from U.S. Geological Survey, 2016. Paradox Formation data from

Rupke and Boden, 2023.
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Figure 19. A) Lithium concentrations and B) strontium concentrations as a function of chloride concentration in water from wells and
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Figure 20A. Hydraulic head elevation and specific conductivity of well U14 recorded by an InSitu AquaTroll pressure transducer. The data
have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3914.93 ft.
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Figure 20B. Hydraulic head elevation and specific conductivity of well U15 recorded by an InSitu AquaTroll pressure transducer. The data
have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3930.42 ft.
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Figure 20C. Hydraulic head elevation and specific conductivity of well U17 recorded by an InSitu AquaTroll pressure transducer. The data

have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3915.85 ft.
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Figure 20D. Hydraulic head elevation and specific conductivity of well U8 recorded by an InSitu AquaTroll pressure transducer. The data

have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3932.22 ft..
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Figure 20E. Hydraulic head elevation and specific conductivity of well U20 recorded by an InSitu AquaTroll pressure transducer. The data
have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3947.56 ft.
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Figure 20F. Equivalent freshwater hydraulic head elevation and specific conductivity of well BL1S recorded by an InSitu AquaTroll pressure
transducer. The data have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3920.25 ft.
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Figure 20G. Equivalent freshwater hydraulic head elevation and specific conductivity of well BL2S recorded by an InSitu AquaTroll pressure
transducer. The data have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3916.16 ft.
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Figure 20H. Equivalent freshwater hydraulic head elevation and specific conductivity of well BL3S recorded by an InSitu AquaTroll pressure
transducer. The data have been corrected for barometric pressure, density, and drift. Elevation of screen midpoint = 3939.14 ft.
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specific conductivity occurred when we cleaned the sensors
(September 20 and 21, 2022) and purged wells for water
chemistry sample collection (November 15 to 1717, 2022).

Vertical Groundwater Gradient

The vertical groundwater gradient was most strongly up-
ward (negative values) near the central part of the Preserve,
identifying this as a key area of upward brine flow (Fig-
ures 21A-21C; Table 4). Vertical groundwater gradient was
downward (positive values) in the southeast and northwest
margins of the Preserve. The only location where we ob-
served a change in gradient was at wells U20 and U21,
where the gradient was upward in May 2022 and 2023, and
downward in November 2022.

We graphed nested wells against one another using their
equivalent freshwater head over time (Figures 22A-22I).
These graphs did not take into account the full equation used
to determine vertical gradient (Equation 2), so they should be
taken as approximations. The graphs of wells BL1, BL2, BL3,
N3, and U22/23 suggested upward vertical hydraulic gradi-
ents throughout the course of the study (Figures 22A-22E).
A downward vertical groundwater gradient occurred in the
southeast part of the Preserve (Figures 21A-21C). The graph
of N4 wells (both fresh water) showed downward vertical gra-
dients throughout the study (Figure 22F). Wells U20/21 (both
fresh water) showed downward or no gradient throughout
most of the study and only short periods of slight upward gra-
dient (Figure 22G). The W1 time series graph (Figure 22H)
showed an upward or no gradient between W1-4.3 and W1-7
installations and a downward gradient between those instal-
lations and the W1-10 installation. However, the full calcula-
tion for vertical gradient indicated that the vertical gradient
between wells W1-4.3 and W1-7 was always down (Table 4).
N5 data showed neither distinct upward nor downward verti-
cal gradients, which may have been real or the result of com-
promised wells (Figure 221). We did not include N5 wells in
the vertical gradient maps (Figures 21 A-21C) because of pos-
sible erroneous data.

REMOTE SENSING CHANGE ANALYSIS
Methods

Analysis Units

We conducted remote sensing analyses across the study area
used for the water budget and other project-specific studies
(Goodwin, 2023). We divided the Preserve into 12 analysis
units based on similar hydrology, vegetation, and geology
to (1) summarize trends by area and (2) provide geographic
reference terms for discussion of the results (Figure 23). We
confirmed with Preserve managers that the units divided the
Preserve logically. These units could be summarized more
generally as the drier, western area (units A, B, C, D, and E),

Utah Geological Survey

the marsh area (units L, M, and J), and the dominantly woody
areas (units F, H, and I). Unit K was the farthest south and
adjacent to Mill Creek.

Surface Water Trends

We modeled surface water over time in Google Earth Engine
(Gorelick et al., 2017) and obtained Landsat 5, 7, and 8 Col-
lection 2 Level 2 Tier 1 imagery for the years 1993 to 2022,
masked out clouds, cloud shadows, and snow. We then calcu-
lated May through June median composites for each year to
correspond with typical peak flows on the Colorado River and
ensured that we had at least one cloud-free image each year.
After removing cloudy imagery, each year typically had four
available Landsat images within the two-month time frame
for the composite. Because cloud cover caused us to compos-
ite a two-month median, the surface water extent for each year
did not represent a maximum flooding extent but did gener-
ally capture the year-to-year variability of the median spring
flooding extent.

We ran a constrained Spectral Mixture Analysis (SMA) to
identify surface water using methods similar to Donnelly et
al. (2022). We used a conservative threshold of 40% (0.4) of
a pixel containing water to reduce the likelihood of overesti-
mating surface water. We chose this threshold after compar-
ing visually both Landsat and Google Imagery with the model
results. A threshold of 0.4 captured the visible surface water
while minimizing erroneous pixels. An initial comparison to
field data showed that the model did not capture shallow water
if it was hidden under tall, dense vegetation. However, the
model did capture deeper waters where the increased depth
visibly altered the spectral signature. Using a less conserva-
tive threshold did not affect model recognition of shallow
flooding under dense vegetation; thus, the water estimates
only include visible surface water.

Vegetation Trends

Remote sensing: To investigate vegetation trends, we cal-
culated the Normalized Difference Vegetation Index (NDVI),
an index commonly used to track vegetation vigor over time
(Wilson and Norman, 2018). A decreasing NDVI trend repre-
sents less green vegetation over time whereas an increasing
NDVI trend represents greener vegetation over time. Vegeta-
tion could be less green for many reasons, such as converting
to standing water, becoming less dense due to grazing or other
causes, becoming more heat-stressed, or starting to senesce.
We calculated NDVI using two specific bands included in
Landsat Imagery, the near infrared band (NIR) and the red
band (R), using the following equation:
NDVI=(NIR - R)/(NIR +R) (5)
We analyzed imagery from Landsat 5, 7, and 8 Collection 2
Level 2 Tier 1 in Google Earth Engine and masked out clouds,
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Figure 21A. Vertical hydraulic gradients in the Preserve in May 2022. Well data and vertical gradients used to construct this figure are shown
in Table 4.
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are shown in Table 4.
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Table 4. Data used to calculate vertical hydraulic gradient.

Utah Geological Survey

Equivalent S : :
Date SiteID Freshwater SC};‘::;‘;:;{::I(’;‘)"‘ D(;::il:m(ilv: 2}::;;) Vertical Gradient Vertg;ii}t:::lent

Head (ft) yike

5/18/2022 BL1D 3968.55 3834.66 1080
-0.030 up

5/18/2022 BLIS 3961.93 3920.25 1010

5/18/2022 BL2D 3969.01 3832.02 1090
-0.016 up

5/18/2022 BL2S 3960.76 3916.16 1070

5/18/2022 BL3D 3966.64 3870.29 1100
-0.039 up

5/18/2022 BL3S 3958.99 3939.14 1040

5/19/2022 N3-8 3964.88 3942.01 998.2
-0.209 up

5/19/2022 N3-4 3962.01 3955.71 998.2

5/18/2022 N4-12 3953.46 3929.66 998.2
0.339 down

5/18/2022 N4-3.2 396291 3957.56 998.2

5/18/2022 Wi1-7 3960.46 3949.33 1100
0.052 down

5/18/2022 Wi-4.3 3959.94 3959.76 1100

5/18/2022 U21 3959.09 3930.8 998.2
-0.009 up

5/18/2022 U20 3958.94 3947.56 998.2

5/18/2022 U23 3959.47 3935.92 1020
-0.070 up

5/18/2022 U22 3958.37 3949.55 998.2

5/18/2022 N6 3961.68 3946.7 998.2
-0.030 up

5/18/2022 DWR 3962.51 3919.53 998.2

11/15/2022 BL1D 3967.33 3834.66 1080
-0.031 up

11/15/2022 BLIS 3960.67 3920.25 1010

11/15/2022 BL2D 3967.28 3832.02 1090
-0.015 up

11/15/2022 BL2S 3959.14 3916.16 1070

11/15/2022 BL3D 3962.94 3870.29 1100
-0.030 up

11/15/2022 BL3S 3955.92 3939.14 1040

11/15/2022 N3-8 3963.33 3942.01 998.2
-0.142 up

11/15/2022 N3-4 3961.39 3955.71 998.2

11/15/2022 N4-12 3951.48 3929.66 998.2
0.326 down

11/15/2022 N4-3.2 3960.57 3957.56 998.2

11/15/2022 W1-7 3958.88 3949.33 1100
0.058 down

11/15/2022 W1-4.3 3958.42 3959.76 1100

11/15/2022 U21 395591 3930.8 998.2
0.015 down

11/15/2022 U20 3956.16 3947.56 998.2

11/15/2022 U23 3955.93 3935.92 1020
-0.091 up

11/15/2022 U22 3954.54 3949.55 998.2

11/15/2022 N6 3960.58 3946.7 998.2
-0.020 up

11/15/2022 DWR 3961.12 3919.53 998.2

5/9/2023 BL1D 3970.15 3834.66 1080
-0.032 up

5/9/2023 BLIS 3963.36 3920.25 1010

5/9/2023 BL2D 3971.86 3832.02 1090
-0.017 up

5/9/2023 BL2S 3963.53 3916.16 1070

5/9/2023 BL3D 3970.81 3870.29 1100
-0.046 up

5/9/2023 BL3S 3962.7 3939.14 1040

5/9/2023 N3-8 3965.26 3942.01 998.2
-0.212 up

5/9/2023 N3-4 3962.36 3955.71 998.2

5/9/2023 N4-12 3954.7 3929.66 998.2
0.380 down

5/9/2023 N4-3.2 3965.31 3957.56 998.2
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Table 4 Continued. Data used to calculate vertical hydraulic gradient.

Equivalent S . .
Date SiteID Freshwater Scéle::alt\.:[(;gl();l)nt D(ez;;:il:n(zlv(v 2}:;3) Vertical Gradient Vertll)c;lez}t:';(lllent
Head (ft) y (ke
5/9/2023 Wi1-7 3962.07 3949.33 1100
0.086 down
5/9/2023 Wi-4.3 3961.91 3959.76 1100
5/9/2023 U21 3964.02 3930.8 998.2
-0.007 up
5/9/2023 U20 3963.9 3947.56 998.2
5/9/2023 u23 3964.06 3935.92 1020
-0.069 up
5/9/2023 u22 3962.97 3949.55 998.2
5/9/2023 N6 3963.64 3946.7 998.2
0.005 down
5/9/2023 DWR 3963.5 3919.53 998.2
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Figure 22A. Equivalent freshwater hydraulic head of BLI shallow, medium, and deep completions plotted over time. Water levels were
recorded with InSitu Rugged and AquaTrolls. The data were corrected for density, drift, and barometric pressure. Equivalent freshwater head
values were not corrected to a common elevation in this figure.
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Figure 22B. Equivalent freshwater hydraulic head of BL2 shallow, medium, and deep completions plotted over time. Water levels were
recorded with InSitu Rugged and AquaTrolls. The data were corrected for density, drift, and barometric pressure. Equivalent freshwater head

values were not corrected to a common elevation in this figure.
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Figure 22C. Equivalent freshwater hydraulic head of BL3 shallow, medium, and deep completions plotted over time. Water levels were
recorded with InSitu Rugged and AquaTrolls. The data were corrected for density, drift, and barometric pressure. Equivalent freshwater head

values were not corrected to a common elevation in this figure.
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Figure 22D. Hydraulic head elevation for N3-4 and N3-8 wells plotted over time. Water levels were measured using a steel tape. Error of
hand measurements is = 0.02 fi.
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Figure 22E. Equivalent freshwater hydraulic head at adjacent wells U22 and U23 plotted over time. Water levels were measured using an
electric tape. Equivalent freshwater head values were not corrected to a common elevation in this figure. Error of hand measurements is = 0.02 ft.
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Figure 22F. Hydraulic head elevation for N4-3.2 and N4-12 wells plotted over time. Water levels were measured using a steel tape. Error

of hand measurements is + 0.02 ft.
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Figure 22G. Hydraulic head elevation at adjacent wells U20 and U21 plotted over time. Water levels were recorded with InSitu Rugged

and AquaTrolls. The data were corrected for density, drift, and barometric pressure.
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Figure 22H. Equivalent freshwater head for wells W1-4.3, Wi-7, and WI1-10 plotted over time. Water levels were measured using a
steel tape and the W1-4.3 installation had an InSitu RuggedTroll pressure transducer. The transducer data were corrected for density,
drift, and barometric pressure. Equivalent freshwater head values were not corrected to a common elevation in this figure. Error of hand
measurements is £ 0.02 ft.
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Figure 221. Hydraulic head elevation for wells N5-4New, N5-40ld, N5-7, N5-10, and N5-14 plotted over time. Lines have been added
between points for clarity. Water levels were measured using a steel tape. Error of hand measurements is + 0.02 ft.
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Figure 23. The study area split into 12 analysis units used in the remote sensing analysis. The inset table shows the general categories of
each unit.




cloud shadows, and snow. We calculated an August through
September median composite for each year to capture annual
differences in late summer vegetation when wetland vegeta-
tion is often more distinct from upland vegetation. We con-
ducted the remote sensing analysis across two time periods:
a 30-year period (1993 to 2022) to examine long-term trends
and a shorter 10-year period (2013 to 2022) to examine recent
trends, as well as better relate remote sensing analyses to other
studies done on the Preserve.

For both time periods, we ran a Mann-Kendall trend test on
the median NDVI value of each pixel over time in Google
Earth Engine using code available on the Google Earth En-
gine Community page that we altered for our study area to
allow for smaller trend slopes (Clinton, undated). We consid-
ered a trend significant at a more stringent p <0.01 to account
for the large number of pixels we analyzed. For the 10-year
period, we reviewed significant trends against the dominant
vegetation mapping done by Goodwin (2023) based on 2021
imagery to better understand what the remote sensing trends
represented and which communities were most at risk if the
declining trends continue.

We also calculated the August to September median NDVI
value for each analysis unit for each year. We performed a
Mann-Kendall trend test on both the 30- and 10-year time pe-
riod using the programming language R (R Core Team, 2021)
and the “modifiedmk” package (Patakamuri et al., 2020), ac-
counting for temporal autocorrelation when appropriate.

Broad community changes: We supported the quantita-
tive remote sensing analyses by reviewing several datasets
that mapped vegetation community changes on the Preserve.
These reviews served to corroborate and contextualize the re-
motely sensed trends.

National Wetland Inventory — The National Wetlands Inven-
tory (NWI) is a spatial dataset showing the location of wet-
lands, ponds, lakes, and streams found across the entire United
States, classified based on feature type (e.g., lake, river, pond,
or wetland) and predominant overstory vegetation (e.g., her-
baceous, shrub, forested, unvegetated) (Dahl et al., 2020).
Features are created through interpretation and digitization of
aerial imagery and include areas that are flooded or have a wa-
ter table within 30 cm of the soil surface for part of the growing
season most years. NWI data for the Preserve was mapped us-
ing imagery from 1986 and only identifies wetlands along the
shore of the Colorado River, the larger ponds, and the bulrush
(Schoenoplectus acutus) and woody vegetation surrounding
those ponds. The NWI dataset notably does not include the
cottonwood stands or the drier western side of the Preserve.

We intended to compare the NWI data to the data produced
by Goodwin (2023) to help us understand some of the lon-
ger-term changes that have occurred at the Preserve. Good-
win adapted methods from NWI mapping to create the 2021
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vegetation map; however, comparing NWI mapping across
years presented a challenge due to changes in mapping stan-
dards and technology over time. Furthermore, some NWI
polygons exhibited misalignment with aerial imagery, result-
ing in a spatial shift in the features (Zou et al., 2022). Due to
these issues, we recategorized the Goodwin and NWI datasets
into four broad categories—Water, Herbaceous, Upland, and
Woody—and analyzed the change between them. Goodwin
distinguished between wetland, non-wetland riparian, and up-
land vegetation; we combined wetland and riparian data to-
gether for the analysis. We conducted this analysis within the
main part of the Preserve that was mapped by the NWI data
(large parts of units L, M, and J and small parts of units C, I,
F, H, and I; Figure 23).

2010 Vegetation Mapping Comparison — The National Park
Service mapped vegetation along the Colorado River using
high quality aerial imagery from 2010 as part of a larger proj-
ect by multiple agencies to assist in conservation planning and
riparian restoration prioritization (Rasmussen and Shafroth,
2016). Methods for the vegetation mapping were similar to
those used by Goodwin (2023), including digitizing polygons
from high quality aerial imagery and similar mapping scale,
minimum mapping unit size, and vegetation community class-
es. Because of the similar methods, we compared the domi-
nant cover class mapped in the 2010 data with the Goodwin
vegetation map based on 2021 imagery to identify community
changes that occurred at the Preserve and help explain the 10-
year period (2013 to 2022) NDVI trends.

The 2010 and 2021 mapping identified slightly different sets
of vegetation communities, some of which could not be com-
bined easily into a single, easily comparable schema (Ras-
mussen and Shafroth, 2016; Goodwin 2023). To compare the
datasets effectively, we completed several steps to review and
interpret likely changes. We first analyzed broad levels of
change similar to the NWI mapping comparison by condens-
ing the vegetation communities to Herbaceous, Water, Woody,
and Other.

To further investigate what specific classes were part of the
broad changes, we overlapped the broad change map with the
original classes and identified areas of major change as any
area that changed from a woody vegetation class to a herba-
ceous class or vice versa (e.g., tamarisk shrubland to upland
forbs and grasses, or cottonwood woodland to grassy ripar-
ian). We looked at the areas identified as changing in Google
Earth and NAIP (National Agriculture Imagery Program) im-
agery to see if we could corroborate the changes. We noticed
that some change categories with smaller overall areas were
the result of a boundary difference or a difference in cover
density decisions. However, most of the changes in larger ar-
eas reflected visible changes so we focused on changes that
were five acres or larger. As the last step in this analysis, we
clipped the vegetation community classes change layer by the
areas that showed significant 10-year NDVI pixel trends to
better understand the nature of the trends.
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Rangeland Analysis Platform — We assessed change in land
cover classes from 1993 to 2022 by using a vegetation analy-
sis program called the Rangeland Analysis Platform (RAP)
(Allred et al., 2021). The RAP models estimated cover for
several land cover types: Annual Forbs and Grasses, Bare
Ground, Perennial Forbs and Grasses, Shrubs, Trees, and Lit-
ter with root mean square errors ranging from 6.7 to 14. We
did not include Litter as a land cover for our analysis as it
lacked an error assessment. We compared the RAP data to
Google Earth imagery visually to gauge how accurately the
RAP data captured vegetation communities on the Preserve.
Though we used the RAP data primarily to corroborate trends
we had detected, we also wanted to get a general sense of
any issues with the data. Based on this examination, we de-
cided to combine the Shrub and Tree classes into a Woody
class and removed units L, M, and J due to issues with open
water and tall marsh vegetation being confused with shrubs in
these regions. We felt most confident in the Woody and Bare
Ground classes and less confident in the annual and perennial
classes, mostly because the latter two were difficult to evalu-
ate in Google Earth imagery. We summarized the percent of
each cover class by unit and performed a Mann-Kendall test
on each unit for the 30-year and 10-year periods using the
“modifiedmk™ package in R (Patakamuri et al., 2020; R Core
Team, 2021), accounting for temporal autocorrelation when
appropriate. We determined significance at p < 0.05.

Potential Drivers

Management and fire effects: To examine how manage-
ment and fires could potentially be connected to changes in
vegetation vigor (NDVI) over time, we summarized spatial
data for fires and land management actions, such as invasive
species removal, and considered an analysis unit impacted by
the event if more than 25% of the unit was affected. We re-
ceived spatial data on fires from land managers; major wild-
fires occurred in 2003, 2008, and 2011. We used data from
the Utah’s Watershed Restoration Initiative (WRI) database
to determine areas affected by management projects (https://
www.watershed.utah.gov). The earliest WRI management
project recorded for the study area was completed in the 2008
State fiscal year (July 1, 2007, to June 30, 2008). In total there
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were 14 projects that occurred between 2008 and 2022 that
affected more than 25% of a unit, mostly related to removal of
unwanted plants or seeding of preferred species. Other man-
agement actions likely occurred prior to 2008, but we did not
have data available to analyze their timing and location.

Correlations: NDVI — We analyzed possible correlations
between observed NDVI trends and several variables, such
as climate, river flows, groundwater elevation, increased ur-
banization, and time (Table 5). We assessed several initial
climate variables and found the mean August through Sep-
tember Palmer Drought Severity Index (early fall PDSI) from
the Gridded Surface Meteorological (gridMET) dataset from
the University of California Merced to best correlate with
observed NDVI trends overall (Abatzoglou, 2012). We also
looked at the annual peak discharge of the Colorado River
at the Cisco gage (peak Colorado River flow) and a March
groundwater elevation variable (groundwater elevation) from
a well just east of the Preserve that had values for the whole
30-year time period except 2007. We also calculated the im-
pervious surface area in urban areas adjacent to the Preserve
(the area south of Highway 191 and west of 500 West to the
Colorado River). Impervious surface data was obtained from
the USGS Land Change Monitoring, Assessment, and Projec-
tion (LCMAP) annual data (Zhu and Woodcock 2014; Brown
et al., 2020). Correlations between NDVI and impervious sur-
face area were analyzed from 1993 to 2021 because 2022 LC-
MAP data was unavailable. We also removed one area manu-
ally that we verified was never impervious surface in the time
series, but sometimes was misidentified by the dataset.

For each unit we ran a Pearson’s correlation test between the
unit’s NDVI values and each potential explanatory variable.
Significance was determined at p < 0.05.

Surface water area — In the commonly flooded units L, M, J,
and D, we compared the median May through June surface
water area over the 30-year time period to the peak Colorado
River flows. We ran a Pearson’s correlation test between the
two variables for each unit and significance was determined
at p <0.05. It is possible that attenuation of peak flows by the
wetlands may have impacted the correlations.

Table 5. Variables that were checked for correlation with NDVI. Peak Colorado River discharge was also compared with the median May to

June surface water area.

Variable Time aggregation Years Source Location Notes
Year annual value 1993-2022
impervious surface 8 USGS south of highway 191 and west of 500 .
(m?) annual value 1993-2021 LCMAP West in Moab, UT to the river 2022 value unavailable
groundwater elevation . site name: (D-25-21)35ddc- 1; site .
(f) March value 1993-2022 | USGS number: 384247109355501 2007 value missing
late summer PDST! August to September mean | 1993-2022 | gridMET | calculated for the study area polygon
peak Colorado River discharge . site name: Colorado River near CISCO,
(cfs) peak value 1993-2022 | USGS UT; site number 09180500

'Palmer Drought Severity Index


https://www.watershed.utah.gov
https://www.watershed.utah.gov

For units that were not significant, we ran a breakpoint analy-
sis to see if there was significant correlation before or after the
breakpoint. We used the “strucchange” package in R (Zeileis
et al., 2015; R Core Team, 2021) to determine if there were
any abrupt structural changes (breakpoints) in the data. We set
the minimum segment length to 8 years to focus on changes
that had a sustained effect.

Results

Surface Water Trends

The surface water model identified an overall decline in me-
dian May to June surface water across the decades. The first
decade (1993 to 2002) had the most area identified as surface
water (Figure 24). The subsequent two decades (2003 to 2012
and 2013 to 2022) showed less total area covered by water, as
well as less frequent inundation. For 1993 to 2002, the sur-
face water model identified most of the water in units A and D
along the Colorado River and in units L, M, and J containing
the central marsh and ponds. In the last decade, visible surface
water was limited to the core of the marsh area and the ponds,
which suggested that even if more areas flooded in the last
10 years, the Preserve did not hold visible surface water for a
substantial amount of time.
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Vegetation Trends

Remote sensing: NDVI values over the 30-year period
changed across a majority of the Preserve significant-
ly—31% of the Preserve had decreasing trends and 30%
had increasing trends. Over the 30-year time period, the
western area decreased in greenness over time, whereas
the marsh area and woody increased in greenness (Figure
25). The farthest unit south and adjacent to Mill Creek
(unit K) experienced increasing greenness trends in part of
the unit and decreasing greenness trends in another part.
This matched the trends when summarized by unit, which
showed western units A, B, C, and E had declining trends,
marsh units L and J had positive greening trends (unit M
approached significance at p = 0.051), and woody units
I and H had significant increasing trends (Table 6). Unit
K showed a significant declining trend when summarized
over the whole unit. Units F and D showed no significant
trend when summarized by unit.

The 10-year time period NDVI value change map showed
less area having significant trends than the 30-year time pe-
riod map (Figure 25). Of the study area, 78% had no trend,
20% had a decreasing trend, and 1% had an increasing trend.
Areas with decreasing greenness were mostly in the marsh

1993-2002

Explanation ™,
] Analysis units
Years water present

l10
1

2013-2022

0.5 Kilometers

Figure 24. Maps showing the number of years surface water was present in each decade according to modeled median May through June

surface water extent. See Figure 23 for analysis unit names.
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Figure 25. Maps for the 30-year and 10-year time periods showing the pixels that had significant median August to September NDVI trends.
The Sen's slope, indicated here by pixel color, shows the magnitude of the trend: the greener the color, the greater the increase in greenness
and the browner the color, the greater the decrease in greenness. See Figure 23 for analysis unit names.

Table 6. Mann-Kendall trend results for NDVI over time from 1993 to 2022 by analysis unit. The type of lag refers to the type of temporal
autocorrelation that was accounted for. The tau represents the strength and direction of the trend and Sen's slope is the annual magnitude of
the trend. Trends were considered significant at p-value < 0.05.

General Category Unit Type of Lag P-value Tau Sen's slope Total Trend Magnitude
Drier A one year lag 0.040 * -0.338 -0.009 -0.260
Drier B one year lag 0.042 * -0.508 -0.011 -0.317
Drier C multiple lags <0.001 *** -0.453 -0.008 -0.240
Drier D no lag 0.199 -0.168 -0.003 -0.090
Drier E no lag 0.010 * -0.333 -0.005 -0.165
Drier K multiple lags 0.005 ** -0.246 -0.002 -0.069
Marsh L one year lag 0.018 0.485 0.008 0.230
Marsh M one year lag 0.051 0.416 0.010 0.287
Marsh J one year lag 0.001 ** 0.476 0.007 0.201
Woody F one year lag 0.180 0.264 0.003 0.088

Woody H no lag 0.003 ** 0.384 0.004 0.106
Woody I no lag 0.042 * 0.264 0.002 0.073

p-value .05-.01 *
0.01-.001 **
<.001 ok



area and the drier unit E. The northern pond in unit L was the
main area to show an increase in greenness (Figure 25). When
summarized by unit, marsh units L and M and western unit E
showed a significant declining trend (Table 7), which matched
the pixel maps.

We overlapped the 10-year NDVI trend map with the 2021
vegetation map to see which vegetation classes were experi-
encing significant trends. The majority of decreasing trends
were associated with either Bulrush or Upland Forbs and
Grasses communities, each with over 60 acres of decreasing
trends and together accounting for 65% of the area with de-
creasing trends. The next two largest communities with de-
creasing trends were Reed Canary Meadow (23 acres) and
Stressed Tamarisk (10 acres). More than two-thirds of the
area identified as having increasing trends were in one of
three vegetation classes—Bulrush, Permanent Water, or Cot-
tonwood and Gooding's Willow Forest.

We also looked to see what percent of each community was
stable, showed a decreasing trend, or showed an increasing
trend (Table 8). More than 50% of the area mapped as Bul-
rush or Upland Forbs and Grasses had decreasing trends,
whereas only 25% and 11% of the Reed Canary Meadow and
Stressed Tamarisk had decreasing trends, respectively. Very
little (<3%) of all four communities had any increasing trends.
Permanent Water showed 29% of its mapped area with an in-
creasing trend and was the only community with more than
5% increasing trends. The majority of all communities, except
Bulrush and Upland Forbs and Grasses, showed no trend.

Broad community changes: NWI Analysis — The major-
ity of the NWI analysis area (61%) had no change in veg-
etation class between 1986 and 2021. Surface water extent

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

in the NWI analysis area decreased from 54 acres (18%) to
seven acres (2%), almost 90% due to conversion from Wa-
ter to Herbaceous vegetation (Figure 26). Other significant
changes from 1986 to 2021 include about 13% of the NWI
analysis area (39 acres) converted from Herbaceous to Woody
vegetation, primarily along the eastern and western edges,
and about 9% (25 acres) of the area converted from Woody
to Herbaceous vegetation, primarily along the northern and
southern edges. Areas that changed from wetland to upland
were primarily narrow road features and constituted less than
0.5% of the analysis area.

We also found that the 1986 NWI data for the Preserve was
misaligned from underlying aerial imagery by 20 to 40 me-
ters in some locations, though not in a consistent manner. We
felt confident in the general accuracy of the surface water
comparison because most of the converted area was wider
than the typical shift in the data and because a shift in the
data could not explain the complete loss of water. We had
lower confidence in the shifts between Woody and Herba-
ceous vegetation because most of the shifts occurred on the
edge of the mapped area and many were less than 40 meters
in width, though some of the larger conversions likely re-
flected true changes.

2010 Mapping Comparison — Approximately 68% of the
mapped comparison area did not show changes in broad veg-
etation cover between 2010 and 2021 (Figure 27). The Her-
baceous to Woody was the largest change category with 221
acres (23%) and Woody to Herbaceous was the second larg-
est with 70 acres (7%). Very little area changed from Water
to vegetated or vice versa, though some of the open water
mapped around the north pond showed infilling of vegetation
in the 2021 vegetation mapping.

Table 7. Mann-Kendall trend results for NDVI over time from 2013 to 2022 by analysis unit. The type of lag refers to the type of temporal
autocorrelation that was accounted for. The tau represents the strength and direction of the trend and Sen's slope is the annual magnitude of

the trend. Trends were considered significant at p-value < 0.05.

General Category Unit Type of Lag P-value Tau Sen's slope Total Trend Magnitude
Drier A no lag 0.210 -0.333 -0.027 -0.274
Drier B no lag 0.152 -0.378 -0.010 -0.099
Drier C no lag 0.592 -0.156 -0.002 -0.025
Drier D no lag 0.371 -0.244 -0.017 -0.174
Drier E no lag 0.020 * -0.600 -0.012 -0.120
Drier K no lag 0.474 -0.200 -0.005 -0.049
Marsh L no lag 0.049 * -0.511 -0.008 -0.079
Marsh M no lag 0.032 * -0.556 -0.020 -0.200
Marsh J no lag 0.074 -0.467 -0.011 -0.114
Woody F no lag 0.858 -0.067 -0.002 -0.024
Woody H no lag 0.474 -0.200 -0.006 -0.064
Woody I no lag 0.858 -0.067 -0.002 -0.019
p-value .05-.01 *
0.01-.001 **

koksk

<.001
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Table 8. Percent of each vegetation community that had decreasing, none, or increasing NDVI trends for 2013 to 2022.

Vegetation Community Total area (ac) decreasing % no trend % increasing %
Upland forbs and grasses 115 63 37 0
Bulrush 108 57 40 3
Seasonal water 2 41 56 2
Reed canary meadow 91 25 75 0
Phragmites 4 21 79 0
Mixed emergent 31 19 81 0
Barren upland 28 18 81 1
Stressed tamarisk 89 12 88 0
Willow thicket 21 11 89 0
Russian olive 20 9 90 1
Invasive annuals 95 6 93 0
Grassy riparian 37 6 92 2
Mixed shrubs 4 6 94 0
Permanent water 10 5 66 29
Upland shrubs 17 5 95 0
Riparian shrubs 27 4 92 4
Healthy tamarisk 145 3 96 1
Cottonwood and Gooding's willow forest 119 3 95 2
Saltgrass meadow 22 3 97 1
River shoreline 2 0 98 2
total decreasing area 203.9
total increasing area 12.11

The most common change in class was between Non-native
Herbaceous Vegetation to either Stressed or Healthy Tamarisk
(Table 9). Further investigation of these trends showed that
166 of the 221 acres in the Herbaceous to Woody category
on the western side of the Preserve were in areas where tama-
risk was treated various times from 2008 to 2010. So while
2010 had Herbaceous vegetation in the western area (Figure
27), the presence of tamarisk in 2021 was more of a return
to previous species after treatment rather than a large com-
munity change. Notably, the tamarisk that grew was split
almost evenly between Healthy and Stressed Tamarisk. The
other large categories of woody growth included Cottonwood
and Gooding's Willow Forest (19 acres) and Willow Thicket
(6 acres). The largest change classes related to woody loss
involved tamarisk converted to Upland Forbs and Grasses,
Invasive Annuals, or Mixed Emergent, which occupied 33
acres. Lastly, six acres of cottonwoods appear to have been
converted to Grassy Riparian near the south end of unit I and
are in an area that overlaps with a 2011 fire.

Most areas with significant NDVI trends in the 10-year period
did not show a clear change in vegetation community from 2010
t02021. In the marsh units L and M, 79% and 55%, respectively,
of the decreasing trends in each unit were mapped as Wetland
Herbaceous Vegetation in 2010 and Bulrush in 2021, which
we classified as no change. However, 26% of unit M that had
decreasing trends went from Wetland Herbaceous Vegetation

to Reed Canary Meadow. We were uncertain whether this rep-
resents community change because reed canarygrass (Phalaris
arundinaceous) was not specifically mentioned in the 2010
study and could fit into multiple vegetation categories in that
study. In unit E in the western area of the Preserve, the majority
(76%) of the area with decreasing trends were mapped as cate-
gories representing upland, largely non-native forbs and grasses
in both 2010 and 2021. Conversion from tamarisk to forbs and
grasses, and vice versa, were about equal and represented a total
of about 17% of the area with decreasing trends in unit E.

RAP Analysis — Several units with significant NDVI trends
over the 30-year period (units A, B, C, E, and I) also had sig-
nificant changes in their RAP trends (Table 10). The two units
that lacked significant NDVI trends (D and F) did not have
significant RAP trends. Units K and H had significant NDVI
trends, but lacked corresponding changes to their RAP trends.
Units with decreasing NDVI trends (Units A, B, C, E) had sig-
nificant RAP land cover changes that aligned with decreased
NDVI values, such as increased Bare Ground cover, increased
Annual Forbs and Grasses cover, or decreased amounts of Pe-
rennial Forbs and Grasses. The increasing NDVI trend in unit
I and H and the decreasing NDVI trend in unit K were not
explained well by the RAP data. Although units L, M, and J
had significant NDVI trends for the time periods, we did not
look at RAP data trends for these units because of data issues
with those marsh areas.
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Figure 26. National Wetlands Inventory change map depicting areas mapped as water in 1986 and current class in 2021. The few areas
mapped as changing from water to upland are too small and narrow to be visualized on the map.
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Figure 27. Broad vegetation changes between a 2010 vegetation map of the area (Rassmussen and Shafroth, 2016) and a 2021 vegetation
map (Goodwin, 2023).

Table 9. Specific vegetation class differences between the 2010 vegetation map (Rasmussen and Shaftroth, 2016) and the 2021 vegetation map
(Goodwin, 2023). The changes included are those that were larger than five acres and represent herbaceous to woody vegetation changes or
woody to herbaceous vegetation changes.

Change Category 2010 Vegetation Community 2021 Vegetation Community Area (ac) Validated in Imagery
Herbaceous to Woody | Non-native Herbaceous Vegetation Stressed tamarisk 80.85 cleared old tamarisk but regrew
Non-native Herbaceous Vegetation Healthy tamarisk 80.14 cleared old tamarisk but regrew

Cottonwood and

Wetland Herbaceous Vegetation Gooding's willow forest

12.08 yes

. . Cottonwood and
Xeric Native Grasses Gooding's willow forest 6.81 yes

Wetland Herbaceous Vegetation Willow thicket 5.69 yes

Knapweed Herbaceous Vegetation Healthy tamarisk 5.26 yes

Woody to Herbaceous Tamarisk Shrubland Upland forbs and grasses 16.06 yes
Tamarisk Shrubland Invasive annuals 12.25 yes

Cottonwood Woodland Grassy riparian 6.00 yes

Tamarisk Shrubland Mixed emergent 5.80 not sure, can not verify 2010




The RAP data could also partially explain the observed 10-
year NDVI trend. The only significant 10-year NDVI trend,
besides the excluded marsh units, was unit E, which showed
a decreasing trend. This trend was supported by an increase
in Bare Ground of 14% with the p-value approaching signifi-
cance at 0.07. Units D, H and I did not have significant overall
NDVI trends, but did have significant RAP trends (Tables 10
and 11; Appendix F).

Potential Drivers

Management and fire effects: Management projects
from the WRI dataset from 2008 to 2022 affected more
than 25% of the area for all but two of the analysis units
(units D and H). Common projects included tamarisk and
Russian olive (Elaeagnus angustifolia) removal through
various mechanical methods, herbicide of noxious weeds
and tamarisk and Russian olive resprouts, and seeding in
treated areas. Also of note, tamarisk beetles were intro-
duced in the area from 2004 to 2006 and plants showed

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

signs of defoliation in 2007 and subsequent years (Hultine
et al., 2010; Nagler et al., 2018).

Fires affected more than 25% of the area of eight analysis units.
Fires included wildfires in 2003, 2008, and 2011 and a prescribed
burn in 2012. Though the project information can be used anec-
dotally, definitive effects from management projects and fires on
NDVI were difficult to determine due to multiple factors, such
as overlapping projects, multi-year effects, and climate variabil-
ity. For example, unit C showed an increase in NDVI in 2010
after a project that treated noxious weeds and Russian olive re-
sprouts and planted preferred species, but the unit had a drop
in NDVI in 2012 after a separate project that involved treating
weeds and resprouts of Russian olive and tamarisk (Figure 28).

Correlations: NDVI—We reviewed possible intercorrelation
between the five variables and found year, impervious surface
area, and groundwater elevation were all intercorrelated sig-
nificantly (Table 12). Peak Colorado River flow and early fall
PDSI were also significantly intercorrelated with each other.

Table 10. Mann-Kendall trend results for the four land cover classes from 1993 to 2022. AFG: annual forbs and grasses, BGR: bare ground,
PFG: perennial forbs and grasses, and Woody: trees and shrubs. The Sen's slope is the annual magnitude of the trend and tau represents the
strength and direction of the trend. Trends were considered significant at p-value < 0.05.

Unit | AFG Sen's slope | AFG Tau | BGR Sen's slope | BGR Tau | PFG Sen's slope | PFG Tau Woody Sen's slope Woody Tau
A 0.42 ** 0.54 0.36 * 0.47 -0.18 -0.13 -0.63 * -0.41
B 0.05 0.05 0.62 *** 0.67 -0.30 * -0.29 -0.98 *** -0.71
C 0.44 * 0.41 0.37 ** 0.55 -0.94 ** -0.55 -0.27 -0.17
D 0.41 *** 0.44 0.07 0.15 -0.54 -0.31 0.33 0.30
E 0.13 0.09 0.56 ** 0.54 -0.91 *** -0.62 -0.15 -0.19
F 0.16 0.35 0.11 0.40 -0.47 -0.30 -0.11 -0.04
H 0.05 0.14 0.02 0.11 -0.53 -0.29 0.78 0.44
I 0.20 ** 0.41 0.10 * 0.44 0.05 0.06 -0.26 -0.13
K 0.00 -0.01 0.13 0.20 0.01 0.01 -0.09 -0.08

p-value .05-.01 *
0.01-.001 **
<.001 HEE

Table 11. Mann-Kendall trend results for the four land cover classes from 2013 to 2022. AFG: annual forbs and grasses, BGR: bare ground,
PFG: perennial forbs and grasses, and Woody: trees and shrubs. The tau represents the strength and direction of the trend and Sen s slope is
the annual magnitude of the trend. Trends were considered significant at p-value < 0.05.

Unit | AFG Sen's slope | AFG Tau | BGR Sen's slope | BGR Tau | PFG Sen's slope | PFG Tau Woody Sen's slope Woody Tau
A -0.51 -0.20 -0.29 -0.11 1.51 0.42 -2.39 -0.51
B -0.66 -0.16 -0.10 -0.11 0.35 0.24 -0.60 -0.11
C -0.49 -0.07 0.07 0.02 1.67 0.51 -1.71 -0.38
D -1.03 -0.33 -0.22 -0.11 1.56 * 0.51 -0.77 -0.24
E -0.76 -0.16 1.37 0.47 -0.29 -0.11 -0.40 -0.20
F -0.18 -0.16 -0.01 -0.02 0.84 0.20 -2.76 -0.47
H 0.39 0.24 0.15 0.20 1.19 0.33 -2.49 ** -0.69
I 0.05 0.02 -0.08 -0.42 1.00 0.33 -1.93 * -0.60
K -0.76 -0.24 -0.94 -0.42 1.49 0.51 -0.76 -0.24

p-value .05-.01 *
0.01-.001 **
<.001 ok
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Figure 28. A) Median August to September NDVI values over time for unit C. Dotted lines on the graph represent the first year that an effect
would be seen based on the timing of the project. Spatial data for restoration projects was available from 2008 to present. Restoration
projects prior to 2008 are not represented on the graph. B) Percent cover of each land cover class over time for unit C.

Table 12. Pearson correlation test results showing the variables that were significantly intercorrelated with each other. Correlations were
considered significant at p-value < 0.05.

variable 1 variable 2 Pearson's r p-value
year impervious surface 0.89 <0.001

year groundwater elevation -0.98 <0.001

late summer PDSI peak Colorado River Discharge 0.64 <0.001
impervious surface groundwater elevation -0.91 <0.001




Spatial patterns were apparent when reviewing the unit NDVI
correlations with each of the five variables. Positive and sig-
nificant Pearson’s r value close to 1 indicates the variables are
strongly directly correlated whereas a negative and significant
Pearson’ r value close to -1 indicates the variables are strongly
inversely correlated. Values closer to 0 indicate a weak cor-
relation. Early fall PDSI and peak Colorado River flow were
both positively correlated with NDVI in units A, D, and E on
the west side of the Preserve (Table 13). Unit K, along Mill
Creek, was also significantly positively correlated with early
fall PDSI. Year was correlated with all but two units (unit D
and K); negatively with units A, B, C, and E and positively
with units F, H, I, J, L and M. Impervious surface areca was
correlated with all but three units (units D, F and I), having the
same correlation direction as year with unit K and a signifi-
cantly negative correlation. Groundwater elevation was cor-
related with all but two units (unit D and F), having opposite
correlation direction as year and impervious surface area.

Surface water area — Correlation between the median May
through June surface water area and peak Colorado River flow
depended on the unit. Units D and J were positively correlated
with peak Colorado River flow with r values of 0.61 and 0.71,
respectively, whereas units L and M were not correlated sig-
nificantly (Table 14). Both unit L and M median May through
June surface water had a structural breakpoint in 2003. Cor-
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relation with peak Colorado River flow for unit M was not
significant before the breakpoint, but changed to a significant
r value of 0.58 when only looking after the breakpoint, 2004
to 2022. Correlation was not significant for unit L in either
time period.

DISCUSSION

Water Budget

The water budget for the Preserve is relatively small, having
total inputs and outputs just over 1000 ac-ft/yr. Therefore,
even small changes to the hydrologic system could have sig-
nificant impacts to the Preserve. The small agricultural field
southeast of the Preserve may be contributing 0 to 80 ac-ft/yr
to the Preserve’s budget, which could disappear if converted
to residential or commercial space. We calculate an average
groundwater inflow of 164 ac-ft/yr to the Preserve by using
inflow to balance the water budget. Even if we increase our
estimated groundwater outflow from 300 ac-ft/yr to Nelson’s
(2017) upper estimate of 1000 ac-ft/yr, groundwater inflow
would only increase to 858 ac-ft/yr. An increase in pumping
or decrease in recharge upstream could easily consume this
volume of water.

Table 13. Significant Pearson correlation test results for NDVI and possible explanatory variables for the 30-year time period. Correlations

were considered significant at p-value < 0.05.

Unit Year Late summer PDSI Impervious surface Groundwater elevation Peak Colorado River discharge

Pearson's r | p-value | Pearson'sr | p-value | Pearson'sr | p-value Pearson's r p-value Pearson's r p-value

A -0.48 0.006 0.45 0.014 -0.38 0.043 0.5036 0.005 0.40 0.028

B -0.72 <0.001 -0.71 <0.001 0.76 <0.001

C -0.65 <0.001 -0.63 <0.001 0.69 0.001

D 0.37 0.044 0.43 0.019

E -0.49 0.006 0.57 0.001 -0.4 0.032 0.47 0.010 0.66 <0.001

F 0.36 0.049

H 0.55 0.002 0.54 0.003 -0.54 0.002

I 0.44 0.010 -0.45 0.015

J 0.65 <0.001 0.65 <0.001 -0.65 <0.001

K 0.44 0.016 -0.4 0.030 0.38 0.040

L 0.70 0.001 0.66 <0.001 -0.68 <0.001

M 0.63 <0.001 0.64 <0.001 -0.62 <0.001
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Table 14. Pearson correlation test results for median May to June surface water area and peak annual Colorado River flow. Correlations were
considered significant at p-value < 0.05.

Unit Pearson's r p-value
M 0.33 0.08
L 0.16 0.41
J 0.61 <0.001
D 0.71 <0.001
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Groundwater

ET exceeds precipitation every year in the SWB model and
model results show no net infiltration within the Preserve.
These results indicate the Preserve relies on groundwater or
recharge from floods. Most water levels in wells peak during
floods (Figures 29A—-29C), but wells U14 and U15 are high-
est prior to the highest stage of the Colorado River (Figure
29C). Their peaks do not appear related to precipitation (Fig-
ure 30). The wells adjacent to Mill Creek also peak prior to
the highest stage of the Colorado River and Mill Creek (Fig-
ures 31 and 32), which highlights the importance of ground-
water to this system.

The potentiometric surface maps (Figures 11A—-11D; Appen-
dix C) suggest shallow groundwater in the east part of the Pre-
serve. Groundwater may discharge to the surface in this area,
particularly north and southeast of the water treatment facility.
Shallow groundwater measurements at wells U14, U15, U16,
and N4 support this hypothesis. In the spring months, when
groundwater elevations are highest, groundwater may dis-
charge to the old fisheries ponds. This hypothesis is supported
by shallow springtime groundwater level measurements in
wells U18 and N3.

Floods

Planet Imagery (Planet Labs PBC, 2017) shows the Colo-
rado River backing up into the Central Pond by May 1,
2023, as flow at the Cisco gage crested at 18,000 cfs (Fig-

A.
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ure 33), indicating that the central part of the Preserve can
flood at much lower flows than those described by Cooper
and Severn (1994). However, the area beyond the wetland
vegetation begins flooding when the Colorado River exceeds
40,000 cfs, as they suggested. This central area of the Pre-
serve contains a high density of healthy phreatophytes and is
the only area within the Preserve that has clay-rich soil. The
more regular, small flood events may play a role in deposit-
ing clays and providing water during the start of the growing
season to this region.

Outside of the central Preserve, larger floods produce short-
lived peaks in groundwater levels. Flood waters recede quick-
ly from the surface and groundwater levels drop rapidly (Fig-
ures 29A-29C and 32). Higher stages of the Colorado River
correlate directly to higher groundwater levels in the Preserve,
particularly in the wells closest to the river (Figures 29A and
29B). The wells near Mill Creek follow the major trends of
Colorado River stage (Figure 31), having smaller peaks dur-
ing high stages of Mill Creek (Figure 32). Note that Figure 32
shows the elevation of Mill Creek as the creek enters the Pre-
serve, so it is recommended that the figure be used to observe
the timing of trends rather than relied on as an indicator of
flow direction between the creek and the wells. Groundwater
levels in the wells near Mill Creek also drop rapidly as the
flood waters recede. Floods recharge the Preserve, but their
impacts are limited to the timescale of a month or two, not
years, and are centered on the verdant section of central wet-
lands. They provide necessary water at the start of the grow-
ing season; however, precipitation, springflow, and ground-
water sustain the wetlands across seasons.
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Figure 29A. Hydraulic head and equivalent freshwater head in wells closest to the Colorado River plotted with Colorado River elevation
calculated by converting flow at the USGS Cisco gage (U.S. Geological Survey, 2023) to elevation using the rating curve described in this
report. Equivalent freshwater head was used for BL3 wells, but not corrected to a common depth for data displayed in this figure.
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Figure 29B. Equivalent freshwater head in wells away from the Colorado River plotted with Colorado River elevation calculated by
converting flow at USGS Cisco gage (U.S. Geological Survey, 2023) to elevation using the rating curve described in this report. Equivalent
freshwater head was not corrected to a common depth for data displayed in this figure.

3972 A

3970 A

3968

3966

3964 1

Head Elevation (ft)

3962

3960

3958 A

T T T T T T T T T
2022-01 2022-03 2022-05 2022-07 2022-09 2022-11 2023-01 2023-03 2023-05

Date (Year-Month)

Colorado River Elevation
BL1S

BL1M

BL1D

ul4

U1s

uis

Figure 29C. Hydraulic head and equivalent freshwater head in wells farthest from the Colorado River plotted with Colorado River elevation
calculated by converting flow at USGS Cisco gage (U.S. Geological Survey, 2023) to elevation using the rating curve described in this report.
Equivalent freshwater head was used for BL1 wells, but not corrected to a common depth for data displayed in this figure.
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Figure 30. Hydraulic head elevation in wells farthest from the Colorado River and precipitation over time from weather station number
USIUTGR000S5 (Moab 1.3 NW; Utah Climate Center, 2023).
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Figure 31. The hydraulic head elevation in wells near Mill Creek versus Colorado River elevation in Moab calculated by converting flow at
the USGS Cisco gage (U.S. Geological Survey, 2023) to elevation using the rating curve described in this report.
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Figure 32. The hydraulic head elevation in wells near Mill Creek versus Mill Creek elevation calculated by converting stage to elevation at
the USGS Mill Creek below Pack Creek gage (U.S. Geological Survey, 2023).

Springs

Skakel, Duck Puddles (North and South horizontal wells),
and Watercress Springs provide life-sustaining fresh wa-
ter to the flora and fauna of the Preserve. DPN horizontal
well and Watercress Spring support ponds to the north of
the old fisheries ponds; however, their flows can also be
conveyed through a pipe directly to the Central Pond. This
management maintains desired water levels in the Central
Pond, but cuts off surface water to the North Pond and
other arcas within the Preserve when the pipe is open. The
pipe also reduces groundwater recharge from the springs
compared to when flow is in a permeable channel. Skakel
Spring overflow flows into the Storm Drain, which feeds
the south end of the fisheries ponds and a small stream
that flows into the wetlands along the central, east part of
the Preserve. This once-perennial source now only flows
consistently during the winter months, when Moab City
is not using the entirety of Skakel Spring water for their
municipal supply. The city relies on the water for longer
periods of time each year and may one day require full use
of the spring. The area near the end of the Storm Drain
is also fed by the RV pond overflow. The ultimate source
of the RV pond water remains unknown. The low specific
conductivity values indicate that the water is similar to the
GCGA and no dye was observed in the ponds, suggest-
ing that the water originates from Watercress Spring or the
Skakel springbox overflow.

Brine
TEM Interpretations

We identified four distinct resistivity layers, including two
regions of notably low resistivity (<2 ohm-m) based on mod-
eled pseudo-2D cross sections and depth slices (Figures 14—
16). We interpreted the changes in layer resistivity based on
documented resistivity values of earth materials (Palacky,
1988), local observations noted in previous studies (Gardner
and Solomon, 2004; Briggs et al., 2019), and sediment logs
from legacy well data. Below are the physical interpretations
of the generalized layers described in the Results section
(Figure 34):

e Layer 1 — Unsaturated sediment zone: the higher resis-
tivity of unsaturated fine sediments is corroborated by
the well level observations described in the Potentio-
metric Surface Results section of this document. Even
though salt crusts are identified at the surface in visual
observations, the salt is not a strong conductive signal
in TEM soundings until it is saturated.

e [ayer 2 — Saturated fine sediments with brine lens: Brine
has extremely low resistivity (<1 ohm-m; Palacky, 1988)
and we therefore interpret the lens of low resistivity as
a brine plume within the freshwater aquifer. Note that
bulk resistivity values are also affected by the sediments
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Figure 33. Planet Imagery from A) May 1, 2023, B) May 16, 2023, C) May 20, 2023, and D) June 8, 2023 showing the Colorado River
backing up into the Central Pond, flooding the wetlands, and retreating back to a pre-flood state rapidly. Approximate maximum extent of
flooding shown in C.
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where the brine is hosted (Archie, 1942), meaning that
values greater than 1 ohm-m likely still contain brine
where the signal is diluted either by fresh water or by a
higher-resistivity sediment (<2 ohm-m; green and blue
in Figures 14—16 and 34). The brine plume is prominent
along the northwest wetland shoreline, diminishing to-
wards the center of the wetland (Figures 14—16 and 34).
This geometry is consistent with the conductivity ob-
servations noted in Briggs et al. (2019), and shallow pi-
ezometer studies of Gardner and Solomon (2004). This
brine lens does not appear to vary drastically over the pe-
riod of data collection for this study, even in years with
extreme changes in flooding and drought conditions, as
observed during 2023 (Figures 14-16). See Figure 16
for the plan view of approximately this layer.

e Layer 3 — Freshwater-saturated gravels: the upper
boundary of this zone marks a sharp contrast in resis-
tivity, which is likely the differentiation between the
overlying sand/silt/clay sediments and the underly-
ing river gravels. This interface has been identified in
legacy borehole logs (Gardner and Solomon, 2003).
Gravel and cobbles have a higher resistivity compared
to unconsolidated sediment and clay (Palacky, 1988;
Saad and Tonnizam, 2012). This layer shifts from that
of high resistivity (20-100 ohm-m) to much lower re-
sistivity (2—10 ohm-m) beneath the upper brine plume,
implying that this may be the region where the brine
is upwelling toward the wetlands. As the brines pass
through the gravel layer pore space, the resistivity sig-
nal would consequently be lowered. This area also cor-
responds to upwelling observed in the hydraulic gradi-
ents (Figures 21A-21C).

e Layer 4 — Lower brine zone: this layer has asymmetri-
cal geometry and according to legacy well logs, it is
still hosted in the gravel layers. There is no clear dif-
ferentiation in lithology to explain the geometry of the
brine-freshwater interface, so we interpret the separa-
tion of this lower brine to be driven by a difference in
water density due to salinity (halocline). The deepest
section of the brine-freshwater interface corresponds to
the strong downwelling observed in the hydraulic gra-
dients (Figure 21A-21C), indicating the variable inter-
face depth is likely driven by the aquifer flow direction.
Given the vast volume of this lower brine zone and the
corresponding hydraulic gradients leading to the upper
brine zone, we interpret this layer to be the source brine
for the shallow brine layer.

The TEM data generated in this study are unable to im-
age a source of the lower brine zone. The salt-rich Paradox
Formation, thought to be responsible for the brines, is at
a depth exceeding the depth of penetration and resolution
of the TEM soundings used in this study. The complicated
structural history of this area may also play into the be-
havior of brines and source salt bodies. The Moab-Spanish
Valley is well-documented as a collapsed anticline caused
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by salt dissolution (Doelling et al., 2002). However, the
collapsed structures and subsequent non-tectonic faults
yield a complicated caprock geometry not accounted for
at depth, but alluded to in other nearby maps (Mauch and
Pederson, 2023).

Chemistry Interpretations

Trace element ratios and concentrations indicate that the BL-
series wells are dominated by Paradox Formation-derived
brines and that this influence increases with depth. Vertical
hydraulic gradient data from the BL-series wells indicates an
upward vertical gradient, suggesting that the brine is upwell-
ing from a source at depth in this area of the Preserve. Influ-
ence of brines on groundwater decreases away from the cen-
tral part of the Preserve, as seen in the U-series wells. Brine
vertical hydraulic gradient transitions to neutral or slightly
downward at well U21, reflecting a reduced brine influence
and lower trace element ratios and concentrations. However,
evidence of brine influence is still present, as trace element
ratios for U-series wells generally fall along a mixing trend
between brine and fresh water (Figures 14—-16). Horizontal
hydraulic gradient in this part of the Preserve is relatively low
(~0.001), suggesting that the brine mass will remain aerially
limited (Figures 12A—12D; Appendix D).

Masbruch et al. (2019) reported the age of the VFA groundwa-
ter is dominantly modern and a modern mixture, based on tri-
tium and radiocarbon data. Radiocarbon data from well BL3D
indicates the deep brine layer is distinctly older, having a per-
cent modern carbon (pmC) value of 3.3 and uncorrected age
of 28,000 years. Tritium data from BL-series wells reported
by Gardner and Solomon (2003) also indicate that the brine is
substantially older than the fresh water in the Preserve. Mas-
bruch et al. (2019) characterize U-series wells U12, U13, and
U17 as modern mixture based on tritium-helium data, which
supports trace element data and suggests that there is some
mixing of VFA water and brine in this area of the Preserve.

Currently, there are scant trace element data from produced
waters of the Paradox Formation in the Moab area. Addition-
ally, Rupke and Boden (2023) note that the quality of analysis
is suspect for the samples we use as a Paradox Formation end
member, based on seemingly low sodium concentrations. De-
spite this source of uncertainty in our Paradox Formation end
member, we are confident of our interpretations based on trace
element ratios and support of our groundwater gradient and
groundwater age data.

Groundwater Salinity and Head Elevation Over Time

We observe three relationships between hydraulic head and sa-
linity in the Preserve: (1) head and salinity have a direct relation-
ship (BL2S, BL3S, U15, U17, U20), (2) head and salinity have
an inverse relationship (BL1S), and (3) head and salinity have
a varied relationship that becomes inverse during the period of



highest observed head in early May 2023 (U14, U18). These
relationships are not perfect spatially. However, in general, the
wells closest to the Colorado River have the direct relationship,
where the wells farther away have the inverse relationship, par-
ticularly during periods of increased hydraulic head.

For the wells farthest from the river, a greater hydraulic head
of fresh water appears to compact the dense brine and a de-
crease in fresh water appears to allow the brine to expand up-
ward in the water column. The opposite relationship is true at
wells closest to the river (Figure 35). One possibility is that
more salt is available in the valley fill, so any additional wa-
ter in the system is able to readily mobilize the salts. This
scenario may occur when the Colorado River floods, activat-
ing the salts and increasing salinity as head increases. Another
explanation is that the Paradox Formation is shallow in these
regions, so salts diffuse more readily throughout the water
column even as head increases. This scenario could be sup-
ported by Gardner and Solomon’s (2003) observation that the
Paradox Formation is only 100 ft deep at well BL3, whereas it
was found 320 ft deep in a borehole on the east margin of the
Preserve (Doelling et al., 2002).

To explain the varied response of conductivity to hydrau-
lic head, we believe that there are more active salts near
the river and that the head of fresh water is related to the
compaction and expansion of brine farther from the riv-
er. Groundwater in the more central part of the Preserve
responds like an unconfined coastal aquifer with passive
saline-water encroachment. In this case, a decrease in
freshwater pressure head of the unconfined VFA results in
saline water shifting farther underneath the fresh water un-
til it reaches a new equilibrium (Fetter, 2001, p. 329—331).
Conversely, an increase in freshwater pressure head would
shift the brine back toward the coast, which in this case is
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the river. The inverse relationship between hydraulic head
and conductivity is explained by the brines shifting based
on the pressure of overlying, less dense freshwater. Mean-
while, the active salts near the Colorado River explain the
direct relationship between hydraulic head and conductiv-
ity observed in wells near the river (Figure 35).

Brine Flow and Discharge to the Colorado River

The TEM surveys (Figures 14 and 15) and vertical hydrau-
lic gradient maps (Figures 21A-21C) both indicate that the
brine moves from depth toward the surface beneath the central
part of the Preserve. Well observations show the brine is shal-
lowest in the west-northwest part of the Preserve along the
Colorado River where there is a visible change in vegetation.
This zone is mapped as Stressed Tamarisk and Upland Forbes
and Grasses (Goodwin, 2023) and stands apart from the other
areas of healthier wetlands, mapped as species, such as cot-
tonwood, willow, and bulrush. The other area of Stressed
Tamarisk shrubland is along the Colorado River, near where
we observed both shallow brine and upward vertical gradient,
like at well BL3.

An upward vertical gradient occurs near BL3 and areas north,
though the gradient becomes more neutral in the northern half
of the Preserve and is downward at well W1. A slightly upward
to neutral gradient coincides with the area where we observe
shallow brine in most of the Preserve. However, brine is not
present in the wells along the east margin of the Preserve, even
those in zones of upward vertical gradient. This lack of brine
may indicate that the Paradox Formation is absent upgradient
from (south and east of) the wells or that groundwater is not
activating the salt from the caprock of the Paradox upgradient.

W land surface E
_M_M v
0 / A mobilized salts \ * _
AAANA AN Moab-Spanish Valley
Colorado Rivej >N alluvial aquifer
R
N~ -~ grOK
brine \\ ~ - N Undwaterﬂow
N N
AN / N
N - N
~ N
~ - N
~ N
~
N

Figure 35. Conceptual groundwater flow depicted by cross sections representing low and high water conditions.
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The brine potentiometric surface maps in this study (Figures
12A-12D; Appendix D) and in Garnder and Solomon (2003)
indicate some brine movement. Our results do not show con-
sistent seasonal changes in brine flow and find that the brine
flows to the northwest from the brine divide at all times,
whereas groundwater gradients to the southwest are constant-
ly lower and sometimes absent. This suggests that brine would
primarily discharge to the northwest, even though our verti-
cal groundwater gradients show downward flow at well W1.
Our potentiometric and vertical gradient maps also indicate no
to low flow in the central and southern parts of the Preserve,
which is consistent with both Masbruch et al.’s (2019) sug-
gestion that the brine is stagnant below the freshwater aquifer
based on its '“C age of 28,000 years and Briggs et al.’s (2019)
observation that brine is discharging to the Colorado River
from north of well W1 to west of well BL3.

We propose two explanations for the presence of shallow
brine in the northwest area of the Preserve: (1) hydraulic con-
ductivity is high through the central part of the Preserve, al-
lowing brine to flow toward the surface or (2) the brine may
not be flowing through the central Preserve, but rather it is
trapped under fresh water and its elevation is controlled by the
elevation of the Paradox Formation caprock or the pressure of
the overlying fresh water. It would prove difficult to map the
hydraulic conductivity of the Preserve, due to the geomorphic
nature of fluvial deposition. If attempted, the area of interest
would be that identified as layer 3 in the TEM interpretations
section of this report. Several wells suggest that the Paradox
gets shallower to the north, contradicting our hypothesis that
the location of the Paradox Formation surface may be related
to the shallow brine in the Preserve (Gardner and Solomon,
2003; Moab UMTRA Project, 2007). However, the depth of
the Paradox caprock remains largely unknown. Additional
data are necessary to see if the single observation of the Para-
dox depth beneath the Preserve (Gardner and Solomon, 2003)
is accurate, especially since it is likely that the Paradox cap-
rock is inconsistent in depth and geometry below the Preserve
due to the Moab fault and non-tectonic faults associated with
collapsed structures.

Remote Sensing Change Analysis

Location of Change

Our results highlight where change has occurred on the Pre-
serve. The western area of the Preserve (west of unit F) shows
a decline in greenness over the past 30 years (Figure 25; Ta-
ble 6) and a decrease in median flooding along the river’s
edge. Unit E also has a decrease in greenness for the 10-year
time period (Table 7). On the eastern marsh and woody areas
of the Preserve, particularly in units F, J, L, and M, there has
been a substantial decrease in median May through June sur-
face water (Figures 26 and 27). NDVI trends over the 30-year
period and NWI mapping changes indicate a corresponding
increase in greenness in this region (Figure 25; Table 6). The
western halves of marsh units L and M over the 10-year time
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period show a decline in greenness. Units I and H show an
increase in greenness over the 30 years (Table 6).

Changes to the Western Area

Overall we see a declining trend in greenness in the western
area (units A, B, C, D and E) for both the 30-year and 10-year
time periods. The RAP data corroborate the 30-year decline
by showing that bare ground and annual plants have increased
and woody species and perennial grasses and forbs have de-
creased in some of the units (Table 10). Bare ground has a
lower NDVI value than green vegetation so more bare ground
over time results in lower NDVI values. Annual species typi-
cally die off earlier in the summer than perennial species, thus
leading to lower NDVI values in late summer as their cover
increases. Loss of trees and shrubs, as well as other perennial
vegetation, lowers NDVI values over time. These land cover
class changes indicate that there has been some community
change over the 30-year time period. Other datasets, such as
the 2021 vegetation mapping (Goodwin, 2023) and Rim to
Rim Restoration invasive species mapping (Makeda Hanson,
written communication, 2023), support the presence of inva-
sive annuals in this area.

Unit E shows a significant decreasing NDVI trend over the 10-
year time period (Table 7). According to the 2021 vegetation
map (Goodwin, 2023), the unit is largely Upland Forbs and
Grasses as well as Stressed Tamarisk. The 2010 to 2021 veg-
etation mapping comparison did not indicate any large-scale
changes in the vegetation communities in the area. Significant
NDVI trends over the 10-year period may represent subtle
shifts in plant species or cover that were not captured by the
mapping data, or could indicate that existing vegetation was
stressed increasingly over the 10-year time period. The RAP
analysis shows an increase, though not statistically significant,
in bare ground cover that may cause lower NDVI values.

The declining NDVI trends on the western side of the pre-
serve have had a few main drivers. First, various fires and
management projects occurred on this side of the Preserve.
NDVI values in affected units showed a drop after a fire in
2003 and two fires in 2008 (Figure 28; Appendix F). Addi-
tionally, vegetation removal management projects occurred
in these units from at least 2008 to present. Tamarisk beetles
were introduced in the region in 2004 to 2006 and the defo-
liation effects were seen at the Preserve in 2007 in the unit
C plot (Figure 28), as well as in the study by Nagler et al.
(2018). The NDVI values for unit C dropped starting in 2007
following the tamarisk beetle introduction and remained low-
er than pre-introduction values, indicating that the tamarisk
beetle, and potentially the other management projects, had a
sustained effect on the unit. The 30-year reduction in green-
ness on the western area of the Preserve could partly repre-
sent a successful reduction in tamarisk cover from various
management actions. However, the Stressed Tamarisk and
increase of annual species cover in much of the area may
indicate difficult growing conditions.



Changing hydrology and salinity may also drive declining
NDVI trends. The western area is the only part of the Preserve
where NDVI was correlated with Colorado River flows (Table
13), suggesting a possible stronger tie between vegetation and
the Colorado River than in other regions. Cooper and Severn
(1994) suggested that Colorado River flooding may play an im-
portant role in flushing salts from the soil and that reduced flood-
ing could therefore lead to increased salt accumulation. The
shallow brine area (Figures 12A—12D and 14—-16; Appendix D)
is located within unit E and primarily mapped in the 2021 veg-
etation mapping (Goodwin, 2023) as Upland Forbs and Grasses,
which includes invasive annual species like cheatgrass (Bromus
tectorum) and Russian thistle (Salsola tragus) which often grow
in either disturbed or saline environments (Fowler et al., 1992;
Gonzalez et al., 2017). Unit E is also the main area that has had
declines in NDVI over the past 10 years (Figure 25). Across the
Preserve’s western area, the 2021 vegetation map (Goodwin,
2023) shows the tamarisk adjacent to the shallow brine layer
as Stressed Tamarisk, while showing Healthy Tamarisk farther
from the core of the shallow brine layer. Tamarisk are adapted
to saline environments, however seedlings have been shown to
have reduced growth and even increased mortality in areas of
extreme salinity (Zhang et al., 2016).

These results could indicate impacts of the shallow brine and
high soil salinity on vegetation health and recovery, but fur-
ther study is needed to disentangle effects from management
actions and other possible causes. Currently, the effects of
previous management projects prevent us from tracking brine
movement over time with remote sensing. However, the plant
species present are one marker that could help track this mov-
ing forward. Documentation of brine layer expansion (or con-
traction) could help develop a model to relate remote sensing
data with brine layer location.

Lastly, intercorrelation of the possible explanatory variables
makes it difficult to parse out some of the other possible driv-
ers of NDVI in the western area. For example, groundwater,
impervious surface area, and year are correlated with NDVI
for many units but are also all highly intercorrelated which
confounds possible interpretations. However, the NDVI val-
ues for units A, D, and E are positively correlated with both
early fall PDSI and peak Colorado River flow over the 30-
year time period (Table 13). Therefore, these units are either
more reactive to climate and river levels than the other units
or the units have plant species that have more obvious pheno-
logical changes with fluctuations in climate. Specifically, this
area has a lot of annual and upland species that will dry out
faster in hotter summers.

Changes to the Marsh Area

Surface water decline: The surface water decline observed
over the 30-year time period on the eastern side of the Preserve
has a few different potential explanations. Water in the ponds
and marsh area comes from three main sources: flooding from
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the Colorado River, shallow groundwater, and surface flows
from nearby springs and horizontal wells. Both river flow and
groundwater elevation have generally declined over the last
30 years (Figure 36, see Table 5 for location information),
but the springs have not been monitored long enough to track
long-term changes in flow. Management changes to how wa-
ter flows through the marshes may also contribute to changes
in surface water.

The Colorado River at high flows can back up and begin
flooding the marsh area from the south side, at approximately
18,000 cfs, but this may have changed over the years due to
bank accretion and modifications to the channel feeding the
Central Pond. We reviewed Planet Imagery (Planet Labs PBC,
2017) from 2023 when known flooding happened and the full
marsh area had standing water when the Colorado River flow
was around 35,000 cfs at the Cisco gage, and areas west of the
marsh area flooded at flows around 40,000 cfs (Figure 33).
The Colorado River has decreased in peak discharge levels,
flood duration, and flood frequency over the last 100 years
due to factors including drought, higher temperatures, and
reduced snowpack higher in the watershed (Udall and Over-
peck, 2017; Xiao et al., 2018). Cooper and Severn (1994)
showed that the river had more than five days of flow over
40,000 cfs at the Cisco gage once every 1.8 years from 1914
to 1958 (excluding years 1918 to 1922 because of no data,
total 39 years), whereas the next 34 years (1959 to 1993) had
those metrics of flow every 8.5 years. We calculated that the
most recent 29 years (1994 to 2022) had those metrics of flow
every 14.5 years.

Focusing on the 30-year time period of our analysis, the
years 1993, 1995, and 1997 had river flow that was greater
than 40,000 cfs for a sustained time while the only other
year with that level of river flow for the time period was
2011. Therefore, it is likely that less extensive flooding of
the Preserve occurred at the end of the time period com-
pared to the beginning, which could contribute to the de-
crease in median surface water extent we saw in the marsh
area (Figure 24; Appendix F). However, surface water in
units L and M was not highly correlated with peak Colo-
rado River flows, indicating surface water trends for these
units may be driven by other factors. Possible attenuation
of downstream peak river flows by the wetlands may also
be impacting the correlations.

Shallow groundwater is also a known water source for
the marsh area. Groundwater in the area has declined
steadily across the 30-year time period. March groundwa-
ter levels dropped 5.5 feet from 1993 to 2022 (USGS site
384247109355501, Figure 36; U.S. Geological Survey,
2023). This decline could reduce the amount of groundwa-
ter discharged to the surface within the marsh area. A lower
water table could also change the impact of flooding from
the Colorado River. For instance, instead of flooding the
wetland surface, more flood water could infiltrate into the
soil if the soil was no longer as saturated by groundwater.
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Figure 36. Time series plots of variables checked for correlation with NDVI. For more details on the variables, see Table 5.

The hydrology of the ponds and marsh area is strongly tied
to the surface flow inputs from the Duck Puddles horizontal
wells and Watercress and Skakel Springs. Spring flows to the
Preserve could be impacted by increased diversion of water
before it gets to the Preserve or by changes in management
once it is on the Preserve. The Central Pond was excavated
to create a smaller, deeper pond in 2020. At the same time,
new infrastructure was put in place to allow water from Duck
Puddles horizontal wells and Watercress spring to be piped to
the Central Pond; water is typically piped to the Central Pond
in the winter but allowed to surface flow through the marsh in
the early springtime, and then piped through to the pond until
fall (Zachary Ahrens, written communication, 2022). These
changes may be impacting surface water extent in recent
years, but not over the full course of the 30-year time period.
Water from Skakel Spring flows into the marsh from the east.
Interestingly, the city appears to have begun regularly divert-

ing water from Skakel Spring in 2004 (Utah Division of Water
Rights, undated) which aligns with the breakpoint we found in
the surface water area time series for units L and M. This di-
version could be further evidence for changes in spring water
affecting the drying trend at the Preserve, but more research is
needed to confirm.

Visible surface water changes may also be affected by the
climate at the Preserve, vegetation obscuring the water,
and stormwater or irrigation decreases. Precipitation and
early fall PDSI declined slightly over the 30-year period,
but not significantly and are unlikely to fully account for
the decrease in visible surface water from 1993 to 2022.
Another possibility is that increased vegetation growth and
denser vegetation cover could obscure surface water, cre-
ating an apparent decline in surface water. This does not
seem to be the main cause for the decrease in surface water



area because the Google Earth Imagery available for the
time period does not indicate an obvious shift to a taller or
denser species, although the quality of the older imagery
makes it difficult to be certain. A prescribed burn in fall
2012 targeted the bulrush in units L and M, although plots
do not show a lasting effect on NDVI (Appendix F). We
do not know how stormwater inputs and irrigation inputs
(either through adjacent field flood irrigation runoff or ca-
nals) have changed over time, but they could also be partly
affecting surface water at the Preserve.

Marsh vegetation changes: Hydrology changes affecting
surface water extent are likely related to observed changes
to marsh vegetation over the 30-year period. The marsh area
has become greener over the past 30 years, though the last 10
years has seen a partial reversal of that trend in some areas. In
some cases, surface water that had been present most of the
summer dried up and became vegetation, as evidenced by the
NWI change map. The northern pond in the marsh area was
the last area to green up, continuing to have a greening trend
in the 10-year trend map. In other places, vegetation may have
grown more dense when it was no longer subjected to fre-
quent flooding. Hardstem bulrush, the most common species
in the marsh area, has reduced survival of adults and seed-
lings during periods of prolonged flooding (Gathman, 2005;
Sloey et al., 2015). Frequent flooding may have played a role
in opening up dense wetland habitat to create a mosaic of open
water and vegetation. The smaller marsh area in unit J shows
similar trends to the main marsh area. Areas without a 30-year
trend have either experienced less change in the time period,
are potentially more resilient, or had events some years that
increased NDVT and events other years that decreased NDVI,
which would cancel out any trend.

In the past 10 years, some vegetation may have also con-
verted from marsh vegetation to drier meadow vegetation
or started to senesce earlier in the summer. The declining
10-year NDVI trend matches anecdotal observations that
distal parts of the central marsh appear to be drying, and
grasses and forbs more tolerant of seasonal drying are es-
tablishing in dense bulrush stands (Peter Goodwin, written
communication, 2023). The 2010 to 2021 mapping com-
parison indicates that the change could be a mix of bulrush
being stressed and possible change to reed canarygrass.
Reed canarygrass is an aggressive, invasive grass consid-
ered noxious by many states and counties, although not
by the state of Utah or Grand County (Utah Department
of Agriculture and Food, 2022), and has impacted cot-
tonwood regeneration and amphibian habitat along the
Provo River (P. Trater, Utah Reclamation Mitigation Con-
servation Commission, written communication, January
8, 2024). Additionally, the Rim to Rim Restoration inva-
sive mapping (Makeda Hanson, written communication,
2023) shows areas on the very west border of unit M that
are heavily invaded by knapweed (Rhaponticum repens), a
perennial species commonly associated with drier regions.
Knapweed expansion, if occurring in better drained areas,
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would also support a potential drying trend in the marsh
area. Interestingly, the NDVI plots for both unit L and M
show that although the last 10 years had a decline after a
peak in 2014, the values are still higher than they have been
for the previous 20 years (Appendix F).

We hypothesize that the change in marsh vegetation is largely
driven by changes in spring flow, groundwater levels, or a
combination of the two. Neither summer PDSI nor peak Colo-
rado River flows were correlated with marsh NDVI, suggest-
ing that climate and river flooding were not primary drivers of
vegetation change. Impervious surface area is correlated with
NDVI for the area and, when land is converted from agricul-
tural uses to development (i.e., impervious surface), adjacent
land can receive less water from irrigation return flows. How-
ever, we estimate the contribution of spring flow and ground-
water is a much larger driver in this area than irrigation return
flows and thus land use conversion is unlikely to be a domi-
nant driver (though could still play a role). Impervious surface
area is also highly intercorrelated with groundwater elevation
and year, so we need to be cautious when interpreting connec-
tions to the NDVI trends.

The main areas with a decline in greenness in the 10-year
NDVI map (Figure 25) are the western sides of units L and
M and are areas of potential concern for Preserve managers.
There are a few possible reasons these areas show declin-
ing greenness. Since groundwater flow through the Preserve
is from east to west (Figures 11A—11D; Appendix C), water
tables to support dense wetland vegetation may be higher on
the east side. Also, surface water sources for the east versus
west sides of the units could be different. The east side likely
gets more direct irrigation return flow water and is the first
region to get water from Skakel Spring. We do not see evi-
dence of either of these sources having a sustained decline in
the last 10 years, although it is possible. The northwest side
of unit L is the initial output for water from Duck Puddles
wells and Watercress Spring, water that can either be diverted
through a pipe or surface flow through the wetlands. We lack
data indicating whether inputs from these water sources have
changed, though the creation of the pipe around 2020 is likely
having some impact on marsh vegetation towards the end of
the 10-year time period.

Changes to Woody Areas

Units I and H, both woody units on the east side of the Pre-
serve, had an overall increasing greenness trend over 30 years
(Figure 25; Table 6). The increases are in areas mapped as
Cottonwood and Gooding’s Willow Forest, Russian Olive,
and ponds as part of the 2021 vegetation mapping. Some
of the woody areas with greening trends overlap areas that
used to have more frequent surface water based on the me-
dian surface water extent maps, and were visibly flooded in
2011 Google Earth imagery. These areas, like we proposed for
the marshes, may see a greening trend because of less water
present each year and potentially less scouring and die-back
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of understory vegetation. Unit J, which is embedded within
unit I, had a significant positive correlation between medi-
an surface water area and peak Colorado River flow (Table
14), which indicates that the unit and possibly the adjacent
woody unit are more directly influenced by flooding. Peak
Colorado River flow is highly intercorrelated with late sum-
mer PDSI however, so trends might be driven by both vari-
ables. Stand and forest structure could also be affecting the
NDVI trends in the woody areas, but more information is
needed for interpretation.

The Cottonwood and Gooding’s Willow Forest in unit I spe-
cifically shows less frequent flooding in the median surface
water extent map (Figure 24), which is an ongoing concern
noted by Cooper and Severn (1994) as well as land manag-
ers. Cottonwoods are an important community for support-
ing birds and other wildlife and regenerate both by seed and
asexual reproduction (Braatne et al., 1996). Flooding events
and flooding timing are essential for seed germination and
changes to either of those may indicate potential future prob-
lems with establishment. An increase in reed canary grass
cover and other understory vegetation may also be detrimental
to both vegetative reproduction and seed germination (Fierke
and Kauffman, 2005).

The 10-year NDVI unit trends do not show an overall trend
for any of the woody units. However, the 2010 to 2021 com-
parison shows a mix of both woody expansion and woody loss
depending on the area, and the RAP 10-year data shows an
overall decline in woody vegetation for both units H and 1.

Other Area of Interest

Unit K shows an overall slight decline in greenness for the
30-year time period but the pixel map shows some areas of
decline and some areas of increase. Google Earth imagery for
the time period shows woody vegetation removal in the de-
clining areas which is confirmed by a Russian olive removal
project that overlapped with the unit in 2016, although other
visible clearing occurred before that project as well. The area
is currently mapped as mainly grassy riparian which supports
that the vegetation changed as well. The increasing trend in
the southeast corner appears to be related in part to some con-
struction and greener landscaping based on the available his-
torical Google Earth Imagery.

SUMMARY

The purpose of this study was to better understand the hydro-
logic story of fresh and brine groundwater in the Preserve and
their impacts to vegetation. We collected field measurements
from February 2021 to June 2023, calculated a water budget
for water years 2017 to 2022, and conducted remote sensing
analyses on datasets collected from 1993 to 2023.
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We refined the water budget, finding that just over 1000 acre-
feet of water pass through the Preserve annually. This small
volume of water is dependent largely on water usage upstream,
south and east, of the Preserve in Moab-Spanish Valley, and it
could be consumed easily before reaching the Preserve. Flood
events have provided crucial water during the start of the grow-
ing season, but these have retreated quickly, leaving vegetation
reliant on precipitation, groundwater, and springs.

The brine layer is deepest in the southeastern part of the Pre-
serve and shallowest in the northwestern part. TEM results
suggest that the deep and shallow brine are distinct,but con-
nected plumes. Chemistry analyses indicate that the brine is
most chemically similar to Paradox Formation produced wa-
ters where it transitions from deep to shallow and where ver-
tical hydraulic gradient is most upward. In the southern part
of the Preserve, chemistry analyses indicate mixing between
Paradox Formation waters and the VFA fresh water. Our spe-
cific conductivity data indicate that the brine layer responds to
changes in freshwater pressure head similar to how changes
in freshwater pressure head of unconfined coastal aquifers
have led to passive saltwater intrusion. The three TEM read-
ings were unable to identify seasonal changes, though more
frequent surveys may yield different results.

Surface water extent and frequency of inundation have de-
creased since 1993, leading to changes in vegetation commu-
nities. The western Preserve has had an increase in bare ground
and annual species and decrease in woody vegetation. These
changes are driven in part by fire, tamarisk beetle introduction,
mechanical tamarisk removal efforts, and invasion by annuals,
but also may be affected by changes in hydrology and salinity.
On the eastern marsh side of the Preserve, decreased visible
surface water initially led to increased greeness as vegetation
moved into previously flooded areas. Evidence also indicates
declining NDVI levels and possible community change on the
western edge of the marsh over the past 10 years, likely driven
by changes in spring flow and groundwater levels. Vegetation
changes in the Preserve are shifting more of the herbaceous
vegetation to invasive annuals and problematic perennials.
such as reed canarygrass and knapweed.

Future Monitoring

We encourage the following strategies for future monitoring
of the Preserve:

e Monitor flow at Skakel Spring, which is an essential,
un-gaged freshwater source for both the wetlands and
Moab City.

e Support Grand County’s National Groundwater Moni-
toring Network efforts, which include continuous mon-
itoring of U14, U18, and Swanny wells.

e Long-term, continuous monitoring of water levels and
salinity in nested wells proposed by the USGS as part



of a larger study of salinity in the Colorado River cor-
ridor or at shallow and deep completion depths at wells
BL1 and BL2. These, combined with wells Ul14 and
U18 (monitored by Grand County) and the eddy-cova-
riance tower well (EC), provide rough transects from
east to west and north to south across the Preserve that
will allow researchers to monitor the vertical and hori-
zontal gradients of fresh and brine water over time.

e Make detailed logs for any future wells to better under-
stand the spatial distribution of hydraulic conductivity
within the Preserve.

e Conduct a broader geophysical study using methods
such as terrestrial gravity to constrain depth-to-bedrock
and determine if there is a structural component con-
trolling the area where the brine transitions from deep
to shallow.

e Drill a deep well in the Preserve that intentionally
seeks bedrock. Only one of the legacy boreholes in the
Preserve is thought to reach bedrock at ~30 m (~98 ft)
depth, which is shallower than the mapped depth of
~120 m (~400 ft) (Doelling et al., 2002). Such a well
could serve as a model validation point for terrestrial
geophysical surveys.

e Reoccupy the TEM sites annually for comparison to
monitor brine movement over time.

e Conduct an electrical resistivity tomography (ERT)
survey, which would likely show greater detail of the
upper brine zone geometry compared to TEM (e.g.,
Schlossnagle and Smith, in press).

Future Wetland Monitoring

We also recommend periodic monitoring of Preserve vegeta-
tion to track how changes in hydrology and salinity are af-
fecting aboveground resources, particularly in areas that have
changed in the last 10 years (marsh units L and M and the
shallow brine area in unit E). Specifically, we have the follow-
ing recommendations:

e Repeat vegetation mapping approximately every 10
years, or more often if managers notice changes they
want documented. Mapping should repeat methods
used by Goodwin (2023) with similar vegetation class-
es for greater comparability between datasets. Photo
points visited by Goodwin (2023) should be revisited
as part of a remapping effort, and vegetation maps for
earlier years could be created by digitizing older NAIP
and NHAP imagery.

e Create new remote sensing change maps for surface
water extent and vegetation vigor (NDVI) every 10
years, or more frequently if unit plots show major new
trends of interest. Areas to evaluate in the new maps
include (1) unit E and adjacent areas most affected by
shallow brine layer, (2) western edges of L and M that
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currently show a drying trend, and (3) eastern edges
of L and M and adjacent woody areas that have been
stable, but could be impacted by reductions in agricul-
tural inputs or flow from Skakel Spring.

e Update plots of late summer vegetation vigor (NDVI)
in each analysis unit every 5 to 10 years, potentially
redrawing some units to better capture key areas. Split
unit C to create a narrow unit adjacent to unit E to track
the area where the shallow brine may expand to and
split marsh units L and M into east and west sides to
capture differences in water sources and recent trends
in each unit.

e Establish monitoring transects to track changes in veg-
etation. Highest priority based on managers’ needs are
for transects associated with the salinity gradient. We
recommend establishing a transect associated with the
proposed USGS monitoring wells, if they are installed,
in addition to two to four additional transects roughly
parallel to the proposed wells. Additional transects
could be established on the eastern side of the Preserve
(unit H, parts of I, and eastern sides of L and M) to track
impacts that could occur in this area from possible hy-
drologic changes in groundwater inflow, Skakel Spring
inputs, and irrigation return flows or along the western
side of unit L to better understand the current drying
trend and determine whether the trend is continuing.

e Conduct surveys to better understand recruitment
events in the forested areas dominated by Fremont's
cottonwood or Gooding's willow (Salix goodingii).
Survey for cottonwood, Gooding’s willow, and tama-
risk seedlings following any large flood events to iden-
tify (1) locations with suitable habitat for recruitment
(i.e., moist bare soils with newly deposited sediment),
(2) whether any recruitment is occurring, and (3) any
obvious issues preventing recruitment in suitable habi-
tat (e.g., dense understory vegetation, flooding not ex-
tending to suitable habitats, saline soils). Make note of
any evidence of recent recruitment during vegetation
surveys for remapping effort.
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APPENDIX A

Dye Test Results

Table A-1. Ozark Underground Lab certificate of analysis for dye tracer test samples collected November 13, 2023, to December 04, 2023.

| G oy

Date of certificate:

UN ERG

Client: Utah Geological Survey
1594 W. North Temple
Salt Lake City, UT 84116

Project name: Matheson Wetland Spring Study
Project location:

Contact person:

Moab, Utah

December 14, 2023

Certificate of Analysis

Kathryn Ladig (kladig@utah.gov)

Samples collected by: Kathryn Ladig

Date samples shipped: December 6, 2023

2 Aley Lane ® Protem, MO 65733 * (417) 785-4289 * fax (417) 785-4290 * contact@ozarkundergroundlab.com

Date samples rec'd at OUL: December 7, 2023
Date analyzed by OUL: December 12, 2023
Included with certificate of analysis:

Table of results and copies of sample collection

data sheets

Table A-1. Ozark Underground Lab certificate of analysis for dye tracer test samples collected November 13, 2023, to December 04, 2023.

Results for charcoal and water samples analyzed for the presence of fluorescein, eosine and rhodamine WT (RWT) dyes.

Peak wavelengths are reported in nanometers (nm); dye concentrations are reported in parts per billion (ppb).

All results are for charcoal unless otherwise indicated.

OUL Station Station Name Date/Time Date/Time Fluorescein Results Eosine Results RWT Results
Number Number Placed Collected Peak (nm) | Conc. (ppb)| Peak (nm) | Conc. (ppb) [ Peak (nm) |Conc. (ppb)
G9387 1 Culvert 11/6/23 1147 11/13/23 1415 [ND ND ND
G9388 2 TNC Pipe 11/6/23 1300 11/13/23 1423 |IND ND ND
G9389 3 North Pond 11/6/23 1350 11/13/23 1524 [ND ND ND
G9390 4 Fisheries 11/6/23 1416 11/13/23 1540 |ND ND ND
G9391 5 EC Tower 11/6/23 1603 11/13/23 1630 _|ND ND ND
G9392 6 Storm Drain 11/6/23 1455 11/13/23 1600 _|ND ND ND
G9393 7 Central Pond Out 11/6/23 1538 11/13/23 1617 _|ND ND ND
G9394 8 BL1S 11/6/23 1611 11/13/23 1637 _|ND ND ND
G9395 9 Ul18 11/6/23 1330 11/13/23 1458 |ND ND ND
G9396 10 Culvert 11/13/23 1415 11/14/23 1615 |ND ND 566.8 29,800
G9397 11 TNC Pipe 11/13/23 1423 11/14/23 1600 |ND ND ND
G9398 12 North Pond 11/13/23 1524 11/14/23 1630 _|ND ND ND
G9399 13 Fisheries 11/13/23 1540 11/14/23 1645 |ND ND ND
G9400 Laboratory control charcoal blank
G9401 14 EC Tower 11/13/23 1630 12/4/23 1505 ND ND ND
G9402 15 Storm Drain 11/13/23 1600 11/14/23 1545 |516.3 156,000 ND ND
G9403 16 Central Pond Out 11/13/23 1617 11/15/23 0820 |ND ND ND
G9404 17 BLIS 11/13/23 1637 12/4/23 1520 ND ND ND
G9405 18 Ul18 11/13/23 1458 12/4/23 1545 ND ND ND
G9406 19 Culvert 11/14/23 1615 12/4/23 1312 ND ND 567.0 82,100
G9407 20 TNC Pipe 11/14/23 1600 12/4/23 1305 ND ND 568.3 609
G9408 21 North Pond 11/14/23 1630 12/4/23 1345 ND ND ND
G9409 22 Fisheries 11/14/23 1645 12/4/23 1400 516.1 2,620 ND ND
G9410 24 Storm Drain 11/14/23 1545 12/4/23 1430 516.2 619 ND ND
G9411 25 Central Pond Out 11/15/23 0820 12/4/23 1450 IND ND ND
G9434 10 Culvert Water 11/14/23 1615 _|ND ND 574.3 781
G9435 15 Storm Drain Water 11/14/23 1545 |507.5 22.4 ND ND
G9436 19 Culvert Water 12/4/23 1312 ND ND 574.2 32.0
G9437 22 Fisheries Water 12/4/23 1400 506.4 0.030 ND ND
G9438 24 Storm Drain Water 12/4/23 1430 507.4 0.256 ND ND

Note: Dye concentrations are based upon standards used at the OUL. The standard concentrations are based upon the as sold weight of the dye that the OUL uses.

client is not using OUL dyes, the client should provide the OUL with a sample of the dye to compare to the OUL dyes.
ND = No dye detected
Thomas J. Aley, PHG and RG

Footnotes:

If the
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Table A-2. Ozark Underground Lab sample collection data sheet for dye tracer test water samples collected November 14, 2023, and
December 04, 2023, at the metered pipe.

Date of certificate: December 20, 2023
Client: Utah Geological Survey

1594 W. North Temple

Salt Lake City, UT 84116

Project name: Matheson Wetland Spring Study

Project location:

Contact person:

Moab, Utah

Kathryn Ladig (kladig@utah.gov)
Samples collected by: Kathryn Ladig

Certificate of Analysis

Date samples shipped: December 6, 2023

Date samples rec'd at OUL: December 7, 2023

LABORATORY 1572 Aley Lane ® Protem, MO 65733 * (417) 785-4289 * fax (417) 785-4290 * contact@ozarkundergroundlab.com

Date of analysis request for archived water samples:

December 14, 2023
Date analyzed by OUL: December 18, 2023
Included with certificate of analysis:

Table of results and copy of sample collection

data sheets

Table A-2. Ozark Underground Lab sample collection data sheet for dye tracer test water samples collected November 14, 2023, and December 04, 2023, at the

metered pipe.

Results for water samples analyzed for the presence of fluorescein, eosine and rhodamine WT (RWT) dyes.

Peak wavelengths are reported in nanometers (nm); dye concentrations are reported in parts per billion (ppb).

OUL Station Station Name Date/Time Fluorescein Results Eosine Results RWT Results
Number Number Collected Peak (nm) | Conc. (ppb) [ Peak (nm) [ Conc. (ppb) | Peak (nm) [Conc. (ppb)
G9477 11 TNC Pipe 11/14/23 1600 |ND ND ND
G9478 20 TNC Pipe 12/4/23 1305 |ND ND ND

Note: Dye concentrations are based upon standards used at the OUL. The standard concentrations are based upon the as sold weight of the dye that

the OUL uses. If the client is not using OUL dyes, the client should provide the OUL with a sample of the dye to compare to the OUL dyes.

Footnotes: ND = No dye detected

Thomas J. Aley, PHG and RG
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Table A-3. Ozark Underground Lab sample collection data sheet for dye tracer test water samples collected April 1, 2024, and April 2,
2024, from wells U8, BLI1S, and EC.

| 2 Lt e i i i

ERGROUND

UN

Date of certificate:

1572 Aley Lane ® Protem, MO 65733

April 15, 2024

Client: Utah Geological Survey
1594 W. North Temple
Salt Lake City, UT 84116

Project name: Matheson Wetland Spring Study
Project location:

Contact person:

Moab, Utah
Kathryn Ladig (kladig@utah.gov)

(417) 785-4289 » fax (417) 785-4290  contact@ozarkundergroundlab.com

Certificate of Analysis

Samples collected by: Kathryn Ladig
Date samples shipped: April 10, 2024

Date samples rec'd at OUL:

Date analyzed by OUL: April 12, 2024
Included with certificate of analysis:

April 11, 2024

Table of results and copy of sample collection

data sheet

Table A-3. Ozark Underground Lab sample collection data sheet for dye tracer test water samples collected April 1, 2024, and April 2, 2024, from wells U18, BL1S, and EC.

Results for charcoal samplers analyzed for the presence of fluorescein, eosine and rhodamine WT (RWT) dyes.

Peak wavelengths are reported in nanometers (nm); dye concentrations are reported in parts per billion (ppb).

OUL Station Station Name Date/Time Date/Time Fluorescein Results Eosine Results RWT Results
Number Number Placed Collected Peak (nm) | Conc. (ppb)| Peak (nm) [ Conc. (ppb)| Peak (nm) |Conc. (ppb)
H1230 23 EC Tower 12/4/23 1505 4/2/24 1130 ND ND ND
H1231 26 BLIS 12/4/23 1520 4/2/24 0930 ND ND ND
H1232 27 Ul18 12/4/23 1545 4/1/24 1515 514.2 1.27 ND 565.0 ** 3.92

Note: Dye concentrations are based upon standards used at the OUL. The standard concentrations are based upon the as sold weight of the dye that the OUL uses. If the

client is not using OUL dyes, the client should provide the OUL with a sample of the dye to compare to the OUL dyes.

Footnotes: ND = No dye detected

** = A fluorescence peak is present that does not meet all the criteria for this dye. However, it has been calculated as a positive dye recovery.
Thomas J. Aley, PHG and RG
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APPENDIX B

Rating Curve Data

Utah Geological Survey

Table B-1. Data used for the construction of a ratings-curve, with elevation of the Colorado River, Moab stage, measured from the pedes-
trian bridge over the river near Moab, Utah.

Date Time Moab Stage Potash Flow (cfs) Cisco Flow (cfs)
2/17/2022 8:00 MST 3957.34 2150 2200
3/9/2022 13:04 MST 3956.81 2400 2300
3/24/2022 7:55 MDT 3957.60 2510 2580
4/6/2022 17:48 MDT 3958.14 3760 3870
5/20/2022 6:30 MDT 3963.31 15,800 16,100
6/15/2022 14:45 MDT 3961.41 10,900 10,800
7/19/2022 13:18 MDT 3957.57 2680 2390
8/6/2022 7:05 MDT 3957.89 3140 2940
9/20/2022 13:04 MDT 3958.24 3580 3410
10/18/2022 8:00 MDT 3958.03 3090 3310
11/16/2022 7:45 MST 3956.94 3020 3020
12/7/2022 13:15 MST 3957.86 2870 2810
1/19/2023 8:14 MST 395791 3150 2920
3/8/2023 7:30 MST 3957.60 2620 2610
5/10/2023 10:30 MDT 3967.46 27,100 28,800
6/7/2023 9:55 MDT 3965.87 22,800 23,300
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APPENDIX C

Potentiometric Surface Contours
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Figure C-1. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected
December 29, 2021. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.



Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

38°36'N

Exlanaton

e Well, with water elevation in feet (SiteID) N

____ Potentiometric surface elevation, 1-foot contour A
interval above mean sea level (NAVD88)
, 0 0.5 Miles
383N Data collected (TR T N R R R |
January 18 & 19,2022 ' "' TR EELO
0 0.5 Kilometers

38°34'N

|
109°35'W

109°34'W

Figure C-2. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected
January 18 and 19, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-3. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected
February 1-17, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-4. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected

March 8, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-5. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected
March 23 and 24, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.



Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

109°34'W

¥/
38°36'N—

e Well, with water elevation in feet (SiteID) N

Potentiometric surface elevation, 1-foot contour A
interval above mean sea level (NAVD88)
0

- 0.5 Miles
38°34'N— Data collected I —t T & ||| f L
April 6 & 8, 2022
p 0 0.5 Kilometers
109°35W 109°34'W

N

Figure C-6. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected

April 6-8, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.

93



Utah Geological Survey

109°35'W

b 38°36'N
38°36'N—

38°35'N
38°35'N

Elnation

e Well, with water elevation in feet (SiteID) N

___ Potentiometric surface elevation, 1-foot contour A
interval above mean sea level (NAVD88) F . )

0 0.5 Miles % 5 R ‘ ‘ 38°34N

Data collected I T T N T |

April 21 & 22, 2022 [rrrrrrr] »
i 0 0.5 Kilometers »

[
109°35'W 109°34'W

38°34'N—

Figure C-7. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected
April 21 and 22, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-8. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected
May 18 and 19, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-9. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collected
June 14 and 15, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-10. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data
collected August 5 and 6, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Tuable 1 for
well details.
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Figure C-11. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data
collected September 20 and 21, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for
well details.
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Figure C-12. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data col-
lected October 18, 2022. Freshwater equivalent head was used for wells W1-4.3, BLIS, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-13. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data

collected November 15 and 16, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for
well details.
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Figure C-14. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collect-
ed December 7 and 8, 2022. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-15. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data col-
lected January 19, 2023. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-16. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data collect-
ed February 8 and 9, 2023. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-17. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data col-
lected March 7 and 8, 2023. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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Figure C-18. Potentiometric surface contours of hydraulic head elevation and the wells used in the development of contours from data col-
lected April 3 and 4, 2023. Freshwater equivalent head was used for wells W1-4.3, BL1S, BL2S, BL3s, and U23. See Table 1 for well details.
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APPENDIX D

Brine Potentiometric Surface Contours
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Figure D-1. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation,
and those wells used in the development of contours, from data collected March 08, 2022.
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Figure D-2. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation,
and those wells used in the development of contours, from data collected March 23 and 24, 2022.
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Figure D-3. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation,
and those wells used in the development of contours, from data collected December 08, 2022.
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Figure D-4. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation,
and those wells used in the development of contours, from data collected March 07, 2023.
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Figure D-5. Potentiometric surface elevation contours for equivalent freshwater head levels of brine corrected to 3900 feet of elevation,

and those wells used in the development of contours, from data collected April 04, 2023.
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APPENDIX E

Preliminary TEM 1D Inversions

MWO01-40 (Smooth_Res_#119 *)

Print Date: 03-11-2023 # Res ResSTD Thk ThkSTD Dep DepSTD
1 |37 124 149 1 1.49 1
Database Name: PROJECT90_40m.GDB 2 | 1% 13 168 1 317 1
UTMX: 623209 3 0.907 1.15 1.9 1 5.07 1
4 | 168 134 2.14 1 721 1
UTMY: 4273226 5 | 243 141 242 1 9.63 1
. . 6 |297 146 273 1 124 1
EPSG: NAD83 UTM zone 12N (epsg:26912) —5a v o8 N = N
Importer: Not Available 8 | 367 1.52 348 1 189 1
. . 9 [339 152 393 1 29 1
Version: Not Available 0 207 5 o . 3 .
Data Residual: 04 11 | 1.94 145 5.01 1 323 1
12 | 154 142 5.66 1 38 1
No. of Layers: 20 13 | 149 144 639 1 3 1
DOI: 83m 14 | 1.63 148 721 1 516 1
15 | 175 15 8.14 1 50.7 1
Program: SPIA64.exe, version stack: Production 16 | 1.74 151 9.19 1 689 1
17 | 163 155 104 1 793 1
18 | 152 175 1.7 1 91 1
19 | 146 226 132 1 104 1
20 | 146 3.08
Stacked RhoaData Model
1000.0 o T
5
10
15 LlJ
20 '_l
25 '_l
30
35
100.0 40
45 §|
50 L
= = &0
s E &
E [=]
& 70
75
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10.0 36
80
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105
T s L 1o
115
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1.0 125
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Time [s] Resistivity [Ohmm]

Figure E-1. August 2021 40 m smoothed TEM models for site MW01.



Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

MWO02-40 (Station9_Smooth_Normal_15 *)

Print Date:
Database Name:
UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

Program:

03-11-2023

PROJECT90_40m.GDB

623272

4271819

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.6

20

137m

SPIA64.exe, version stack: Production

Stacked RhoaData

1000.0

100.0

Rhoa [Qhmm]

"

100 ’K‘
1.0
1e-06 1e-05 1e-04 18-03 1e-02 1e-01

Figure E-2. August 2021 40 m smoothed TEM models for site MW02.

Time [s]

# Res ResSTD Thk ThkSTD Dep DepSTD
1 20.2 1.32 2.09 1 2.09 1
2 8.74 1.3 2.36 1 4.46 1
3 226 1.11 2.67 1 7.13 1
4 3.64 1.24 3.01 1 10.1 1
5 4.81 1.37 34 1 135 1
6 293 13 3.84 1 174 1
7 1.37 1.21 434 1 21.7 1
8 1.38 127 4.89 1 26.6 1
9 1.48 1.32 553 1 321 1
10 | 1.27 1.33 6.24 1 384 1
11 | 0984 132 7.04 1 454 1
12 | 0.894 1.33 795 1 534 1
13 | 0.967 1.38 8.98 1 624 1
14 | 1.05 1.41 10.1 1 .5 1
15 | 113 1.44 114 1 839 1
16 | 1.33 147 129 1 96.9 1
17 | 171 1.56 14.6 1 111 1
18 | 224 1.77 16.5 1 128 1
19 | 279 213 18.6 1 147 1
20 | 3.18 2.65
Model
o —
10 '_I;l
20 |1
30
40 I
50
60
0 ‘!I_I
= &0
N b
20
3 L
100
110 _|
120 L
130
140
180
160
170
1 10 100 1000
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MWO03-40 (Station12_Smooth_Normal_25 *)

Utah Geological Survey

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

03-11-2023

PROJECT90_40m.GDB

624058

4271118

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.9

20

108m

Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
1000.0
100.0
5
% foe
10.0
1.0
1e-08 1e-08 1e-04 1e-03 1e-02

Time [5]

Figure E-3. August 2021 40 m smoothed TEM models for site MW03.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 26.1 1.49 1.5 1 1.5 1
2 129 1.32 1.69 1 318 1
3 134 131 1.9 1 5.09 1
4 47.6 1.58 215 1 724 1
5 133 1.83 243 1 9.67 1
6 273 2.03 274 1 124 1
7 432 217 31 1 155 1
8 526 222 349 1 19 1
9 476 217 3.94 1 229 1
10 | 289 2.01 4.45 1 274 1
11 | 97 1.75 5.03 1 324 1
12 | 122 141 5.68 1 38.1 1
13 | 0412 1.04 6.41 1 4.5 1
14 | 2.06 134 7.24 1 517 1
15 | 135 1.33 8.17 1 59.9 1
16 | 1 1.32 9.22 1 69.1 1
17 | 134 141 104 1 79.5 1
18 | 1.93 1.57 11.8 1 91.3 1
19 | 274 1.88 133 1 105 1
20 | 38 235
Model
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MWO01 (Smooth inv. #75 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

PROJECT90_20m.GDB

623209

4273226

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.6

20

68m

Program: SPIA64.exe, version stack: Production
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Figure E-4. August 2021 smoothed TEM models for site MWO1.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 573 133 1.26 1 1.26 1
2 203 121 1.43 1 2.69 1
3 0.808 1.13 1.61 1 4.3 1
4 143 1.29 1.82 1 6.12 1
5 1.92 1.36 2.05 1 8.17 1
6 222 14 232 1 10.5 1
7 2.73 1.47 2.62 1 13.1 1
8 335 1.55 295 1 16.1 1
9 3.69 1.58 333 1 194 1
10 | 347 1.56 3.76 1 232 1
11 | 278 1.52 4.25 1 274 1
12 | 2.05 148 48 1 322 1
13 | 1.62 1.47 542 1 376 1
14 | 153 1.48 6.11 1 437 1
15 | 1.65 1.51 6.9 1 50.6 1
16 | 1.82 1.58 7.8 1 584 1
17 | 1.93 1.8 88 1 672 1
18 | 1.95 227 9.94 1 712 1
19 | 1.92 3 11.2 1 88.4 1
20 | 1.9 39
Model
o
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MWO02 (Smooth inv. #77 *)

Utah Geological Survey

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

PROJECT90_20m.GDB

623272

4271819

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.6

20

74m

Program: SPIA64.exe, version stack: Production
Stacked RhoaData
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S
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Figure E-5. August 2021 smoothed TEM models for site MW(2.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 285 1.72 1.29 1 1.29 1
2 20 141 1.46 1 276 1
3 9.04 1.42 1.65 1 441 1
4 2.66 1.17 1.86 1 6.27 1
5 222 1.21 2.1 1 8.38 1
6 4.68 14 2.38 1 10.8 1
7 5.56 1.44 2.68 1 134 1
8 349 14 3.03 1 16.5 1
9 1.58 1.28 342 1 19.9 1
10 1.27 1.29 3.86 1 23.7 1
11 | 149 1.36 436 1 28.1 1
12 1.51 14 4.92 1 33 1
13 1.24 141 5.55 1 38.6 1
14 | 0943 14 6.27 1 44.8 1
15 | 0.837 141 7.08 1 519 1
16 | 0933 1.51 7.99 1 599 1
17 | 111 1.78 9.02 1 68.9 1
18 1.24 23 10.2 1 79.1 1
19 1.28 3.06 115 1 90.6 1
20 1.27 397
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MWO03 (Smooth inv. #111 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

PROJECT90_20m.GDB

624058

4271118

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.9

20

57m

Program: SPIA64.exe, version stack: Production
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Figure E-6. August 2021 smoothed TEM models for site MW03.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 17 143 1.32 1 132 1
2 14.2 1.37 1.49 1 2.81 1
3 155 1.39 1.68 1 449 1
4 358 1.49 1.9 1 6.38 1
5 914 1.72 2.14 1 8.52 1
6 188 1.95 242 1 10.9 1
7 300 213 273 1 13.7 1
8 382 225 3.08 1 16.7 1
9 393 2.28 348 1 20.2 1
10 | 323 222 3.93 1 242 1
11 | 202 2.09 443 1 28.6 1
12 | 831 1.89 5.01 1 336 1
13 | 148 1.67 5.65 1 392 1
14 | 0.445 1.1 6.38 1 45.6 1
15 | 1.92 135 72 1 52.8 1
16 | 2.58 1.51 8.13 1 61 1
17 | 242 1.82 9.18 1 70.1 1
18 | 226 226 104 1 80.5 1
19 | 221 2.82 11.7 1 922 1
20 | 221 3.46
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MWO05 (Smooth inv. #87 *)

Utah Geological Survey

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

PROJECT90_20m.GDB

623545

4272812

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available
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Figure E-7. August 2021 smoothed TEM models for site MW05.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 246 116 1.25 1 1.25 1
2 12 1.16 141 1 2.66 1
3 1.86 1.29 1.6 1 4.26 1
4 394 1.44 1.8 1 6.06 1
5 6.81 1.56 203 1 8.09 1
6 9.23 1.63 23 1 104 1
7 10.1 1.66 259 1 13 1
8 9.14 1.66 292 1 159 1
9 7.07 1.62 33 1 192 1
10 | 475 1.55 373 1 229 1
11 | 287 148 4.21 1 271 1
12 | 1.72 141 4.75 1 319 1
13 | 124 1.4 5.36 1 373 1
14 | 113 1.45 6.06 1 433 1
15 | 098 15 6.84 1 50.2 1
16 | 0.744 1.58 772 1 579 1
17 | 0593 1.94 872 1 66.6 1
18 | 0.569 2.7 9.84 1 76.4 1
19 | 0599 3.67 11.1 1 875 1
20 | 0.633 4.63
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MWO06 (Smooth inv. #89 *)

Print Date: 31-10-2023
Database Name: PROJECT90_20m.GDB
UTMX: 623751
UTMY: 4272127
EPSG: NAD83 UTM zone 12N (epsg:26912)
Importer: Not Available
Version: Not Available
Data Residual: 0.5
No. of Layers: 20
DOI: 82m
Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
1000.0
100.0
10.0 y"f \
1.0
1e-06 1e-06 1e-04 1e-03 1e-02 1e-01

Time [s]

Figure E-8. August 2021 smoothed TEM models for site MW06.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 16.5 1.5 1.21 1 1.21 1
2 132 1.37 1.37 1 2.59 1
3 11.8 1.42 1.55 1 4.13 1
4 18.2 1.45 1.75 1 5.88 1
5 352 1.58 1.97 1 7.85 1
6 59.6 1.72 223 1 10.1 1
7 783 1.8 2.52 1 12.6 1
8 719 1.79 2.84 1 154 1
9 573 1.72 321 1 18.6 1
10 | 297 1.59 3.62 1 23 1
11 | 10 143 4.09 1 26.3 1
12 | 245 1.23 4.61 1 31 1
13 | 1.28 122 521 1 36.2 1
14 | 112 129 5.88 1 42 1
15 | 112 1.48 6.64 1 487 1
16 | 1.03 1.77 7.49 1 562 1
17 | 0.763 223 8.46 1 64.6 1
18 | 0.6 3.07 9.55 1 742 1
19 | 0.733 4.28 10.8 1 85 1
20 | 0.875 5.44
. Model
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MWO07 (Smooth inv. #93 *)

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD Dep DepSTD
1 | 627 129 122 1 122 1
Database Name: PROJECT90_20m .GDB 3 273 131 137 1 2.59 1
UTMX: 623084 3 0.865 1.12 1.55 1 4.14 1
4 | 0924 1.19 175 1 589 1
UTMY: 4272799 5 | 188 138 198 1 787 1
. . 6 | 305 1.46 223 1 10.1 1
EPSG: NAD83 UTM zone 12N (epsg:26912) 157 = o) | o ]
Importer: Not Available 8 |39 157 285 ! 155 !
Version: 1ot Al D
Data Residual: 0.6 11 | 229 1.5 4.09 1 26.4 1
12 | 179 148 462 1 31 1
No. of Layers: 20 13|15 147 522 1 362 1
DOI: 67m 14 | 139 147 5.89 1 0.1 1
15 | 139 149 6.65 1 488 1
Program: SPIA64.exe, version stack: Production 16 | 145 1.5 751 1 563 1
17 | 151 175 848 1 6438 1
18 | 155 222 9.57 1 744 1
19 | 157 295 10.8 1 852 1
20 | 1.58 3.88
Stacked Rhoa Data Model
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Figure E-9. August 2021 smoothed TEM models for site MW07.
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MWO08 (Smooth inv. #97 *)

Print Date: 31-10-2023
Database Name: PROJECT90_20m.GDB
UTMX: 623116
UTMY: 4272303
EPSG: NAD83 UTM zone 12N (epsg:26912)
Importer: Not Available
Version: Not Available
Data Residual: 0.6
No. of Layers: 20
DOI: 63m
Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
1000.0
100.0
100
\\m%ﬂum
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1e-06 1e-05 1e-04 1e-03 1e-02 1e-01
Time [s]

Figure E-10. August 2021 smoothed TEM models for site MW0S.

# | Res ResSTD Thk ThkSTD Dep DepSTD
1 |4 123 113 1 113 1
2 |23 13 128 1 241 1
3 [ 138 121 144 1 3.86 1
4 | 149 1.26 1.63 1 549 1
5 | 224 138 1.84 1 733 1
6 | 289 145 208 1 94 1
7 | 285 145 235 1 118 1
8 | 228 143 265 1 144 1
9 | 173 141 299 1 174 1
10 | 147 14 338 1 20.8 1
11 | 147 142 381 1 246 1
12 | 158 145 43 1 289 1
13 | 162 148 4386 1 337 1
14 | 155 149 548 1 392 1
15 | 145 15 6.19 1 454 1
16 | 138 1.54 6.9 1 524 1
17 | 136 171 7.89 1 603 1
18 | 137 212 8.91 1 69.2 1
19 | 1.38 282 10.1 1 793 1
20 | 1.39 37
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122 Utah Geological Survey

MWO09 (Smooth inv. #103 *)

Print Date: 31-10-2023 # | Res ReSTD | Thk | ThksTD | Dep DepSTD
1 | 153 1.66 0.872 1 0872 1
Database Name: PROJECTQO_ZOmGDB 2 149 144 0.984 1 1.86 1
UTMX- 623513 3 144 1.53 1.11 1 297 1
' 4 | 138 157 125 1 422 1
UTMY: 4271175 5 | 126 1.49 142 1 564 1
. . 6 | 985 144 16 1 7.4 1
EPSG: NAD83 UTM zone 12N (epsg:26912) 5% o o n o N
Importer: Not Available 8 |17 12 204 1 111 I
. i 9 |12 1.19 23 1 134 1
Version: Not Available R 5 T I N m 1
Data Residual: 0.6 11 | L1 1.29 2.93 1 189 1
12 | 0867 128 331 1 02 1
No. of Layers: 20 13 | 128 137 374 1 26 1
DOI. 41m 14 | 271 1.51 422 1 30.2 1
' 15 | 524 1.69 477 1 35 1
Program: SPIA64.exe, version stack: Production 16 | 843 1.93 538 1 403 1
17 | 18 224 6.07 1 464 1
18 | 148 2.62 6.86 1 533 1
19 |17 3.08 774 1 61 1
20 | 186 361
Stacked RhoaData Model
1000.0 o
: W
10 :|
16
20 J_I
100.0 28 —ll_|
30
é % 35 I_l
§ ] ==
45
100 _ % —lL
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Figure E-11. August 2021 smoothed TEM models for site MW09.



MWO01 (Smooth inv. #3 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project91.gdb

623209

4273227

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.7

20

69m

Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
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S
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1e-02

Figure E-12. May 2022 smoothed TEM models for site MWO1.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 7.62 1.67 1.25 1 1.25 1
2 2.69 1.17 141 1 2.65 1
3 0.797 1.11 1.59 1 424 1
4 14 1.25 1.79 1 6.03 1
5 1.99 137 2.02 1 8.06 1
6 223 1.39 229 1 10.3 1
7 267 1.46 2.58 1 129 1
8 333 1.53 291 1 158 1
9 37 1.57 329 1 19.1 1
10 | 343 1.56 371 1 228 1
11 | 2.69 1.52 4.19 1 27 1
12 | 196 1.48 4.73 1 31.8 1
13 | 154 1.46 5.34 1 37.1 1
14 | 146 1.47 6.03 1 43.1 1
15 | 1.54 1.5 6.81 1 49.9 1
16 | 1.63 1.57 7.69 1 57.6 1
17 | 1.64 1.8 8.68 1 66.3 1
18 | 1.59 228 9.8 1 76.1 1
19 | 153 3.04 11.1 1 872 1
20 | 151 399
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124 Utah Geological Survey

MWO02 (Smooth inv. #43 *)

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD Dep DepSTD
. 1 | 313 1.86 117 1 117 1
Database Name: Pr0]ect91.gdb 2 24 1.49 132 1 249 1
UTMX' 623272 3 11.5 1.42 1.49 1 398 1
’ 3 | 427 131 168 1 566 1
UTMY: 4271819 5 |2 1.19 1.9 1 7.56 1
. . 6 |33 133 2.14 1 9.71 1
EPSG: NAD83 UTM zone 12N (epsg:26912) 755 i o) ] o -
Importer: Not Available 8 [3®& 14 2.73 1 149 1
. . 9 | 191 132 3.09 1 18 1
Version: Not Available a2 T8 T . i ]
Data Residual: 0.6 11 | 147 135 393 1 254 1
12 | 12 141 444 1 2938 1
No. of Layers: 20 13 | 141 143 501 1 348 1
DOI: 68m 14 | 108 1.4 5.66 1 205 1
’ 15 | 0.892 145 6.39 1 469 1
Program: SPIA64.exe, version stack: Production 16 | 0863 153 722 1 41 1
17 | 0913 1.85 8.15 1 622 1
18 | 0.044 25 92 1 714 1
19 | 0934 342 104 1 318 1
20 | 0897 443
Stacked RhoaData Model
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Figure E-13. May 2022 smoothed TEM models for site MW02.



MWO03 (Smooth inv. #33 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project91.gdb

624058

4271118

NADS83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.8

20

60m

Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
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Time [s]

Figure E-14. May 2022 smoothed TEM models for site MW03.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 163 1.48 1.27 1 1.27 1
2 11.5 1.34 143 1 2.7 1
3 10.9 1.33 1.62 1 432 1
4 313 1.51 1.82 1 6.14 1
5 90.1 1.76 2.06 1 82 1
6 194 1.98 233 1 10.5 1
7 316 214 2.62 1 13.1 1
8 402 2.24 2.96 1 16.1 1
9 404 226 335 1 195 1
10 | 316 221 378 1 232 1
11 183 2.09 426 1 275 1
12 | 689 1.9 4.82 1 323 1
13 11.9 1.67 544 1 377 1
14 | 0407 1.09 6.14 1 439 1
15 | 1.73 1.37 6.93 1 50.8 1
16 | 226 1.52 7.82 1 58.6 1
17 | 2.08 1.79 8.83 1 67.5 1
18 | 1.96 2.1 9.97 1 774 1
19 | 1.95 2.53 113 1 88.7 1
20 | 1.97 3.11
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126 Utah Geological Survey

MWO05 (Smooth inv. #15 *)

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD Dep DepSTD
1 | 321 115 154 1 154 1
Database Name: PrO]eCt91.gdb 2 1.17 1.08 1.74 1 328 1
UTMX: 623545 3 39 1.49 1.97 1 525 1
4 |72 1.54 222 1 747 1
UTMY: 4272812 5 | 774 152 251 1 9.98 1
. i 6 | 7.08 15 283 1 12.8 1
EPSG: NAD83 UTM zone 12N (epsg:26912) o s = o N " :
Importer: Not Available 8 |58 1.52 3.61 1 19.6 1
. . 9 |[427 15 407 1 237 1
Version: Not Available o 25 ” % . e n
Data Residual: 0.8 11 | 142 1.38 5.19 1 335 1
12 | 106 14 5.86 1 393 1
No. of Layers: 20 13 | 0887 154 6.61 1 459 1
DOI: 87m 14 | 0597 177 747 1 534 1
15 | 0382 2.06 8.43 1 61.8 1
Program: SPIA64.exe, version stack: Production 16 | 0315 2.64 952 1 713 1
17 | 0319 372 10.8 1 82.1 1
18 | 0337 497 12.1 1 942 1
19 | 0349 6.02 137 1 108 1
20 | 0353 691
Stacked Rhoa Data Model
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10
16 |]—
20 _r
25 '_I'_I
0
353]_|
i
100.0 a5
B0
— 55
E E @
=) £ &5
g 2 7
75
80
100 8
90
95
100
Wm o
110
&
\H 120
125
10
16-06 16-05 1e-04 1e-03 1e-02 1e-01 1 10 100 1000

Time [5] Resistivity [Ohmm]

Figure E-15. May 2022 smoothed TEM models for site MW0S5.



MWO06 (Smooth inv. #19 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project91.gdb

623751

4272127

NADS83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.5

20

88m

Program: SPIA64.exe, version stack: Production
Stacked RhoaData
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1e-01
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Figure E-16. May 2022 smoothed TEM models for site MW06.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 13.1 1.42 1.28 1 1.28 1
2 9.4 1.35 1.45 1 273 1
3 10.7 137 1.63 1 437 1
4 24.6 1.51 1.85 1 6.21 1
5 52.1 1.69 2.08 1 83 1
6 82.8 1.82 235 1 10.6 1
7 979 1.88 2.66 1 133 1
8 86.5 1.84 3 1 16.3 1
9 56.1 1.73 339 1 19.7 1
10 | 252 1.56 3.82 1 235 1
11 | 743 1.38 432 1 27.8 1
12 | 198 12 4.87 1 327 1
13 | 124 1.19 55 1 382 1
14 | 117 1.28 6.21 1 444 1
15 | 1.25 141 7.01 1 514 1
16 | 1.14 1.54 792 1 59.3 1
17 | 0.962 1.77 8.94 1 68.3 1
18 | 0.924 232 10.1 1 784 1
19 | 1.01 325 114 1 89.8 1
20 | 11 433
Model
o :1_I
5
10 I_l_'-l:|
15 I_I
20 I
25 '_l
30
35 IJ'_I
40 I_
45 |
E =8
% 13 Jrl
. 60
65
0
75
80
85
90
g5
100
105
1 10 100 1000

Resistivity [Chmm]

127



128 Utah Geological Survey

MWO07 (Smooth inv. #7 *)

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD | Dep DepSTD
1 718 1.36 1.11 1 1.11 1
Database Name: Pr0]ect919db I3 3.68 134 125 1 236 1
UTMX: 623084 3 1.14 1.14 1.41 1 3.77 1
4 0.793 1.16 1.59 1 5.36 1
UTMY: 4272799 5 | 157 135 18 1 7.16 1
. . 6 2.65 1.44 2.03 1 9.19 1
EPSG: NAD83 UTM zone 12N (epsg:26912) T34 = o ; 0 :
Importer: Not Available 8 | 381 155 259 ! 4.1 !
- . 9 372 1.56 2.92 1 17 1
Version: Not Available T EER 5 = . 203 .
Data Residual: 06 11 | 267 1.53 372 1 24 1
12 | 2.06 1.5 42 1 282 1
No. of Layers: 20 13| 162 147 475 1 3 1
DOI: 61m 14 | 141 1.46 5.36 1 383 1
15 137 1.48 6.05 1 444 1
Program: SPIA64.exe, version stack: Production 16 | 14 152 6.83 1 512 1
17 | 143 1.7 7.71 1 589 1
18 1.44 2.16 8.71 1 67.6 1
19 1.44 292 9.83 1 774 1

20 | 145 3.86
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Figure E-17. May 2022 smoothed TEM models for site MW0?7.



Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

MWO0S8 (Smooth inv. #11 *)

Print Date: 31-10-2023
Database Name: Project91.gdb
UTMX: 623116
UTMY: 4272303
EPSG: NAD83 UTM zone 12N (epsg:26912)
Importer: Not Available
Version: Not Available
Data Residual: 0.7
No. of Layers: 20
DOI: 57m
Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
1000.0
100.0
10.0
%ELL[
1.0}
1e-06 1e-05 1e-04 1e-03 1e-02 1e-01

Time [s]

Figure E-18. May 2022 smoothed TEM models for site MW0S.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 427 1.26 1.02 1 1.02 1
2 2.85 1.35 1.15 1 2.17 1
3 1.61 1.23 13 1 347 1
4 1.34 1.25 1.47 1 4.94 1
5 2.02 1.36 1.66 1 6.59 1
6 29 1.44 1.87 1 8.46 1
7 3.13 1.47 2.11 1 10.6 1
8 261 1.46 238 1 13 1
9 1.93 142 2.69 1 15.6 1
10 1.51 14 3.04 1 18.7 1
11 14 14 343 1 22.1 1
12 148 1.44 3.87 1 26 1
13 1.62 1.47 437 1 304 1
14 | 1.67 1.5 493 1 353 1
15 1.6 1.51 5.57 1 409 1
16 | 147 1.53 6.29 1 47.1 1
17 1.34 1.65 71 1 542 1
18 | 1.26 2 8.02 1 62.3 1
19 1.23 2.67 9.05 1 71.3 1
20 | 123 3.57
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MWO09 (Smooth inv. #41 *)

Utah Geological Survey

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD Dep DepSTD
. 1 | 162 1.63 0.942 1 0942 1
Database Name: Project91.gdb 2 | 159 Ve 106 1 200 1
UTMX' 623513 3 15.6 1.54 1.2 1 321 1
’ 4 | 148 156 136 1 456 1
UTMY: 4271175 5 | 13 148 153 1 6.09 1
. . 6 | 955 142 173 1 7.82 1
EPSG: NAD83 UTM zone 12N (epsg:26912) s e o - o -
Importer: Not Available 8 |16 L8 22 ! 12 !
. . 9 |12 121 249 1 145 1
Version: Not Available TR RED > I . 73 !
Data Residual: 0.6 11 | 0954 1.27 3.17 1 204 1
12 | 0983 129 358 1 24 1
No. of Layers: 20 13 | 18 144 404 1 2.1 1
DOI: 41m 14 | 3.68 16 456 1 326 1
’ 15 | 663 78 515 1 378 1
Program: SPIA64.exe, version stack: Production 16 | 103 199 582 1 36 1
17 | 139 227 6.57 1 502 1
18 | 168 264 741 1 576 1
19 | 186 3.1 8.37 1 66 1
20 | 191 3.67
Stacked RhoaData Model
1000.0 o J"
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Figure E-19. May 2022 smoothed TEM models for site MW09.



Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

MW11 (Smooth inv. #49 *)

Print Date: 31-10-2023
Database Name: Project91.gdb
UTMX: 623701
UTMY: 4273699
EPSG: NADS83 UTM zone 12N (epsg:26912)
Importer: Not Available
Version: Not Available
Data Residual: 0.8
No. of Layers: 20
DOI: 64m
Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
1000.0
100.0
vﬁk
100 :‘{A’Yz
{
1.0
1e-06 1e-05 1e-04 1e-03 1e-02 1e-01

Time [s]

Figure E-20. May 2022 smoothed TEM models for site MW11.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 13.8 1.58 0.982 1 0.982 1
2 10.1 1.39 111 1 2.09 1
3 6.36 1.42 125 1 334 1
4 642 1.33 1.41 1 475 1
5 144 1.53 1.6 1 6.35 1
6 332 1.74 1.8 1 8.15 1
7 579 1.87 2.03 1 10.2 1
8 60.8 1.88 23 1 12,5 1
9 45.6 1.79 2.59 1 15.1 1
10 | 25.6 1.65 2.93 1 18 1
11 | 108 1.48 33 1 213 1
12 | 352 1.34 373 1 25 1
13 | 141 124 421 1 29.2 1
14 | 139 1.29 475 1 34 1
15 | 152 141 537 1 394 1
16 | 1.54 1.63 6.06 1 454 1
17 | 1.3 2.16 6.84 1 523 1
18 | 0.887 3.14 772 1 60 1
19 | 0.548 432 872 1 68.7 1
20 | 0373 5.28
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MW12 (Smooth_Res_#61 *)

Utah Geological Survey

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project91.gdb

624783

4270432

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.4

20

91m

Program: SPIA64.exe, version stack: Production

Stacked Rhoa Data
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Figure E-21. May 2022 smoothed TEM models for site MW12.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 234 1.45 1.65 1 1.65 1
2 199 1.38 1.86 1 3.51 1
3 185 143 2.1 1 5.61 1
4 243 141 237 1 7.98 1
5 353 1.52 2.68 1 10.7 1
6 2.5 1.6 3.02 1 13.7 1
7 39 1.57 341 1 17.1 1
8 27.1 1.49 3.85 1 209 1
9 16.5 141 4.35 1 253 1
10 | 14 14 491 1 302 1
11 | 185 149 5.54 1 357 1
12 | 261 1.58 6.26 1 42 1
13 | 328 1.64 7.06 1 49.1 1
14 | 347 1.66 7.98 1 57 1
15 | 304 1.68 9 1 66 1
16 | 226 1.73 102 1 762 1
17 | 153 1.88 11.5 1 87.7 1
18 | 109 227 13 1 101 1
19 | 922 3 14.6 1 115 1
20 | 934 3.99
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Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

MWO01 (Smooth inv. #56 *)

Print Date: 31-10-2023
Database Name: Project95.gdb
UTMX: 623209
UTMY: 4273226
EPSG: NAD83 UTM zone 12N (epsg:26912)
Importer: Not Available
Version: Not Available
Data Residual: 0.7
No. of Layers: 20
DOI: 81m
Program: SPIA64.exe, version stack: Production
Stacked RhoaData
1000.0
100.0
g
100 \\
MFH—H_[{_I
1.0
1e-06 1e-08 1e-04 1e-03 1e-02 1e-01

Time [s]

Figure E-22. November 2022 smoothed TEM models for site MW01.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 8.82 131 1.54 1 1.54 1
2 1.56 1.12 1.74 1 329 1
3 0.833 111 1.97 1 525 1
4 2.01 1.34 222 1 747 1
5 237 1.38 2.51 1 9.98 1
6 2.52 141 2.83 1 12.8 1
7 3.04 1.47 3.19 1 16 1
8 3.49 1.52 3.61 1 19.6 1
9 337 1.53 4.07 1 237 1
10 | 273 1.51 4.6 1 283 1
11 | 2.03 1.48 519 1 335 1
12 | 1.62 145 5.86 1 393 1
13 | 158 1.46 6.61 1 459 1
14 | 1L.79 1.5 747 1 534 1
15 | 211 1.6 843 1 61.8 1
16 | 238 1.83 9.52 1 714 1
17 | 249 227 10.8 1 82.1 1
18 | 244 293 12.1 1 94.2 1
19 | 228 3.72 13.7 1 108 1
20 | 2.08 452
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MWO02 (Smooth inv. #70 *)

Print Date: 31-10-2023 # Res ResSTD Thk ThkSTD Dep DepSTD
] 1 | 257 1.82 1.02 1 1.02 1
Database Name: Project95.gdb 2 | 202 149 115 1 217 1
UTMX' 623272 3 12.1 1.47 13 1 347 1
4 |54 142 147 1 493 1
UTMY: 4271819 5 | 227 121 1.66 1 6.59 1
. i 6 | 28 1.29 1.87 1 8.46 1
EPSG: NAD83 UTM zone 12N (epsg:26912) 4% T O ; 08 ;
Importer: Not Available 8 |43 144 238 1 13 1
. . 9 [255 137 2.69 1 156 1
Version: Not Available o 2 3% o1 . T .
Data Residual: 0.6 T EES 133 343 1 21 1
12 | 168 14 387 1 26 1
No. of Layers: 20 13 | L6l 143 437 1 304 1
DOI: 59m 14 | 125 145 4.93 1 353 1
) 15 | 0955 146 5.57 1 409 1
Program: SPIA64.exe, version stack: Production 16 | 0817 149 629 1 471 1
17 | 078 167 71 1 542 1
18 | 0785 216 8.02 1 623 1
19 | 0808 299 9.05 1 713 1
20 | 0.836 3.96
Stacked Rhoa Data Model
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Figure E-23. November 2022 smoothed TEM models for site MIW02.



MWO03 (Smooth inv. #130 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

135

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project95.gdb

624058

4271118

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available
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Program: SPIA64.exe, version stack: Production
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Figure E-24. November 2022 smoothed TEM models for site MIW03.

Time [s]

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 19.2 1.49 1.33 1 1.33 1
2 11.8 1.32 1.5 1 2.82 1
3 134 135 1.69 1 451 1
4 428 1.54 191 1 6.41 1
5 119 1.8 2.15 1 8.57 1
6 241 2.02 243 1 11 1
7 366 2.18 2.74 1 13.7 1
8 432 226 3.1 1 16.8 1
9 402 225 35 1 203 1
10 | 289 2.15 3.95 1 243 1
11 151 1.96 4.46 1 28.7 1
12 | 486 1.68 5.03 1 338 1
13 | 659 1.35 5.68 1 394 1
14 | 0465 1.07 6.41 1 459 1
15 | 2.67 1.42 724 1 53.1 1
16 | 493 1.58 8.17 1 613 1
17 | 744 1.9 9.23 1 70.5 1
18 | 10.8 2.35 104 1 80.9 1
19 | 151 2.89 11.8 1 92.7 1
20 | 197 35
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136 Utah Geological Survey

MWO05 (Smooth inv. #112 *)

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD Dep DepSTD
1 3.34 1.19 1.25 1 1.25 1
Database Name: PrO]eCt95.gdb 3 1.53 1.19 141 1 265 1
UTMX: 623545 3 1.52 1.23 1.59 1 424 1
4 4.08 1.45 1.79 1 6.03 1
UTMY: 4272812 5 | 84 16 202 1 8.05 1
. . 6 12.8 1.68 2.28 1 103 1
EPSG: NAD83 UTM zone 12N (epsg:26912) 103 s = . 5 .
Importer: Not Available 8 |78 16 291 ! 158 !
- . 9 58 1.55 3.29 1 19.1 1
Version: Not Available I S % N o3 .
Data Residual: 0.7 1 | 274 146 419 ! 7 !
12 1.84 1.42 4.73 1 31.7 1
No. of Layers: 20 13 | 135 143 534 1 371 1
DOI: 72m 14 1.09 1.5 6.03 1 431 1
15 | 0.894 1.61 6.81 1 499 1
Program: SPIA64.exe, version stack: Production 16 | 0.739 1.88 7.68 1 576 1
17 | 0.652 2.56 8.68 1 66.3 1
18 | 0.653 3.66 9.79 1 76.1 1
19 | 0.685 479 11.1 1 87.1 1

20 | 0.729 5.76
Stacked Rhoa Data Model
1000.0 Z T
o +

100.0 B I_I

40 J
— 15
% % 50
g g 55
T 60
&5
100 70

P =
S “ :

1.0
1e-08 1e-08 1e-04 1e-03 1e-02 1e-01
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Figure E-25. November 2022 smoothed TEM models for site MIW05.



MWO06 (Smooth inv. #88 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis
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Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project95.gdb

623751

4272127

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.6

20

75m

Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
1000.0
100.0
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é ﬁ
100 1 \
1.0
1e-08 1e-05 1e-04 1e-03 1e-02

Figure E-26. November 2022 smoothed TEM models for site MIW06.

Time [s]

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 17.5 1.55 1.14 1 1.14 1
2 142 1.38 1.29 1 244 1
3 123 145 1.46 1 39 1
4 16.8 145 1.65 1 5.55 1
5 30.8 1.56 1.86 1 741 1
6 52.1 1.7 21 1 9.51 1
7 70 1.79 237 1 11.9 1
8 71.8 1.79 2.68 1 14.6 1
9 549 1.72 3.02 1 17.6 1
10 | 30 1.59 341 1 21 1
11 11.2 143 3.85 1 24.8 1
12 | 34 1.26 435 1 29.2 1
13 1.7 1.22 491 1 34.1 1
14 1.14 124 5.55 1 39.7 1
15 1.06 135 6.26 1 459 1
16 1.03 15 7.07 1 53 1
17 | 0.907 1.76 7.98 1 61 1
18 | 0.814 234 9.01 1 70 1
19 | 0.828 328 10.2 1 80.1 1
20 | 0.895 434
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138 Utah Geological Survey

MWO07 (Smooth inv. #62 *)

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD Dep DepSTD
] 1 | 1138 157 1.02 1 1.02 1
Database Name: PrO]eCt959db 3 344 127 115 1 217 1
UTMX' 623084 3 1.34 1.18 13 1 3.46 1
' 4 | 0761 116 147 1 493 1
UTMY: 4272799 5 | 126 131 1.65 1 6.58 1
. . 6 | 222 142 187 1 8.45 1
EPSG: NAD83 UTM zone 12N (epsg:26912) T35 = X N o6 ;
Importer: Not Available s [397 1.56 2.38 1 129 1
. . 9 | 4N 158 2.69 1 156 1
Version: Not Available TEE 5 03 . Y] .
Data Residual: 0.7 11 | 301 1.55 34 1 2.1 1
12 | 238 152 387 1 2 1
No. of Layers: 20 13 | 195 5 437 1 303 1
DOI: 56m 14 | 169 1.49 493 1 352 1
’ 15 | 154 149 557 1 408 1
Program: SPIA64.exe, version stack: Production 16 | 147 152 628 1 471 1
17 | 145 17 7.09 1 542 1
18 | 146 2.14 8.01 1 622 1
19 | 147 286 9.04 1 712 1
20 | 149 378
Stacked RhoaData Model
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Figure E-27. November 2022 smoothed TEM models for site MIW07.



Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

MWO08 (Smooth inv. #76 *)

Print Date: 31-10-2023

Database Name: Project95.gdb

UTMX: 623116

UTMY: 4272303

EPSG: NAD83 UTM zone 12N (epsg:26912)
Importer: Not Available

Version: Not Available

Data Residual: 0.7
No. of Layers: 20
DOI: 63m

Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data

1000.0

100.0
5
&

10,0

%H{—E—[
1.0
1e-08 1e-05 1e-04 1e-03 1e-02 1e-01

Time [s]

Figure E-28. November 2022 smoothed TEM models for site MW0S.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 422 1.28 1.14 1 1.14 1
2 2.54 1.28 1.28 1 242 1
3 1.28 1.21 1.45 1 3.87 1
4 1.35 1.24 1.63 1 55 1
5 232 1.39 1.85 1 735 1
6 3.16 1.46 2.08 1 9.43 1
7 313 147 235 1 11.8 1
8 246 1.45 2.66 1 144 1
9 1.81 142 3 1 17.4 1
10 | 148 14 338 1 20.8 1
11 | 143 142 382 1 24.6 1
12 | 153 1.45 432 1 29 1
13 | 1.6 1.47 4.87 1 33.8 1
14 | 1.58 1.5 55 1 393 1
15 | 15 1.51 6.21 1 45.5 1
16 | 145 1.56 7.01 1 52.6 1
17 | 142 1.75 791 1 60.5 1
18 | 141 2.19 8.94 1 69.4 1
19 | 14 291 10.1 1 79.5 1
20 | 14 3.82
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MWO09 (Smooth inv. #66 *)

Utah Geological Survey

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project95.gdb

623513

4271175

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.6

20

41m

Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
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Figure E-29. November 2022 smoothed TEM models for site MIW09.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 20.7 1.76 0.884 1 0.884 1
2 20.1 1.48 0.998 1 1.88 1
3 18.9 1.53 1.13 1 3.01 1
4 17 1.6 1.27 1 428 1
5 144 1.53 1.44 1 572 1
6 10.5 1.42 1.62 1 7.34 1
7 5.68 1.39 1.83 1 9.17 1
8 1.95 12 2.07 1 11.2 1
9 1.16 1.17 233 1 13.6 1
10 | 142 1.29 2.63 1 16.2 1
1 | 1.1 1.28 297 1 19.2 1
12 | 0.861 127 336 1 225 1
13 | 1.33 1.38 3.79 1 263 1
14 | 285 1.52 4.28 1 30.6 1
15 | 552 1.69 4.83 1 354 1
16 | 9.02 1.91 5.46 1 409 1
17 | 128 2.17 6.16 1 471 1
18 | 162 249 6.96 1 54 1
19 | 191 2.87 7.85 1 61.9 1
20 | 21 334
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Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

MW11 (Smooth inv. #104 *)

Print Date: 31-10-2023
Database Name: Project95.gdb
UTMX: 623701
UTMY: 4273699
EPSG: NAD83 UTM zone 12N (epsg:26912)
Importer: Not Available
Version: Not Available
Data Residual: 0.5
No. of Layers: 20
DOI: 55m
Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
1000.0
100.0
100 e 2
1.0
1e-08 1e-08 1e-04 1e-03 1e-02 1e-01

Figure E-30. November 2022 smoothed TEM models for site MW11.

Time [s]

# | Res ResSTD Thk ThkSTD Dep DepSTD
1 19 1.75 0.898 1 0.898 1
2 163 147 1.01 1 1.91 1
3 12.6 1.49 1.14 1 3.05 1
4 10.1 1.49 1.29 1 4.35 1
5 10.8 143 1.46 1 5.8 1
6 15.5 1.51 1.65 1 745 1
7 23 1.62 1.86 1 9.31 1
8 29.6 1.66 21 1 114 1
9 30.7 1.66 237 1 138 1
10 | 25.1 1.61 2.67 1 16.5 1
11 159 1.53 3.02 1 19.5 1
12 | 778 143 341 1 229 1
13 | 3.08 131 3.85 1 26.7 1
14 1.43 1.22 4.35 1 311 1
15 | 1.56 1.29 491 1 36 1
16 | 2.18 1.38 5.54 1 41.5 1
17 | 29 1.53 6.25 1 47.8 1
18 | 346 1.87 7.06 1 54.8 1
19 | 372 246 797 1 62.8 1
20 | 375 324
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MW12 (Smooth inv. #116 *)

Utah Geological Survey

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project95.gdb

624783

4270432

NADS83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.4

20

68m

Program: SPIA64.exe, version stack: Production
Stacked Rhoa Data
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Figure E-31. November 2022 smoothed TEM models for site MW12.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 235 1.62 1.23 1 1.23 1
2 20.8 141 1.39 1 2.62 1
3 17.9 1.49 1.57 1 4.18 1
4 18.1 147 1.77 1 595 1
5 24 147 2 1 7.95 1
6 34 1.57 225 1 10.2 1
7 41.8 1.62 2.54 1 127 1
8 40.6 1.61 2.87 1 15.6 1
9 313 1.55 324 1 189 1
10 | 21 1.48 3.66 1 225 1
11 | 159 143 4.13 1 26.6 1
12 | 168 1.45 4.67 1 313 1
13 | 214 1.51 527 1 36.6 1
14 | 27.1 1.57 5.95 1 425 1
15 | 313 1.61 6.72 1 492 1
16 | 326 1.69 7.58 1 56.8 1
17 | 313 1.87 8.56 1 65.4 1
18 | 287 223 9.66 1 75 1
19 | 265 2.81 10.9 1 86 1
20 | 253 359
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Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

MWO01 (Smooth_Res_#29 *)

Print Date:
Database Name:
UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

Program:

31-10-2023

Project97.gdb

623209

4273226

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.6

20

67m

SPIA64.exe, version stack: Production

Stacked Rhoa Data
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100.0

Rhoa [Chmm]
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Figure E-32. May 2023 smoothed TEM models for site MWOI.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 842 1.39 1.21 1 1.21 1
2 334 1.32 1.37 1 2.58 1
3 0.782 1.09 1.55 1 4.13 1
4 1.37 125 1.75 1 5.88 1
5 2.02 1.38 1.97 1 7.85 1
6 228 1.4 223 1 10.1 1
7 2.57 1.44 2.51 1 12.6 1
8 31 1.5 2.84 1 154 1
9 351 1.54 32 1 18.6 1
10 | 341 1.55 3.62 1 22 1
11 | 28 1.53 4.08 1 26.3 1
12 | 2.08 1.49 4.61 1 30.9 1
13 | 161 1.46 52 1 36.1 1
14 | 148 1.46 5.88 1 42 1
15 | 1.59 1.49 6.63 1 48.6 1
16 | 1.78 1.54 749 1 56.1 1
17 | 192 1.66 845 1 64.6 1
18 | 1.96 1.92 9.55 1 74.1 1
19 | 193 2.39 10.8 1 849 1
20 | 1.88 3.09
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MWO02 (Smooth_Res_#53 *)

Print Date: 31-10-2023 # | Re ReSTD [Tk [ TuksTD | Dep DepSTD
1 348 1.92 1.26 1 1.26 1
Database Name: PrO_]eCt97gdb 3 2 1.51 1.42 1 2.68 1
UTMX: 623272 3 127 141 1.61 1 429 1
4 |35 124 1.81 1 6.1 1
UTMY: 4271819 5 | 188 118 205 1 8.14 1
. . 6 4.05 1.36 231 1 10.5 1
EPSG: NAD83 UTM zone 12N (epsg:26912) i 5 o ; o N
Importer: Not Available 8 |23 1.34 294 1 16 1
. . 9 | 113 124 332 1 193 1
Version: Not Available B 5 YT . 1 .
Data Residual: 0.6 11 | 157 1.38 424 1 273 1
12 | 151 141 478 1 321 1
No. of Layers: 20 13 | 127 142 54 1 375 1
DOI: 71m 14 | 1.04 143 6.1 1 43.6 1
15 | 091 1.46 6.88 1 50.5 1
Program: SPIA64.exe, version stack: Production 16 | 0868 155 777 1 583 1
17 | 0861 1.78 8.77 1 67 1
18 | 0.852 228 99 1 76.9 1
19 | 0844 3.1 112 1 88.1 1
20 | 0848 411
Stacked Rhoa Data Model
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Figure E-33. May 2023 smoothed TEM models for site MW02.



MWO03 (Smooth_Res_#83 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project97.gdb

624058

4271118

NAD83 UTM zone 12N (epsg:26912)
Not Available

Not Available

0.8

20

72m

Program: SPIA64.exe, version stack: Production
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Figure E-34. May 2023 smoothed TEM models for site MW03.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 215 1.56 1.23 1 1.23 1
2 114 1.34 1.38 1 2.61 1
3 745 1.26 1.56 1 4.17 1
4 29.5 1.53 1.76 1 593 1
5 94.2 1.79 1.99 1 792 1
6 200 2 225 1 10.2 1
7 308 2.14 2.54 1 127 1
8 364 222 2.86 1 15.6 1
9 338 223 323 1 18.8 1
10 | 246 218 3.65 1 224 1
11 | 133 2.07 4.12 1 26.6 1
12 | 83 1.92 4.65 1 312 1
13 | 8.64 1.73 525 1 36.5 1
14 | 0363 1.15 593 1 24 1
15 | 0.784 1.26 6.69 1 49.1 1
16 | 0.753 1.54 7.56 1 56.7 1
17 | 0465 1.89 853 1 652 1
18 | 0.283 22 9.63 1 748 1
19 | 02 2.6 10.9 1 85.7 1
20 | 0.169 323
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MWO05 (Smooth_Res_#57 *)

Print Date: 31-10-2023 # | Res ResSTD Thk ThkSTD Dep DepSTD
1 |37 118 137 1 137 1
Database Name: PrOJeCt97gdb 2 131 1.14 1.54 1 291 1
UTMX: 623 545 3 2.34 1.27 1.74 1 4.65 1
4 | 498 147 1.96 1 6.61 1
UTMY: 4272812 5 | 776 157 222 1 8.83 1
. . 6 |93 1.59 25 1 113 1
EPSG: NADS83 UTM zone 12N (epsg:26912) T = o . e n
Importer: Not Available 8 [73 155 319 ! 173 !
. . 9 [s522 153 36 1 21 1
Version: Not Available B i 0 . % .
Data Residual: 0.7 11 | 2.06 1.42 459 1 296 1
12 | 137 14 518 1 348 1
No. of Layers: 20 13 | 116 145 585 1 206 1
DOI: 76m 14 | 0978 1.62 6.61 1 473 1
15 | 0.669 191 746 1 547 1
Program: SPIA64.exe, version stack: Production 16 | 049 238 842 1 63.1 1
17 | 0.501 326 951 1 726 1
18 | 062 457 10.7 1 83.4 1
19 | 0747 581 121 1 95.5 1
20 | 038 6.79
Stacked RhoaData Model
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Figure E-35. May 2023 smoothed TEM models for site MW05.



MWO06 (Smooth_Res_#61 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project97.gdb

623751

4272127

NAD83 UTM zone 12N (epsg:26912)
Not Available
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Figure E-36. May 2023 smoothed TEM models for site MW06.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 13.4 1.41 1.35 1 135 1
2 9.4 1.33 1.52 1 2.88 1
3 11.9 1.35 1.72 1 4.6 1
4 29.3 1.51 1.94 1 6.54 1
5 61.2 1.71 2.19 1 8.74 1
6 93.1 1.84 248 1 11.2 1
7 106 1.89 28 1 14 1
8 90.1 1.85 3.16 1 17.2 1
9 56.2 1.72 357 1 20.7 1
10 | 232 1.52 4.03 1 24.8 1
11 | 5.65 1.32 4.55 1 29.3 1
12 | 151 1.17 513 1 344 1
13 | 1.38 1.24 579 1 40.2 1
14 | L11 1.31 6.54 1 46.8 1
15 | 114 1.46 7.38 1 54.2 1
16 | 0.99 1.61 834 1 62.5 1
17 | 0.822 1.92 941 1 71.9 1
18 | 081 258 10.6 1 825 1
19 | 0.886 3.55 12 1 94.5 1
20 | 0958 4.59
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MWO07 (Smooth_Res_#39 *)

Utah Geological Survey

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project97.gdb

623084

4272799

NAD83 UTM zone 12N (epsg:26912)
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Figure E-37. May 2023 smoothed TEM models for site MWO7.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 536 1.26 123 1 1.23 1
2 2.72 13 1.39 1 2.63 1
3 0.954 1.13 1.57 1 42 1
4 0.942 1.18 1.78 1 5.98 1
5 2.06 1.39 2.01 1 7.98 1
6 341 1.48 226 1 10.2 1
7 4.23 1.54 2.56 1 12.8 1
8 4.28 1.56 2.88 1 157 1
9 375 1.55 326 1 189 1
10 | 2.98 1.52 3.68 1 22.6 1
11 | 226 1.49 4.15 1 26.8 1
12 | 1.78 1.47 4.69 1 315 1
13 | 1.57 1.46 529 1 36.7 1
14 | 154 1.49 597 1 427 1
15 | 154 1.52 6.74 1 495 1
16 | 148 1.57 7.61 1 57.1 1
17 | 134 1.71 8.6 1 65.7 1
18 | 121 2.06 9.7 1 754 1
19 | 113 2.72 11 1 86.3 1
20 | 114 3.65
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MWO08 (Smooth_Res_#31 *)

Matheson Wetlands Preserve water monitoring, water budget, wetland mapping, and wetland change analysis

Print Date:

Database Name:

UTMX:

UTMY:

EPSG:
Importer:
Version:

Data Residual:
No. of Layers:
DOI:

31-10-2023

Project97.gdb
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NADS83 UTM zone 12N (epsg:26912)
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Figure E-38. May 2023 smoothed TEM models for site MW0S.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 293 1.16 1.22 1 1.22 1
2 1.76 1.22 1.38 1 2.6 1
3 1.26 121 1.55 1 4.15 1
4 1.7 131 1.75 1 591 1
5 2.62 1.41 1.98 1 7.89 1
6 3.13 1.48 224 1 10.1 1
7 2.86 1.45 2.53 1 12.6 1
8 215 1.42 2.85 1 15.5 1
9 1.59 14 322 1 18.7 1
10 | 1.36 14 3.63 1 224 1
11 | 1.41 1.42 4.1 1 26.5 1
12 | 156 1.46 4.63 1 311 1
13 | 1.63 148 523 1 36.3 1
14 | 1.56 1.5 59 1 22 1
15 | 143 1.51 6.66 1 489 1
16 | 134 1.54 7.53 1 56.4 1
17 | 1.31 1.66 8.49 1 64.9 1
18 | 133 1.95 9.59 1 74.5 1
19 | 1.37 246 10.8 1 853 1
20 | 141 321
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Figure E-39. May 2023 smoothed TEM models for site MW09.

1e-01

# Res ResSTD Thk ThkSTD Dep DepSTD
1 13.6 1.72 0.692 1 0.692 1
2 139 1.48 0.781 1 1.47 1
3 143 1.56 0.882 1 2.36 1
4 14.6 1.65 0.996 1 335 1
5 14.1 1.62 1.12 1 448 1
6 124 1.53 1.27 1 574 1
7 9.33 1.48 143 1 7.18 1
8 5.61 141 1.62 1 8.8 1
9 2.54 1.29 1.83 1 10.6 1
10 13 1.22 2.06 1 12.7 1
11 1.36 127 233 1 15 1
12 1.23 1.31 2.63 1 17.6 1
13 | 0.924 1.29 297 1 20.6 1
14 | 0.891 13 335 1 24 1
15 1.86 1.45 3.78 1 27.7 1
16 | 451 1.65 427 1 32 1
17 | 9.18 1.88 4.82 1 36.8 1
18 15 2.13 544 1 423 1
19 | 20.7 241 6.15 1 484 1
20 | 263 2.75
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Figure E-40. May 2023 smoothed TEM models for site MW11.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 12 1.52 1.02 1 1.02 1
2 831 1.37 1.15 1 218 1
3 5.71 1.37 13 1 348 1
4 822 1.39 1.47 1 4.95 1
5 17.6 1.56 1.66 1 6.62 1
6 325 1.7 1.88 1 8.49 1
7 463 1.78 2.12 1 10.6 1
8 50.7 1.8 239 1 13 1
9 45 1.76 27 1 15.7 1
10 | 262 1.66 3.05 1 188 1
11 | 113 1.5 344 1 222 1
12 | 335 1.33 3.89 1 26.1 1
13 | 133 12 439 1 30.5 1
14 | 1.68 131 4.95 1 354 1
15 | 213 1.38 5.59 1 41 1
16 | 2.54 1.47 6.31 1 473 1
17 | 277 1.63 7.13 1 545 1
18 | 278 1.99 8.05 1 62.5 1
19 | 2.68 2.59 9.09 1 71.6 1
20 | 261 341
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Figure E-41. May 2023 smoothed TEM models for site MW12.

# Res ResSTD Thk ThkSTD Dep DepSTD
1 225 1.51 1.39 1 1.39 1
2 19.5 1.39 1.57 1 2.96 1
3 174 1.47 1.77 1 4.74 1
4 19.5 143 2 1 6.74 1
5 26.6 1.48 226 1 9 1
6 342 1.56 2.55 1 11.5 1
7 359 1.58 2.88 1 144 1
8 29.9 1.53 325 1 17.7 1
9 214 1.46 3.67 1 214 1
10 | 162 143 4.15 1 255 1
11 | 159 1.44 4.68 1 30.2 1
12 | 188 1.49 528 1 355 1
13 | 233 1.54 597 1 414 1
14 | 272 1.61 6.74 1 482 1
15 | 275 1.67 7.61 1 55.8 1
16 | 23 1.73 8.59 1 64.4 1
17 | 162 1.89 9.69 1 74.1 1
18 | 11 229 10.9 1 85 1
19 | 9.02 3.07 124 1 974 1
20 | 947 4.17
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Figure F-1. A) Median August to September NDVI values over time for unit A. B) Percent cover of each land cover class over time for unit A.
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Figure F-2. A) Median August to September NDVI values over time for unit B. B) Percent cover of each land cover class over time for unit B.
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Figure F-3. A) Median August to September NDVI values over time for unit D. B) Percent cover of each land cover class over time for unit D.
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Figure F-4. A) Median August to September NDVI values over time for unit E. B) Percent cover of each land cover class over time for unit E.
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Figure F-5. A) Median August to September NDVI values over time for unit F. B) Percent cover of each land cover class over time for unit F.
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Figure F-6. A) Median August to September NDVI values over time for unit H. B) Percent cover of each land cover class over time for unit H.
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Figure F-7. A) Median August to September NDVI values over time for unit 1. B) Percent cover of each land cover class over time for unit 1.
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Figure F-8. A) Median August to September NDVI values over time for unit J. B)The area in acres of modeled median May to June surface
water area for unit J.
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Figure F-9. A) Median August to September NDVI values over time for unit K. B) Percent cover of each land cover class over time for unit K.
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Figure F-10. A) Median August to September NDVI values over time for unit L. B) The area in acres of modeled median May to June surface
water area for unit L.
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Figure F-11. A) Median August to September NDVI values over time for unit M. B) The area in acres of modeled median May to June surface
water area for unit M.
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