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Abstract

Parowan Valley, Utah (USA), is an agricultural region experiencing rapid subsidence due to extensive groundwater extraction
from aquifers with a significant portion of fine-grained sediments. To analyze the subsidence spatio-temporally, time-series
Interferometric Synthetic Aperture Radar (InSAR) of 155 Sentinel-1 C-band scenes were processed. These data showed
approximately 30 cm of ground subsidence in Parowan Valley from 2014 to 2020. Because of the high temporal sampling
rate of the Sentinel-1 satellite (12-day cycle), it is possible to determine the seasonal changes of ground deformation and
relate this to groundwater extraction. To better understand the relationship between ground deformation and groundwater
extraction in the Parowan Valley, temporal changes in hydraulic head data from US Geological Survey observation wells
were monitored. Additionally, well logs were analyzed and used to construct a map that showed the percentage of fine-
grained material in the subsurface. The investigation of hydraulic head and geology, together with InSAR-derived ground
displacement data, indicates that the most subsidence occurs where there is a co-occurrence of high groundwater demand
and a high percentage of fine-grained sediments, but recharge likely plays a role in mitigating subsidence in some areas. The
subsidence developed in Parowan Valley shows a long-term trend as well as seasonal variation and appears to be influenced
by both agricultural activity and annual precipitation.

Keywords Subsidence - InSAR - Groundwater - Agriculture - USA

Introduction

Overextraction of groundwater for irrigation has been recog-
nized as a major driver of ground deformation and land sub-
sidence in agricultural areas (Bouwer 1977; Khan et al. 2013;
Faunt et al. 2016). The hazards of land subsidence have been
examined in numerous studies. These hazards include the
development of earth fissures (Conway 2016; Youssef et al.
2013), reduction of aquifer storage (Holzer and Galloway
2005), flooding (Anzidei et al. 2017), and damage to archi-
tectural structures, foundations, drainage canals, pipelines,
and other infrastructure (Yin et al. 2016; Ortiz-Zamora and
Ortega-Guerrero 2010; Van Niekerk and Van der Walt 2006).

Unlike ground deformation caused by earthquakes, the
subsidence caused by aquifer consolidation is slow and
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imperceptible on a short timescale. This type of subsidence
typically follows a decline in groundwater levels and was
challenging to measure before the development of InSAR
(Interferometric Synthetic Aperture Radar). In 2014, the
launches of the Sentinel-1 satellites by the European Space
Agency provided denser orbits, shorter repeat cycles, and
higher SAR resolution, making the tracking of small ground
deformations easier and more reliable. The past decade has
seen the rapid development of InSAR as a tool for moni-
toring changes in surface elevation, and it has been used
worldwide to monitor land deformation caused by earth-
quakes (Ryder et al. 2007; Simons 2002; Burgmann 2002),
sinkholes (Intrieri et al. 2015; Baer et al. 2018; Atzori et al.
2015), and landslides (Bozzano et al. 2011; Yin et al. 2010;
Kiseleva et al. 2014). The development of the small baseline
algorithm (SBAS) (Berardino et al. 2002; Lanari et al. 2007)
also made InSAR a suitable method to monitor large-scale
gradual deformation caused by groundwater extraction.

A considerable amount of literature has been pub-
lished related to the application of InSAR techniques to
monitor long-term ground deformation due to groundwater
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extraction. The study of Dehghani et al. (2009) used InSAR
to estimate a high subsidence rate caused by overextrac-
tion of groundwater in Neyshabour, Northeast Iran. Smith
et al. (2017) estimated the permanent (inelastic) subsid-
ence that occurred from 2007 to 2010 in the San Joaquin
Valley, California (USA), due to groundwater extraction
using InSAR and hydraulic head measurements. Chaus-
sard et al. (2014) used InSAR time series of ERS, Envisat,
and ALOS SAR data to resolve ground deformation that
occurred between 1992 and 2011 in the Santa Clara Valley,
California. This study also characterized the hydrological
properties of aquifer systems and fault zones by combining
InSAR-based estimates of deformation with hydraulic head
data. Chen et al. (2016) estimated aquifer storage proper-
ties assuming a time lag between hydrologic changes and
observed deformation. Shirzaei et al. (2016) observed the
link between wastewater injection and land surface uplift
that caused an earthquake in eastern Texas (USA) using
the InSAR technique. Teatini et al. (2012) estimated the
long-term subsidence in the Venice Lagoon (Italy) using
a persistent scattered SAR method with the assistance of
artificial square trihedral corner reflectors (TCRs).

Although extensive research has been carried out on the
feasibility of monitoring the subsidence caused by ground-
water extraction using InSAR data, relatively few studies
have had the data necessary to evaluate the interrelationships
of geologic, hydrologic, and climate drivers on land subsid-
ence, particularly in regions experiencing both elastic and
inelastic deformation, which is complex and challenging to
model. This study investigates the subsidence observed in
Parowan Valley, Utah (USA), and comprehensively analyzes
the spatio-temporal mechanisms of the subsidence based on
InSAR data, hydrogeology, hydraulic head, precipitation,
and annual water pumping.

Background

The link between hydraulic head and ground
deformation in confined aquifers

A confined aquifer can be defined as an aquifer where the
head at the top of the aquifer is greater than the elevation
at the top of the aquifer. Confined aquifers are recharged by
an upgradient source and are pressurized due to the restric-
tion of upward flow by an overlying low-permeability unit
(Fetter 2018). Figure 1 shows a simplified model of a con-
fined aquifer of unconsolidated sediment that is common in
basins such as Parowan Valley, including the fine-grained
aquitards bounding the aquifer above and below, and lenses
of fine-grained aquitard material, within a high-permeability
coarse-grained aquifer.
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Upper Aquitard (Fine grained)

Lens (Fine grained)

Confined Aquifer (Coarse grained)

Lower Aquitard

Fig.1 A simplified model of a confined aquifer. The aquitards and
lenses are fine-grained soil, and the aquifer is coarse-grained soil

For InSAR-based studies of ground deformation caused
by groundwater pumping, it is assumed that the change of
ground elevation measured by satellite is due to the change
in thickness of the entire aquifer system (aquifers and aqui-
tards). This change in thickness is related to the decrease
or increase of hydraulic head in the aquifer and can often
be correlated to groundwater extraction or recharge.

Storativity is used to describe the volume of water that
can be removed from or observed by an aquifer per unit sur-
face area per change in head. In confined aquifer systems,
where the aquifer remains fully saturated during pumping,
the specific storage S, of the aquifer is defined as the volume
of water released from storage from a unit volume of aquifer
per unit decline in hydraulic head Fetter 2018). Jacob (1940)
defined specific storage by the following equation:

S = pwgla +np) ey

where a is the compressibility of the sediment in the aquifer
system, n is the porosity, § is the compressibility of water,
Py 1s the density of water, and g is gravity. This equation can
be separated into two components:

Ss = Ssk + st (2)

where Sy =p,,ga is the skeletal specific storage which corre-
sponds to the compression of the aquifer matrix, and S, =p,,gnp
corresponds to the water release due to the expansion of pore
water as the pressure head is reduced in the aquifer. S is usually
much greater than S, and it can be used to estimate the change

in the aquifer thickness Ab due to changes in head Ah:

_Ab
= byAh &)

Ssk

where b, is the original thickness of the stratum layer, also
known as the saturated thickness.

Ground deformation caused by changing aquifer thick-
ness could be elastic or inelastic, depending on the history
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of the aquifer. Effective stress o,, or the difference between
the total stress o experienced by a geologic unit and the
pore pressure P, within the unit (Terzaghi 1925), helps
to determine whether deformation is elastic or inelastic.
Elastic deformation caused by increases in effective stress
can be recovered when the effective stress decreases, while
inelastic deformation caused by rearrangement of the
grains at the pore scale in the aquifer system is typically
permanent. The boundary between elastic and inelastic
deformation is controlled by the historic maximum effec-
tive stress o, (Poland et al. 1975). It is assumed that
the deformation is elastic when o, is smaller than o,,,,
and deformation will become inelastic when o, is greater
than o, If the main factor controlling effective stress is
the change in head (as opposed to overconsolidation from
glaciers or other types of loading), the head corresponding
10 Gy can be referred to as the preconsolidation head #,,.
When head is higher than the preconsolidation head the
deformation will be assumed to be elastic, and when the
head is lower than the preconsolidation head the deforma-
tion will be assumed to be inelastic. Based on this theory,
one can divide S into Sy =S, + S, where S, is the
inelastic skeletal-specific storage and S, is the elastic
skeletal specific storage. Equation (3) can be rewritten for
the skeletal-specific storage due to inelastic deformation
as:

Ab
Sy = M
skv b()v A hv (4)

where Ab, is the inelastic portion of the deformation, b, is
the thickness of material that experienced inelastic deforma-
tion, and A#, is the drop in head below the preconsolidation
head h,,. Similarly, the skeletal specific storage due to elastic
deformation can be written as:

s _ A,
ske — boeAhe (5)

where Ab, is the elastic portion of the deformation, by, is
the thickness of material that experienced elastic deforma-
tion, and A#h, is the drop in head above the preconsolidation
head h,,. There are significant differences in the magnitude
of specific storage for unconsolidated aquifers experiencing
elastic and inelastic deformation. The inelastic skeletal spe-
cific storage S, is estimated to be 10-100 times larger than
elastic skeletal specific storage S, (Faunt et al. 2009; Riley
1998; Sneed 2001), which means that when the hydrau-
lic head decreases, the change in thickness of the aquifer
system that is experiencing inelastic deformation Ab, will
be 10-100 times larger than the change in thickness of the
aquifer system that is experiencing elastic deformation Ab,.

The time needed for deformation to occur after ground-
water has been extracted varies based on the sediment type.

Coarse-grained units typically respond quickly to changes
in pore pressure within an aquifer, so consolidation in these
materials tends to occur quickly, although these units are
usually less compressible than fine-grained units and gener-
ally are less susceptible to consolidation. Fine-grained mate-
rial like clay often has a time lag between changes in pore
pressure and consolidation.

The time needed for a hydrologic unit to equilibrate to
a change in head outside the unit, expressed as T, can be
approximated by the following equation when there is a step
decrease in hydraulic head of equal magnitude on both the
upper and lower boundaries of the unit (Riley 1969; Scott
1963):

2
T <%> S./K, ©6)

where b, is the thickness of the equilibrated hydrologic unit.
S, is the specific storage, and K, is the vertical hydraulic
conductivity. This equation shows that fine-grained units
within a coarse-grained aquifer may still experience con-
solidation for some time after drawdown has occurred, and
the time between drawdown and consolidation will depend
on the thickness, hydraulic conductivity, and specific stor-
age of the unit. As mentioned earlier, S, is estimated to
be 10-100 times larger than S,.; hence, the time needed
for fine-grained units to reach equilibrium will also vary
depending on whether the deformation is inelastic or elastic.
The delayed inelastic deformation will result in small to no
seasonal uplift (rebound) during the periods of groundwater
level recovery, followed by accelerated consolidation during
the periods of drawdown (Riley 1969; Helm 1975).

Study area
Hydrogeology of the study area

Parowan Valley is an agricultural region in northeastern Iron
County, Utah (Powell 1994), in the Basin and Range physi-
ographic province. Parowan Valley is approximately 50 km
long and 2-11 km wide and is situated in a closed surface-
water basin which is the structural depression formed by
northwest-trending faults (Marston 2017). The playa surface
in Parowan Valley formed due to uplift along the Red-Hills
fault and blockage of the Parowan Gap with alluvial-fan sed-
iments (Anderson and Christenson 1989). Previous research
done by DuRoss and Kirby (2004) indicated the existence of
interbedded clay, sand, and gravel along western Parowan
Valley close to the Little Salt Lake. Sand and gravel layers
can be significant and may vary in thickness from a few
meters near the edges of the valley to 600 m near the valley
center (Fig. 2; Shah and Boyd 2018). To better understand
the sediment distribution within Parowan Valley, a total of

@ Springer



Hydrogeology Journal

=
o

o
q—

110°W 90°W
d
113°0'0"W
38°0'0"N 38°0'0"N

UTCC station
Contrast pixel
Subsidence pixel

Reference pixel

3 Parowan

Unconsolidated Sediment Thickness

High : 600 m

11 Kilomgters .

b

113°0'0"W

Fig.2 a Location of the study area in south-western Utah. b The unconsolidated sediment thickness, varying from 20 to 600 m from the edge to
the center of Parowan Valley (data source: Shah and Boyd 2018)
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300 drillers’ logs were processed. Drillers’ logs were col-
lected from different companies within a 150-year time
frame, and the format and quality of the lithologic descrip-
tion varies considerably across the dataset. To interpret these
well logs, the lithology was classified into three different
categories: fine-grained, coarse-grained and mixed-grain-
sized material (Table 1).

A subset of the drillers’ logs was used to generate two
cross-sections across the Parowan Valley using the same
classification method. These cross-sections show interbed-
ding features of fine-grained and coarse-grained material
(Fig. 3). The cross-sections agree with the research done by
Marston (2017), which noted that interbedding of the clay
and gravel layers was observed in most of the wells across
Parowan Valley. Note that since the cross-sections are based
on limited lithologic information from drillers’ logs, which
are known to have some inconsistencies, the cross-sections
are mainly useful in highlighting general geologic trends,
rather than exact locations or depths of specific units. The
general trend of coarse-grained sediments near the alluvial
fan on the southeast portion of the valley is consistent with
known geologic processes.

Recharge to the Parowan Valley aquifer is largely driven
by topography-controlled precipitation and permeable sedi-
ments which allow precipitation to infiltrate. The higher
elevations to the northeast, southeast, and along the eastern
flank of the valley (the Markagunt Plateau and surrounding
highlands) receive much more precipitation than the valley,
and the sediments in these areas are of generally higher per-
meability, such as alluvial fans (Marston 2017). There has
been a limited number of aquifer tests in the valley. Tests
conducted during 1974-1975 (Bjorklund et al. 1978) show a
range of hydraulic conductivity in northern Parowan Valley,
of 145-213 m/day, and aquifer tests near the center of the
valley (Bjorklund et al. 1978) showed hydraulic conductivi-
ties ranging from 6 to 11 m/day. Marston (2017) performed
a basin characterization model (BCM) to model recharge to
the aquifer, and this study found that most natural recharge
to the aquifer (12.1 million m*) comes from these highland
areas, and recharge from precipitation within the valley was
negligible due to lower precipitation (caused by the lower
topography) and less permeable sediments. Other recharge
to the Parowan aquifer comes from streambed leakage (1.6
million m*/year), irrigation return from surface water (5.4
million m*/year), and irrigation return from groundwater
(2 million m*/year). As these values show, the majority of
recharge comes from the natural recharge from the highland
areas surrounding the valley.

The aquifer tests performed in Parowan Valley show
storativity ranging from 0.0007 to 0.014 with an average of
0.008683 in the northern portion of the valley and a range of
0.00007-0.02 with an average of 0.003171 in the central por-
tion of the valley. While the storativity in the central portion of

the valley is indicative of a confined aquifer, the higher stora-
tivity in the northern portion of the valley may indicate a leaky
confined aquifer which may allow some recharge to occur.
These results are in accordance with the BCM study performed
by Marston (2017) and match the observed groundwater flow
directions; groundwater flow is primarily from the northeast
towards the southwest in the northern half of the valley, while a
SE-NW groundwater flow component is added in the southern
half of the valley. A potentiometric contour map is shown in
Fig. 4, using data acquired by Marston (2017).

These results also agree with the lithologic distribution
shown in Figs. 2 and 3. The increase in fine-grained layers
towards the center and northwest portion of the valley is con-
sistent with confining conditions observed in those portions
of the valley (Marston 2017; Bjorklund et al. 1978). In earlier
times, the Little Salt Lake likely covered a much larger por-
tion of the valley, due to the historically wetter climate (Oviatt
1997). The confining unit may have been deposited histori-
cally from lake sediment of Little Salt Lake which is situated
at the northwestern edge of the Parowan Valley. Those fine-
grained deposits from the Little Salt Lake would potentially
serve as the confining unit near the center of Parowan Valley.

In 2014, the Utah Geological Survey discovered a 0.25-m
subsidence feature associated with fissures that developed in
the Cedar Valley, just southwest of the study area. The sub-
sidence in Cedar Valley is believed to be due to long-term
overextraction of groundwater. This discovery helped pro-
mote the implementation of the water management plan in
Cedar Valley to reduce the land subsidence rate (Knudsen
et al. 2014). Similar fissures and ground cracks developed at
the eastern end of Parowan Gap and the western margin of
the Little Salt Lake playa and have been active since at least
1995. Due to surface-water flow and subsurface piping, the
cracks eroded to form a significant depression up to about 1 m
deep and 0.5 m wide. Localized areas of subsidence along
the western margin of the Little Salt Lake playa have been
observed, and water levels in Parowan Valley have dropped
6—15 m since the early 1960s (Marston 2017). However, there
is limited information about the extent and magnitude of land
subsidence in Parowan Valley. According to research done by
Forster (2006), Parowan had less than 2.8 cm of subsidence
from 1993 to 1996, and more subsidence happened from 1996
to 1998 with no specific amount mentioned.

Climate and agriculture in Parowan Valley

The climate in Parowan Valley is cold and semiarid with hot
dry summers and cold winters. Parowan receives an aver-
age of 450 mm precipitation per year. Data provided by the
United States Department of Agriculture (USDA) show that
the most common crop grown in the Parowan area is alfalfa
(Fig. 5), which generally has higher seasonal water use com-
pared to other crops (Rogers et al. 2015). The production
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Table 1 Classification of reported lithology in well logs

Classification Types of material

Fine-grained material Clay, mix of clay-sand;
Silt, mix of silt-sand;

Mix of clay-silt-sand

Mixed-grain-sized material Mix of clay-sand-gravel;

Mix of silt-sand-gravel

Coarse-grained material Sand, mix of sand-gravel;
Gravel,

Mix of gravel-cobbles-boulders

of alfalfa requires considerable irrigation and has resulted
in a net negative water balance over time in Parowan Val-
ley. Some of the irrigation water in Parowan Valley comes
from surface water, but most is supplied from groundwater
(Marston 2017). The average estimated discharge from wells
for irrigation in Parowan Valley from 1994 to 2013 is 39.7
million m*; comparison of the groundwater discharge for
irrigation with the total groundwater recharge (21.1 million
m?) shows an average water deficit. The continuous over-
withdrawal of groundwater from 1974 to 2013 has caused
the groundwater level to decline by up to 9 m in the northern
portion of the valley and by up to 27 m in the central portion
of the valley (Marston 2017). Lack of precipitation during a
drought year could cause additional stress to the aquifer due
to limited surface water supplies and higher water demand
during the growing season, which could result in more rapid
declines.

Methods
InSAR data acquisition and processing

Interferometric Synthetic Aperture Radar (InSAR) is a tech-
nique for measuring surface deformation using the difference
in the phase of microwave electromagnetic waves in two or
more SAR images. InSAR is sensitive to ground deformation
on the order of millimeters or centimeters (Massonnet and
Feigl 1998). InSAR data over the study area were processed
using GMTSAR software developed by David Sandwell
and Xiaohua Xu (Sandwell et al. 2011). The Small Baseline
Subset (SBAS; Berardino et al. 2002) method was used to
generate the InSAR time series and mean ground displace-
ment velocity map. For InSAR analysis of Parowan Valley, a
total of 155 descending SAR scenes from the Alaska Satellite
Facility (ASF) were used. These scenes were acquired by the
Sentinel-1 satellite from 29 November 2014, to 27 December
2020 (Path 100, Frame 464 and 465 for 2014-2016, Frame 466
for 2017-2020) with a 12-day time interval between adjacent
passes. A total of 404 interferograms were generated and used
for time-series analysis.

@ Springer

Ground-displacement mean velocity map
and time-series

A vertical displacement mean velocity map (land subsidence
map) was generated using the SBAS method. Time series of
deformation were computed relative to a reference pixel that
was assumed to have very little deformation. The reference
pixel was selected in an urban area in the city of Parowan,
Utah (—112.829° longitude, 37.846° latitude) because of its
stable reflection properties, negligible groundwater pumping
in this region (Marston 2017), and because it is located on an
alluvial fan with coarse-grained deposits, which deform much
less than clay-rich sediments. This reference pixel has similar
tropospheric patterns to the rest of the valley that has more
deformation, and thus it is effective for testing the removal of
most tropospheric effects.

If the tropospheric effects were removed successfully, a ran-
domly selected pixel near the reference pixel with no signifi-
cant pumping and similar geologic conditions would also have
little to no subsidence. To verify that the processing method
was successful in measuring subsidence and was not unduly
influenced by tropospheric effects, two points were selected
to extract the time series. One pixel, referred to here to as the
subsidence point, was in a high-subsidence area (—112.869°
longitude, 37.902° latitude) to measure the accumulated sub-
sidence from 2014 to 2020. Another pixel, referred to as the
contrast point, was in an urban area similar to the reference
pixel (—112.836° longitude, 37.845° latitude) to corroborate
the successful removal of the atmospheric noise, The loca-
tions of these pixels are marked in Fig. 2. To further validate
the InSAR data, a global positioning system (GPS) station
(UTCC) close to southeastern Parowan Valley (Fig. 2) was
used to compare with the InNSAR data at the same location.
Results indicate similar elevation trends with time between
the InSAR and GPS data (Fig. 6a).

Results and discussion

Temporal comparison of hydraulic head
and subsidence

The maximum subsidence in Parowan Valley calculated
from the InSAR time series is 26.2 cm over the 6-year study
period. Groundwater levels from a United States Geological
Survey (USGS) monitoring well shown in Fig. 6b located in
the center of Parowan Valley (in the subsiding region, shown
in Fig. 7a), indicate that between 2014 and 2020, the head in
this area dropped by approximately 3 m.

Figure 6¢ shows the maximum ground deformation
observed each year (maximum ground elevation—minimum
ground elevation) as a function of the change in head for
each year. The expected trend of increasing subsidence with
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Fig. 3 Interpreted cross-sections based on drillers’ logs. a Cross-section in the southwest—northeast direction along the Parowan Valley marked
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Fig.4 The potentiometric surface, modified from Marston (2017), showing groundwater recharge from the northeastern and southeastern parts
of Parowan Valley. This potentiometric surface was based on the head measurements in 2013

decreasing head is observed, but there is not a simple linear
correlation between these two variables. The scatter in this
graph is probably due to a time delay in subsidence from
when the head drop first occurs due to the delayed response
of fine-grained units, but the time delay cannot be adequately
characterized using the limited number of head measure-
ments available (one head measurement per year).

As explained in section ‘The link between hydraulic head
and ground deformation in confined aquifers’, ground sub-
sidence and elastic rebound may have a delayed response to
the lowering or raising of the hydraulic head in the aquifer
due to the low hydraulic conductivity of the fine-grained
units within the aquifer. After a large decrease in hydraulic
head, subsidence could continue for years to decades as the
hydraulic head comes to equilibrium in fine-grained units.
The measurement in the monitoring well was taken in March
of each year, which generally has the highest head levels
of the year; hence, the actual head would be lower around

@ Springer

December, which is the time when peak subsidence meas-
urements usually occur.

There is evidence of both long-term (likely inelastic)
and short-term (a significant component of which is elastic)
signals in the deformation data. Longer-term subsidence is
shown by the occurrence of subsidence even during periods
of increasing head, which indicates subsidence resulting
from the decrease in head in previous years. Short-term sub-
sidence (within 1 year) is shown by high subsidence rate in
the years with high head drop. In addition, Figure 6b shows
that the ground rebounds after subsidence from approxi-
mately October to March of the following year, indicating
that some compressible materials are rapidly expanding elas-
tically after the recovery of heads. The occurrence of subsid-
ence in years where the head increases, as well as the greater
magnitude of subsidence relative to rebound, indicate that
there is significant inelastic deformation occurring. More
detail on the relationship between head, elastic deformation,
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Fig. 5 Major crop types grown in Parowan Valley, from the Cropland Data Layer (Boryan et al. 2011)

inelastic deformation, and delayed subsidence in Parowan
Valley are discussed in Smith and Li (2021).

The relationship between lithology, subsidence,
and drawdown

The lithology distribution map, which was created based on
the well logs across Parowan Valley, indicated the existence
of extensive fine-grained materials. These fine-grained units,
as well as the mix of clay-silt-sand material in the center of
the Parowan Valley, are liable to consolidate when the head
is decreased, and thus subsidence is most likely to occur
over these units. The northwestern part of the lithology dis-
tribution map marked as region B in Fig. 7 was interpreted
because no well logs were present in this area.

The mean subsidence velocity map indicated that a
maximum of 5.3 cm/year subsidence happened in the
Parowan Valley (Fig. 7a) over the period 2015-2020, with
major subsidence at the center of the valley close to the
Little Salt Lake region. The contour lines shown in Fig. 7a
were generated based on the subsidence mean velocity

rate and represent major subsidence areas with subsid-
ence rates greater than 1 cm/year. Overlapping the lithol-
ogy distribution map and mean subsidence velocity map
showed that major subsidence happened in the areas with
higher percentages of fine-grained and mixed-grain-sized
(>50% fines) materials, while areas that contained more
coarse-grained material had limited ground deformation
(Fig. 7b).

The drawdown map (Fig. 7c) was created based on USGS
monitoring wells data from 2015 to 2021 (the head meas-
urement was in March each year). The map shows more
than 4 m of drawdown in the southwestern portions of the
valley, 2-3 m drawdown in the central valley, and close to
3-m drawdown in the northern valley. The area shaded grey
has a lack of data.

Visual comparison of the Fig. 7a—c parts shows that, in
general, subsidence was greater in areas with more fine-
grained materials and higher drawdown. The contour lines
of subsidence also fit the boundary of the lithology map in
the central Parowan Valley where the apparent change of
lithology occurs as shown in Fig. 7b.
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The relationship between subsidence
and precipitation

A weather station was installed at Yankee Reservoir located
southeast of Parowan Valley, in the mountains that source
most of the surface water that Parowan Valley receives, to
record the annual precipitation (snow and rain). The annual
precipitation was compared with the annual subsidence data,
shown in Fig. 8. The annual subsidence data shown are from
the subsidence pixel (see Fig. 7a). The lowest subsidence
level in the time series for each year was used to calculate
the annual subsidence. This point is used as an example to
illustrate the relation between subsidence and precipitation,
but the relationship between precipitation and subsidence
likely varies regionally throughout the valley. In 2018 and
2020, the precipitation in Parowan was less than 400 mm,
which is around 40% less than the average precipitation,
and the subsidence during these years was higher than in
the other years of this study. Although precipitation does
not directly recharge the aquifer in a short range of time,
high precipitation in the valley during the growing season
will result in surface-water availability that meets or par-
tially meets irrigation water demand and thus leads to lower
groundwater extraction. Low precipitation will increase
groundwater extraction for irrigation needs and causes stress
to the aquifer. As noted in section ‘“Temporal comparison
of hydraulic head and subsidence’ and Fig. 6b, even peri-
ods with high precipitation and increases in hydraulic head
(2017, 2019) have significant subsidence, likely due to the
delayed response of the low-permeability clay layers to pre-
vious declines in hydraulic head.

Discussion on the ground deformation mechanism
in Parowan Valley

In this study, InSAR, lithology, hydraulic head, drawdown,
and precipitation data in Parowan Valley were compared,
and some visual correlations between these factors and
subsidence were identified, as shown by areas with higher
subsidence in areas with more fine-grained materials and
higher drawdown. However, the mechanisms of subsidence
are more complex, with this research indicating that ground
subsidence caused by groundwater extraction is driven by
multiple parameters including drawdown, agricultural
activity, precipitation, groundwater gradient, and aquifer
conditions, which will be discussed individually in the fol-
lowing sections.

Drawdown
Drawdown is one key parameter in ground deformation

caused by groundwater extraction. Large drawdown will
decrease pore pressure in the aquifer system, causing

short-term aquifer consolidation and long-term aquitard
dewatering. The connection between drawdown and subsid-
ence is well illustrated, in region C marked on Fig. 7. Com-
parison of Fig. 7a—c shows that when lithologies in the verti-
cal zone of pumping are similar, higher drawdown (2.46 m)
led to a higher subsidence rate (—0.0199 m/year), while
the well close to the high-drawdown well, with drawdown
of only 0.74 m, has a subsidence rate of —0.0069 m/year.
Drawdown is also driven by multiple parameters including
agricultural activity, precipitation, and recharge location.

Agricultural activity affects the drawdown temporally and
spatially, mainly related to when and where farmers pump
groundwater for irrigation uses. As shown in Fig. 6b, the
subsidence in Parowan Valley shows seasonal fluctuations,
with the most subsidence happening in the growing season
(May—Oct), indicating that the agricultural activity is caus-
ing the drawdown. Region B, marked in Figs. 5 and 7, was
interpreted as having a higher percentage of fine-grained
material, but this region has little to no subsidence due to
the lack of agricultural activity and active pumping wells
in this area.

Precipitation As discussed in section ‘The relationship
between subsidence and precipitation’, precipitation will
affect the subsidence rate indirectly. High precipitation in the
valley during the growing season will result in surface-water
availability that meets or partially meets irrigation water
demand and thus leads to lower groundwater extraction and
less drawdown. Low precipitation, on the other hand, will
increase the groundwater extraction for irrigation needs,
which can lead to increased drawdown. Figure 9 compares
subsidence, water head change and precipitation quantita-
tively, and indicates a strong positive correlation between
water head change and precipitation and a strong negative
correlation between subsidence and precipitation, which
supports the assumption that precipitation and drawdown
are related in Parowan Valley.

Recharge location Groundwater recharge will also affect
the drawdown; regions close to the upgradient recharge
area will more likely have less drawdown than regions fur-
ther away from the recharge area. According to the pump-
ing data for individual wells in Parowan Valley (Marston
2017), region A in Fig. 7 had total water extraction of 7.7
million m? in 2013, while region F had total water extrac-
tion of 3.8 million m®. The total pumping in Parowan Val-
ley in 2013 was 39.5 million m?, which is similar to the
average pumping of 44.3 million m* during 2015-2020.
It was assumed that pumping data for individual wells in
2013 can be used to approximately represent the yearly
pumping during the 2015-2020 time frame. Near region
A, the aquifer experienced 7.7 million m? of pumping and
had an average of 0.58 m yearly drawdown. Near region
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Fig.7 a Mean subsidence rate
map generated using the SBAS
method. Contour lines delineate
the subsidence rate, revealing
the areas with the highest sub-
sidence. b Distribution of fine-
grained and mixed-grain-sized
soil in the Parowan Valley. The
contour lines again show the
subsidence rate during 2015-
2020. ¢ Drawdown (m) map of
Parowan Valley using data from
USGS monitoring wells. Areas
A-F are described in the text.
Monitoring wells marked in red
represent locations that more
likely experienced inelastic
deformation, green represents
locations that more likely v
experienced elastic deformation,
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Fig.8 Temporal relation

between annual precipitation
and ground subsidence. Blue 1100
bars represent annual pre-
cipitation and red bars represent 1000
annual subsidence
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F, the aquifer experienced 3.8 million m® of pumping and
had an average of 0.82 m yearly drawdown, indicating a
difference of nearly 3x of the yearly drawdown per unit
million m* of pumping between the aquifers in the north-
eastern and southwestern portions of the Parowan Valley.
As mentioned earlier in section ‘Study area’, groundwater
recharge in Parowan Valley mainly happens in the north-
eastern, eastern, and southeastern highlands, so aquifers
close to the eastern mountains in Parowan Valley typi-
cally receive recharge more quickly than aquifers in the
central and southwestern Parowan Valley, which may help
to explain the low drawdown in northeastern parts of the
valley.
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Aquifer properties

Aquifer properties are important in determining how
ground deformation will occur in response to groundwater
extraction. Differing amounts of deformation will occur in
response to drawdown under different thicknesses of con-
solidating interval, in aquifers with interbedded features
of fine-and-coarse-grained material and clay lenses, and in
aquifers experiencing elastic and inelastic deformation.

Thickness of consolidating interval Under similar draw-

down, larger consolidating thickness will generally respond
with higher deformation due to the greater thickness of clay
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sediment that experienced reduced pore pressures. To per-
form a quantitative analysis, subsidence data close to US
Geological Survey monitoring wells in region E and region
A were compared. In central Parowan Valley, the mean
total drawdown in three monitoring wells around region
E from 2015 to 2020 was 2.3 m, the average well depth is
200 m, and the mean subsidence rate corresponding to the
location of monitoring wells was close to 0.018 m/year.
In northern Parowan Valley, the mean total drawdown in
three monitoring wells around region A from 2015 to 2020
was 2.8 m, the average well depth is 90 m, and the mean
subsidence rate corresponding to the location of monitor-
ing wells was close to 0.007 m/year. Although the draw-
down in the northern Parowan Valley was higher than that
of the central Parowan Valley, the subsidence rate was
lower, which is likely due to the shallower well depth in the
northern Valley, resulting in a lower total thickness of clay
sediments experiencing pore pressure declines. Addition-
ally, while the recent drawdown rates are similar, the his-
torical drawdown rates of central Parowan Valley are much
higher than northern Parowan Valley. The central Parowan
Valley experienced roughly 27 m of drawdown from 1974
to 2013, while the northern Parowan Valley experienced
roughly 15 m of drawdown over the same period (Marston
2017). Delayed subsidence in the central Parowan Val-
ley, caused by historical declines in head, could thus also
explain some of the higher-than-expected subsidence rates
experienced there.

Proportion of fine-grained material As mentioned in
section ‘The relationship between lithology, subsidence,
and drawdown’, the maps of subsidence and fine-grained
material percentages indicate that subsidence mainly hap-
pened in the areas where the proportions of fine-grained
material were greater than 50%. To further investigate
the relationship between ground deformation rate and the
proportion of fine-grained material, the mean velocity

map (Fig. 7a) and lithology distribution map (Fig. 7b)
were sampled with a pixel size of 114 X 114 m and quan-
titatively compared using a scatter plot (Fig. 10). This
plot shows that not only areas with low percentages of
fine-grained materials typically experience low subsid-
ence, but also that high percentages of fine-grained mate-
rials only result in subsidence when drawdown is also an
important factor. When drawdown levels were similar, no
obvious subsidence trend was observed when the propor-
tion of fine-grained material was lower than 30%, and the
subsidence trend shows that, if drawdown is also signifi-
cant, it will gradually increase while the proportion of
fine-grained material is between 35 and 55%. Regions B
and C have little to no drawdown (Fig. 7a); hence, there
will be little to no deformation.

Aquifer with interbedded features and clay lenses Con-
fined aquifers with interbedded fine-grained units within the
coarse aquifer will be more likely to deform when drawdown
happens than aquifers without fine-grained units. After pres-
sure drops in the confined aquifer system, thin fine-grained
units within the aquifer will dewater and reach equilibra-
tion fairly quickly, causing relatively quick deformation. In
Fig. 3, cross section 1 is in the region with a similar draw-
down of between 2 and 2.5 m. This cross section shows
more interbedded features from the northwestern part to the
central part, and this region shows a high deformation rate
(0.035-0.027 m/year) in Fig. 7a between regions E and F.
The southeastern part of cross section 1 shows fewer fine-
grained units interbedded in the aquifer and lower deforma-
tion rate (0.02-0.001 m/year).

Elastic and inelastic deformation As mentioned in section
‘The link between hydraulic head and ground deformation
in confined aquifers’, in confined aquifers, the deforma-
tion will be elastic when the head is above the preconsoli-
dation head, and deformation will be inelastic when the

Fig. 10 Scatter plot between 0.01
ground deformation rate and
proportion of fine-grained mate-
rial in the subsurface
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head drops below the preconsolidation head. The elastic
deformation is recoverable, and the inelastic deforma-
tion is permanent. For the same change in head, inelas-
tic deformation will be 10-100 times larger than elastic
deformation due to the magnitude difference between
inelastic skeletal specific storage S, and elastic skeletal
specific storage Sq.. To examine the elastic and inelastic
deformation conditions in Parowan Valley, the drawdown,
well depth, and deformation rate near USGS monitor-
ing wells in Fig. 7 were used to generate a S, cross plot
using Eq. (3) (Fig. 11). This plot shows that both elastic
and inelastic subsidence is occurring in Parowan Val-
ley. To better understand the spatial distribution of elas-
tic and inelastic subsidence, the response of individual
wells was considered. The range of inelastic deforma-
tion and elastic deformation was based on S, and S,
values of 6.6E-6 m™' to 2.5E-5 m™' and 4.6E-4 m™' to
2.2E-3 m~!, respectively, as provided by Sneed (2001).
When the resulting S, value was greater than the typical
Sy value, the well was colored red in Fig. 7c as an area
experiencing inelastic deformation. When the resulting

0.000
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—0.075

Deformation (m)
&
o
o
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—0.150 1 ® Well
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boAh (m?)

Fig. 11 Range of specific storage for all monitoring wells in Parowan
Valley

S value was lower than the typical S, value but greater
than S, . values, the well was colored green in Fig. 7c as
an area likely experiencing a mix of inelastic and elastic
deformation. When the resulting S, value was close to
Se> the well was colored blue in Fig. 7c as an area likely
experiencing elastic deformation. The results show that
regions in central Parowan Valley close to Little Salt Lake
mostly experienced inelastic deformation, regions close
to northern Parowan Valley likely experienced a combi-
nation of inelastic and elastic deformation, and regions
close to southwestern Parowan Valley likely experienced
elastic deformation.

Conclusion

During this research, close to 30 cm of ground deformation
was measured at the center of Parowan Valley using InSAR.
To examine that ground deformation, InNSAR, well log lithol-
ogy, hydraulic head, drawdown, groundwater pumping,
groundwater recharge, agricultural, and precipitation data
in Parowan Valley were analyzed. Results showed that the
deformation that happened in central Parowan Valley was
generally inelastic due to the overextraction of groundwater
that led to a hydraulic head drop below the preconsolida-
tion head. To further explore the mechanisms of the ground
deformation, several quantitative analyses were applied
between drawdown, precipitation, water head, deforma-
tion rates, and the proportion of fine-grained material. The
results showed that high deformation typically occurred
in areas with high drawdown, low precipitation, and low
groundwater recharge. Confined aquifers with many inter-
bedded fine-grained units and with a high proportion of fine-
grained material (between 35 and 55%), and with head that
dropped below the preconsolidation head, were shown to
deform inelastically. Other portions of the valley typically
deformed elastically, but these areas may not experience full
recovery outside the growing season due to the overextrac-
tion of groundwater and insufficient aquifer recharge.
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Appendix A. Aquifer test in Parowan
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