








 

 

 

 
Exhibit 1. 

Boundary of the Sand Hollow Aquifer 





 

 

Exhibit 2. 
Water Rights Owned by Washington County Water 
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Conversion Factors
Inch/Pound to SI

Multiply By To obtain
Length

foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area
acre 4,047 square meter (m2)
acre 0.004047 square kilometer (km2)
square mile (mi2) 2.590 square kilometer (km2) 

Volume
acre-foot (acre-ft) 1,233 cubic meter (m3)

Flow rate
acre-foot per month (acre-ft/mo) 1,233 cubic meter per month (m3/mo)
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m3/yr)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Specific capacity
gallon per minute per foot  

[(gal/min)/ft]
0.2070 liter per second per meter [(L/s)/m]

Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)

Hydraulic gradient
foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)

Transmissivity*
foot squared per day (ft2/d) 0.09290 meter squared per day (m2/d) 

Vertical coordinate information is referenced to North American Vertical Datum of 1988 (NAVD 88).

Horizontal coordinate information is referenced to North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times 
foot of aquifer thickness [(ft3/d)/ft2]ft. In this report, the mathematically reduced form, foot squared 
per day (ft2/d), is used for convenience.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (μS/cm at  
25 °C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or 
micrograms per liter (μg/L). 
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Numerical Simulation of Groundwater Movement and 
Managed Aquifer Recharge from Sand Hollow Reservoir, 
Hurricane Bench area, Washington County, Utah 

By Thomas M. Marston and Victor M. Heilweil

was simulated as well withdrawals, shallow drains at the base 
of reservoir dams, and seepage to the Virgin River. During 
calibration, variables were adjusted within probable ranges to 
minimize differences among model-simulated and observed 
water levels, groundwater travel times, drain discharges, and 
monthly estimated reservoir recharge. In general, the model 
adequately simulated water levels, and most simulated water 
levels were within 10 ft of measured water levels. Simulated 
arrival times of environmental tracers were within the range 
of observed arrivals at nearby monitoring wells from 2003 to 
2008. The total simulated drain discharge from 2002 to 2009 
was 9,500 acre-ft. The total simulated recharge from Sand 
Hollow Reservoir between 2002 and 2009 was approximately 
94,000 acre-ft. Predictive modeling revealed an average travel 
time of 800 years from 2009 for water recharged in Sand 
Hollow Reservoir to reach the Virgin River, with the earliest 
arrival occuring in 500 years.

Introduction
The Hurricane Bench area of Washington County, Utah, is 

an elevated bench, approximately 6 miles (mi) wide and 11 mi 
long, extending south from the Virgin River near the town of 
Hurricane, Utah (fig. 1). The area is bounded by the Hurricane 
Fault on the east side and by the erosional extent of the Juras-
sic Navajo Sandstone and Kayenta Formation on the west and 
south sides. The Navajo Sandstone is as much as 2,000 feet 
(ft) thick beneath Hurricane Bench. The local groundwater 
system is in the Navajo Sandstone and Kayenta Formation, 
and water movement is from south to north. The aquifer is 
unconfined, and natural recharge to the groundwater system 
as infiltration of precipitation occurs in higher elevation areas 
to the south and in areas where the Navajo Sandstone is thinly 
covered or exposed. Discharge from the groundwater system 
occurs as natural seepage to the Virgin River and as withdraw-
als from municipal and irrigation wells. A small part of the 
Navajo Sandstone in the northeastern part of the Hurricane 
Bench study area is covered by surface-flood basalts.

Sand Hollow Reservoir is located in Sand Hollow basin 
within the Hurricane Bench area, about 10 mi east of St. 
George, Utah (fig. 1). The reservoir is an off-channel facil-
ity operated by the Washington County Water Conservancy 

Abstract
The Hurricane Bench area of Washington County, Utah, 

is a 70 square-mile area extending south from the Virgin 
River and encompassing Sand Hollow basin. Sand Hollow 
Reservoir, located on Hurricane Bench, was completed in 
March 2002 and is operated primarily as a managed aquifer 
recharge project by the Washington County Water Conser-
vancy District. The reservoir is situated on a thick sequence of 
the Navajo Sandstone and Kayenta Formation. Total recharge 
to the underlying Navajo aquifer from the reservoir was about 
86,000 acre-feet from 2002 to 2009. Natural recharge as 
infiltration of precipitation was approximately 16,800 acre-
feet for the same period. Discharge occurs as seepage to the 
Virgin River, municipal and irrigation well withdrawals, and 
seepage to drains at the base of reservoir dams. Within the 
Hurricane Bench area, unconfined groundwater-flow condi-
tions generally exist throughout the Navajo Sandstone. Navajo 
Sandstone hydraulic-conductivity values from regional aquifer 
testing range from 0.8 to 32 feet per day. The large variability 
in hydraulic conductivity is attributed to bedrock fractures that 
trend north-northeast across the study area.

A numerical groundwater-flow model was developed to 
simulate groundwater movement in the Hurricane Bench area 
and to simulate the movement of managed aquifer recharge 
from Sand Hollow Reservoir through the groundwater system. 
The model was calibrated to combined steady- and transient-
state conditions. The steady-state portion of the simulation 
was developed and calibrated by using hydrologic data that 
represented average conditions for 1975. The transient-state 
portion of the simulation was developed and calibrated by 
using hydrologic data collected from 1976 to 2009. Areally, 
the model grid was 98 rows by 76 columns with a variable 
cell size ranging from about 1.5 to 25 acres. Smaller cells 
were used to represent the reservoir to accurately simulate 
the reservoir bathymetry and nearby monitoring wells; larger 
cells were used in the northern and southern portions of the 
model where water-level data were limited. Vertically, the 
aquifer system was divided into 10 layers, which incorporated 
the Navajo Sandstone and Kayenta Formation. The model 
simulated recharge to the groundwater system as natural infil-
tration of precipitation and as infiltration of managed aquifer 
recharge from Sand Hollow Reservoir. Groundwater discharge 
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Figure 1. Hurricane Bench study area, Washington County, Utah.
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District (WCWCD) using water diverted from the Virgin 
River. The reservoir is operated for surface-water storage 
and managed recharge to the underlying aquifer system. The 
reservoir began filling in early 2002 and reached full pool in 
2005 at an altitude of 3,060 ft. From 2005 to 2009, annual 
reservoir stage fluctuation below full pool was no greater than 
20 ft (Heilweil and Marston, 2011). The site of the reservoir is 
underlain by the Navajo Sandstone, which is partially covered 
by thin soils and eolian sands. Sand Hollow basin is located 
on a hinge line of a north-northeast trending syncline that 
forms a structural basin known as the Sand Mountain syncline 
(Hurlow, 1998).

The Hurricane Bench area has been the subject of interdis-
ciplinary, cooperative investigations of groundwater hydrology 
and geochemistry since 1999. Previous reports document pre-
reservoir groundwater conditions in Hurricane Bench prior to 
March 2002 (Heilweil and others, 2000); pre-reservoir vadose-
zone and groundwater studies in Sand Hollow (Heilweil and 
Solomon, 2004; Heilweil and others, 2006; Heilweil and 
others, 2007; Heilweil and McKinney, 2007), pond and trench 
infiltration studies adjacent to the reservoir (Heilweil and 
others, 2004; Heilweil and Watt, 2011), and pre- and post-res-
ervoir groundwater conditions, water budgets, and estimates 
of groundwater recharge from the reservoir from March 2002 
through December 2009 (Heilweil and others, 2005; Heilweil 
and Susong, 2007; Heilweil and others, 2009a; Heilweil and 
Marston, 2011). These reports also contain monitoring-well 
and production-well completion information, water-quality 
data, and precipitation data.

The purpose of this report is to describe the groundwater 
hydrology of the Hurricane Bench area and to present the 
construction, calibration, and projected results of a numeri-
cal simulation of the groundwater system in the Hurricane 
Bench area, including recharge from Sand Hollow Reservoir. 
A model was developed to estimate hydraulic properties of the 
Navajo Sandstone and Kayenta Formation, to test the concep-
tual understanding of the effects of managed aquifer recharge 
that commenced at Sand Hollow Reservoir in March 2002, 
and to project future movement of this recharge through the 
aquifer system. The flow-system concepts in the simulation are 
defined by previous referenced studies conducted in the Hur-
ricane Bench area. This study is a cooperative effort between 
the WCWCD and the U.S. Geological Survey (USGS).

Hydrogeologic Setting
The Hurricane Bench area is underlain primarily by Navajo 

Sandstone that is either exposed at the surface or covered by a 
veneer of soil or surface-flood basalts (Hurlow, 1998; Heilweil 
and others, 2000, pl. 1). The Kayenta Formation underlies the 
Navajo Sandstone and is considered part of the groundwater 
system.

Although the total stratigraphic thickness of the Navajo 
Sandstone in this region is more than 2,000 ft, much of this 
has been eroded within the study area, and the sandstone 
pinches out to the west and south of Sand Hollow Reservoir. 

The combined thickness of the Navajo Sandstone and Kayenta 
Formation is estimated to be about 2,900 ft in the vicinity of 
Sand Hollow Reservoir, with 850 ft attributed to the Kayenta 
Formation (Hurlow, 1998). Stratigraphic units in the Hurricane 
Bench area west of the Hurricane Cliffs have been displaced 
downward by more than 2,000 ft as a result of vertical move-
ment along the Hurricane Fault, which is located near the 
eastern boundary of the Hurricane Bench study area (fig. 1).

The Navajo Sandstone is characterized as well-sorted, 
fine-grained quartzose sandstone loosely cemented with 
calcite (Cordova, 1978). Predominant cross-bedding features 
reflect its eolian depositional environment (Hurlow, 1998). 
Because the Navajo Sandstone in the study area is only loosely 
cemented and well sorted, it has relatively high porosity and 
permeability. The Kayenta Formation underlies the Navajo 
Sandstone and contains some sandstone layers with similar 
permeability to the Navajo Sandstone separated by less perme-
able layers of siltstone. The interbedded siltstone layers of the 
Kayenta Formation likely inhibit vertical movement of water. 
The Jurassic Moenave Formation, consisting primarily of silt-
stone, underlies the Kayenta Formation and is considered less 
permeable than either the Navajo Sandstone or the Kayenta 
Formation.

In response to observations made by the WCWCD in 
2004 regarding the large range of production rates in wells 
completed in the Navajo Sandstone (100 to 2,000 gallons per 
minute (gal/min)), a study was conducted to produce detailed 
fracture maps of the Navajo Sandstone in the area near Sand 
Hollow Reservoir (P.D. Rowley, Geologic Mapping, Inc., 
unpub. data, 2004). The results of this study showed many 
fracture zones associated with small faults that trend north-
northeast in the east-central portion of the study area (fig. 2). 
Two of these fracture zones were documented in a trench 
excavated parallel to the North Dam of Sand Hollow Reservoir 
(Heilweil and Solomon, 2004). Another zone of fracturing was 
located on the northeast side of the reservoir. A previous study 
by Hurlow (1998) investigated fracture density for a larger 
region of the Navajo Sandstone that included the Hurricane 
Bench. Results of this study indicated that the area between 
Sandstone Mountain and the Virgin River, just north of the 
Hurricane Bench area (fig. 1), is highly fractured, with fracture 
density decreasing to the south toward Sand Mountain.

Aquifer Properties

Navajo Sandstone and Overlying Soils
Near the North Dam of Sand Hollow Reservoir, 14 soil 

samples, 4 shallow weathered sandstone core samples, and 
13 deeper non-weathered sandstone core samples were col-
lected and analyzed for hydraulic conductivity and porosity 
(Heilweil and others, 2004; table 1). The porosity of 14 local 
soil samples collected near the North Dam of Sand Hollow 
Reservoir ranged from 29 to 45 percent (Heilweil and others, 
2004). These soils commonly overlie the Navajo Sandstone in 
low-lying areas of the study area. Laboratory measurements of 
saturated hydraulic conductivity of these soil samples ranged 
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Figure 2. Bedrock fractures and faults in the Hurricane Bench area, Utah.
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from 0.01 to 0.2 foot per day (ft/d). The porosity of four shal-
low (about 3.2-feet depth), weathered sandstone core samples 
collected at the same site ranged from 20 to 26 percent, and 
the saturated hydraulic conductivity ranged from 0.33 to 
0.76 ft/d. The porosity of 13 deeper (6.5 to 62-foot depth), 
non-weathered sandstone core samples from the same trench 
ranged from 20 to 27 percent, and the saturated hydraulic 
conductivity ranged from 0.03 to 1.4 ft/d (Heilweil and others, 
2004). Cordova (1978, table 3) reported an effective porosity 
of about 17 percent from laboratory analysis of 12 sandstone 
samples from selected outcrops in and around the study area. 
The average effective porosity from the two samples collected 
within the study area was 13.5 percent.

An aquifer test conducted at Winding Rivers Corpora-
tion well (C-42-14)12dbb-2 in the Hurricane Bench area, 
approximately 5 mi southwest of Hurricane (fig. 1), yielded a 
saturated horizontal hydraulic conductivity of 0.8 to 2.2 ft/d, 
on the basis of an assumed aquifer thickness of 1,350 ft and 
500 ft, respectively, in the calculation (Heilweil and others, 
2000). Transmissivity and storage-coefficient values from this 
test were 1,075 feet squared per day (ft2/d) and 0.002, respec-
tively. Results of an aquifer test conducted at the WCWCD 
well (C-40-13)28dcb-2 in Anderson Junction, just north of 
the study area, indicated that fracture-related anisotropy can 
strongly influence directional permeability within the Navajo 
Sandstone. The hydraulic conductivity from this test ranged 
from 1.3 to 32 ft/d (Heilweil and others, 2000). The lower per-
meability is characteristic of unfractured sandstone, whereas 
higher permeability is characteristic of preferential flow along 
fractures.

Many of the higher production-rate wells operated by 
WCWCD are located in or near fracture zones. The specific 
capacity calculated for 13 WCWCD production wells ranged 
from 0.4 to 6.1 gallons per minute per foot ((gal/min)/ft) 
(table 2). Specific capacity of a well is indicative of transmis-
sivity. Generally, wells with large values of specific capacity 
are located near mapped fracture zones (fig. 2 and 3, wells 1, 
21, and 23), and wells with small values of specific capacity 
are in areas where no fractures are mapped (fig. 2 and 3, wells 
3 and 17). There are also wells that are located near fracture 
zones (fig. 2 and 3, wells 2, 8, 9, 18, 19, 20, and 22) that have 
low to intermediate values of specific capacity.

No aquifer testing has been done to determine vertical 
hydraulic conductivity of the Navajo Sandstone within the 
study area. Horizontal and vertical hydraulic-conductivity 

values determined from laboratory analyses of Navajo Sand-
stone samples within the Upper Colorado River Basin were 
compiled by Weigel (1987, table 5). The averages for verti-
cal and horizontal hydraulic conductivity of 24 samples were 
about 0.8 ft/d and 1.1 ft/d, respectively. The ratio of vertical 
to horizontal laboratory-determined hydraulic-conductivity 
values for the 24 pairs of samples ranged from 0.13 to 2.7, 
averaging about 0.4. It is possible, however, that these discrete 
core samples do not accurately represent the bulk vertical 
hydraulic conductivity or vertical-to-horizontal anisotropy 
ratios for the Navajo Sandstone within the study area. The 
lowest vertical hydraulic conductivity in a layered sedimentary 
formation controls the overall vertical hydraulic conductivity 
of that formation. Therefore, it is likely that in some parts of 
the Navajo Sandstone, the vertical movement of groundwater 
could be more restricted than is indicated by the average of the 
laboratory-determined values. Lower overall vertical hydrau-
lic-conductivity values and vertical-to-horizontal hydraulic-
conductivity ratios can result from thin, low-permeability hori-
zontal layers that consist of fine-grained interdunal deposits 

Table 1. Range and mean values for porosity and hydraulic conductivity from soils and Navajo Sandstone core samples collected near the North Dam of Sand 
Hollow Reservoir, Utah.

[ft, feet; ft/d, feet per day; =~, approximately equal to]

Sample type
Depth of sample, 
in ft below land 

surface
Number of samples Range of porosity, 

in percent
Arithmetic mean of 
porosity, in percent

Range of saturated 
hydraulic conduc-

tivity, in ft/d

Geometric mean of 
saturated hydraulic 
conductivity, in ft/d

Soil Land surface 14 29–45 39 0.01–0.20 0.07

Weathered sand-
stone

≅ 3.2 4 20–26 22 0.33–0.76 0.56

Sandstone 6.5–62 13 20–27 24 0.03–1.4 0.33

Table 2. Specific-capacity values for Washington County Water 
Conservancy District, Utah, production wells.

[WCWCD, Washington County Water Conservancy District; (gal/min)/ft, 
gallons per minute per foot]

WCWCD Well Number Specific Capacity, in (gal/min)/ft

Well 1 5.20

Well 2 1.27

Well 3 1.20

Well 8 2.01

Well 9 2.27

Well 17 0.40

Well 18 2.52

Well 19 2.20

Well 20 3.23

Well 21 6.13

Well 22 1.55

Well 23 4.18
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Figure 3. Monitoring wells, production wells, irrigation wells, and drains in the Hurricane Bench area, Utah.
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or have greater cementation than within the zone sampled for 
laboratory analyses. Conversely, vertical fracturing would 
increase the vertical hydraulic conductivity and vertical-to-
horizontal hydraulic-conductivity ratios for the aquifer above 
the laboratory ratios.

Kayenta Formation 
No aquifer testing has been done in or near the study area 

to determine the horizontal hydraulic conductivity, vertical 
hydraulic conductivity, or storage properties of the Kayenta 
Formation. A study conducted by Cordova and others (1972, 
table 11) reported a horizontal hydraulic-conductivity value 
of 1 ft/d on the basis of specific-capacity data from a well in 
St. George screened in the Kayenta Formation. The storage 
coefficient estimated from the specific-capacity data was 0.006 
(Cordova and others, 1972, table 11). Estimated horizontal 
hydraulic conductivity from slug tests in the Kayenta Forma-
tion near Sheep Springs, about 2 mi northwest of St. George, 
ranged from 0.1 to 0.6 ft/d (Jensen and others, 1997).

Horizontal and vertical hydraulic-conductivity values 
have been determined from laboratory analysis of Kayenta 
Formation samples within the Upper Colorado River Basin, 
Utah, and Colorado (Weigel, 1987, table 5). The average 
horizontal hydraulic-conductivity value of 12 core samples 
was about 0.5 ft/d and ranged from 8.2 x 10-4 to 1.4 ft/d. The 
vertical hydraulic-conductivity values of two samples were 
8.2 x 10-4 ft/d and 0.5 ft/d. The ratios of vertical-to-horizontal 
hydraulic conductivity for these two samples were 0.36 and 
1.0, respectively. The large range in values could be caused 
by the alternating siltstone, silty mudstone, and sandstone lay-
ers within the formation. As with laboratory analyses of core 
samples from the Navajo Sandstone, it is possible that these 
discrete vertical samples do not accurately represent the bulk 
hydraulic conductivity or vertical-to-horizontal anisotropy 
ratios for the Kayenta Formation. Also, hydraulic properties of 
the Kayenta could vary regionally between the Upper Colo-
rado River Basin and the central Virgin River basin.

Groundwater Conditions and Movement
Groundwater in the Navajo Sandstone and Kayenta Forma-

tion generally is unconfined in the Hurricane Bench area. Prior 
to filling of the reservoir in 2002, water levels were higher 
south of the reservoir site and lower north of the reservoir site. 
Groundwater generally moved northward from Sand Moun-
tain, which has the highest estimated rates of recharge from 
precipitation in Sand Hollow basin (Heilweil and McKinney, 
2007). Horizontal hydraulic gradients, calculated by dividing 
the difference in water-level altitudes between two points by 
the distance separating these locations, indicated an average 
hydraulic gradient of about 0.006 ft/ft (30 ft/mi) during 2001 
in the vicinity of the reservoir site (fig. 4). The groundwater 
was intercepted primarily by irrigation wells located farther 
north of the reservoir site, although water levels measured in 
1996 and 1997 in the northern part of Hurricane Bench indi-
cated that some groundwater moved toward the Virgin River 

(Heilweil and others, 2000). Water-level altitudes indicated 
that groundwater does not flow from the higher-altitude Pine 
Valley Mountains to the north, under the Virgin River and the 
Hurricane Bench area. The substantial offset of the Navajo 
Sandstone and Kayenta Formation, along with fine-grained 
fault gouge associated with the Hurricane Fault, likely restricts 
groundwater flow across the fault. The Hurricane Fault juxta-
poses the Navajo Sandstone with the Permian Queantoweap 
Sandstone and Pakoon Formation, and the Pennsylvanian 
Callville Limestone (Hurlow, 1998). The hydrologic properties 
of these units are locally unknown.

One-time measurements of groundwater levels were 
made at monitoring well (C-42-13)18bcb-1 in 1958, moni-
toring well (C-42-14)25adc-2 in 1959, and monitoring 
well (C-42-13)6bac-1 in 1975 (fig. 3). Water levels were 
measured annually from 1971 to 2009 at monitoring well 
(C-42-14)12dbb-1 (fig. 5; Burden and others, 2010). Water 
levels were measured monthly at monitoring wells WD 1 
through WD 5 and WD RJ from 1995 through 2009; water 
levels were measured monthly at WD 6 through WD 14 from 
mid-2001 through 2009; and water levels were measured 
monthly at WD 15 through WD 20 during the latter half of 
2009 (fig. 3). Prior to 2002, water-level fluctuations in Sand 
Hollow generally were less than 10 ft, except at monitoring 
wells WD 1 and WD 2, which showed decreased water levels 
caused by groundwater withdrawals from nearby Well 9 dur-
ing 2000 and 2001. Historical water levels from 1958 to 1975 
at well (C-42-14)25ada-1 indicated a depth to water directly 
beneath the reservoir site of about 100 ft and depth to water in 
wells located north of the reservoir from 30 to 100 ft. Prior to 
2002, depth to the water table south, east, and west of the res-
ervoir site ranged from about 50 to 150 ft below land surface. 
The substantial vadose-zone thickness represented a large 
volume available to store managed aquifer recharge.

Filling of Sand Hollow Reservoir began in March 2002. 
The reservoir stage rose from about 2,980 ft above sea level 
in March 2002 to a maximum of about 3,060 ft in May 2006, 
when the reservoir was first filled to capacity. The reservoir 
stage receded to about 3,040 ft in December 2007 and then 
fluctuated between about 3,040 and 3,060 ft during 2008 and 
2009. The topographically lowest part of the reservoir bot-
tom, adjacent to the North Dam, was inundated with surface 
water in 2002 and 2003. As the reservoir continued to fill 
from 2004 through 2006, the areal extent of surface water 
increased toward the south in a line roughly perpendicular to 
the North Dam. The monitoring wells nearest the northern side 
of the reservoir, therefore, were the first to show water-level 
responses and hydraulic connection with the reservoir. Water 
levels in wells WD 1, 2, 6, and 9 rose rapidly beginning in 
the spring of 2002. Water levels in wells WD 3 and WD 11, 
located farther south along the western side of the reservoir, 
began to rise rapidly in November 2002 and January 2003, 
respectively. Water levels in wells WD 10 and WD 12, located 
on the eastern side of the reservoir, and in wells WD 7 and 
WD 8, located along the southern side of the reservoir, began 
rising in the latter half of 2003. During 2004−09, water levels 
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in monitoring wells closer to the reservoir (WD 3, 7, 8, 9, 
10, 11, and 12) generally fluctuated in response to changes in 
reservoir elevation. Water levels in the monitoring wells near 
the North Dam (WD 1, 2, and 6), however, rose sharply during 
the winters of 2003−04, 2004−05, 2005−06, and 2008−09 in 
association with the temporary cessation of pumping at nearby 
production wells 8 and 9. Water levels in wells farther from 
the reservoir (WD 4, 5, RJ, 13, and 14) generally showed a 
more subdued rise in response to recharge beneath the reser-
voir. Water levels have been measured only since May 2009 
in wells WD 15 through WD 20. Compared to pre-reservoir 
conditions, water levels in monitoring wells in the vicinity 
of Sand Hollow Reservoir increased by as much as 120 ft by 
August 2009. Depth to water in these wells ranged from less 
than 5 ft below land surface adjacent to the reservoir to about 
90 ft below land surface about 1 mi north of the reservoir. In 
2009, the regional gradient between wells WD 9 (3,041 ft alti-
tude) and WD RJ (2,909 ft altitude) was 0.021 ft/ft (105 ft/mi), 
indicating more than a three-fold increase from pre-reservoir 
conditions. Potentiometric-contour values indicated that in 
2009 groundwater was moving away from Sand Hollow Res-
ervoir in all directions (fig. 6).

Groundwater Budget

Recharge
The only groundwater recharge in the Hurricane Bench 

area prior to the completion of Sand Hollow Reservoir was 
natural infiltration of precipitation. Since its completion in 
2002, seepage from the reservoir into the underlying ground-
water system has become the primary form of recharge. 
Recharge rates in the study area were derived by Heilweil 
and others (2007) by using a least-squares linear regression 
between three surficial parameters (soil coarseness, topo-
graphic slope, and downgradient distance from outcrop) and 
the percentage of precipitation that becomes net infiltration 
based on environmental tracer data from excavations and bore-
holes at Sand Hollow Reservoir (Heilweil and others, 2006). 
Estimated recharge from precipitation for the Hurricane Bench 
study area is 2,100 acre-feet per year (acre-ft/yr) and averages 
0.8 inches per year (in/yr), which is approximately 10 percent 
of precipitation. The highest recharge rates—greater than 2 
in/yr—are found in coarser soils in areas downgradient from 
sandstone outcrops at higher altitude, which receive more 

Figure 5. Observed water levels from 1971 to 2009 at the (C-42-14)12dbb-1 monitoring well in the Hurricane Bench area, Utah. 
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Figure 6. Potentiometric surface of the Navajo aquifer near Sand Hollow Reservoir, Hurricane Bench area, Utah, August 2009.
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precipitation. Moderate recharge rates of 10−50 millimeters 
per year (mm/yr) are found in  upland areas with coarser soils, 
away from sandstone outcrops. The lowest recharge rates 
(less than 10 mm/yr) are characteristic of lower elevations 
beneath finer-grained soils not receiving runoff from sandstone 
outcrops. There are high-recharge areas south of Sand Hol-
low Reservoir by outcrops near Sand Mountain (fig. 1). The 
remaining upland area south of the reservoir, where outcrops 
of sandstone are less prevalent, has moderate recharge rates. 
The areas north and east of the reservoir have a mixture of low 
and moderate recharge rates.

A previous study by Heilweil and others (2000) indicated 
that groundwater recharge associated with applied irriga-
tion water occurs east and northeast of the reservoir in the 
Hurricane Bench area; an irrigation-induced recharge of 
1,050 acre-ft/yr was estimated for this area. A later study by 
Heilweil and McKinney (2007), however, found that the same 
area likely receives little to no groundwater recharge because 
of the fine-grained sediment that is common to that area. The 
area northeast of the reservoir is also the location of Bench 
Lake, which was the source of clay material used in construct-
ing the cores of both the North and West Dams of Sand Hol-
low Reservoir. The presence of large amounts of fine-grained 
material in the area typifies a low infiltration rate. 

Reservoir recharge from March 2002 through Decem-
ber 2009 was calculated with a water-budget equation that 
accounts for surface-water inflows to and outflows from Sand 

Hollow Reservoir, precipitation directly on the reservoir, 
evaporation from the reservoir, and changes in surface-water 
storage based on stage/bathymetry relations (Heilweil and 
Marston, 2011). Estimated monthly recharge rates beneath the 
reservoir ranged from about 0.001 to 0.43 ft/d between March 
2002 and December 2009. Monthly reservoir recharge ranged 
from about 3,500 acre-ft to less than 100 acre-ft resulting in a 
total annual recharge range from about 5,000 acre feet (acre-ft) 
in 2008 to about 18,000 acre-ft in 2005 (fig. 7). Estimates of 
monthly recharge have an associated uncertainty of 6 to 14 
percent.

Previous studies by Heilweil and others (2004), Heilweil 
and others (2009b), and Heilweil and Marston (2011) have 
investigated several flow-limiting processes that are likely 
inhibiting recharge through the reservoir bed sediments and 
underlying aquifer beneath Sand Hollow Reservoir. These 
include declining hydraulic gradients, the accumulation of silt 
and biofilms, and gas clogging. Although there is significant 
month-to-month variability in recharge rates, the trends in 
monthly recharge rates have been lumped into three periods: 
Period 1, March through June 2002, which had very high ini-
tial rates and then a steep decline as the vadose zone became 
saturated and the reservoir came into direct hydraulic connec-
tion with the aquifer; Period 2, mid-2002 through mid-2007, 
when recharge rates fluctuated but generally declined gradu-
ally; and Period 3, mid-2007 through 2009, when recharge 
rates were relatively constant (Heilweil and Marston, 2011, 
fig. 10).

Figure 7. Estimated and simulated groundwater recharge from Sand Hollow Reservoir, Hurricane Bench area, Utah.

January
2006

January
2008

January
2007

January
2003

January
2002

January
2004

January
2005

January
2009

January
2010

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

Re
se

rv
oi

r r
ec

ha
rg

e,
 in

 a
cr

e-
fe

et
 p

er
 m

on
th

Simulated reservoir recharge
Calculated reservoir recharge
Reservoir stage

2,985

3,005

3,025

3,045

3,065

3,085

Re
se

rv
oi

r s
ta

ge
 a

lti
tu

de
, i

n 
fe

et
 a

bo
ve

 s
ea

 le
ve

l



12  Numerical Simulation of Groundwater Movement and Managed Aquifer Recharge from Sand Hollow Reservoir

Discharge
The two predominant types of groundwater discharge 

from the Hurricane Bench area prior to the completion of 
Sand Hollow Reservoir were seepage to the Virgin River 
and well withdrawals. Natural groundwater discharge to the 
Virgin River takes place between the town of La Verkin and 
the erosional extent of the Navajo Sandstone approximately 
3.5 mi to the west. A previously published seepage study 
(Herbert, 1995) indicated a gain of about 7.2 cubic feet per 
second (ft3/s; 5,200 acre-ft/yr) along this reach of the Virgin 
River from the Navajo Sandstone on both the north (Sand-
stone Mountain) and the south (Hurricane Bench) sides of the 
river. On the basis of estimates of recharge from precipita-
tion (Heilweil and McKinney, 2007), it is assumed that 3 ft3/s 
(2,100 acre-ft/yr) or a little less than half of the estimated 
7.2 ft3/s of discharge to the Virgin River came from the Hur-
ricane Bench prior to irrigation pumping in the mid-1970s. 
This includes the flow from one small spring (Berry Spring) 
with a reported discharge of 50 acre-ft/yr in 1968 (Wilkowske 
and others, 1998). There was no reported spring discharge on 
the west side of the Hurricane Bench study area prior to the 
filling of Sand Hollow Reservoir. Although seepage to the 
Virgin River along the north part of the Hurricane Bench study 
area could increase in the future as a result of rising ground-
water levels associated with reservoir recharge, increased 
seepage and spring discharge along the west side is unlikely 
because of the lower-permeability rocks (Moenave and Chinle 

Formations) that have a nearly vertical dip associated with the 
Virgin River anticline (Heilweil and others, 2000, plate 1).

Prior to the mid-1970s, very few irrigation wells existed in 
the Hurricane Bench area; most water-rights claims were filed 
from the mid-1970s to the mid-1990s. Records of irrigation-
well withdrawals are sparse, but an inventory of irrigation-
well discharge was completed during the 1995 growing 
season. Well withdrawals from irrigation wells for years other 
than 1995 were estimated by using land-use data from Landsat 
imagery of the irrigated area north of Sand Hollow Reservoir 
during the months of June, July, or August for available years 
between 1975 and 2009. The values of annual estimated irriga-
tion withdrawals were determined by multiplying the inven-
toried 1995 irrigation discharge with a ratio of irrigated-land 
coverage for each year between 1975 and 2009 to the irri-
gated-land coverage in 1995. All of the irrigation for this area 
is supplied by groundwater withdrawals; there are no surface-
water diversions. The uncertainty of estimation of with-
drawals by using land use is likely greater than 20 percent. 
Well withdrawals for irrigation in the Hurricane Bench area 
increased rapidly from 1976 to 1980 and have been highly 
variable, peaking in the mid-1990s at about 2,700 acre-ft/yr 
(fig. 8). With the exception of two municipal wells supply-
ing Sky Ranch, near the Hurricane Cliffs southeast of Sand 
Hollow, all of the pumping in the Hurricane Bench area for 
irrigation prior to filling of the reservoir in 2002 took place 
north of the reservoir. Well withdrawals for municipal use by 
the WCWCD began during January 2004; the pumping was 

Figure 8. Estimated withdrawals from wells in the Hurricane Bench area, Utah, 1975−2009.
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seasonal through 2005 and then remained relatively constant 
from 2006 through 2009. Total pumping from wells 1, 2, 8, 
9, 17, and 21 generally ranged from 150 to 275 acre-feet per 
month (acre-ft/mo) during 2006−09 (Heilweil and Marston, 
2011, fig. 3). Reported withdrawal values from the WCWCD 
have an associated uncertainty of at least 5 percent.

After reservoir completion, seepage to drains adjacent to 
Sand Hollow Reservoir became an additional type of dis-
charge. Shallow groundwater has been discharging into drains 
parallel to the North and West Dams since 2003. The North 
Dam drain and the West Dam Spring drain were constructed in 
20-ft-deep trenches in the Navajo Sandstone that extend paral-
lel to each dam 3,000 ft and 6,000 ft in length, respectively. 
The second drain parallel to the West Dam, referred to as the 
West Dam drain, is a 10-ft-deep trench 1,500 ft in length far-
ther downgradient of the West Dam Spring drain (fig. 3). Each 
of these drains operates as a French drain with a pump located 
at the lowest altitude in each of the trenches. Pumping by the 
WCWCD at these drains is based on saturation conditions and 
is not continuous. The sporadic nature of this pumping was 
demonstrated during 2008, when pumping rates varied from 
about 50 to more than 500 acre-ft/mo (fig. 9). Recorded drain 
pumping generally has an associated uncertainty of at least 
5 percent.

Numerical Simulation of  
Groundwater Flow

A numerical model was developed to represent the ground-
water system in the Hurricane Bench area. The primary objec-
tive of this model was to simulate managed aquifer recharge 
from Sand Hollow Reservoir and the subsequent movement of 
groundwater through the Hurricane Bench area. The numerical 
simulation represents initial steady-state hydrologic conditions 
in 1975 prior to (1) a period of increased irrigation-well with-
drawals, which peaked in 1995, and (2) recharge from Sand 
Hollow Reservoir beginning in 2002. Data available from 
1975 to 2009 include monitoring-well water levels and irri-
gation-well withdrawals. Additional data available from 2002 
to 2009 include reservoir recharge, reservoir stage, pumping 
from drains parallel to the dams, municipal-well withdraw-
als, and tracer-based groundwater travel times. The “Model 
Construction” section of this report discusses the details of 
discretization, boundary conditions, and model parameters. 
The “Model Calibration” section discusses how the model 
was adjusted to match observed data. The “Model Accuracy” 
section discusses how adequately the model simulated the 
groundwater system. The “Model Projections” section (1) 

Figure 9. Measured pumping and simulated discharge from the West Dam, West Dam Spring, and North Dam drains, Hurricane Bench 
area, Utah.

January
2006

January
2008

January
2007

January
2003

January
2004

January
2005

January
2009

January
2010

0

100

200

300

400

500

600

D
ra

in
 d

is
ch

ar
ge

, i
n 

ac
re

-f
ee

t p
er

 m
on

th
Simulated drain discharge
Reported drain pumping



14  Numerical Simulation of Groundwater Movement and Managed Aquifer Recharge from Sand Hollow Reservoir

discusses simulated travel times for water originating at Sand 
Hollow Reservoir that ultimately will discharge to the Virgin 
River, (2) evaluates the change in groundwater storage, and (3) 
evaluates the long-term discharge to the Virgin River.

The groundwater-flow model was constructed with a 
modified version of MODFLOW-2005 that allows for tem-
poral discretization of reservoir bed conductance and thick-
ness in the Reservoir Package (Fenske and others, 1996). 
MODFLOW-2005 is the most recent version of the three-
dimensional, finite-difference, groundwater-flow model 
known as MODFLOW (Harbaugh, 2005). Sensitivity analysis 
and parameter estimation used to guide the construction and 
calibration of the model utilized UCODE_2005 (Poeter and 
others, 2005), which incorporates sensitivity analysis, param-
eter estimation, and uncertainty evaluation.

Model Construction
The model described in this report uses parameters and 

zones (Harbaugh, 2005) to define much of the input data. 
A parameter is a single value, which is given a name and 
determines the value of a variable in the finite-difference 
groundwater-flow equation at one or more model cells. Where 
parameters are used, the data value for a cell is either the 
parameter value or the calculated product of the parameter 
value and a cell multiplier, which could apply to many cells 
and can be described by using zones. Sensitivity analysis was 
used to refine model construction, parameter estimation, and 
model calibration.

Construction of the groundwater-flow model was accom-
plished by horizontally and vertically discretizing the hydrau-
lic properties of the groundwater system, establishing model 
boundaries that depict conceptual hydrologic boundaries, and 
assigning model parameters to all stresses and aquifer proper-
ties except reservoir stage. Because managed aquifer recharge 
from Sand Hollow Reservoir is the dominant stress, model 
construction focused on being able to adequately simulate 
reservoir recharge and numerous water levels in proximity to 
the reservoir.

Spatial and Temporal Discretization
Areally, the model is discretized into a grid of rectangu-

lar cells and each cell has homogenous properties. Active 
cells, which delineate the lateral boundaries of the simulated 
groundwater system, generally correspond to the lateral extent 
of the Navajo Sandstone and Kayenta Formation in the Hurri-
cane Bench area (fig. 10). The rectangular model grid contains 
98 rows and 76 columns. Cell size is variable, and active cells 
range in size from about 1.5 to 25 acres (about 0.002 to 0.04 
square mile (mi2)). Areas of small cell size represent the area 
beneath and surrounding Sand Hollow Reservoir. This more 
accurately simulates the reservoir bathymetry for the stage-
to-volume relation used by MODFLOW to determine if the 
reservoir is covering a cell and to provide finer discretization 
for the relatively large number of observation wells that are 
closely spaced near the reservoir. The model grid is oriented 
so that columns of cells are generally parallel to the dominant 

fracture direction in Sand Hollow, which is approximately 
40 degrees from true north (Heilweil and Solomon, 2004).

Vertically, the model is divided into 10 layers. The seven 
upper layers equally divide the Navajo Sandstone, with thick-
nesses up to about 300 ft in the northern part of the study area. 
The bottom three layers represent the Kayenta Formation and 
have a uniform thickness of about 280 ft (fig. 11). Because 
the Navajo Sandstone is more eroded in the southern part 
of the active domain, layers in the Navajo Sandstone tend 
to thin from north to south. Because the Moenave Forma-
tion, consisting primarily of siltstone, underlies the Kayenta 
Formation, the bottom of the Kayenta is considered a no-flow 
boundary. The altitude of the bottom of the Navajo Sandstone 
was obtained from a structure-contour map of the Navajo 
Sandstone that included the Hurricane Bench area (Hurlow, 
1998, plate 5A). The altitude of the bottom of the Kayenta 
Formation was set equal to 850 ft lower than the bottom of the 
Navajo Sandstone (Hurlow, 1998; Heilweil and others, 2000). 
MODFLOW-2005 requires that layers be assigned as confined 
or convertible. Convertible layers automatically change from 
unconfined to confined conditions if the layer becomes fully 
saturated. A confined layer is one in which transmissivity is 
constant and specific storage instead of specific yield is used. 
In the Hurricane Bench area, full saturation of the uppermost 
part of the Navajo Sandstone results in standing water at the 
land surface rather than confined conditions. To prevent the 
model from simulating unrealistic confined conditions at land 
surface, the top of layer 1 was set to 200 ft above land-surface 
altitude.

Temporally, the model was discretized into 26 annual 
stress periods from 1975 through 2000 and one 14 month 
stress period for 2001 and January and February 2002 because 
water levels and withdrawals were measured or estimated 
annually prior to the construction of the reservoir. Agricultural 
irrigation began in the late-1970s in the Hurricane Bench area. 
Because effects of nearby irrigation withdrawals can be seen 
in the long-term monitoring well (C-42-14)12dbb-1 after 1977 
(fig. 5), the mid-1970s were considered to represent steady-
state flow conditions prior to groundwater development for 
agriculture on Hurricane Bench and to represent the first and 
only steady-state stress period in the model (fig. 5). Ninety-
four monthly stress periods were used from March 2002 
through December 2009, corresponding to initial filling and 
subsequent recharge from Sand Hollow Reservoir. Monthly 
hydrologic data for this period include water-level data from 
nearby monitoring wells, reservoir stage, calculated reservoir 
recharge, municipal-well withdrawals, and pumpage from 
drains (Heilweil and Marston, 2011).

Aquifer Characteristics
Unconfined conditions in the Navajo Sandstone are 

represented by the uppermost partially saturated cell for each 
location within the model. Fully saturated cells that lie beneath 
partially saturated cells represent portions of the Navajo Sand-
stone and Kayenta Formation that are simulated as confined. 
The hydraulic properties that control simulated water levels 
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Figure 10. Model grid of the groundwater system and zones of low, medium, and high recharge from precipitation in the Hurricane 
Bench area, Utah. 
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Figure 11. Generalized cross sections along column 19 and row 51 of the groundwater-flow 
model for the Hurricane Bench area, Utah. 

are hydraulic conductivity and storage. Under unconfined 
conditions, storage is defined as specific yield; under confined 
conditions, it is defined as specific storage. Initial specified 
values for these parameters were within the ranges of hydrau-
lic properties listed in table 3. During calibration, hydraulic 
conductivity of the Navajo Sandstone was delineated by 
zones (fig. 12) to allow more variability in the model domain 
to match areas of fractures and provide better calibration. 
The MODFLOW-2005 parameters for horizontal hydraulic 

conductivity for both the Navajo and Kayenta (hk1 through 
hk6 and kayentahk), horizontal anisotropy for the Navajo 
and Kayenta (hani1 through hani6 and hani_kynta), vertical 
hydraulic conductivity for the Kayenta (kayentavk), vertical 
anisotropy for the Navajo (vka1), specific yield for the Navajo 
(sy1), and specific storage for both the Navajo and Kayenta 
(ss1) are the actual values; no multiplier array was used to 
modify them.
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Figure 12. Hydraulic-conductivity zones of the Navajo Sandstone in the Hurricane Bench area, Utah.
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Table 3. Calibrated hydraulic properties for parameters within the model domain for the Hurricane Bench area, Utah.

[ft/day, feet per day; ft3/ft3, cubic foot of water per cubic foot of matrix; —, not applicable]

Parameter Description Published ranges of values Calibrated value

hk1 Horizontal hydraulic conductivity (ft/day) 0.33 to 32 0.73

hani1 Horizontal anisotropy (unitless) 0.45 to 43.8 2.02

hk2 Horizontal hydraulic conductivity (ft/day) 0.33 to 32 0.68

hani2 Horizontal anisotropy (unitless) 0.49 to 47.1 3.52

hk3 Horizontal hydraulic conductivity (ft/day) 0.33 to 32 0.65

hani3 Horizontal anisotropy (unitless) 0.51 to 49.2 3.22

hk4 Horizontal hydraulic conductivity (ft/day) 0.33 to 32 0.73

hani4 Horizontal anisotropy (unitless) 0.45 to 43.8 2.00

hk5 Horizontal hydraulic conductivity (ft/day) 0.33 to 32 35.2

hani5 Horizontal anisotropy (unitless) 0.01 to 0.91 1.07

hk6 Horizontal hydraulic conductivity (ft/day) 0.33 to 32 1.06

hani6 Horizontal anisotropy (unitless) 0.09 to 8.8 3.65

vka1 Vertical anisotropy (unitless) 0.13 to 2.7 0.80

sy1 Specific yield (ft3/ft3) 0.10 to 0.17 0.12

ss1 Specific storage (1/ft) 7.0x10-7 to 2.5x10-6 4.0x10-6

kayentavk Vertical hydraulic conductivity (ft/day) 8.2x10-4 to 0.5 0.01

kayentahk Horizontal hydraulic conductivity (ft/day) 8.2x10-4 to 6 0.5

rch1 Recharge multiplier (unitless) — 1

rch2 Recharge multiplier (unitless) — 1

rch3 Recharge multiplier (unitless) — 1

resk1 Reservoir-bed vertical hydraulic conductivity (ft/day) Unknown 0.6

resk2 Reservoir-bed vertical hydraulic conductivity (ft/day) Unknown 0.009

resk3 Reservoir-bed vertical hydraulic conductivity (ft/day) Unknown 0.005

hi_K Reservoir-bed vertical hydraulic conductivity (ft/day) Unknown 0.09

rivbed Riverbed hydraulic conductivity (ft/day) Unknown 30.0

Boundary Conditions
The boundary conditions assigned in the groundwater-flow 

model mathematically represent the conceptual understand-
ing of the boundaries in the actual groundwater system. These 
boundaries include no-flow boundaries, specified-flux bound-
aries, and head-dependent flux boundaries. These boundaries 
define the physical limits of the model and simulate recharge 
to and discharge from the groundwater system. No-flow 
boundaries are considered impermeable, and no flow is simu-
lated across them. Specified-flux boundaries allow a specified 
rate of water through the boundary and are used to simulate 
some sources of recharge and discharge in the model. Head-
dependent flux boundaries simulate flow across the boundary 
proportional to the difference in heads across the boundary and 
are used to simulate some sources of recharge and discharge in 
the model.

No-Flow Boundaries
The entire outside border of the model domain is simulated 

as a no-flow boundary (fig. 10). The no-flow boundary on the 
east side of the model domain represents the mapped extent 
of the Navajo Sandstone and Kayenta Formation near the 
Hurricane Fault. The boundary on the southeastern, south, and 
western sides of the model domain is simulated as a no-flow 
boundary, representing the erosional extent of these geologic 
units and where no significant seepage occurs. Likewise, the 
northern side of the model domain is simulated as a no-flow 
boundary except in layer 1, where groundwater can discharge 
to the Virgin River. 
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Recharge Boundaries
Recharge from infiltration of precipitation was simulated 

as a specified-flux boundary with the Recharge Package (Har-
baugh, 2005) and was applied to the topmost active layer. In 
this model, a base rate and multiplier array obtained from infil-
tration rates calculated in a study by Heilweil and McKinney 
(2007) were used to simulate natural recharge as a specified 
flux for the study area. MODFLOW-2005 allows the value of 
recharge flux to be defined as one or more parameters. Three 
recharge parameters and associated zones were defined as fol-
lows: rch1 corresponds to the zone of intermediate recharge, 
rch2 corresponds to the zone of low recharge, and rch3 cor-
responds to the zone of high recharge (fig. 10). Recharge from 
precipitation was simulated as the product of the recharge 
parameter (base rate) and the natural recharge multiplier.

Recharge from Sand Hollow Reservoir was simulated as 
a head-dependent flux boundary with a modified version of 
the Reservoir Package (Fenske and others, 1996). The modi-
fied version allows for reservoir-bed thickness and hydraulic 
conductivity to vary temporally. This was needed because cali-
bration to reservoir recharge, drain discharge, and water levels 
near the reservoir could not be achieved with non-varying 
reservoir bed hydraulic conductivity. The Reservoir Package 
computed flow from the reservoir to the groundwater system 
as a function of the simulated water level in the uppermost 
active cell, the water-level altitude of the reservoir (stage), 
and the reservoir-bed conductance. The Reservoir Package 
assumed that water moves from the reservoir to the aquifer 
under saturated conditions and water exchange between the 
reservoir and the groundwater system is instantaneous. The 
Reservoir Package was only active for cells within the speci-
fied area of potential inundation for Sand Hollow Reservoir 
and only when the reservoir stage exceeded reservoir-bed 
altitude. Fine spatial discretization (a small model-cell size 
relative to the size of the reservoir) was required to accurately 
represent the stage-to-active reservoir cell relation.

Data requirements for the Reservoir Package include res-
ervoir stage, altitude of the bottom of the reservoir, thickness 
of the reservoir bed sediment, and hydraulic conductivity of 
the reservoir bed sediment. Reservoir stage for Sand Hollow 
Reservoir has been recorded daily since the reservoir began 
filling in March 2002 (Washington County Water Conservancy 
District, written commun., April 4, 2011). Detailed topo-
graphic mapping of the Sand Hollow Reservoir site conducted 
by RB&G Engineering, Inc. (1994) prior to construction was 
used to establish the bottom altitude of the reservoir. The 
contour interval for reservoir bathymetry is 10 ft. Existing 
pre-reservoir sediment thickness was assumed to be 5 ft for 
the entire reservoir on the basis of measurements made during 
excavation of the North and West Dams (Heilweil and others, 
2007).

Discharge Boundaries 
Simulated discharge from the groundwater system was to 

the Virgin River, the North Dam and West Dam drains, and to 
pumping wells. Discharge to the Virgin River was simulated 

as a head-dependent boundary with the River Package (Har-
baugh, 2005). The River Package computes flow from the 
groundwater system as a function of groundwater levels in 
cells that coincide with the river boundary, the water level in 
the river (stage), and the riverbed conductance. The riverbed 
conductance is defined as a parameter in this model and repre-
sents the product of the hydraulic conductivity of the riverbed 
and the seepage area of the river cell. Because the river is 
known to gain groundwater in this area (Herbert, 1995) the 
river stage was set equal to the river bottom in the model. This 
prevents leakage from the river and minimizes the effects of 
local flow paths near the river.

Shallow groundwater discharge to drains at the foot of 
the North and West Dams of Sand Hollow Reservoir was 
simulated with the head-dependent Drain Package (Harbaugh, 
2005). The Drain Package computes flow from the ground-
water system as a function of groundwater levels in cells that 
contain the drain boundary, the altitude of the base of the 
drain, and the drain conductance. The drain conductance is 
defined as a parameter in this model. The three shallow drains 
at the base of the reservoir (West Dam Spring drain, West 
Dam drain, North Dam drain) are pumped sporadically, which 
induces a stress on the aquifer similar to a shallow well.

Discharge from both irrigation and municipal wells (fig. 8) 
was simulated as specified flux using the Well Package (Har-
baugh, 2005). Two well parameters were defined in the model: 
one for irrigation wells and the other for municipal wells.

Model Calibration
The objective of the numerical groundwater-flow model 

calibration was to obtain a simulation that reasonably rep-
resents groundwater recharge, movement, discharge, and 
measured water levels in order to predict the movement 
of recharge from Sand Hollow Reservoir and to estimate 
the additional storage capacity of the underlying Navajo 
Sandstone and the long-term discharge to the Virgin River. 
Model calibration was accomplished by minimizing the sum 
of squared errors between simulated and observed data in 
UCODE-2005 (Poeter and others, 2005). During calibration, 
the numerical results were constrained by observed water 
levels, drain discharge, river discharge, reservoir recharge, 
and the groundwater travel times to monitoring wells from 
environmental tracer analyses. Observations utilized in the 
Observation Package in MODFLOW (Harbaugh, 2005) and 
UCODE (Poeter and others, 2005) for calibration are monitor-
ing-well water levels, estimated monthly reservoir recharge, 
pumpage from drains (Heilweil and Marston, 2011), and 
discharge to the Virgin River in the steady-state stress period 
(Herbert, 1995). Environmental tracer arrival times were used 
for comparison to evaluate model performance (Heilweil and 
Marston, 2011). Calibration relied on both trial and error com-
parison and formal parameter estimation by regression using 
UCODE-2005 (Poeter and others, 2005).

Initially, all model parameters (table 3), except areal 
recharge and well parameters, were allowed to vary during 
regression. Recharge from precipitation was not allowed 
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to vary because it had been defined by previous studies 
(Heilweil and McKinney, 2007). The well parameter for the 
WCWCD wells was not allowed to vary because withdrawal 
data supplied by the WCWCD for municipal wells were more 
accurate (within 5 percent) than other stresses in the model. 
The well parameter for the irrigation wells was never varied 
because the estimated withdrawals produced a good match 
with recorded long-term monitoring-well water levels in well 
(C-42-14)12dbb-1.

Sensitivity Analysis
Sensitivity analysis was used to evaluate the information 

provided by the observations for the estimation of all defined 
parameters, to eliminate insensitive parameters from the 
regression, and to determine areas where parameters could be 
further divided or combined. Sensitivity analysis for param-
eters in the model was carried out using UCODE-2005 (Poeter 
and others, 2005). For the Hurricane Bench area model, 31 
parameters representing hydraulic properties, recharge, and 
well withdrawals were used; 14 of these were estimated by 
regression at some point during the calibration process, and 
6 other parameters were adjusted by trial and error. Eleven 
parameters were assigned and not varied during calibration.

Composite Scaled Sensitivities
The sensitivity of observations to parameters was used to 

aid model calibration. Composite scaled sensitivity (CSS) can 
be used to evaluate whether available observations provide 
adequate information to estimate each parameter (Hill and 
others, 2000, p. 96) and can provide an overall view of the 
average amount that simulated values change in response to a 
1-percent change in the parameter (Hill and Tiedeman, 2007, 
p. 50). The relative size of CSS values was used to assess the 
need for additional parameters and zones. Relatively large 
CSS values indicate that observations contain enough infor-
mation to represent that aspect of the system in more detail, 
thereby justifying the use of additional parameters such as 
more hydraulic conductivity or recharge zones. A relatively 
small CSS value (about two orders of magnitude less than 
the largest CSS value) indicates that the observations provide 
insufficient information with which to estimate the param-
eter (Hill and Tiedeman, 2007, p. 50). After initial sensitivity 
analysis, parameters with small CSS values generally were 
assigned a fixed value or joined with a parameter with a simi-
lar value. The CSS values indicate that observations provide 
more information about natural recharge, hydraulic conductiv-
ity, and specific yield than about other model parameters, such 
as specific storage and riverbed conductance (fig. 13).

Figure 13. Composite scaled sensitivities for model parameters in the groundwater-flow model for the Hurricane Bench area, Utah. 
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Sensitivity analysis and regression were based on weighted 
residuals between simulated and observed values. Because 
water-level and drawdown observations were more accurate 
than recharge and discharge observations, they had larger 
weights and, typically, larger weighted residuals. The weight-
ing and the fact that water-level and drawdown observa-
tions were much more numerous and widely distributed than 
recharge and discharge observations in the numerical model 
caused them to have more influence on the parameters. As 
a result, some parameters that control recharge from the 
reservoir and discharge to the drains were adjusted outside of 
regression to more closely match those observations.

Parameter Correlation Coefficient
Parameter correlation coefficients were used to evaluate 

whether parameters can be estimated uniquely by regression 
(Hill and Tiedeman, 2007, p. 53). A correlation coefficient 
with an absolute value close to 1.00 indicates that the two 
parameters involved likely cannot be estimated uniquely. Gen-
erally, absolute values greater than 0.95 are cause for concern, 
but values as small as 0.85 are reported in UCODE output 
because these lower correlations can affect the uncertainty of 
parameter estimates. Where parameter correlation was high, 
the value of the correlated parameter with the smallest CSS 
was assigned a value and not adjusted during regression. 
One set of parameters (hk5 and hani5) in the model yielded 
a parameter correlation coefficient near 1.0; therefore, dur-
ing regression, hani5 was set to 1.07 and not adjusted. This 
value, based on trial and error, was less than the other hani 
values (2.0–3.52) because of the likely greater permeability 
along both 40- and 280-degree fracture orientations mapped 
by Hurlow (1998) just north of the study area near Sandstone 
Mountain (fig. 2).

Influence Statistics 
The RESIDUAL_ANALYSIS program (Poeter and others, 

2005) was used to calculate additional statistics useful for 
finding observation errors and model construction errors, and 
for highlighting changes in model construction that can lead to 
more realistic values of model parameters and better calibra-
tion. Two metrics of these are the Cook’s D and DFBETAS 
statistics. The Cook’s D statistic identified observations that, 
if omitted, would cause the greatest changes in estimated 
parameter values. The DFBETAS statistic identified observa-
tions that were influential in the estimation of each parameter 
(Poeter and others, 2005, p. 181). If nonlinear regression led to 
unreasonable parameter values in the Hurricane Bench model, 
or if regression statistics indicated that a parameter change 
improved one part of the model but made the fit worse in other 
areas, these statistics were used to make model changes.

Nonlinear Regression
Nonlinear regression was used to find parameter values 

that produce simulations that best fit the observations by 
adjusting parameter values to minimize the least-squares 

objective function by using weighted residuals. The fit 
between model simulated values and associated observations 
was quantified by using a weighted least-squares objective 
function (Hill and Tiedeman, 2007, p. 27−28). The weighting 
used in this objective function was based on observation errors 
presented in the “Groundwater Budget” section of this report 
and assumes that errors in the observations are uncorrelated.

Parameter Adjustment and Final Values 
During model calibration, values of horizontal hydraulic 

conductivity and horizontal anisotropy of the Navajo Sand-
stone, and values of reservoir bed conductance, were changed 
by modifying both the distribution of parameters (assign-
ing and adjusting spatial zones) and by changing parameter 
values. Vertical anisotropy of the Navajo Sandstone, specific 
yield, specific storage, and vertical hydraulic conductivity 
of the Kayenta Formation were modified only by changing 
parameter values; these parameters were not assigned spa-
tial zones. Parameters for reservoir bed conductance were 
divided and refined even though the CSS values were not high 
(fig. 13). This achieved a better match between simulated 
water levels and observed water levels in some locations. Val-
ues of other parameters were not changed during calibration 
but are discussed in the following sections.

Hydraulic Conductivity and Anisotropy
Sensitivity analysis indicated that the observations pro-

vided enough information to represent the horizontal hydraulic 
conductivity of the Navajo Sandstone by using at least six 
zones (fig. 12) and 12 parameters (table 2), rather than one 
homogenous value. In addition to hydraulic conductivity, 
each zone of the Navajo Sandstone includes a parameter for 
horizontal anisotropy to simulate enhanced hydraulic conduc-
tivity along the dominant north-northeast trending fractures in 
the study area. Both the spatial distribution of the zones and 
the values of the horizontal hydraulic conductivity parameters 
were adjusted during model calibration to cause simulated 
water levels to more closely match observed water levels. The 
final adjusted horizontal anisotropy ratios ranged from 1.07 
to 3.65, resulting in hydraulic-conductivity values of 1.47 to 
38 ft/d in the N 40 E direction (table 3). The adjusted vertical 
anisotropy (vka1) final value of 0.8 is within the known range 
of 0.13 to 2.7 (Heilweil and others, 2000) but implies that the 
Navajo Sandstone is more permeable in the vertical direction 
than in the horizontal direction (NW-SE) in the model. The 
final hydraulic property estimates from regression all lie near 
or within the previously published ranges of values. Hori-
zontal hydraulic conductivity and anisotropy of the Navajo 
Sandstone in zone 1 of the model (hk1, hani1) are also very 
sensitive parameters because of the large size of this zone and 
its abundance of observations. Typically, this area would be 
split on the basis of its high degree of sensitivity, but it was 
left intact because it contains a large area where fractures have 
not been mapped because of soil cover.
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The northwestern portion of the model domain near the 
Virgin River has a simulated hydraulic conductivity that is 
more than an order of magnitude greater than the surrounding 
hydraulic conductivities. This condition is plausible because 
of the proximity of the area to Sandstone Mountain, an area 
known to be highly fractured and known to have hydraulic-
conductivity values of 32 ft/d on the basis of the Anderson 
Junction aquifer test.

Horizontal hydraulic conductivity for the Kayenta Forma-
tion was held constant at 0.5 ft/d. This value was not adjusted 
because the associated parameter was insensitive to model 
observations. The value of this fixed parameter was based on 
previous work presented in the “Aquifer Properties” section of 
this report. The final calibrated vertical hydraulic-conductivity 
parameter for the Kayenta Formation was 0.01 ft/d; values of 
simulated reservoir recharge were sensitive to this parameter 
based on trial and error adjustments. In this study, flux obser-
vations had a much greater uncertainty than head observations. 
As a result, UCODE indicated that this parameter was insensi-
tive (fig. 14) because there was less weight assigned to flux 
observations than to head observations.

Specific Yield and Specific Storage
One specific yield parameter (sy1) was assigned for the 

Navajo Sandstone; this value applies to the uppermost satu-
rated cell in the model at any given location. Under uncon-
fined conditions that exist in the Navajo Sandstone in the Hur-
ricane Bench area, specific yield was considered to be equal 
to effective porosity. One specific storage parameter (ss1) was 
defined, which represents fully saturated conditions in either 
the Navajo Sandstone or the Kayenta Formation. The value of 
both parameters was adjusted during model calibration. The 
final value of 0.12 for sy1 was determined by regression and is 
within the range of reported effective porosity values of 0.10 
to 0.17 for the Hurricane Bench area (table 3). The final value 
of 4.0 x 10-6 per foot for ss1 was assigned by trial and error 
because model observations did not provide enough informa-
tion to estimate it (fig. 13). The assigned value was slightly 
greater than known values, which range from 7.0 x 10-7 to 
2.5 x 10-6 per foot (Heilweil and others, 2000).

Natural Recharge as Infiltration of Precipitation

The model was very sensitive to the natural recharge 
parameters (rch1, rch2, rch3) prior to the completion of Sand 
Hollow Reservoir in 2002, but became less sensitive to these 
parameters when reservoir recharge dominated the system. 
Three parameters were assigned to simulate natural recharge 
as infiltration of precipitation. Each recharge parameter (rch1, 
rch2, rch3) was a multiplier value for an associated zoned area 
(fig. 10) representing intermediate, low, or high infiltration 
rates, respectively. Simulated water-level observations were 
very sensitive to rch1 and rch3 (fig. 13). None of the three 
parameters were adjusted, however, because of the relatively 
large amount of information available about infiltration in the 
basin (Heilweil and McKinney, 2007). All other parameter 
values determined in this model calibration were estimated on 

the assumption that estimated recharge from precipitation is 
correct. The resulting average natural recharge rates for each 
of the fixed parameter zones (rch1, rch2, rch3) were 20, 8, and 
31 mm/yr, respectively. The annual total simulated natural 
recharge to the Hurricane Bench study area was approximately 
2,100 acre-ft.

Reservoir Recharge

Initially, one parameter representative of the hydraulic 
conductivity of the reservoir bed was assigned to the spa-
tial extent of the reservoir with a value equal to the average 
horizontal hydraulic conductivity of the Navajo Sandstone. 
Comparison of calculated reservoir recharge rates from 2002 
to 2009 to simulated recharge from the reservoir by using one 
zone and one conductivity through time showed that simulated 
recharge was approximately 30 percent more than the esti-
mated recharge of 86,000 acre-ft, however. To help improve 
the match between model-simulated and calculated recharge 
from Sand Hollow Reservoir, the reservoir bed conductance 
parameter was split into four parameters (resk1, resk2, resk3, 
and hi_K) and assigned to two different zones within the 
boundary of Sand Hollow Reservoir (fig. 14). These param-
eters were defined even though the CSS values were not high 
(fig. 13) because better matches were achieved with calculated 
reservoir recharge, and between simulated water levels and 
observed water levels in some locations. The reservoir-bed 
hydraulic-conductivity parameters (resk1, resk2, and resk3) 
that simulate clogging processes varied temporally, and all 
corresponded to a zone beneath the deepest part of the reser-
voir. The parameter hi_K did not vary temporally and corre-
sponded to a higher permeability zone on the edge of the res-
ervoir (fig. 14). This zone occupied the approximate perimeter 
of the reservoir and represented areas in the reservoir that were 
less likely to be subject to limiting processes, such as siltation 
either by their relatively steep grades and exposed bedrock or 
by the late date at which reservoir filling caused saturation. 
The zone that occupied the low flat-lying areas of the reser-
voir (fig. 14) was defined by three parameters. Reservoir-bed 
conductivity in this zone was defined as a time-variable value, 
where time-dependent conductivity values were linearly inter-
polated in three segments defined by three parameter values 
(resk1, resk2, and resk3) representing March 2002, August 
2002, and July 2007, respectively. The first segment, between 
March 2002 and August 2002, represented the initial high rate 
of recharge; the middle segment, between August 2002 and 
July 2006, represented a period of generally decreasing rates 
of recharge; and the last segment, from July 2006 to Decem-
ber 2009, represented a period of generally static calculated 
recharge rates (fig. 15).

Drain and River Discharge

Simulated discharge from the shallow drains was compared 
to reported pumping from the drains during model calibration. 
Three parameters (ndd, wdd, and wdsd) corresponding to the 
North Dam Drain, West Dam Drain, and combined West Dam 
and West Dam Spring Drains, respectively, were assigned a 
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Figure 14. Bed conductance zones of the Reservoir Package representing vertical hydraulic conductivity beneath Sand Hollow 
Reservoir, Hurricane Bench area, Utah. 
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conductance multiplier value equal to the horizontal hydrau-
lic conductivity of the Navajo Sandstone in proximity to the 
drain, which was approximately 0.6 to 0.7 ft/d. Observations 
were not sensitive to these parameters (fig. 13).

One parameter representing riverbed hydraulic conductiv-
ity (rivbed) was assigned a value of 30 ft/d for all stretches of 
the Virgin River. Simulated water levels at observation wells 
were not sensitive to the riverbed parameter, and this large 
value allowed groundwater to easily leave the system at this 
boundary.

Model Accuracy
Because of the large amount of water-level, recharge, 

and discharge data associated with Sand Hollow Reservoir, 
the model provided a relatively accurate estimate of hydrau-
lic properties in the vicinity of the reservoir. Because of the 
paucity of both water-level measurements and aquifer stresses 
away from the reservoir, hydraulic properties and fluxes 
simulated by the model in other parts of the Hurricane Bench 
area had a greater degree of uncertainty, such that other com-
binations of recharge, discharge, and aquifer properties could 
yield similar or improved results. Observations provided little 
information for some model parameters, such as rivbed (fig. 
13); as a consequence, it is difficult to assess how well these 
parameters were estimated in the simulation.

Reservoir Recharge, Drain Discharge, and  
River Discharge

The simulated total reservoir recharge between 2002 and 
2009 was approximately 94,000 acre-ft, which is within 10 
percent of the calculated value of 86,000 acre-ft (fig. 7). Tem-
poral trends closely matched calculated reservoir recharge, 
except during spring 2002 and spring 2003. These periods 
corresponded to large pumping events during the early filling 
of the reservoir, and the mismatches were likely the result of 
not simulating vadose zone saturation, which is a limitation of 
the Reservoir Package in MODFLOW.

The simulated total drain discharge from 2003 to 2009 was 
approximately 9,500 acre-ft—about 30 percent less than the 
reported amount of 14,200 acre-ft. Simulating drain pumping 
as head-dependent discharge through a hydraulic conductiv-
ity contrast (drain conductance) likely underestimated the 
discharge because it did not simulate the effects of dewater-
ing the adjacent saturated flow system due to pumping. As a 
result of the vertical discretization in the model, however, the 
Well Package could not be used to simulate this drain pumping 
because wells were simulated as single node discharge points 
in the center of a cell. The thickness of layer 1 near Sand Hol-
low was approximately 200 ft; thus, the point of stress for a 
well would have been 80 ft below the base of the drains when 
using the Well Package. At this greater depth, the stress would 
have resulted in an inaccurate groundwater-flow gradient 

Figure 15. Temporally varying reservoir-bed hydraulic conductivity parameters that define a portion of the total recharge simulated in 
flat low-lying areas in Sand Hollow Reservoir, Hurricane Bench area, Utah.

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

To
ta

l r
ec

ha
rg

e 
ra

te
, in

 fe
et

 p
er

 d
ay

Jan-01 Jan-02 Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09 Jan-10

Total groundwater-recharge rate
Temporally-variable hydraulic conductivity

Ti
m

e-
va

ri
ab

le
 h

yd
ra

ul
ic

 c
on

du
ct

iv
ity

, i
n 

fe
et

 p
er

 d
ay

resk1

resk2

resk3

0

0.1

0.2

0.3

0.4

0.5

0.6



Numerical Simulation of Groundwater Flow   25

in proximity to the reservoir, adversely affecting simulated 
reservoir recharge. Though trends in simulated drain discharge 
generally approximated those of the reported drain pumping 
(fig. 9), there were large differences in late 2006 and from 
mid-2007 through 2009. These periods coincided with opera-
tion of the pumps in the West Dam Spring drain, which were 
turned on intermittently. Differences between simulated and 
reported drain discharge during 2004 and 2005 were much less 
because the North Dam Drain was the only drain in operation 
until July 2005 and was pumped on a more constant basis.

Final model output yielded an approximate gain of 2,160 
acre-ft to the Virgin River during 1975 (steady-state condi-
tions) for the model domain, with 1,740 acre-ft in 1995, and 
1,880 acre-ft in 2009. The year 1995 represented the lowest 
discharge to the Virgin River during the simulation because 
1995 corresponded to the greatest stress to the aquifer as a 
result of well withdrawals from 1975 to 2009. Discharge to the 
Virgin River had not recovered to pre-reservoir steady state 
amounts by 2009. The simulated discharge to the Virgin River 
was within the range of half of the estimated 5,220 acre-ft/
yr discharge to the river for reaches of the river measured by 
Herbert (1995) within the study area.

Simulated Water Levels
Simulated water levels were generally within 10 ft of mea-

sured water levels at most observation sites (fig. 16) through-
out the period of simulation. Larger differences between 
simulated and observed water levels of up to approximately 
15 ft were generally found at observation sites located more 
than 1 mi north of the reservoir near wells WD RJ and WD 17 
through WD 20 (fig. 17). Except for WD RJ, these monitoring 
wells had a much shorter period of record compared to WD 
1-14 that limited a comparison of trends in the simulated and 
observed hydrographs, which are not presented in this report 
but are available in Heilweil and Marston (2011). An observa-
tion well located even farther north, (C-42-14)12dbb-1, had 
similar simulated versus observed water-level differences 
of 0 to 15 ft for the period of record, but the shape of the 
simulated hydrograph compared to the observed hydrograph 
showed an adequate match (fig. 16). The overall combined fit 
of the model to both the water-level and reservoir recharge 
observations indicated that the simulated hydraulic properties 
and boundary conditions were well constrained and provided 
a reasonable representation of the groundwater system. The 
simulated increase in water levels in the aquifer resulting 
from reservoir recharge corresponded to a simulated increase 
in groundwater storage of about 70,000 acre-ft from 2002 to 
2009. This value is less than the simulated reservoir recharge 
of 94,000 acre-ft for the same period. The difference is attrib-
uted primarily to discharge from wells and drains.

Environmental Tracers
To determine if the model adequately simulated ground-

water-flow directions and travel times, MODPATH (Pollock, 
1994) was used to compare simulated travel times from the 
reservoir to the monitoring wells to travel times estimated on 

the basis of the observed arrival of environmental tracers in 
those monitoring wells. The chemical and isotopic characteris-
tics of reservoir recharge water, including the chloride-to-bro-
mide ratio (Cl:Br), major-ion chemistry, chlorofluorocarbons 
(CFCs), tritium (3H), and field parameters (total dissolved-gas 
pressure, dissolved oxygen, and specific conductance), were 
used to track groundwater movement in the aquifer. The con-
centration of each of these constituents in reservoir recharge is 
significantly different than in the native groundwater, making 
them useful tracers of the movement of reservoir water into 
the surrounding aquifer. The arrival of recharge from the res-
ervoir has been documented in three monitoring wells (WD 6, 
WD 9, and WD 11) near the reservoir (Heilweil and Marston, 
2011). In general, these tracers indicated that reservoir water 
arrived at the nearby wells in the following years: arrival at 
WD 9 between 2003 and 2006, arrival at WD 11 between 2005 
and 2006, and arrival at WD 6 between 2005 and 2009.

MODPATH predicted the simulated arrival time for 
reservoir water at WD 9 between 2003 and 2006, at WD 11 
between 2004 and 2008, and no arrival at WD 6 by 2009 
(fig. 18). Simulated arrival times for WD 9 and WD 11 
matched observed arrival times adequately. In contrast to 
the environmental tracer data, MODPATH particles did not 
arrive at WD 6 because of the pumping influence of well 8, 
which is located between the reservoir and WD 6. Observed 
tracer arrivals in WD 6 were likely the result of more rapid 
groundwater movement in fractures than was simulated by 
the groundwater model, which assumes flow is through a 
homogenous, porous media. Although the fractured areas in 
Hurricane Bench were simulated as zones of greater hydrau-
lic conductivity, they were simulated as porous media rather 
than fracture flow. Both well 8 and WD 6 lie within a zone of 
mapped fractures (Heilweil and others, 2000; P.D. Rowley, 
Geologic Mapping, Inc., unpub. data, 2004). Open fractures 
observed by Heilweil and Solomon (2004) could allow for 
greater localized groundwater velocities not explicitly simu-
lated by MODFLOW.

Model Projections
The groundwater-flow model was used to predict the future 

movement of reservoir water through the groundwater system 
toward the Virgin River. The model also was used to estimate 
the additional groundwater storage if the reservoir contin-
ued to operate until a new steady state groundwater system 
was achieved. The projection assumed the same distribution 
of groundwater withdrawal from wells as was recorded in 
September 2009, which was approximately equal to the March 
2006 through December 2009 average. During this stress 
period, most of the pumping took place at well 8 and well 9, 
with lesser withdrawals at well 2 and well 21. In the future 
projection, the reservoir stage was specified as constant at the 
December 2009 value of 3,044 ft, or about 16 ft below full 
stage. The effects of withdrawals from other wells or different 
reservoir stage conditions were not projected. The projection 
(beginning in January 2010) simulated these conditions for 
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Figure 16. Observed and simulated water levels at monitoring wells in Sand Hollow, Hurricane Bench area, Utah.
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Figure 16. Observed and simulated water levels at monitoring wells in Sand Hollow, Hurricane Bench area, Utah.—Continued
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Figure 16. Observed and simulated water levels at monitoring wells in Sand Hollow, Hurricane Bench area, Utah.—Continued
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one 1,000-year stress period by using ten 100-year time steps. 
To estimate the travel time of reservoir water to the Virgin 
River, MODPATH (Pollock, 1994) was used to track particles 
with starting locations at the top of layer 1 underneath Sand 
Hollow Reservoir. The effective porosity was assumed to 
equal the calibrated specific yield of 0.12. The earliest arrival 
times at the Virgin River were after approximately 500 years, 
with an average arrival time for most particles of 800 years 
(fig. 19). Some of the particles that had starting locations 
beneath the central portions of the reservoir had longer travel 
times and flow paths that extended into the deeper parts of the 
Navajo Sandstone and the Kayenta Formation. Approximately 
50 percent of the particles had arrival times in excess of 1,000 
years. Steady-state conditions, where simulated groundwater 
recharge and discharge are approximately equal and there is 
no change in storage, were attained approximately 300 years 
after December 2009. The predicted additional groundwater-
storage capacity associated with reservoir recharge in the Hur-
ricane Bench area after December 2009 was approximately 
325,000 acre-ft.

Model Limitations
The numerical model is a simplified representation of the 

groundwater system and includes limitations regarding the 
simulation of natural recharge, uncertainty in hydraulic con-
ductivity in areas far from the reservoir, assumptions regarding 
discharge to the Virgin River, the use of an equivalent porous 
media model to simulate preferential flow in a fractured 
dual-permeability aquifer system, the assumption of uniform 
storage properties, not including the possibility of upwelling 
higher-salinity groundwater as a form of recharge, and the 
simulation of withdrawals from shallow drains using the head-
dependent Drain package.

In this model, natural recharge as infiltration of precipita-
tion was set to values obtained from Heilweil and McKinney 
(2007) rather than adjusting it during parameter estimation. 
Also, average long-term recharge rates were assigned rather 
than accounting for seasonal and annual variability.



Numerical Simulation of Groundwater Flow   29

Figure 17. Difference between observed and simulated water levels measured in December 2009 for monitoring wells around Sand 
Hollow Reservoir, Hurricane Bench area, Utah.
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Figure 18. Simulated groundwater-flow paths from Sand Hollow Reservoir, Hurricane Bench area, Utah.
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Figure 19. Projected travel time of managed aquifer recharge moving through the Navajo Sandstone in Sand Hollow, Hurricane Bench 
area, Utah.
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The model simulated a greater rise in water levels farther 
from the reservoir, such as in the area of well WD RJ, than 
was observed. Hydraulic-conductivity values assigned to this 
part of the model could have been too low. The calibrated 
permeability closer to the reservoir was a better approxima-
tion where the aquifer had undergone more stress and more 
observations for calibration were available.

Another source of uncertainty in the model is the represen-
tation of groundwater discharge to the Virgin River. Discharge 
was simulated to the river from the Navajo Sandstone south 
of the river. Measured groundwater discharge to the river 
included flow from north of the river, which was not simulated 
in the model. The amount of this groundwater discharge, from 
the southern part of the Navajo Sandstone cannot be quantified 
but only estimated as less than the 7.2 ft3/s measured in 1995. 
Water-level data near the river and in the northeast portions of 
the model grid would improve the simulation of groundwater 
to surface-water interaction along the entire reach of the Virgin 
River within the model domain.

The aquifer was assumed to be a homogenous porous 
media, and the model did not explicitly simulate flow through 
specific fractures. The current model only approximated 
fracture flow through bulk anisotropy. This could explain the 
later-than-observed arrival times of environmental tracers at 
well WD 6. Simulating flow along individual fracture zones 
was not within the scope of this study.

One value for specific yield was used for the entire simu-
lated Navajo Sandstone. Estimates of additional groundwater 
storage capacity based on future model predictions assumed a 
constant value for specific yield. Spatial and temporal variabil-
ity in specific yield could increase or decrease this value, but 
no data were available to evaluate spatial variability.

A study by Heilweil and others (2000) indicated that 
upwelling groundwater from underlying formations con-
tributes up to 1,100 acre-ft/yr to the Navajo Sandstone and 
Kayenta Formation for a 6-mi2 area located west of Hurricane. 
This estimate was based only on a solute mass-balance calcu-
lation, rather than direct measurement of this potential source 
of recharge. Also, this upwelling of higher salinity ground-
water is located in the vicinity where large withdrawals were 
made in the 1990s and could have been a short-term transient 
response to pumping. Because of its relatively small amount 
and the uncertainty associated with its long-term occurrence, it 
was not considered in this study’s groundwater budget. Further 
investigation of this form of recharge would be necessary 
before inclusion in this groundwater-flow model.

Another limitation of the model is the simulation of 
withdrawals from shallow drains by using the Drain Pack-
age. Use of the Well Package to simulate this discharge would 
have required much finer vertical discretization of the shallow 
part of the aquifer system than was practical for this regional 
groundwater-flow model.

Summary
The purpose of this report was to present the construction, 

calibration, and projected results of a numerical simulation of 
groundwater movement in the Hurricane Bench area, includ-
ing managed aquifer recharge from Sand Hollow Reservoir. 
This study incorporated data presented in previous reports 
that documented pre-reservoir vadose-zone and groundwater 
conditions in Sand Hollow and the Hurricane Bench area prior 
to March 2002; pond and trench infiltration studies adjacent 
to the reservoir; and post-reservoir groundwater conditions, 
water budgets, and estimates of groundwater recharge from 
the reservoir from March 2002 through December 2009.

Natural recharge as infiltration of precipitation was 
approximately 2,100 acre-ft/yr from 2002 to 2009 (total-
ling about 16,800 acre-ft). Discharge included seepage to 
the Virgin River, municipal- and irrigation-well withdraw-
als, and drains at the base of reservoir dams. Seepage from 
the Hurricane Bench to the Virgin River was estimated to be 
about 2,100 acre-ft/yr under natural conditions. Total well 
withdrawals from 1975 to 2009 ranged from 130 to about 
3,000 acre-ft/yr. Managed aquifer recharge from Sand Hollow 
Reservoir to the underlying Navajo aquifer was calculated 
to be about 86,000 acre-ft from 2002 to 2009. Groundwater 
levels in monitoring wells closest to the reservoir generally 
rose between 2002 and 2006 and then fluctuated with reservoir 
altitude and nearby pumping from production wells. Water 
levels in monitoring wells farther from the reservoir were still 
rising through 2009.

The objective of the numerical groundwater-flow model 
was to obtain a simulation that reasonably represented ground-
water recharge, movement, discharge, and measured water 
levels in the Hurricane Bench area. The simulated recharge 
from Sand Hollow Reservoir between 2002 and 2009 was 
approximately 94,000 acre-ft, which was within 10 percent of 
the calculated value. The simulated total drain discharge from 
2003 to 2009 was approximately 9,500 acre-ft. This value 
was 4,700 acre-ft less than reported drain pumpage because 
passive drains were simulated by using a seepage face that did 
not simulate the spatially larger effects of dewatering due to 
pumping. A head-dependent groundwater discharge of about 
1,740 acre-ft to the Virgin River was simulated during 1995, 
increasing to about 1,880 acre-ft in 2009. Simulated arrival 
times of environmental tracers at monitoring wells WD 9 
and WD 11 were within the ranges of observed arrival times 
from 2003 to 2008. In general, the groundwater-flow model 
adequately simulated water levels, and most simulated water 
levels were within 10 ft of the measured water levels. The 
overall fit of the model to water levels, estimated reservoir 
recharge, and measured discharge indicated that the simulated 
hydraulic properties and boundary conditions provided a rea-
sonable representation of the groundwater-flow system.

The simulated change in water levels caused by managed 
aquifer recharge at Sand Hollow Reservoir corresponded to 
an increase in groundwater storage of about 70,000 acre-ft 
between 2002 and 2009. The model predicted an estimated 
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325,000 acre-ft of total additional groundwater storage for the 
Hurricane Bench area when steady state is eventually reached 
(approximately 300 years from 2009), assuming constant res-
ervoir operating conditions and well withdrawals, as observed 
in late 2009. The simulated earliest arrival time of reservoir 
water to the Virgin River was 500 years from 2009, with an 
average arrival time of 800 years from 2009.
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February 8, 2023 
 
Washington County Water Conservancy District 
Attn: Zach Renstrom, P.E. 
533 East Waterworks Drive 
Saint George, Utah 84770 
 
RE: Review of USGS Report for Sand Hollow Reservoir 

Washington County, Utah 
 
Dear Mr. Renstrom, 

We are pleased to present you with this summary for our review of U.S. Geological Survey 
(USGS) Scientific Investigations Report 2012-5236 for the Sand Hollow Reservoir 
Managed Aquifer Recharge (MAR) project, Washington County, Utah (Marston and 
Heilweil, 2012). 

SCOPE OF WORK 

We understand that Washington County Water Conservancy District (the District) is 
assessing whether the USGS Sand Hollow groundwater model presented in Marston and 
Heilweil (2012) properly accounts for water resources in the Hurricane Bench. By 
understanding the Sand Hollow groundwater model and its limitations will allow the 
District to make informed decisions about how groundwater resources in the Hurricane 
Bench should be managed in the future. 

We reviewed Marston and Heilweil (2012) and also the following supplemental reports 
and maps: 

 The geology of the central Virgin River basin, southwestern Utah, and its relation 
to ground-water conditions (Hurlow, 1998); 

 Geohydrology and numerical simulation of ground-water flow in the central Virgin 
River basin or Iron and Washington Counties, Utah (Heilweil and others, 2000); 

 Assessment of managed aquifer recharge at Sand Hollow Reservoir, Washington 
County, Utah, updated to conditions through 2016 (Marston and Nelson, 2018); 
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 Geologic map of the St. George and east part of the Clover Mountains 30’ x 60’ 
quadrangles, Washington and Iron Counties, Utah (Biek and others, 2010). 

We spoke on the phone with: 

 Tom Marston, USGS (verbal communication, January 20, 2023); 

 Ken Richins, Hurricane City Water Department Superintendent (verbal 
communication, January 23, 2023); and 

 Brent Gardner, Alpha Engineering, Hurricane City water system engineer (verbal 
communication, January 25, 2023). 

Brent Gardner provided the following materials, which we also reviewed: 

 Safe Yield – Navajo Sandstone – Hurricane Valley Area; Memo to Thomas 
Marston and Brie Thompson, dated May 30, 2022 (Alpha Engineering, written 
communication, January 25, 2023); and 

 Hydrogeologic Report of Hurricane Basin prepared for Creamer and Noble, Inc. 
and Hurricane City (Montgomery, 1978). 

We summarize our findings in this letter report. 

USGS SAND HOLLOW MODEL 

Marston and Heilweil (2012) summarize a numerical groundwater-flow model that was 
developed by the USGS to simulate groundwater movement in the Hurricane Bench area 
and groundwater recharge from Sand Hollow Reservoir (the Sand Hollow model). The 
purpose of Marston and Heilweil (2012) is to describe the groundwater hydrology of the 
Hurricane Bench area and to present the construction, calibration, and projected results 
of the groundwater-flow model, including recharge from Sand Hollow Reservoir. Marston 
and Heilweil (2012)  is the culmination of numerous other studies conducted by the USGS 
and others to characterize the geologic, hydrologic and groundwater conditions in the 
Hurricane Bench area. 

In general, based on available data, the Sand Hollow model accurately simulates 
recharge from Sand Hollow Reservoir and movement of groundwater through the 
Hurricane Bench area. However, we believe that some aspects of the natural system are 
not accounted for in the model, which we present in the following sections. 
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Model Framework 

The Sand Hollow groundwater model was discretized to account for the Navajo 
Sandstone and the underlying Kayenta Formation in the Hurricane Bench area. All natural 
recharge and MAR from Sand Hollow Reservoir is assumed to flow into the Navajo 
Sandstone. Quaternary-age volcanic units and related alluvial deposits from erosion of 
the volcanics are not considered in the model even though these units overlie Navajo 
Sandstone throughout a significant portion of the east side of Hurricane Bench. The 
volcanics may have localized physical and recharge impacts to the Navajo Sandstone 
and are not addressed. It is likely that the volcanic necks that intruded through the Navajo 
Sandstone altered the sandstone and affected the hydraulic conductivity of the sandstone 
in these localized areas.  

Two wells drilled near the eastern boundary of the Sand Hollow model at the base of the 
Hurricane Cliffs in Grass Valley penetrated volcanic sedimentary deposits and volcanic 
bedrock to approximate depths of 500 feet (Well Identification Numbers 8174 and 9455) 
with static water levels of approximately 465 feet measured in 1972 and 1981. It appears 
that these hydrogeologic conditions are not represented in the model. The geologic and 
potentiometric surface map presented in Montgomery (1978) indicate that this area is 
trough shaped and groundwater flows to the southeast towards the Hurricane Fault then 
south into Warner Valley. This potential diversion from the groundwater system will need 
future analysis. 

The Springdale Sandstone geologic unit is not accounted for in the Sand Hollow model. 
The Springdale Sandstone is stratigraphically located at the base of the Kayenta 
Formation with a reported thickness of 90 to 150 feet. The unit has a similar lithology to 
the Navajo Sandstone. Hurlow (1998) and Heilweil and others (2000) state that the 
Springdale Sandstone is a member of the Moenave Formation; however, Biek and others 
(2010) indicate the Springdale Sandstone is a member of the Kayenta Formation. 
Omission of the Springdale Sandstone in the Sand Hollow model may underestimate 
groundwater storage capacity in the Hurricane Bench. The Springdale Sandstone is a 
potential aquifer in the area that may be underutilized and collecting additional 
hydrogeologic data from the unit can help evaluate this possibility and expand 
groundwater supply potential. Groundwater in the Springdale Sandstone may also be 
under confined conditions in certain areas, which adds complexity to the hydrogeologic 
conditions in the Hurricane Bench.  
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Model Boundaries 

The perimeter of the Sand Hollow model is assumed to be a no flow boundary, with the 
exception of where the Virgin River crosses the model domain. The Virgin River is 
modeled as a head-dependent boundary to allow groundwater to discharge to the river. 
The Sand Hollow model assumes that groundwater in the Navajo and Kayenta formations 
flows towards the Virgin River and is withdrawn from wells or discharges to the Virgin 
River. There are several springs located along the west side of the Hurricane Bench 
(Willow Spring, Sand Mountain Spring, Sand Spring, Warner Spring, Berry Spring) that 
discharge from the either the Navajo Sandstone or the Springdale Sandstone. Although 
the total discharge of the springs may not be significant the underlying assumption of the 
boundary condition is not accurately portrayed. The groundwater flow model presented 
in Heilweil and others (2000) for the main part of the Navajo and Kayenta aquifers, which 
includes the area in question, utilized drain cells for western portion of Hurricane Bench 
in the model. Tom Marston communicated to LRE that model drain cells for this area have 
been incorporated into an updated Sand Hollow model which is currently still under review 
by the USGS. 

The eastern boundary of the model does not extend to the Hurricane Fault. Normal faults, 
like the Hurricane Fault, are often characterized as a barrier to groundwater flow across 
the fault and a conduit to flow parallel to the fault. The hydrogeologic conditions along the 
Hurricane Fault are likely complex and poorly understood, due to a lack of data. 
Therefore, it is understandable why the Sand Hollow model boundary does not extend to 
the Hurricane Fault. However, omission of the sliver of the Hurricane Bench between the 
model boundary and the Hurricane Fault does not account for potential recharge in this 
area. 

Hydraulic Conductivity 

The hydraulic conductivity values of the Navajo Sandstone in the vicinity of Sand Hollow 
Reservoir are well constrained and are within reported value ranges for the formation. 
However, the uncertainty in model parameters increases with distance from the reservoir 
due to a lack of data from wells that penetrate the Navajo Sandstone, especially in the 
eastern portion of the Hurricane Bench.   

Recharge 

The Sand Hollow model does not account for recharge of unconsumed irrigation water. 
Irrigation occurs in the northeast portion of the Hurricane Bench and Heilweil and others 
(2000) estimate that up to 4400 acre-feet per year (ac-ft/yr) of recharge to the Navajo 
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Sandstone in the Hurricane Bench occurs from unconsumed irrigation water. The 
groundwater flow model presented in Heilweil and others (2000) for the main part of the 
Navajo and Kayenta aquifers used a recharge rate of 1050 ac-ft/yr for unconsumed 
irrigation water in this portion of the Hurricane Bench.   

In addition, it does not appear that recharge from ephemeral streams is accounted for in 
the Sand Hollow model. The Gould Wash drainage area discharges onto the eastern side 
of the Hurricane Bench and may provide a source of recharge. Heilweil and others (2000) 
estimate 13 to 220 ac-ft/yr of water recharges the Navajo Sandstone along Gould Wash. 
Frog Hollow is another area that may provide additional recharge to the Navajo 
Sandstone.  

Recharge from underlying geologic units are not accounted for in the Sand Hollow model. 
Heilweil and others (2000) also show an area in the northwest portion of the Hurricane 
Bench area where recharge from underlying geologic units may occur, which is estimated 
to be approximately 1085 ac-ft/yr based on a solute mass balance approach. We assume 
that recharge from underlying geologic units occurred by groundwater in the Springdale 
Sandstone flowing upward through the Kayenta Formation and into the Navajo 
Sandstone.  

Irrigation of golf courses is also not addressed in the model. Given the basement flooding 
issues that occurred to homes at the Sand Hollow Resort, recharge to the Navajo 
Sandstone likely occurs from irrigation of golf courses in the area.  

We believe that groundwater recharge in the Hurricane Bench may be underestimated in 
Marston and Heilweil (2012) based on the reasons explained above. 

Discharge 

Herbert and others (1995) estimated that there is a gain of 7.2 cubic feet per second (cfs) 
in the Virgin River downstream of Hurricane based on a seepage study conducted during 
November 1994. Marston and Heilweil (2012) assume that the contribution of this gain in 
flow to the Virgin River from groundwater discharge from the Hurricane Bench is about 
half the total gain in flow. Under steady-state conditions (average conditions for 1975) 
discharge to the Virgin River equals recharge from precipitation, which was estimated to 
be 2100 ac-ft/yr. Conducting an additional seepage study of this section of the Virgin River 
could provide additional data to further constrain the groundwater budget for the 
Hurricane Bench.  
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SAFE YIELD 

LRE understands that one of the critical questions that the District and Hurricane City is 
seeking is what is the safe yield of the Navajo Sandstone in the Hurricane Bench. 
Evaluating the safe yield of an aquifer can be difficult because it depends upon several 
factors, but is ultimately based on what is an acceptable impact to an aquifer. Therefore, 
before a constructive dialogue about safe yield can begin it needs to be explicitly defined. 
Another term that is often synonymous with safe yield is sustainable groundwater use. 
Safe yield of an aquifer, or sustainable groundwater use, can be defined as any of the 
following: 

 Groundwater withdrawals that do not exceed natural recharge to an aquifer; 

 Groundwater withdrawals that do not exceed what is artificially recharged to an 
aquifer; and 

 Groundwater withdrawals that do not exceed a certain pre-determined threshold 
that represents the maximum allowable impact to an aquifer. 

One complicating factor in many areas is that groundwater pumping has already depleted 
the local aquifer and a return to pre-pumping conditions is nearly impossible to achieve 
(i.e. mining of groundwater). Another factor that complicates safe yield determination is 
local hydrogeologic conditions. MAR typically does not reach the entire aquifer, so there 
could be an abundant groundwater supply in one portion of the aquifer and a declining 
groundwater supply in another portion. Changes in land use must also be considered 
when evaluating safe yield. Groundwater recharge of unconsumed irrigation water can 
be significant, and if this recharge component will be eliminated through a change in land 
use, then it must be factored into the groundwater budget and safe yield of the aquifer.   

Based on our review of the groundwater conditions in the Hurricane Bench area, the 
recharge components and quantities are summarized as follows: 

Recharge Component 
Quantity  
(ac-ft/yr) 

Reference 

Infiltration of precipitation 2100 Marston and Heilweil (2012) 

Unconsumed irrigation 
water 

< 4400 Heilweil and others (2000); 1050 acre-ft/yr 
in their model 

Seepage from ephemeral 
streams 

13 to 220 Heilweil and others (2000) 
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Recharge Component 
Quantity  
(ac-ft/yr) 

Reference 

Upwelling from underlying 
formations 

1085 Heilweil and others (2000) 

Sand Hollow MAR 8000 to 9000 Verbal communication from the District 

Total Potential Recharge 11,200 to 16,500 
(rounded) 

 

 

The most conservative estimate of safe yield for the Hurricane Bench is 2100 ac-ft/yr. 
Alternatively, the safe yield may be as great as approximately 11,000 ac-ft/yr. The most 
recent (2021) water use data from the Utah Division of Water Rights (DWRi) indicates 
that well withdrawals in the Hurricane Bench totaled approximately 6100 acre-feet 
(approximately 2100 and 4000 acre-ft for Hurricane City and the District, respectively). 
Therefore, it is possible that the safe yield of the Navajo Sandstone in the Hurricane 
Bench is already being exceeded.  

Evaluating the water budget and safe yield of an aquifer is a constructive exercise 
because it can lead to identification of MAR, water-use and conservation objectives, 
which are often achieved through a phased approach that scales recharge and 
conservation efforts upward and water-use downward overtime. 

We understand that the District desires that the DWRi establish a groundwater 
management plan for the Hurricane Bench area. It will likely be up to the local water users 
(stakeholders) to create a vision of what sustainable groundwater use looks like and to 
determine what a groundwater management plan entails. We offer some considerations 
about the groundwater management plan.  

A groundwater management plan should provide the administrative framework that 
informs upgradient and downgradient water users (stakeholders) of what measures will 
be executed at defined threshold events. The goal of the groundwater management plan 
is to promote regional cooperation for the appropriate management of groundwater in the 
area. The groundwater management plan should also be flexible so that the executed 
measures can be modified as conditions change or new data is gathered. This can be 
accomplished by taking a tiered approach to the plan. Such a plan will allow stakeholders 
(1) to see current conditions so that proactive measures can be planned accordingly, (2) 
devise metrics for success/progress, and (3) execute measures.     
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An appropriate monitoring network of groundwater levels throughout the Navajo 
Sandstone aquifer will be important for transparent sharing of data among the 
stakeholders. Investment in the monitoring network by the stakeholders will help build 
collaboration between stakeholders and help distribute the cost of managing the network. 

Because safe yield of the aquifer is a dynamic quantity, the plan could initially set limits 
on pumping based on current or near-term water use demands and focus on the collection 
of important (pumping and water level) data. If water levels in the aquifer reach a certain 
pre-determined criteria, tiered actions could be implemented, which likely involve 
reductions to pumping and certain water uses and possibly increases to recharge 
operations. If water levels in the aquifer continue to decline to another pre-determined 
criteria, additional tiered actions could be implemented, which would require that the 
stakeholders agree on appropriate measures to execute.  

CONCLUSIONS 

The primary objective of the Sand Hollow model is to simulate MAR from Sand Hollow 
Reservoir and the subsequent movement of groundwater through the Hurricane Bench 
area. We believe that the model achieves this objective at a regional scale, but local areas 
of excessive pumping will require additional monitoring. However, the hydrogeologic 
system is more complicated than what is presented in the model especially along the east 
side of Hurricane Bench and along the Hurricane Fault. Because some recharge 
(unconsumed irrigation water, ephemeral stream, subsurface geologic units) and 
discharge (springs and Virgin River discharge) was not accounted for in the model or is 
poorly constrained, the underlying water budget of the model may be underestimated. 
However, the quantity of water recharged from Sand Hollow Reservoir is significantly 
greater than any of these components and is the predominant factor driving the 
groundwater system in the area. The collection of additional data in areas with limited 
data can help refine and update the model in the future. 

The safe yield of the Navajo Sandstone in the Hurricane Bench is an uncertain number 
that may be as low as 2100 ac-ft/yr or as high as 11,000 ac-ft/yr depending on how safe 
yield and sustainable groundwater use are defined. A groundwater management plan for 
the Hurricane Bench can establish an administrative framework for groundwater use in 
the area while additional data is collected and evaluated prior to the determination of the 
safe yield. A successful groundwater management plan will likely involve: 

 Identification and engagement of stakeholders to build consensus toward a 
proposed plan. 
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 Development of a monitoring network with stakeholder investment to provide the 
transparent sharing of data. 

 Ongoing stakeholder engagement to promote understanding of collected data and 
delineation of how metrics will be used to demonstrate proper groundwater 
resource management in the aquifer. 

 A tiered approach with flexible action items, which will likely be easier to implement 
and also provide more stakeholder involvement and collaboration. 

If you have any questions about this letter report, please contact me at (801) 541-4426 
(mobile) or neil.burk@LREwater.com.  

Sincerely, 

LRE WATER 

  
Neil I. Burk, P.G. 
Senior Project Manager 
 
9009WCW01 
NIB 
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