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ABSTRACT

Groundwater discharge to Great Salt Lake (GSL) is difficult to quantify but represents a potentially sig-
nificant source of water and salinity to the lake’s overall water budget and chemistry, respectively. Under-
standing groundwater and its role in the overall health of GSL is critical due to the current historically low
lake levels. We compiled existing groundwater level data in wells in the basin-fill aquifer around GSL and
used spatial analysis methods to 1) create potentiometric-surface maps in the areas adjoining GSL, 2) calcu-
late groundwater contributions to GSL, and 3) estimate salinity inputs from groundwater to GSL. We ob-
served groundwater-level declines in most of the basin-fill wells from the 1980s to 2010s. These declines are
consistent with historical groundwater-level trends in the Salt Lake, Tooele, Curlew, and Weber Valleys and
are a consequence of aquifer overdraft associated with less than average precipitation in the basin and in-
creased groundwater withdrawals in the GSL watershed. Using the Darcy flux equation, we calculated a
groundwater flux to GSL of 313,500 acre-feet per year, substantially greater than previous estimates derived
from water balance studies but consistent with estimates derived from geochemical modeling of GSL water
chemistry. We calculated a salt contribution from groundwater to GSL of 1.18 million metric tons per year,

which represents about 10% of the solutes derived from surface flows to GSL in 2013.

INTRODUCTION

Background and Objectives

Groundwater discharge is an essential component
in limnological systems’ hydrologic and chemical
balances (Healy and others, 2007; Rosenberry and
Winter, 2009). Despite its importance in developing
accurate hydrochemical balances in lakes, groundwa-
ter contribution is often neglected or underestimated
because it is difficult to quantify (Rosenberry and oth-
ers, 2015). Understanding the groundwater compo-
nent and its associated solute input is imperative for
managing the environmental and economic resources
of lakes affected by extensive anthropogenic water
use and drought, such as Great Salt Lake (GSL) in
northern Utah. Potentiometric gradient and aquifer
hydraulic conductivity are key inputs to calculate
groundwater flow. This report focuses on the potenti-
ometric data input for estimating groundwater flow.
Future work will better constrain hydraulic conductiv-
ity and geochemistry at the lake interface to improve
groundwater flow estimates.

GSL is a hypersaline terminal lake and a sink for
surface and groundwater across a large part of the
eastern Great Basin (Spencer and others, 1985; Duffy
and Al-Hassan, 1988; Arnow and Stephens, 1990).

Salinity inputs and evaporation impact GSL’s ecosys-
tems and mineral resources (Carling and others, 2013;
Jagniecki and others, 2021). Surface-water flows to
GSL and associated salt loading are well constrained
(Shope and Angeroth, 2015). However, the quantity
of groundwater discharge remains relatively un-
known, and groundwater is a potentially significant
source to GSL’s overall salt load (Kirby and others,
2019; Bunce, 2022). The importance of understanding
groundwater dynamics and its role in the overall
health of GSL becomes prominant by the current, his-
torically low lake levels. Groundwater inflows to
GSL will become critically important as surface-
water discharges decrease due to increasing water de-
mands (Null and Wurtsbaugh, 2020), rising air tem-
peratures, and changing snow cover conditions in the
basin (Hall and others, 2021).

Given the significance and uncertainty of ground-
water to GSL’s system, the objectives of the present
study are to 1) compile historical groundwater levels
and use them to create generalized potentiometric-
surface maps, 2) roughly estimate groundwater flow
to GSL using a combination of spatial analysis tech-
niques and Darcy’s Law, and 3) combine the results
from the previous objective with existing groundwa-
ter chemistry data to estimate salinity inputs to GSL
derived from groundwater. Water and salt dynamics
play a fundamental role in shaping not only GSL’s
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unique ecological, recreational, and mineral re-
sources, but also the future development in the
sprawling urban centers on the east shore of the lake.
We provide the first systematic basin-wide assess-
ment of groundwater levels in areas adjoining GSL to
quantify groundwater contributions and their salt
loading to the lake system. This information is re-
quired to constrain water and salt budgets needed by
managing agencies to make informed decisions re-
garding the future health and productivity of ecosys-
tems and industries in the lake. Our findings serve as
a basis for future work to better define the role of
groundwater in GSL’s overall water volume and so-
lutes budgets.

Study Area

The study area covers about 11,000 square miles
in northern Utah and southern Idaho (figure 1). It is
bounded on the east by the north-south-trending Wa-
satch Range and on the west by the Great Salt Lake
Desert. Several mountain ranges (Hansel, Promonto-
ry, Oquirrh, Stansbury, Hogup, etc.) and associated
valleys (Curlew, Hansel, Malald-Lower Bear River,
Weber, Salt Lake, Tooele, Skull, etc.) bound the north
and south flanks of the study area and drain into GSL
(figure 1). GSL is the largest salt-water lake by area
in the Western Hemisphere and the eighth largest in
the world (Hammer, 1986). It is 75 miles long by 28
miles wide and covers approximately 1700 square
miles with a maximum depth of 33 feet at the average
water-surface elevation of 4200 feet above sea level
(FASL). The Jordan, Bear, and Weber Rivers deliver
on average 2.9 million acre-feet of water to GSL, ap-
proximately 95% of the total stream inflow (Stephens
and Gardner, 2007; Mohammed and Tarboton, 2012).
Previous studies (Arnow and Stephens, 1975;
Waddell and Fields, 1976; Loving and others, 2000;
Bunce, 2022) have estimated groundwater discharge
to GSL ranges between 3% and 10% of the total in-
flow. The Jordan, Bear, and Weber Rivers also deliv-
ered an estimated 14.3 million metric tons of total dis-
solved solids (TDS) in 2013 (Shope and Angeroth,
2015). Groundwater potentially contributes a signifi-
cant input to GSL’s overall salt load (Hahl, 1968;
Spencer and others, 1985; Loving and others, 2000),
but the relationship between groundwater and GSL’s
salinity has not been well defined.

Salinity of the lake ranges from 5% to 29% and
creates diverse opportunities for ecological, recrea-
tional, and mineral uses. GSL is part of the Pacific
Flyway and provides important nesting and foraging
habitat for over 250 species of birds as they travel be-
tween North and South America (The Nature Con-
servancy, 2022). Between 1.6 and 2.5 million metric
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tons of salt are commercially removed from the lake
every year (Stephens and Gardner, 2007). Mineral ex-
traction, brine shrimp cyst production, and recreation
in GSL can generate an estimated economic value of
$1.32 billion per year (Bioeconomics, 2012).

As a terminal lake, GSL loses water primarily
through evaporation. Therefore, changes in stream-
flow conditions severely impact lake levels and salin-
ity (Mohammed and Tarboton, 2012). Stream diver-
sions for agricultural and municipal uses reduce the
amount of water flowing into GSL by 39% (Null and
Waurtsbaugh, 2020). These diversions and a warming
climate led to the present-day lake-level decline
(Wurtsbaugh and others, 2017, Wang and others,
2018). As of November 2022, the area covered by
GSL was reduced to about 900 square miles at a his-
torical low water-surface elevation of 4188.5 FASL.
Consequently, salinity and the surface area covered
by dry lakebed increased. Increased salinity levels
stress microbialite, brine fly, and brine shrimp popu-
lations, jeopardizing the entire ecological community
that depends on them. Dry lake beds are a major
source of dust pollution and have the potential to ac-
celerate snowmelt when dust is blown onto the snow
(Reynolds and others, 2014; Skiles and others, 2018).

METHODS

Data Compilation

We compiled historical groundwater level data
from various datasets including the U.S. Geological
Survey (USGS) National Water Information System
(NWIS, https://waterdata.usgs.gov/, U.S. Geological
Survey, 2022a), the Utah Division of Water Rights
(DWR1i) well drilling records, the Utah Geological
Survey (UGS) Geologic Hazards Program Subsurface
Geotechnical Database, and the UGS Wetlands sec-
tion field data. Data from the DWRi was derived from
a combination of well information tables and the Wa-
ter Rights points of diversion (WRPOD) feature class
provided on the DWRi website (https:/
waterrights.utah.gov/). The WRPOD feature class on-
ly includes wells with a Well Identification Number
(WIN) and excludes wells without an assigned WIN.
The UGS Geologic Hazards Program Subsurface Ge-
otechnical Database consists of 5141 boreholes in wa-
tersheds that contribute to the lake. The UGS Wet-
lands section field data consists of 362 shallow bore-
holes in the wetlands proximal to GSL. In addition to
groundwater level data, well properties (latitude, lon-
gitude, surface elevation, screen depth, and well
depth) were also gathered where available. Data com-
pilation is limited to wells in the basin-fill aquifer and
boreholes within the study area (figure 2).
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Figure 1. Physiographic overview of GSL study area.
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Figure 2. Geographical location of historical groundwater-level sites.
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The compiled groundwater level data show spatial
and temporal complexities within the study area.
Groundwater level measurements began in the 1900s
but were limited to only a few sites (33). The number
of data collection sites increased over time to reach a
maximum of 3136 during the 1990s but remained var-
iable (figure 3). Furthermore, while many sites were
visited regularly, others were visited less often, or on-
ly once in many cases. We reprojected, combined,
and aggregated the data using Python 3 and created
two different datasets to deal with these spatial and
temporal intricacies. The two datasets (tables S1 and
S2) are included as supplementary information in ge-
odatabase format (contact authors for database).

The first dataset (table S1) contains data available
from all sources (NWIS, DWRi, and UGS). Ground-
water level data for each site were grouped by decade
and a mean water level elevation value was calculated
if more than a single measurement was recorded dur-
ing the time frame. The second dataset (table S2) con-
tains only USGS NWIS data for all wells available
within the study area. Here, the groundwater eleva-
tion value is the mean of all available data for each
site. This dataset also contains estimated aquifer prop-
erties including saturated thickness, hydraulic con-
ductivity, and transmissivity for individual sites. Satu-
rated thickness values were estimated by subtracting
mean depth to water values from total well depth val-
ues. Hydraulic conductivity values were extracted
from layer 2 of the USGS’s groundwater model of the
Great Basin carbonate and alluvial aquifer (Brooks,
2017). Finally, transmissivity values were calculated
by multiplying saturated thickness times hydraulic
conductivity.

We downloaded three high-resolution aerial pho-
tographs from the European Space Agency’s Sentinel
-2 satellites for August 25th, August 28th, and Sep-
tember 9th, 2022, using the USGS Global Visualiza-
tion Viewer (GloVis, https://glovis.usgs.gov/). Senti-
nel-2 satellites carry an optical payload with visible,
near infrared and shortwave infrared sensors encom-
passing 13 spectral bands: 4 bands at 10-meter, 6
bands at 20-meter, and 3 bands at 60-meter spatial
resolution, with a swath width of 290 kilometers
(European Space Agency, 2022). We created a single
mosaicked image in ArcGIS Pro® and used it to trace
the extent of the lake. We assigned a surface elevation
of 4190 feet to this extent based on USGS lake stage
observations at the Saltair boat harbor (USGS Site ID
10010000, https://webapps.usgs.gov/gsl/) on August
Ist, 2022 (refer to figure 1 for location).

Lidar datasets are available for northern Utah but
do not cover the entire study area. For consistency,
we downloaded six digital elevation model (DEM)
tiles from the Terra Advanced Spaceborne Thermal
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Figure 3. Number of groundwater-level sites by decade.

Emission and Reflection Radiometer (ASTER) Ver-
sion 3 using the USGS Earth Explorer (https://
earthexplorer.usgs.gov/). These DEM tiles have a one
-third arc-second resolution (~10 meters) and are ref-
erenced to the North American Vertical Datum of
1988 (NAVD 88). We created a single mosaicked im-
age in ArcGIS Pro® and used it to extract surface ele-
vations in well sites where this information was miss-
ing. We also used the ASTER DEM as an explanatory
variable input in the data interpolation process
(discussed below).

Potentiometric Surface Interpolation

We used the Empirical Bayesian Kriging Regres-
sion Prediction (EBK-RP) tool in ArcGIS Pro® to in-
terpolate the water level elevation values in table S1.
EBK-RP is a geostatistical interpolation method that
uses EBK with explanatory variable rasters known to
affect the value of the data being interpolated. The
tool combines kriging with regression analysis to
make predictions that are more accurate than either
kriging or regression can achieve on their own (ESRI,
2022a). As the potentiometric surface generally fol-
lows topography, and because it is a component in the
calculation of groundwater level elevation, we includ-
ed the ASTER DEM as an explanatory variable. We
created two generalized potentiometric-surface maps:
one for the 1980s (figure 4) and one for the 2010s
(figure 5). These two decades were chosen because 1)
not enough information is available to create a poten-
tiometric surface for the 2020s, thus the 2010s data
represent the most recent groundwater conditions for
the study area, 2) average decadal GSL surface levels
were close to the historical average (4200 FASL) in
the 1980s, and 3) both decades contain about the
same number of sites available for interpolation
(figure 3). We also used table S1 to create a water
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Figure 4. Potentiometric surface elevation in study area for the 1980s.
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Figure 5. Potentiometric surface elevation in study area for the 2010s.
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level difference map by subtracting water level eleva-
tion values (figure 6). This calculation was possible
only for sites where data was available for both dec-
ades.

We used the Kriging tool in ArcGIS Pro® to in-
terpolate the water elevation, saturated thickness, and
transmissivity values in Table S2 (Figure 7). The
three output rasters are floating point, have the same
areal extent, and have a cell size of 100. Units are
consistent for time (day) and length (feet) for all data.
We used these rasters as input for the Darcy Flow tool
in ArcGIS Pro® to estimate groundwater seepage ve-
locity values around GSL (discussed below).

Groundwater Seepage Velocity and Darcy
Flux

We applied two different approaches to estimate
groundwater flow to Great Salt Lake. Both approach-
es are basic Darcy Flow estimates and should be con-
sidered rough approximations. The first approach
used tools available in GIS software and the second
approach used basic linear discretization of the val-
leys around the lake.

GIS-Based Calculations of Darcy Flow

For the first approach, we used the Darcy Flow
tool in ArcGIS Pro® to estimate groundwater seepage
velocity around the lake. This method uses Darcy’s
Law to model two-dimensional, vertically mixed, hor-
izontal, and steady state flow, where groundwater
head is independent of depth. Darcy’s Law states that
Darcy velocity in porous material is calculated from
the hydraulic conductivity and the hydraulic gradient
as:

(1)

where:
g = Darcy velocity, Darcy flux, or specific dis-
charge (V/T/A or L/T)

K = hydraulic conductivity (L/T)

Vi = hydraulic gradient (dimensionless)

VH = change in hydraulic head over length (L)

VL = change in length (L)
Hydraulic conductivity (K) may be calculated from
the transmissivity and thickness as:

()
where:
T = transmissivity (L%/T)
b = aquifer thickness (L)
The specific discharge (q) is defined as the volume of
water flow per unit time through a cross-sectional ar-
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ea normal to the direction of flow (Bear, 1979). Spe-
cific discharge is directly proportional to hydraulic
conductivity. The aquifer flux is defined as:

©)

where:

U = aquifer flux (V/T/L)

T = transmissivity (L2/T)

Vi = hydraulic gradient (dimensionless)
The aquifer flux (U) represents the discharge per unit
width of the aquifer. The average fluid velocity with-
in the pores, or seepage velocity, is the Darcy velocity
(g) divided by the effective porosity of the medium:

(4)

where:
V = groundwater seepage velocity (L/T)
q = Darcy velocity, Darcy flux, or specific dis-
charge (V/T/A or L/T)

n = effective porosity (%)
The groundwater seepage velocity (V) is calculated
on a cell-by-cell basis in the Darcy Flow procedure
(ESRI, 2022Db). For cell {i, j}, the aquifer flux (U) is
calculated through each of the four cell walls, using
the difference in heads between the two adjacent cells
and the harmonic average of the transmissivities
(Konikow and Bredehoeft, 1978), which are assumed
to be isotropic (ESRI, 2022b).

The Darcy Flow tool requires four raster datasets
as input: groundwater head elevation (FASL), saturat-
ed thickness (feet), formation transmissivity (square
feet per day), and effective formation porosity. We
created the first three datasets by interpolating the ag-
uifer property data in table S2 (figure 7), and we as-
signed the effective formation porosity a value of
0.35 for the basin-fill aquifer. Two raster datasets re-
sult from this calculation: an output magnitude raster
and an output direction raster. In the output magni-
tude raster, each cell value represents the magnitude
of the seepage velocity vector (average linear veloci-
ty) at the center of the cell and is calculated as the av-
erage value of the seepage velocity through the four
faces of the cell (ESRI, 2022b). In the output flow di-
rection raster, each cell value represents the direction
of the seepage velocity vector (ESRI, 2022b).

We extracted the mean groundwater seepage ve-
locity around GSL from the output magnitude raster
using the Zonal Statistics as Table tool in ArcGIS
Pro® with the GSL perimeter shapefile (both 4190
and 4200 FASL, table 1) as the Feature Zone Data
(dataset that defines zone of interest). We conducted
zonal statistics using both polylines and polygons of
GSL at both elevations to compare how the cells’ sta-
tistics were aggregated. We also divided the 4190
FASL GSL perimeter shapefile into three different
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Figure 6. Groundwater level difference between the 1980s and 2010s.
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Figure 7. Raster datasets used as input to calculate groundwater seepage velocity around GSL in ArcGIS Pro®: a)
USGS water level sites, b) potentiometric surface, ¢) saturated thickness, and d) transmissivity. All data needed to
create these raster datasets are available in table S2.
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Table 1. Groundwater flux estimates for GSL in acre-feet per year.

GSL Level Length Aquifer Thickness Area Mean Seepage Velocity Q
(ft asl) (ft) (ft) (ft’) (ft/day) (af/year)
4190° 1,388,561 232 322,666,029 0.15 411,000
4190° 1,388,561 232 322,666,029 0.12 324,000
4200° 1,768,800 232 411,023,839 0.09 310,000
4200° 1,768,800 232 411,023,839 0.11 379,000

®Estimate made using GSL polyline
® Estimate made using GSL polygon

sections: west/south, north, and east (figure 8). We
extracted the groundwater seepage velocities from
these different sections (using the Zonal Statistics
Tool as above) to estimate the potential groundwater
contribution by area (table 2). Finally, we multiplied
the groundwater seepage velocity by the mean aquifer
thickness (232 feet, calculated from Table S2) and the
perimeter length of GSL (obtained from the GSL pe-
rimeter shapefiles) to obtain an estimated groundwa-
ter contribution (Q) in acre-feet per year (tables 1 and

Straight Line Calculations of Darcy Flow

For the second approach, we estimated the
groundwater discharge from each adjoining basin-fill
valley using Darcy’s Law:

()

For this approximation, we used a mean K value
of 12.43 feet per day (from table S2). We created sev-
eral polygons to roughly constrain the areal extent of
the basin fill in the valleys (figure 8). We calculated
the cross-section area (A) for the flux calculations by
multiplying the width of the polygon (perpendicular
to the flow direction) by the mean aquifer thickness
of 232 feet (from table S2). We calculated the hydrau-
lic gradient (Vi) by extracting H1 and H2 values from
the groundwater elevation raster, near the upper and
lower ends of the polygons (figure 8) and dividing the
difference between the two piezometric heads by the
length of the polygon (parallel to groundwater flow).
The geometrical properties and estimated groundwa-
ter discharge for each basin-fill area, (Q) in acre-feet
per year, are presented in table 3.

Quantifying Error

To better understand the amount of variability that
can be introduced by hydraulic conductivity, we itera-
tively calculated the groundwater flow for each area
using the straight-line approach. We created a
lognormal distribution of hydraulic conductivity, us-
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ing 1.094 (log 10 of 12.43 ft/day) as the mean and 1.3
as the standard deviation, which is the standard devia-
tion of the hydraulic conductivity of the upper basin-
fill aquifer from the USGS groundwater model. We
randomly sampled hydraulic conductivity 100,000
times from this distribution and used the resulting
summary statistics to constrain variability of ground-
water flow estimates from the calculations.

Salt Loading

We calculated mean TDS values around GSL us-
ing data available from previous studies in the area
(Kirby and others, 2019). From Kirby and oth-
ers’ (2019) data, we obtained three different TDS val-
ues using 1) their calculated TDS values to compute a
mean TDS for the whole study area, 2) their TDS ras-
ter and the Zonal Statistics as Table tool in ArcGIS
Pro® to estimate the mean TDS value around GSL at
4190 FASL (polyline), and 3) their TDS raster and
the Zonal Statistics as Table tool in ArcGIS Pro® to
estimate the mean TDS value around GSL at 4200
FASL (polyline, table 4). We used the sectioned 4190
FASL GSL shapefile (west/south, north, and east) in
figure 8 to extract mean TDS values by segment from
the TDS raster using the Zonal Statistics as Table tool
in ArcGIS Pro® (table 5). This approach helped to es-
timate the salt loading contribution by section. We
combined the mean TDS values, in milligrams per li-
ter (mg/L), with the groundwater discharge (Q, acre-
feet) values in tables 1 and 2 to estimate a salt loading
to the lake in metric tons per year (tables 4 and 5).

RESULTS

Generalized Potentiometric Surface

The generalized potentiometric surface maps for
the 1980s and 2010s show that, at the scale of the
study area, groundwater flow patterns are relatively
constant over time (figures 4 and 5). Groundwater
flows from the high-elevation mountains surrounding
the study area towards the adjacent valleys and into
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Figure 8. Polygons used in Darcy’s Law equation to estimate groundwater discharge from each basin-fill valley
adjoining GSL. Colors around GSL show divisions used to estimate groundwater and salt contributions by section.

12
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Table 2. Groundwater flux estimates for GSL by section at 4190 FASL in acre-feet per year.

. Median
. Length  Thickness Min Seep.- Max See;.)- Seepage Mean See-p- MinQ MedianQ MeanQ
Section (ft) (ft) age Veloci- age Velocity Velocity age Velocity (affyear) (af/year) (af/year)
ty (ft/day)  (ft/day) (ft/day)
(ft/day)
West/South 485,343 232 0.0003 3.3 0.005 0.05 292 4,900 50,000
North 469,067 232 0.0004 16.8 0.016 0.30 332 14,600 275,000
East 434,151 232 0.0013 14.4 0.027 0.10 1,135 23,000 86,000
1,759 42,600 411,000

GSL. For both decades, the steepest groundwater gra-
dients occur in the vicinity of the Raft River Moun-
tains, across the west flank of the Oquirrh Mountains
(southeastern Tooele Valley), across the east flank of
the Oquirrh Mountains (western Salt Lake Valley),
and along the Wasatch Range (figures 4 and 5). There
are noticeable changes in the potentiometric surface
between the two decades. For example, in Salt Lake
Valley, the 4300-foot contour has moved farther
south (upstream), and we observed cones of depres-
sion north of the Oquirrh Mountains and in the Tay-
lorsville and Bountiful areas (figures 9 and 10). We
also observed some recovery in the Weber River delta
area where groundwater recharge projects have been
operating since the 2000s (Hurlow and others, 2011,
figures 11 and 12). Figure 6 also shows groundwater-
level recovery in some wells. However, groundwater-
level recovery is an exception rather than the rule be-
cause 129 out of 147 wells having data available in
both decades show a groundwater-level decline
(figure 6). Groundwater-level declines are particularly
high in localized areas of the north Malad River Val-
ley in ldaho (-86 feet), Curlew Valley (-35 to -49
feet), near the Bear River (-51 feet), and Salt Lake
Valley (-44 feet). The data in figure 6 show there has
been a mean decrease in water levels of 10.14 feet
from the 1980s to 2010s.

Seepage Velocity and Darcy Flux

Mean groundwater seepage velocities into GSL
are 0.15 (polyline) and 0.12 (polygon) feet per day
using the 4190 FASL shapefiles (table 1). Mean
groundwater seepage velocities along the GSL perim-
eter are 0.09 (polyline) and 0.11 (polygon) feet per
day using the 4200 FASL shapefiles (table 1). These
mean seepage velocities result in groundwater fluxes
ranging from 310,000 to 411,000 acre-feet per year
(table 1). The average of these estimates is 356,000
acre-feet per year. The mean groundwater seepage
velocities by section (4190 FASL) are 0.05 (west/
south), 0.30 (north), and 0.10 (east) feet per day (table
2). These mean seepage velocities result in groundwa-
ter fluxes of 50,291 (west/south), 274,660 (north),
and 85,829 (east) acre-feet per year for a total of
411,000 acre-feet per year (table 2).
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Using the Darcy flux equation on the linear
traverses in adjoining valleys (figure 8), groundwater
contributions to GSL range from 3500 (Skull Valley)
to 63,900 (Tooele Valley) acre-feet per year for a to-
tal of 313,500 acre-feet per year (table 3). The
groundwater discharge from the Wasatch Range (sum
of Salt Lake, Weber, and Malad Valley and Brigham
City) is 146,400 acre-feet per year, 47% of the total
groundwater contribution to the lake.

Salt Loading

The mean TDS values along GSL are 2116, 2538,
and 3594 mg/L with an average value of 2749 mg/L
using three different methods as explained in the
“Methods” section (table 4). These TDS values and
the calculated groundwater contributions in tables 1
and 3 result in yearly dissolved solid (salt) fluxes
ranging from 810,000 to 1,820,000 metric tons, and
an average of 1,060,000 metric tons, into GSL (table
4). Table 5 reports the mean TDS values by perimeter
section as 4627 (west/south), 3055 (north), and 3023
(east) mg/L. These TDS values and the calculated
groundwater contribution by section in table 3 result
in yearly salt fluxes of 290,000 (west/south),
1,040,000 (north), and 320,000 (east) metric tons
(table 5), resulting in 1,650,000 metric tons per year.

Error

The uncertainty of the Darcy flux calculations on
the linear traverses through adjoining valleys is high.
The 5th percentile for flow values is 2350 acre-feet/yr
and the 95th percentile is 44.5 million ac-ft/yr. See
table 3 for a complete list of variations associated
with potential variability in hydraulic conductivity.

DISCUSSION

Generalized Potentiometric Surface

Groundwater levels declined in most of the basin-
fill aquifer from the 1980s to the 2010s (figure 6).
These declines are consistent with observed historical
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Table 3. Groundwater contribution from adjoining areas in acre-foot per year

Estimate of Groundwater Flow and Salinity Contribution to Great Salt Lake

Polygon Area Avg K  Width Thickness H1 H2 Length Gradient Area Q 5th %-tile MedianQ 95th %-tile
(ft/day)  (ft) (ft) (ft)  (ft) (ft) (ft2) (af/year) (ac-ft/yr) (ac-ft/yr)  (ac-ft/yr)

1 Skull Valley 12.43 54,454 232 4823 4289 203,975 0.0026 12,653,714 3,500 30 3,400 486,500
2 Tooele Valley 12.43 40,416 232 5179 4292 32,359 0.0274 9,391,642 26,800 200 26,600 3,780,500
3 Tooele Valley 12.43 71,767 232 5234 4282 44,598 0.0213 16,676,811 37,100 280 36,900 5,227,800
4 Salt Lake Valley 12.43 45,308 232 5255 4254 71,213 0.0141 10,528,418 15,400 110 15,300 2,173,300
5 Salt Lake Valley 12.43 92,678 232 4700 4277 24,740 0.0171 21,535,992 38,400 280 38,100 5,407,400
6 Weber Valley 12.43 191,539 232 4542 4267 21,629 0.0127 44,508,754 59,000 440 58,600 8,310,400
7 Brigham City 12.43 20,500 232 4686 4298 11,987 0.0324 4,763,675 16,100 120 16,000 2,264,400
8 Malad Valley 12.43 42,798 232 4600 4377 14,285 0.0156 9,945,158 16,200 120 16,100 2,279,900
9 Malad Valley 12.43 22,591 232 5224 4430 190,199 0.0042 5,249,569 2,300 20 2,300 321,800
10 Blue Creek 12.43 31,015 232 4950 4476 129,879 0.0036 7,207,091 2,700 20 2,700 386,300
11 N. Promontory 12.43 29,403 232 5069 4554 18,322 0.0281 6,832,504 20,000 150 19,900 2,820,300
12 N. Promontory 12.43 10,239 232 5090 4247 42,539 0.0198 2,379,281 4,900 40 4,900 692,400
13 Hansel Valley 12.43 27,543 232 4934 4495 53,115 0.0083 6,400,287 5,500 40 5,500 776,800
14 Curlew Valley 12.43 29,051 232 5107 4321 149,383 0.0053 6,750,708 3,700 30 3,700 521,600
15 Park Valley 12.43 34,923 232 4710 4266 64,256 0.0069 8,115,210 5,800 40 5,800 823,500
16 Park Valley 12.43 69,117 232 4658 4276 35,522 0.0108 16,061,019 18,000 130 17,900 2,536,400
17 Park Valley 12.43 32,002 232 5237 4212 32,206 0.0318 7,436,445 24,700 180 24,500 3,475,600
18 GSL Desert 12.43 58,076 232 4931 4292 138,707 0.0046 13,495,374 6,500 50 6,400 913,000
19 GSL Desert 12.43 58,197 232 4854 4223 99,404 0.0063 13,523,491 8,900 70 8,900 1,260,700
315,500 2,350 313,500 44,458,600
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Table 4. Salt flux estimates for GSL in metric tons per Cause

year. Average values are in boldface.

Q TDS Dissolved load flux
(af/year) (mg/L) (metric ton/year)
313,500 2,116 a 820,000
313,500 2,538 b 980,000
313,500 3,594 [ 1,390,000
411,000 2,116 a 1,070,000
411,000 2,538 b 1,290,000
411,000 3,594 c 1,820,000
324,000 2,116 a 850,000
324,000 2,538 b 1,010,000
324,000 3,594 C 1,440,000
309,966 2,116 a 810,000
309,966 2,538 b 970,000
309,966 3,594 C 1,370,000
379,000 2,116 a 990,000
379,000 2,538 b 1,190,000
379,000 3,594 c 1,680,000
347,493 2,749 1,060,000

®Average of calculated TDS values from available well data in the study
area (Kirby and others, 2019)

PEstimate obtained using TDS raster from Kirby and others (2019) and
GSL shapefile (polyline) at 4190 FASL

“Estimate obtained using TDS raster from Kirby and others (2019) and
GSL shapefile (polyline) at 4200 FASL

Table 5. Salt flux estimates for GSL by section at 4190
FASL in acre-feet per year

Section Q DS DS
(af/year) (mg/L) (metric ton/year)
West/South 50,000 4627 290,000
North 275,000 3055 1,040,000
East 86,000 3023 320,000
1,650,000

groundwater level trends in the Salt Lake, Tooele, and
Curlew Valleys where levels dropped between 15 and
40 feet from 1975 to 2005 (Burden and others, 2005).
Groundwater levels declined by an average of 27 feet
from 1953 to 1985 in the Ogden area (Hurlow and
others, 2011). Our data shows that, in general terms,
this trend continued into the 2010s. These declines
are a consequence of aquifer overdraft associated
with less than average precipitation in the basin and
increased withdrawals for municipal, industrial, and
agricultural use (Burden and others, 2005). Young
and others (2021) estimated that the GSL basin lost
8.8 £ 2.3 million acre-feet of groundwater storage
whereas GSL lost 4.5 + 0.8 million acre-feet of sur-
face water during the 2012—-2016 drought.

Overdraft conditions in basin-fill aquifers can
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several problems. Groundwater removal
through pumping for anthropogenic use (and associat-
ed groundwater level declines) may lead to reduction
of water in streams and lakes, land subsidence or
ground failure due to soil compaction, increased costs
for users due to higher pumping lifts, and deteriora-
tion of water quality from saltwater intrusion (U.S.
Geological Survey, 2022b). Consumptive water uses
in the GSL watershed have already depleted surface
inflows to the lake by ~39% (Null and Wurtsbaugh,
2020). These inflow reductions are in part responsible
for the recent ~10-foot drop in GSL’s surface water
level (figure 1; Null and Wurtsbaugh, 2020). The
downward trend in water-surface elevation is ex-
pected to continue as human population and water
consumption increase under changing climatic condi-
tions in the state. Land subsidence and earth fissures
due to long-term groundwater pumping in excess of
recharge have been reported in Cedar Valley in south-
ern Utah, where average basin-wide subsidence is es-
timated to continue at a rate of 0.04 to 2.4 inches per
year under the current rates of groundwater decline (3
feet per year; Lund and others, 2011). Several in-
stances of land subsidence have been reported in
Woods Cross City (see figure 10 for location), but
current subsidence rates are unknown. Several long-
term monitoring sites on GSL’s east shore show a sig-
nificant increase in TDS over time (Clark and others,
1990), but saltwater intrusion into the freshwater ag-
uifer has not been explicitly documented. However,
groundwater-level declines on the east shore may cre-
ate the conditions required to induce saltwater intru-
sion. Such phenomena have been observed in Lake
Urmia, a terminal saline lake in Iran, where ground-
water-level declines of 13 feet in the freshwater aqui-
fer induced saltwater intrusion (Ahmadi and others,
2022).

The general trends in groundwater levels shown
in figure 6 and the 100-foot contour intervals shown
in figures 4 and 5 allow visualization of groundwater
conditions in the study area. Unfortunately, 100-foot
contours do not provide good spatial resolution on fi-
ne-scale responses to groundwater withdrawals in the
basin-fill aquifers. Similarly, mean groundwater lev-
els on a decadal timescale provide a glimpse of the
hydrological conditions at specific sites, but do not
offer a detailed temporal resolution of groundwater-
level responses to withdrawal or recharge. Groundwa-
ter-level maps at finer spatial and temporal scales
than presented here are needed for each individual
valley adjoining GSL to track withdrawal responses
on a yearly (or seasonal) basis. Thorough and more
comprehensive groundwater-level maps are particu-
larly needed along the east shore of GSL to monitor
potential saltwater intrusion to the freshwater aquifer.
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Figure 9. Potentiometric surface elevation in the Salt Lake Valley area for the 1980s.
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Figure 10. Potentiometric surface elevation in the Salt Lake Valley area for the 2010s.
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Figure 11. Potentiometric surface elevation in the Weber Delta area for the 1980s.
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Figure 12. Potentiometric surface elevation in the Weber Valley area for the 2010s.
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Groundwater Flow and Salt Loading

The total groundwater flux to GSL calculated in
this study (an average of 356,000 acre-feet per year
from the seepage calculations, 313,500 acre-feet per
year from the Darcy flux calculations) is substantially
higher than previous estimates derived from water
balance studies (75,000 acre-feet per year; Waddell
and Fields, 1976; Loving and others, 2000). Arnow
and Stephens (1990) estimated that between 6250 and
100,000 acre-feet of groundwater enter the lake per
year. However, our results are consistent with recent
estimates derived from geochemical modeling of GSL
water chemistry (10% of the total inflow or ~300,000
acre-feet per year), assuming surface water contribu-
tions of 2.9 million acre-feet per year to the system
(Stephens and Gardner, 2007; Bunce, 2022). Esti-
mates of groundwater seepage using seepage meters
averaged 0.77 cm/day from July 8-15, 2010,
(Anderson, 2012) at locations of suspected groundwa-
ter seepage. Extrapolating that rate to the entire lake
at its current coverage area would suggest that about
560,000 acre-feet of groundwater seeps into the lake
per year. However, the seepage estimates could vary
spatially, seasonally, and temporally, and were likely
biased towards higher seepage rates due to how the
measurement sites were selected.

Based on our preliminary estimates, the largest
groundwater contribution originates in the north and
east sections of GSL (table 5) where steep hydraulic
gradients occur (figures 4 and 5). The groundwater
flow derived in the north section of GSL was unex-
pectedly high (table 2). This high number is likely ex-
plained by the high transmissivity values calculated
for the areas around the Park and Curlew Valleys
(figure 7d). Groundwater flow conditions in Park Val-
ley are poorly known. Extensive groundwater pump-
ing in Curlew Valley has substantially reduced
groundwater levels and discharge from the Locomo-
tive Springs complex during the past 40 vyears
(Hurlow and Burk, 2008), therefore the groundwater
flux from this valley to GSL has likely declined sig-
nificantly.

The average salt contribution from groundwater to
GSL calculated in this study (1.18 million metric tons
per year) represents about 10% of the solutes deliv-
ered by the Jordan, Bear, and Weber Rivers to GSL in
2013 (14.3 million metric tons; Shope and Angeroth,
2015). The highest TDS concentrations are found in
the west/south sections of GSL (table 5) where hy-
draulic gradients are shallow, evaporation rates are
high, and recharge likely occurs at a slow rate.

Our new estimates of groundwater discharge and
its salinity contribution will likely require revision of
GSL’s water and salt budgets. However, two im-
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portant considerations limit how these should be eval-
uated and used.

1. Error on the estimates of groundwater flux is
large. Based on sensitivity analyses from iter-
ative calculations, the estimates are most sen-
sitive to values of hydraulic conductivity. Hy-
draulic conductivity is lognormally distributed
and can range by orders of magnitude over a
study area as large as ours, resulting in esti-
mates of flux that range over orders of magni-
tude. Of the iterative calculations conducted,
90% of resultant estimated flux fell between
2350 and 44,000,000 acre-ft/yr, indicating a
need to better constrain aquifer properties.
Because we only considered wells completed
in the basin-fill aquifer, our calculations do
not include flow paths that are entirely within
bedrock (but do include groundwater that dis-
charges from bedrock to basin fill in the sub-
surface). Significant discharge from bedrock
springs occurs in the southeastern part of the
Malad-Lower Bear River Valley, along the
margins of the Promontory Mountains, and in
the northwest part of Tooele Valley. These
springs contribute groundwater flow to the
GSL playa and, perhaps, different salt loading
having different compositions and concentra-
tions than groundwater in the basin-fill aqui-
fer.

Other aquifer properties, including porosity, satu-
rated aquifer thickness, and cross-sectional area, also
influence flux estimates. Further information is need-
ed to constrain the differences in porosity values
around GSL’s shorelands and in the basin-fill aquifer.
These data can potentially improve the seepage veloc-
ity estimates around GSL. Additionally, the aquifer
thickness values we used (difference between depth
to water and total well depth) have two sources of un-
certainty. First, most of the wells in the basin fill only
partially penetrate the saturated thickness of the aqui-
fer. Thus, aquifer thickness values around GSL are
likely larger than we estimated and could result in
larger groundwater fluxes than presented here. Sec-
ond, most of the wells used in this study were drilled
to target the most productive aquifer depths. For some
areas, this would result in larger groundwater and sa-
linity contributions than expected due to bias toward
higher aquifer-property values. Groundwater levels
change over time due to natural and anthropogenic in-
fluences, resulting in variable hydraulic gradients and
saturated thicknesses. Using previous work and on-
going groundwater-level observations, we can con-
strain these estimates fairly well. Cross-sectional area
of groundwater flow paths is more complicated, espe-
cially if one assumes that the area matches that of the
lake margin. The lake perimeter varies dramatically
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depending on lake level. Increases in lake level will
increase the lake perimeter length and the resultant
cross-sectional area of estimation. Hypothetically, an
increase in lake level would result in a decreased
groundwater gradient, but due to lack of lake-margin
groundwater data, we are unsure of this relationship.

Regarding salinity inputs from groundwater, the
spring systems around GSL need further considera-
tion. Springs in the area have been measured to reach
TDS concentrations of up to ~76,000 mg/L (Bunce,
2022) and are point-sources of solutes to GSL. It is
also possible that there are density differences in the
groundwater system around and below GSL. These
density variations have the potential to create flow
boundaries that we did not account for (Rosen, 1994;
Sheibani and others, 2020). Further studies are need-
ed to understand spring dynamics and density-driven
flows in order to provide further insight on their over-
all role in the water and salinity budgets in GSL.

CONCLUSIONS AND
RECOMMENDATIONS

We provide the first systematic, basin-wide as-
sessment of groundwater levels in areas adjoining
GSL to quantify groundwater contributions and their
salt loading to the lake system. We observed ground-
water-level declines in most of the basin-fill aquifer
from the 1980s to the 2010s (figure 6). These declines
are consistent with historical groundwater level trends
in the Salt Lake, Tooele, Curlew and Weber Valleys
and result from aquifer overdraft associated with less
than average precipitation in the basin and increased
withdrawal for human consumption. We calculated a
mean groundwater flux to GSL of 356,000 acre-feet
per year using a seepage velocity method in ArcGIS
and 313,500 acre-feet per year using the Darcy flux
equation for linear traverses through adjoining val-
leys. Both estimates are substantially greater than
previous estimates derived from water balance stud-
ies, but are consistent with estimates derived from
previous in situ seepage measurements and geochemi-
cal modeling of GSL water chemistry. We calculated
a salt contribution from groundwater to GSL of 1.06
million metric tons per year which represents about
10% of the solutes derived from surface flows to GSL
in 2013. These estimates have very large uncertainty,
and the input parameters need to be better understood
and constrained. Groundwater monitoring wells and
a formal groundwater model are recommended to
constrain groundwater parameters.

The data presented here have the potential to im-
prove current water and salt budgets for GSL’s sys-
tem. However, further work is needed to improve
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these estimates and better delineate surface/
groundwater dynamics in the area. In order to do so,
we recommend the following:

1. Estimates of the hydraulic properties of the ba-
sin-fill aquifer should be refined by compiling
results from high-quality well tests and aquifer
tests and, perhaps, conducting new aquifer tests.
A monitoring-well network should be estab-
lished with local/state/federal participation with-
in each valley adjoining GSL. This system of
wells should be thorough and accessible to visit
and measure water level fluctuations on a sea-
sonal or, at least, yearly basis. This information
could be used to create detailed, yearly potenti-
ometric surface maps and track/compare chang-
es in groundwater levels over the years.

Nested piezometers and/or monitoring wells
should be installed along different sections of
GSL. These piezometers at different depths
could be used to calculate hydraulic gradients
and to monitor water level/salinity trends in are-
as of the aquifer susceptible to brine intrusion.
Core or cuttings recovered during the installa-
tion of these piezometers/monitoring wells
could be used to estimate porosity values in the
subsurface near GSL.

Sample springs around GSL and measure their
flow. Geochemical and isotopic data on springs
can provide information regarding sources, flow
paths, residence time of groundwater and help
to better understand their role in the water/salt
budget of GSL.
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