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CONVERSION FACTORS, VERTICAL DATUM, AND
ABBREVIATED WATER-QUALITY UNITS

Multiply

By

To obtain

acre
acre-foot (acre-ft)
acre-foot per year (acre-ft/yr)

cubic foot (£t3)

0.4047
0.001233
0.001233

0.02832

cubic foot per foot squared per day (ft3/f2/d)  0.3048

cubic foot per second (£t3/s)
cubic foot per day (ft3/d)
foot (ft)

foot per day (ft/d)

foot per mile (ft/mi)

foot per second (ft/s)

foot per second squared (ft/s%)
foot squared (ft?)

foot squared per day (ft?/d)
foot per year (ft/yr)

gallon per minute (gal/min)
inch (in.)

inch per day (in/d)

inch per year (in/yr)

mile (mi)

miles per hour (mi/hr)

mile squared (mi%)

pound per cubic foot (Ibs/ft%)

pound per inch squared (Ibs/in?)

ton (short, 2,000 pounds)

ton per year (ton/yr)

0.02832
0.02832
0.3048
0.3048
0.1894
0.3048
0.3048
0.0929
0.0929
0.3048
0.0631
254
254
254
1.609
1.609
2.590
16.0185
6.895
0.9072

0.9072

hectare

cubic hectometer

cubic hectometer per year
cubic meter

cubic meter per meter squared per day
cubic meter per second
cubic meter per day
meter

meter per day

meter per kilometer
meter per second

meter per second squared
meter squared

meter squared per day
meter per year

liter per second
millimeter

millimeter per day
millimeter per year
kilometer

kilometers per hour
square kilometer

gram per liter

Newton per meter squared
megagram

megagram per year
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Degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) by using the following equation:
°F = 9/5(°C)+32.

Degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) by using the following equation:
°C =5/9(°F-32).

Sealevel: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929—a geo-
detic datum derived from a general adjustment of the first-order level nets of the United States and
Canada, formerly called Sea Level Datum of 1929.

Solar radiation is reported in Langley (ly) units. One ly is equal to 1 calorie per centimeter squared
and 3.6855 British Thermal Unit (BTU) per foot squared.

Chemical concentration and water temperature are reported only in metric units. Chemical concen-
tration in water is reported in milligrams per liter (img/L). Milligrams per liter is a unit expressing the
solute per unit volume, liter (L), of water. One thousand milligrams per liter is equivalent to 1 gram
per liter (g/L). For concentrations less than 7,000 milligrams per liter, the numerical value is about
the same as for concentrations in parts per million. For concentrations much larger than 7,000 milli-
grams per liter, the concentration in milligrams per liter must be divided by water density to obtain
the equivalent concentration in parts per million. Density of water in grams per cubic centimeter
(g/cm3) at 20°C is obtained by adjusting the specific-gravity measurement with the appropriate con-
version factor that corresponds to temperature.

One tritium unit (TU), the more commonly used unit for tritium, is equivalent to 3.2 picocuries per
liter (pCi/L). One picocurie is the amount of radioactive decay that produces 2.2 disintegrations per
second in a unit volume (liter) of water.

Viscosity is reported in centipoise units. One centipoise is equal to 0.01 grams per centimeter-sec-
ond.

The generic units of mass (M), length (L), and time (7) are used to define the units of variables in
some equations presented in this report. The generic unit abbreviation for length (L) should not be
confused with a unit volume, liter (L), of water and regular chemical concentrations (g/L.) used in the
text.
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Hydrology of the Bonneville Salt Flats, Northwestern
Utah, and Simulation of Ground-Water Flow and
Solute Transport in the Shallow-Brine Aquifer

By James L. Mason and Kenneth L. Kipp, Jr.

ABSTRACT

The Bonneville Salt Flats is located in the
western part of the Great Salt Lake Desert of
northwestern Utah. The salt crust in the Bonneville
Salt Flats covered an area of 43 square miles in
September 1992, of which about 34 square miles
consists of perennial salt more than 1 foot thick.
The salt crust is the terminus for ground-water
flow in the area except where this flow has been
intercepted by brine-collection ditches used for
mineral production.

For many years, the Bonneville Salt Flats
has been used for high-speed automobile racing
because of its uniquely flat surface and accessibil-
ity. Potash has been extracted from the underlying
sodium-chloride-rich brines for commercial use
since 1917. Three sets of salt-crust thickness mea-
surements made during a 28-year period indicate a
decrease in salt-crust volume and thickness. For
these reasons, there appears to be a conflict
between the primary uses of the playa.

Objectives of this investigation were to
identify the natural and anthropogenic processes
causing salt loss from the crust, and where feasi-
ble, to quantify these processes. Specific areas of
study include the transport of salt in solution by
ground-water flow and wind-driven ponds and the
subsequent salt precipitation on the surface of the
playa upon evaporation or seepage of brine into the
subsurface. Data were collected to make concep-
tual estimates of these processes and to use in con-
junction with variable-density, three-dimensional,
solute-transport computer simulations.

The ground-water system in the Bonneville
Salt Flats can be divided into three aquifers: (1) the
shallow-brine aquifer that contains dense brines
within the salt crust and underlying carbonate
mud, (2) the alluvial-fan aquifer that yields water
from coarse and fine-grained material at the flanks
of the adjacent mountains, and (3) the basin-fill
aquifer that is composed of a thick sequence of
lacustrine sediment in the upper part and a con-
glomerate at depth. Brine is withdrawn for mineral
production by seepage from the shallow-brine
aquifer into brine-collection ditches and by pump-
ing from the conglomerate in the lower part of the
basin-fill aquifer. Because of possible effects of
brine withdrawal on the salt crust, data were col-
lected primarily from the shallow-brine aquifer.

Recharge to the shallow-brine aquifer is pri-
marily by infiltration of precipitation that falls on
the playa surface and dissolves salt from the crust,
and by subsurface inflow from tne east and north
that transports a small amount of salt into the shal-
low-brine aquifer. Evidence indicates that upward
leakage might be a major source of recharge to the
shallow-brine aquifer, but data were insufficient to
quantify this source. Discharge from the shallow-
brine aquifer is primarily by evaporation at the
playa surface, seepage to the brine-collection ditch
east of the salt crust, subsurface flow to the south
where it mostly seeps into a brine-collection ditch,
subsurface flow to the northwestern margin of the
playa, and downward leakage to the underlying
lacustrine sediment. Estimated fluid discharge
was about 19,000 acre-feet in 1992, which was
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substantially more than estimated recharge. Esti-
mated net salt loss was more than 1.3 million tons.

Long-term water-level data indicate that the
fluid phase of the shallow-brine aquifer appears to
be in steady state despite seasonal fluctuations that
can result in yearly fluid imbalances. A steady-
state condition is defined as no change throughout
time. Estimated recharge for 1992, therefore, was
too small with respect to estimated discharge. Esti-
mated recharge might be larger if a larger specific
yield is assumed or if upward leakage could be
quantified. Limited water-level data indicate that a
small downward driving force exists between the
shallow-brine aquifer and the underlying lacus-
trine sediment. Tritium values of essentially O tri-
tium units at some locations in the shallow-brine
aquifer can result only from upward leakage from
the underlying lacustrine sediment. Discharge
might be less than estimated. Removal of salt and
compaction of underlying carbonate mud during
highway construction might have constricted
ground-water flow to the south.

Dissolved-solids and potassium concentra-
tions in the brine within the shallow-brine aquifer
have not changed over the long term. With an esti-
mated net loss of salt from the shallow-brine aqui-
fer, the dissolved-solids concentration must be
maintained by dissolution of the salt crust. Potas-
sium concentrations probably are maintained by
diffusion from interstitial fluid within the shallow-
brine aquifer and by upward leakage.

Deuterium and oxygen-18 isotope data indi-
cate that there is possible brine movement from the
shallow-brine aquifer and the underlying lacus-
trine sediment toward the alluvial-fan aquifer.
Pumping from the alluvial-fan aquifer has resulted
in a reversal of the natural hydraulic gradient
toward the playa.

Extensive flooding of the Bonneville Salt
Flats during the winter of 1992-93 dramatically
changed the salt surface. Much of the near-surface
salt was dissolved and remained in solution long
into the summer of 1993. When salt was precipi-
tated on the playa surface as the pond evaporated,
a thin salt crust was deposited in areas beyond the
usual areal extent of the crust. An estimated 10 to
14 million tons was dissolved and subsequently

redeposited on the playa surface or infiltrated into
the shallow-brine aquifer. Some surface salt might
have been deposited beyond slight topographic

divides where the salt might be lost from the crust.

A three-dimensional, ground-water flow
and solute-transport model with variable density
was developed for the shallow-brine aquifer in the
Bonneville Salt Flats study area in order to (1)
develop a fluid and solute balance, (2) evaluate the
effect of the brine-collection ditches on the salt
crust, and (3) identify the major and minor solute
fluxes to and from the system. Preliminary simu-
lations indicated that the ground-water flow sys-
tem does not reach steady state during production
or recovery seasons because the response time is
longer than the seasonal duration of about 6
months. Because of the transient nature of the
ground-water system, simulations were carried out
to a periodic steady state with a repeated sequence
of production and recovery seasons approximating
a typical year rather than matching a specific
period in time.

The conceptual understanding of the major
flows to and from the shallow-brine aquifer was
supported by the model. Simulation results indi-
cate a net loss of solute of about 850,000 tons
through subsurface outflow in a typical year, pri-
marily through seepage to brine-collection ditches
to the east of the salt crust and along the southern
boundary. Simulated salt dissolution from
recharge at the playa surface was almost 5 million
tons, whereas simulated salt precipitation from
evaporation was almost 4 million tons. In order to
reasonably match measured heads along the south-
ern part of the simulation region, permeability was
decreased from original estimates. Simulated sub-
surface flow to the south was about one-third of the
estimated value.

Simulations were made to test the sensitivity
of the model to changes in permeability, specified
water level in the brine-collection ditch, density of
infiltrating fluid from the playa surface, evapora-
tion, and effective porosity. The simulated solute
transport was most sensitive to an increase in per-
meability along the southern boundary. All sensi-
tivity simulations resulted in a net annual loss of
solute.
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dimensional computer simulations of the near-surface
part of the ground-water system were done to quantify
both the transport of salt dissolved in subsurface brine
that leaves the salt-crust area and the salt dissolved and
precipitated on the land surface.

The study was designed to define the hydrology
of the brine ground-water system and the natural and
anthropogenic processes causing salt loss, and where
feasible, to quantify these processes. Specific areas of
study include the transport of salt in solution by
ground-water flow and the transport of salt in solution
by wind-driven ponds and the subsequent salt precipi-
tation on the surface of the playa upon evaporation or
seepage into the subsurface. In addition, hydraulic and
chemical changes in the hydrologic system since previ-
ous studies were documented. Data collected during
this study were used in conjunction with variable-den-
sity, three-dimensional, solute-transport computer sim-
ulations to better understand and quantify the fluid- and
salt-transport processes in the ground-water system of
the Bonneville Salt Flats. Pilot Valley, located north-
west of the Silver Island Mountains, contains a playa
relatively undisturbed by human activities. An objec-
tive was to examine Pilot Valley as an analog to the
Bonneville Salt Flats prior to mineral development;
however, data were insufficient to make fluid and salt-
budget comparisons between the Bonneville Salt Flats
and Pilot Valley.

The ground-water system in the Bonneville Salt
Flats study area consists of an alluvial-fan aquifer
located along the playa margin on the southeast flank of
the Silver Island Mountains, a deep basin-fill aquifer,
and a shallow-brine aquifer. Brines that are of eco-
nomic value are derived from the shallow-brine aquifer
on the Bonneville Salt Flats. Evaporation of these
brines contributes to the perennial salt crust on the
Bonneville Salt Flats. Rainfall on the playa surface
results in the dissolution of the salt and subsequent
seepage into the subsurface. For these reasons, the pri-
mary emphasis of this study is the flow of brine in and
out of the shallow-brine ajuifer.

Data collected during this study are presented in
a report by Mason and others (1995). Water-level and
density data measured in wells located in the Bonnev-
ille Salt Flats were used to delineate potentiometric
surfaces and areal distributions of dissolved solids
within the shallow-brine aquifer. Data also were col-
lected from wells in Pilot Valley and were presented by
Mason and others (1995) but are not used in this report.
The site-numbering system used in Utah to uniquely

identify these wells and other hydrologic-data sites is
described in figure 2.

Previous Investigations

One of the first references to salt crusts in north-
western Utah was made by Gilbert (1890). While Gil-
bert was mapping the various shoreline features of
Pleistocene-age Lake Bonneville, he perceived that
these features did not represent level water surfaces.
Many of the shoreline features west of the present
Great Salt Lake were 180 ft higher than features on the
east side. He inferred that these differences were the
result of differential upward movement in response to
the removal of lake water by evaporation.

Nolan (1928) did the first comprehensive study
of shallow brines in the Great Salt Lake Desert. From
data obtained from 405 shallow augured holes, Nolan
mapped the extent of the salt crusts on the Bonneville
Salt Flats and in Pilot Valley. On the basis of chemical
analyses from brine samples collected in 1925, he
delineated magnesium, potassium, and chloride con-
centrations. He suggested that differences in magne-
sium and potassium concentrations were the result of
differences in the chemical composition of surface run-
off at different locations in the desert.

Eardley (1962) used carbon-14 dating of the car-
bonate muds to develop the evaporative history of the
Great Salt Lake Desert. Through this research, he
believed that the present salt crust had migrated west-
ward about 25 mi from its original site of deposition.
The migration was attributed to the isostatic rebound of
the center part of the basin.

Crittenden (1963) completed a detailed study of
isostatic rebound resulting from the dwindling of Lake
Bonneville. Maximum vertical displacement was at
least 210 ft in the center of the basin. Crittenden esti-
mated that isostatic recovery had reached at least 75
percent of the theoretical maximum.

Turk (1969) was the first to complete a detailed
study of the hydrology of the Bonneville Salt Flats;
however, much of the data collected were limited to
areas adjacent to brine-collection ditches and evapora-
tion ponds. Turk incorporated these data into a simple
advective-flow and mixing model to estimate the
potential for continued potash production. Turk (1970)
reported the results of a field evaporation experiment
during which the measured evaporation from surface
brines decreased with increasing dissolved-solids con-
centration. Turk (1973) listed the results of aquifer tests
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The system of numbering wells in Utah is based on the cadastral land-survey system of the U.S. Government. The number, in
addition to designating the well, describes its position in the land net. The land-survey system divides the State into four quadrants
separated by the Salt Lake Base Line and the Salt Lake Meridian. These quadrants are designated by the uppercase letters A, B, C,
and D, indicating the northeast, northwest, southwest, and southeast quadrants, respectively. Numbers designating the township and
range, in that order, follow the quadrant letter, and all three are enclosed in parentheses. The number after the parentheses indicates
the section and is followed by three letters indicating the quarter section, the quarter-quarter section, and the quarter-quarter-quarter
section—generally 10 acres for a regular section!. The lowercase letters a, b, ¢, and d indicate, respectively, the northeast, northwest,
southwest, and southeast quarters of each subdivision. The number after the letters is the serial number of the well within the 10-
acre tract. A number having all three quarter designations but no serial number indicates a miscellancous data site other than a well,
such as a location for a core sample. Thus, (C-1-17)18bbb-2 designates the second well constructed or visited in the northwest 1/4
of the northwest 1/4 of the northwest 1/4 of section 18, T. 1 S.,, R. 17 W.

Sections within a township Tracts within a section

R.17W. Section 18

Well

65 |4 3\2]|1
7 18 |9 |10 1\\12
Well
@
-:-' 18 |17 |16 |15 141\3\

S. 9 |20m21 (22 | 23| 24
30 |29-|28 | 27| 26 | 25 c d

31 [32 |33 34 35 |36

6 miles
—— 9.7 kilometers

ile
1.6 kilpmeters ——

5 | A (C-1-17)18bbb-2

S-A\ LAKE ‘ BASE LINE

LT
T1S,RA7W.

MERIDIAN

UTAH

SALT

Figure 2. Numbering system used for hydrologic-data sites in Utah.

! Although the basic land unit, the section, is theoretically 1 square mile, many sections are irregular in size and shape. Such sections are
subdivided into 10-acre tracts, generally beginning at the southeast comner, and the surplus or shortage is taken up in the tracts along the north and
west sides of the section.
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designed to determine the hydraulic properties of the
shallow-brine aquifer and further elaborated on the
results of the modeling for continued brine production.
Turk and others (1973) describe the lithology of the
sediments that comprise the shallow-brine aquifer and
the implications on ground-water flow. Turk (1978)
reported the use of satellite imagery in an attempt to
determine the areal extent of the seasonal redistribution
of salt on the playa surface. In this last report, Turk also
described the use of a three-dimensional, advective,
ground-water flow model to estimate the zone of influ-
ence resulting from brine withdrawal by brine-collec-
tion ditches within the shallow-brine aquifer.

Lines (1978 and 1979) completed two reports,
the first listing data collected from July 1975 through
June 1977, and the second containing the interpreta-
tions derived from those data. Lines described the mor-
phology of the playa surface and its seasonal variation.
Lines divided the playa surface into three separate
zones, the outer carbonate zone composed mainly of
clay-sized authigenic carbonate minerals, the sulfate
zone composed mainly of authigenic gypsum, and the
chloride zone composed of crystalline halite. More
importantly, Lines was the first to estimate the hydro-
logic budget for the shallow-brine aquifer of the Bon-
neville Salt Flats. For 1976, he estimated that discharge
exceeded recharge by about 2,000 acre-ft. Lines sug-
gested that the difference between total recharge and
total discharge resulted in a decrease in ground-water
storage in the shallow-brine aquifer. Lines estimated
that most of the recharge was derived from infiltration
of precipitation directly on the playa surface or from
winter surface ponds. The primary forms of discharge
included evaporation from the playa surface and seep-
age to brine-collection ditches located east of the salt
crust and south of Interstate Highway 80. Lines also
made comparisons to Pilot Valley, a mostly undisturbed
playa to the northwest.

Field Work

Preliminary field work began in 1991. The pri-
mary data-collection period was the spring of 1992
through the fall of 1993. The study area is a unique
hydrologic environment that poses many accessibility
and logistical problems when the playa surface is wet.
Field work on the Bonneville Salt Flats presented many
problems with regard to travel on the playa surfaces
and to data collection because of the corrosive nature of
the brine. Travel on the playa surface was restricted

during late fall through spring. Winter surface ponding
and soft, muddy conditions on the remainder of the
playa surface prevented normal travel. Generally, light
all-terrain vehicles were used when feasible. Even dur-
ing summer months, travel can be difficult. Newly
formed deposits of thin salt concealed underlying soft
mud that could easily entrap a 4-wheel drive truck.
Time of year and selection of new well sites had to be
chosen carefully when heavy equipment was used for
drilling. Even with careful planning, deceptively soft
surface conditions resulted in equipment becoming
entrapped at times, with one drill rig stuck for 2 days.

In the initial phases of field work, existing mon-
itoring wells were inventoried to determine which
wells were suitable for continued monitoring. Forty-
eight additional monitoring wells were completed in
the shallow-brine aquifer where existing wells had
been damaged or where additional data were needed. A
trailer-mounted auger with hollow- or solid-stem capa-
bilities was used to complete most of the shallow wells.
Some shallow wells were hand augured when the playa
surface would not support anything heavier than a light
all-terrain vehicle. The completion of deep, nested pie-
zometers and individual monitoring wells in the allu-
vial-fan and basin-fill aquifers required the use of
larger drilling equipment with mud-rotary or hollow-
stem auger capabilities. The network of monitoring
wells on the Bonneville SaltFlats is shown in figure 3.

Water levels were measured in all monitoring
wells for 2 years. After each water-level measurement
was completed, brine was bailed from the well casing
for temperature and specific-gravity (density) measure-
ments. Ideally, water-level measurements were made
every 3 months. Ponding during winter months and
cold temperatures made travel on the playa extremely
difficult and hazardous. During the winter of 1992-93,
the areal extent of the surface pond was extensive and
the depth was more than 1 ft in several places. Under
these conditions, some monitoring wells were under-
water or at the pond surface. For various other reasons,
not all wells were measured during each measurement
period. During the measurement periods in the spring
of 1993, not all monitoring wells were accessible as
would have been the case under normal conditions.
During the summer measurement periods, some moni-
toring wells were inadvertently missed because of the
difficulty in locating white well casing on the vast
white salt crust.

In an attempt to quantify the amount of salt being
redistributed during the winter months through dissolu-
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increases. When the fluid reaches saturation with
respect to a specific mineral, precipitation of that min-
eral progresses until the fluid is no longer at saturation
with respect to that mineral, either due to dilution or
depletion of one of the required ions. The carbonate
minerals, which are the least soluble, will crystallize
first, followed by sulfate minerals, and finally the most
soluble, chloride minerals. In a simplified sense, the
carbonate minerals will precipitate along the edges of
the lake where they might interfinger with alluvial
deposits and across the bottom where they overlie the
lacustrine sediment. The sulfate minerals precipitate
over the carbonate minerals and, likewise, the chloride
minerals precipitate next and overlie the sulfate miner-
als. Each zone of minerals is transitional with adjacent
zones and might be interfingered with adjoining zones
as a result of erosional and mineral dissolution and pre-
cipitation processes. The volume of each zone will
depend on the original composition of the evaporating
fluid.

Because halite is the most soluble mineral and
covers a large areal extent of the Bonneville Salt Flats,
the chloride zone is most responsive to climatic
changes. Through variability in rainfall on the playa,
the salt crust can vary in surface texture and areal extent
from 1 year to the next because of dissolution and pre-
cipitation of salt at the surface as described by Lines
(1979, p. 42-56) and Turk (1978, p. 3-18). No attempt
was made to delineate the seasonal variation in texture
and areal extent of the various types of salt surfaces
during this study.

Lines inventoried five different types of salt-
crust surfaces: thin seasonal, pressure-ridge, sediment-
covered, smooth perennial, and rough perennial, of
which the rough perennial salt crust was not present
during this study. The lack of rough perennial salt crust,
which forms in areas where the salt crust does not
become covered by water, is probably the result of
more extensive ponding during the winter months of
this study than was present during Lines’ study. The
more extensive ponding might be the result of
increased winter precipitation and cool temperatures
during the time of this study in combination with the
elimination of surface drainage of brine into the collec-
tion ditch. The erosional channels on the west side of
the brine-collection ditch, described by Lines (1979, p.
35), have been eliminated by subsequent dredging of
the brine-collection ditch and building the resultant
berm along the west side.

The extensive flooding of the Bonneville Salt
Flats during the winter of 1992-93 dramatically
changed the salt surface. Much of the near-surface salt
was dissolved, especially in the southern part of the salt
crust. When halite was dissolved, crystalline gypsum,
which was not dissolved, and some insoluble silt inter-
bedded within the salt crust became concentrated in a
thin layer on the surface of the crust. At many locations,
ripple marks were visible on this surface at the bottom
of the pond. The Bonneville Salt Flats remained mostly
flooded into the late summer of 1993 with the dissolved
halite gradually precipitating on the playa surface as
the pond evaporated. Much of the halite subsequently
was deposited on the salt crust and smooth, thin sea-
sonal halite crust also was deposited in areas beyond
the usual areal extent of the salt crust.

A 30-in., vertical column of salt was removed
from the salt crust by Bureau of Land Management per-
sonnel in August 1995. A 3-in. layer of crystalline salt
was removed prior to extraction of the vertical column.
This removal exposed the undulating, ripple-marked
surface that was the result of salt dissolution and pre-
cipitation in 1993. Five additional, undulating surfaces
could be delineated throughout the column. These sur-
faces indicate that salt dissolution and precipitation has
occurred during the formation of the salt crust.

The pressure-ridge salt crust was prominent to
the east of the Bonneville racetrack during late summer
months of 1990-92. This type of salt surface generally
forms where thin salt crust has precipitated over the
carbonate mud. Additional accumulation of salt from
evaporating subsurface brine causes lateral forces that
rupture the thin crust. Subsequently, one section of the
salt crust will thrust over an adjoining section of crust.
Because of the short period of time in the summer of
1993 for evaporation from subsurface brine, the pres-
sure-ridge salt crust did not develop where thin salt
formed over the carbonate mud. Localized areas of
pressure-ridge salt did develop, however, over the
smooth perennial salt crust where gypsum or thin lay-
ers of sediment had accumulated at the bottom of the
pond during the winter. Newly precipitated salt is sus-
ceptible to the formation of pressure ridges because of
its lack of cohesion with the underlying gypsum or sed-
iment.

Climate

Climate plays an integral part in controlling the
movement of water on the surface and within the
ground-water system of the Bonneville Salt Flats. Pre-
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cipitation, temperature, wind, and evaporation are all
part of the mechanism that drives these hydrochemical
systems. Climatic data have been collected from 1912
to 1994 at the U.S. National Weather Service station in
Wendover, about 10 mi southwest of the center of the
Bonneville Salt Flats. Data were collected at the playa-
margin station from January 1992 through 1994 and at
the salt-crust station from November 1992 through
August 1994.

Precipitation

Precipitation at the Wendover climatic station
averaged 4.78 in/yr from 1912 through 1993, (data
were incomplete in 1994) (U.S. Weather Bureau, 1936,
1957, 1961-66, and 1965; U.S. Environmental Science
Services Administration, 1966-71; U.S. National Oce-
anic and Atmospheric Administration, 1971-94).
Annual precipitation has varied from a minimum of
1.62 in. in 1992 to a maximum of 10.13 in. in 1941 (fig.
5). Lines (1979, p. 15) identified five wetter-than-nor-
mal and drier-than-normal periods from 1912 through
1973, ranging in length from 12 to 14 years. Precipita-
tion records for 1974 through 1993, indicate the wetter-
than-normal period beginning in 1962 lasted through
1983, with an average annual precipitation of 5.59 in.
The period from 1984 to 1993 defines a drier-than-nor-
mal period, with an average annual precipitation of
3.64 in.

Lines (1979, p. 14) assumed that these wet and
dry periods recorded at the Wendover station also
occurred on the Bonneville Salt Flats on the basis of 15
months of concurrent record with temporary stations
on the Bonneville Salt Flats and in Pilot Valley. The
limited record from the playa-margin station on the
southeast flank of the Silver Island Mountains indicates
that area might receive more precipitation than the area
near the Wendover station. In 1992, the playa-margin
station recorded 3.05 in. of precipitation, and the Wen-
dover station recorded 1.62 in. of precipitation. The
greatest discrepancy was for January through May
1992 when 1.44 in. fell at the playa-margin station and
only 0.31 in. fell at the Wendover station. During the 35
months for which concurrent record exists, the playa-
margin station recorded greater monthly precipitation
than the Wendover station during 24 months (fig. 6).
The salt-crust station was not in service during much of
1992, but in 1993, 4.64 in. of precipitation were
recorded, 1.41 in. more than at the Wendover station.
Monthly precipitation at the three weather stations is

listed in table 1, along with the monthly departures
from the 1961-90 normals at Wendover, Utah.

Wind

Wind is the primary mechanism for moving pon-
ded water over the surface of the Bonneville Salt Flats.
The two weather stations installed for this study were
equipped with recording anemometers. For the period
of record, the median of the average monthly wind
directions at both sites was North 9° East (fig. 7). The
median of the average monthly velocities was 6.5 mi/
hr. During the spring and summer months (April
through September) of 1992-94, the median of the
average monthly wind directions was North 23° East.
The median of the average monthly velocities for the
spring and summer months was 7.8 mi/hr. The average
monthly wind velocity ranged from 5.7 to 9.1 mi/hr
from April through September. Maximum velocities
recorded during spring and summer months generally
exceeded 50 mi/hr during the period of record. In
August and September 1993 and June 1994, maximum
velocities exceeded 40 mi/hr.

Temperature

Air and soil temperatures affect water evapora-
tion from above and below land surface. Air tempera-
ture has been recorded at the Wendover weather station
since 1921 (fig. 8). Not including 6 years of missing
data, the average annual temperature at the Wendover
weather station was 52.4°F. The average annual tem-
perature has been as high as 56.3°F in 1934 and as low
as 48°F in 1994. Typically, high average annual air
temperatures occur during periods of less-than-normal
precipitation, and low average annual air temperatures
occur during periods of greater-than-normal precipita-
tion.

Air and soil temperature were recorded at the
two weather stations on the Bonneville Salt Flats in
order to estimate evaporation. Monthly air and soil
temperature at the playa-margin station were slightly
higher than at the salt-crust station. Except in the fall,
average monthly soil temperatures were always 2 to 10
degrees warmer than average monthly air temperature.
The highest average monthly temperatures occurred
during August (70° to 90°F), and the lowest average
monthly temperatures occurred during January (15° to
25°F). Average monthly air temperature at the two sta-
tions was about the same as at the Wendover station for
1992-94 (table 1). Wet and dry bulb temperature also

12 HYDROLOGY OF THE BONNEVILLE SALT FLATS, NORTHWESTERN UTAH
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Figure 6. Monthly precipitation at the three weather stations on or near the Bonneville Salt Flats, Utah, November 1991 through December 1994,



Table 1.

Monthly mean temperature and monthly precipitation and departures from 1961-90 normals at Wendover,

Utah, compared to monthly mean temperature and monthly precipitation measured at two weather stations on the

Bonneville Salt Flats, Utah, 1992-94.

[°F, degrees Fahrenheit; —, no data available; M, partial data missing; NA, departure not calculated because of missing data]

Wendover Playa margin Saltcrust
Temperature Precipitation Temper- Precipi- Temper- Precipi-
(°F) (inches) ature tation ature tation
Mean Departure Total Departure (°F) (inches) (°F) (inches)

1992
January 23.6 -4.5 .01 -.33 22.8 44 — —
February 37.7 33 .14 -22 39 52 — —
March 472 5.8 15 -.27 49.1 25 — —
April 57.5 7.0 .0 -43 59.7 01 — —_
May 65.8 5.0 .01 -.84 68.2 22 — —_
June 71.1 7 .26 =35 72.5 37 — —
July 76.6 -3.2 2 -.05 78.7 .05 — —
August 77.1 4 33 -.09 84.1 .03 — —
September 66.0 .0 .0 -.23 65.5 .06 — —
October 55.2 2.8 .26 =21 54.6 .57 55.7 47
November 339 -4.3 4 M NA 343 27 34.8 A2
December 24.4 -4.4 A2 M NA 24.8 26 254 .10

1993
January 15.4 -11.4 1.0 .76 17.6 97 19.5 .36
February 24.5 9.2 A3 M NA 250 0 27.6 3
March 42.5 3 A9 M NA 425 0 449 42
April 48.6 -2.1 .04 -.52 489 .06 49.9 .14
May 63.7 29 A3 M NA 64.4 54 64.0 25
June 64.5 -6.4 37 -.28 65.2 9 64.4 74
July 713 -84 6 29 71.6 57 69.5 1.37
August 73.0 -3.7 .01 -45 73.5 .06 71.7 04
September 64.5 -1.1 24 -.14 64.9 34 62.9 .05
October 50.7 -1.3 51 -.04 51.1 1.43 50.8 94
November 304 -8.2 .01 -.37 30.7 .01 30.2 .02
December 215 -1.1 .0 =27 26.8 .01 26.4 .01

1994
January 30.7 3.9 .02 =22 31.5 22 30.5 11
February 31.1 -2.6 .01 -.31 319 25 320 12
March 44.8 2.6 47 .02 453 74 44.8 .85
April 52.4 1.7 29 M NA 52.5 1.51 52.1 1.23
May 64.4 3.6 33 -.57 — — 63.7 .6
June 73.0 2.1 .0 -.65 74.1 .0 72.7 .0
July 794 -3 15 -.16 80.8 .04 79.7 .0
August 78.4 1.7 .35 -1 79.2 .14 782 11
September 67.3 1.7 .88 .50 70.3 0 — —
October 50.0 -2.0 06 M NA 51.8 28 — —
November 323 -6.3 A3 M NA 32.7 15 — —
December 28.8 1.2 —_ NA 29.9 .03 — —

DESCRIPTION OF STUDY AREA
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Figure 7. Average monthly wind direction and velocity for the two weather stations on the Bonneville Salt Flats,

Utah, December 1991 through December 1993.

were recorded at the two weather stations on the Bon-
neville Salt Flats because they are needed for calculat-
ing actual evaporation by the Bowen-ratio method
discussed later in this report.

GROUND-WATER HYDROLOGY

Description of Ground-Water System

In most of the western Great Salt Lake Desert,
ground water is present in three distinct aquifers. The
basin-fill aquifer generally is the largest in volume of
the three aquifers. Because the alluvial-fan aquifer is in
close proximity to sources of recharge, such as seepage

through consolidated rock and infiltration of surface
runoff, it generally is the source of the most usable
water. The shallow-brine aquifer, where present, gener-
ally is in near-surface deposits and can have a thin
ephemeral salt crust or a thick perennial salt crust, such
as on the Bonneville Salt Flats. The spatial relation of
these aquifers as they occur in the Bonneville Salt Flats
is shown diagrammatically in figure 9.

The basin-fill aquifer generally is composed of
several hundred feet of fine-grained, lacustrine sedi-
ment in the upper part and the underlying conglomerate
yields brine to wells. These wells are completed to
depths of more than 1,000 ft. The conglomerate is more
than 800 ft thick (Lines, 1979, p. 57), and overlies Ter-
tiary-age volcanic rocks or pre-Tertiary-age rocks. The
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thick lacustrine sediment between the conglomerate
and the overlying shallow-brine aquifer previously was
not considered part of the basin-fill aquifer. For the pur-
poses of this report, the lacustrine sediment will be
included as the upper part of the basin-fill aquifer.

Along the southeast flank of the Silver Island
Mountains, the alluvial-fan aquifer in the Bonneville
Salt Flats study area readily yields brackish water to
wells. Sand and gravel of the alluvial-fan aquifer are
interbedded with the carbonate mud of the shallow-
brine aquifer and the lacustrine sediment of the upper
part of the basin-fill aquifer. The vertical extent of these
sands and gravels of the alluvial-fan aquifer is
unknown; therefore, the degree of hydraulic connec-
tion with the conglomerate in the basin-fill aquifer at
depth also is unknown. As the layers of the alluvial-fan
aquifer extend toward the playa, the coarser material
becomes intermixed with fine-grained sediment. Wells
completed in these zones would be less likely to yield
substantial amounts of water.

The shallow-brine aquifer is composed of a
halite and gypsum crust at the surface and is sur-
rounded by carbonate mud, both laterally and immedi-
ately beneath the salt crust. The transition zone
between the shallow-brine aquifer and the alluvial-fan
aquifer is difficult to identify at land surface, but the
boundary between the aquifers is assumed to occur at
the limit of vegetation or at a slight change in the slope
of the land surface. On the basis of water levels in
wells along the northwestern margin of the playa, the
shallow-brine aquifer might be hydraulically con-
nected to the alluvial-fan aquifer. The thick sequence of
fine-grained, lacustrine sediment, generally several
hundred feet thick, in the upper part of the basin-fill
aquifer probably restricts the vertical movement of
brine between the shallow-brine aquifer and the more
porous conglomerate in the deeper part of the basin-fill
aquifer.

Ground-water density in these three aquifers
varies from less-dense brackish water in the alluvial-
fan aquifer to dense brines in the shallow-brine aquifer.
Ground-water density also can vary within an aquifer.
Because of the widely varying ground-water density,
additional features describing ground-water flow need
to be considered in order to properly describe ground-
water movement. Variable-density ground-water flow
is somewhat more complicated than uniform-density
flow because of buoyancy effects. For density varia-
tions caused by solute-concentration variations, quanti-
fication of ground-water flow is no longer obtainable

from the gradient of a scalar potential field such as
potentiometric head.

Principles of Variable-Density Ground-
Water Flow

Much of the following discussion of variable-
density, ground-water flow is described in Hubbert
(1953, 1956). These principles were originally used by
Hubbert to describe the flow of petroleum under hydro-
dynamic conditions and later applied to ground-water
flow.

The state of ground-water motion is a result of
the energy conditions that prevail. A particle of water at
any point possesses a potential energy per unit mass,
more commonly known as potential, ®. If the potential
field across a region is variable, work will be required
to move an element of water from a point of lower
potential to one of higher potential. In this case, an
unbalanced force is exerted upon the fluid by its envi-
ronment, driving it in the direction of the most rapid
decrease of potential.

The potential at a given location is the amount of
work that would be required to move a unit mass of
water from a reference position and state to a position
and state of the location considered. Total work con-
sists of work against gravity and work against pressure.
For the slow, creeping motion of ground-water flow, the
kinetic-energy term can be neglected. Then the poten-
tial can be expressed by the following equation:

D = g(z—z9) +(p—-pp)/P ey

where

@ is the potential (E/M);
g is the gravitational constant (L/Tz);
z is altitude (L);

zp s the reference standard altitude (L);

p is the fluid pressure (FIL?;

po s the fluid reference standard pressure (FIL?);

and

p is the fluid density (M/L3).

Because the choice of the reference state is arbi-
trary, sea level and atmospheric pressure can be
selected. Thus, the potential depends on the altitude,
pressure, and fluid density that can, in principle, be
measured at any location in the subsurface. It can be
determined at any point capable of being occupied by a
fluid of given density, whether or not that fluid is actu-
ally present. Thus, freshwater potentials have values
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not only in space saturated with freshwater, but also in
space occupied by salt water and vice versa. The poten-
tial at a given point is related to the height above stan-
dard datum to which the fluid will rise in a manometer
installed at that point. That is,

D =gh (@)

where
h  is the height of fluid above standard datum
(potentiometric head) (L).

The value of potential is the amount of work
required to lift a unit mass of fluid to the height, A,
against the gravitational force.

The force exerted on a unit mass of fluid at any
given point is related to the potential field. Specifically,
the force is obtained from the gradient of the potential
field by

E=_-Vo =g-_Vpp 3)

where
E is the force vector on a unit mass of fluid
(F/M);
V s the spatial gradient operator (L 1y, and
g is the gravitational vector (L/T 2).

The fluid is in a state of hydrostatic equilibrium
when E = 0, that is, ® is a constant. The physical mean-
ing of the force-intensity vector E comes from equation
3 that states at a given point, a unit mass of fluid will be
acted upon by a force E that is the sum of a gravita-
tional force g and a pressure-gradient force Vp divided
by the fluid density p. The force-intensity vector is
obtained by vector addition shown in figure 10.

In ground-water flow, only rarely does E have a
magnitude greater than a small fraction of the vector g.
When the pressure-gradient force is tilted somewhat
from vertical, the force-intensity vector may point
upward or downward, and the fluid will have a driving
force in the direction of E. The resulting fluid move-
ment can be characterized by a specific discharge or
volumetric fluid flux vector ¢. For a homogeneous fluid
in an isotropic porous media, g points in the direction
of E with a scalar parameter of proportionality K
known as hydraulic conductivity. The relation is given
by Darcy’s law

qg = -KVh 4)

-Vp/p

Figure 10. Force-intensity vector E for (a) hydrostatic
conditions; and (b) hydrodynamic conditions.

where
g is the volumetric fluid-flux vector (L3/L2-T);
and
K is the hydraulic conductivity (L/T).

If a second fluid of density p,, which is greater
than that of our initial fluid, is considered, a similar
force-vector diagram can be drawn as in figure 10. The
resulting force-intensity vectors are shown for two flu-
ids in the hydrodynamic case (fig. 11). Note that, for an
isotropic porous medium, the denser fluid sinks relative
to the less dense fluid.

Equation 3 can be written for each of the two flu-
ids. Because the pressure field experienced by both flu-
ids is the same, the force-intensity vector for fluid 2
then can be expressed in terms of that for fluid 1.

E, - g+(g—;)[E1—g] )

A vector diagram (fig. 12) is useful to visualize
this equation.

At a given point in space, the force per unit mass
acting on fluid 2 depends on the density of fluid 2 and
the force per unit mass that would act on fluid 1 if it
were at that location. When E is neither zero nor ver-
tical, E, will be tilted from vertical in the direction of
the horizontal component of E;. Fluid 2 will move in
the same horizontal direction as fluid 1 but in a down-
ward vertical direction relative to fluid 1.

If fluid 1 is freshwater and fluid 2 is saline water
of a given density, the defining equation 1 for the force-
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Figure 11. Force-intensity vectors for two fluids of
different density acted upon by the same pressure and
gravitational fields.

Figure 12. Forces acting on an element of fluid 1 and on
an element of fiuid 2 under hydrodynamic conditions.

intensity vector is substituted into equation 5, and a
potentiometric head is defined as

@ e

then equation 7 relates the potentiometric head values
for the two fluids.

(%) P2— P
h, = —2h, -
! 912 P1

z )

This equation gives the equivalent freshwater
head as a function of the in-place saline-water head.
Note that the altitude of the measurement point must be
known to make the conversion. The heads are the
heights above datum that each of the two fluids would
rise in a manometer installed at the measurement point.

By combining equations 3 and 6, an equation
giving the force on a parcel of water as a function of
potentiometric head is obtained as

E = —th (8)

Similarly, equations 5 and 7 can be combined to
express the force on a parcel of saline water as a func-
tion of the potentiometric-head gradient for a parcel of
freshwater. That is,

E, =_g&[w¢1 +p2_plvz} ©)
P2 P1

The component of E in the vertical direction
can be given by

pl|:ah1 Pa—pPy
E, =-g—|—+
2z ng 0z Py

ez} (10)
where

éz is the unit vector in the vertical direction (-).

For simplicity, if an isotropic medium with equal

viscosity of the fresh and saline water is assumed,
Darcy’s Law combined with equation 7 gives the veloc-
ity of the saline water as a function of the equivalent
freshwater head.

k -
v, = ——gﬁE[Vhl+p2plprz} (11

where
v, is the interstitial velocity of the fluid (L/T);
k 1is the permeability L?;
€ is porosity (-); and
I is the fluid viscosity (F/L? -T).

The vector diagram of equation 11 (fig. 13)
shows that although the gradient of the equivalent
freshwater-head field provides the horizontal orienta-
tion of the interstitial velocity vector, there is a vertical
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component dependent on the density difference. This is
why gradients of any given head field based upon any

chosen reference density will not give the correct direc-
tion of flow. Because of the density variation from the

reference value, the vertical component of the flow vec-
tor must be included to obtain the correct flow-velocity
vector.

-[(p2- PPl €,

-V hi-[(p2- p)/pil €,

Figure 13. Interstitial velocity vector and the freshwater
head and density-difference components.

Similar to the force-intensity vector, the compo-
nent of the velocity vector in the vertical direction z is
given by

k oh - P -
v, = __plg[_‘ +227h plez} (12)
: EU |0z P,
where
v, is the vertical interstitial velocity of the fluid

.

In a variable-density ground-water flow system,
ground-water flow causes changes in the solute-con-
centration field, which also results in changes to the
density field. This causes the ground-water flow field to
change with time. The only practical way to account for
the coupling between the ground-water flow field and
the solute-concentration field is by use of numerical
simulation. Evaluation of a ground-water system based
on analysis of an approximate constant-density model
will lead to erroneous flow rates and directions at loca-
tions where the driving forces, as a result of buoyancy
effects, are large relative to the driving forces that result
from hydraulic gradients based on a homogeneous
fluid.

Shallow-Brine Aquifer

The shallow-brine aquifer in the Bonneville Salt
Flats has been defined by Turk (1973, p. 8) and Lines
(1979, p. 65) as comprising a halite and gypsum crust

that is surrounded by near-surface carbonate mud to a
depth of 15-25 ft. Most of the brine withdrawn for pot-
ash production is derived from the shallow-brine aqui-
fer. Precipitation of halite from evaporating brine
sustains the salt crust that provides the racing surface.
For these reasons, the water and salt budgets for the
shallow-brine aquifer were examined in more detail
than those of the other aquifers in the Bonneville Salt
Flats.

The carbonate mud of the shallow-brine aquifer
is composed primarily of aragonite, calcite, dolomite,
quartz, feldspar, and clay. X-ray diffraction techniques
were used to determine mineral composition of core
samples. The most abundant clay minerals are the
smectites, which expand as a result of hydration when
in contact with water. The remaining clays are illites,
which are non-expanding when in contact with water.
Individual halite and gypsum crystals can occur within
the carbonate mud at some locations where surface
ponding readily occurs, and the infiltrating brine results
in halite and gypsum crystallization under evaporating
conditions. In the upper part of the carbonate mud,
interbedded layers of oolitic sand are present. These
layers vary in thickness and lateral extent and have the
ability to transmit large amounts of brine, depending on
the degree of connection between layers.

In areas of thick salt crust, the upper few inches
are generally composed of tightly compacted crystal-
line halite. Ridges of soft, crystalline halite develop
over fractures in the hard surface salt during the sum-
mer months when brine comes to the surface and evap-
orates. Beneath the hard, near-surface crust, halite
crystals are large and well formed with little or no
cohesion between the crystals. The large crystals are
the result of slow growth in a stable environment. This
zone in the halite crust is very porous and has the abil-
ity to readily transmit brine. Gypsum and insoluble
clays may be interspersed throughout the halite crust.
During winter months when extensive surface ponds
are present, such as the winter of 1992-93, several
inches of the upper halite crust can dissolve. Generally,
the gypsum and insoluble clays concentrate on the sub-
merged surface of the halite crust. In the summer
months when evaporation occurs, halite precipitates
over the gypsum and clay. Thus, depending on the his-
tory of salt dissolution and precipitation, the halite
crust might contain thin, stratified layers of gypsum
and insolublie clays. Beneath the halite crust, a gypsum
layer generally separates the halite crust from the car-
bonate mud. This layer varies in thickness and in some
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locations is difficult to distinguish from the loose halite
and the underlying carbonate mud.

North of Interstate Highway 80, the salt crust on
the Bonneville Salt Flats has a lense-shaped cross sec-
tion in an east-west direction. On the margins, a thin
crust of gypsum generally is present. This crust might
be covered with clay, silt-sized material, or halite, if
winter ponds cover the area and subsequently precipi-
tate halite upon evaporation.

Vertical fractures in the carbonate mud can be
seen readily along the exposed sides of brine-collection
ditches. These fractures are assumed to be present
throughout much of the shallow-brine aquifer. The
fractures can be up to an inch wide, and the spacing
between fractures is variable with 1 ft a common inter-
val (Turk and others, 1973, p. 69). This report states
that the fractures might have a hexagonal pattern in
map view and probably coincide with the hexagonal
pattern of the fractures on the surface of the salt crust.
These fractures are probably the principal conduits by
which brine is transmitted in the shallow-brine aquifer.

Aquifer Properties

The transmissive properties of an aquifer gener-
ally depend on the type of porous material it contains,
and can vary considerably throughout the aquifer. The
porous material in the shallow-brine aquifer of the
Bonneville Salt Flats varies from very transmissive
crystalline halite and gypsum in the salt crust to poorly
transmissive carbonate mud underlying the salt crust.
Fractures and interbedded layers of oolitic sand within
the carbonate mud, however, can result in areas of
larger horizontal and vertical transmissivity, depending
on the degree of connection between these fractures
and oolitic sand layers.

During a period of several years, numerous aqui-
fer tests were completed to determine the transmissive
properties of the shallow-brine aquifer in the Bonnev-
ille Salt Flats. The first tests were completed in 1960 by
personnel at the Utah State University Engineering
Experiment Station, in cooperation with the Utah
Department of Transportation, to determine aquifer
properties in the area designated for construction of
Interstate Highway 80 so that appropriate methods of
construction could be determined. Twelve of the
reported transmissivity values are included in a report
by Turk (1973, table 9, fig. 13). About 70 aquifer tests
were completed by personnel of Kaiser Aluminum
Corporation and L. J. Turk during 1965-67, and the
results are reported by Turk (1973, table 9). Lines com-

pleted four aquifer tests to determine the aquifer prop-
erties of the carbonate mud by excluding the influence
of the very transmissive salt crust. The results of these
tests, and those that Turk rated as “good” or better,
were incorporated into the transmissivity map of Lines
(1979, fig. 33). Lines (1979, p. 67) stated further that
the transmissivity map was based on the results of aqui-
fer tests that were completed during a 12-year period
and therefore, transmissivity values mapped in some
areas might not accurately represent those areas in
1976. Because no new aquifer tests were completed
during this study with which to compare previous tests,
Lines’ statement is assumed to be true for this study.

The use of 2-in. casing in the shallow monitoring
wells completed during this study precludes the use of
any aquifer-test analysis that imposes a stress to the
aquifer by pumping. Falling-head or slug tests easily
could have been done, but the results would not be rep-
resentative of the aquifer if the borehole did not inter-
sect any fractures.

Turk (1973, p. 9) reported that transmissivity
values increased from less than 100 ft¥/d at the margin
of the salt crust to more than 13,000 ft%/d near the cen-
ter of the salt crust. The highest transmissivity value
was determined for an area south of Interstate Highway
80, outside of the present study area. Transmissivity
values reported by Turk that lie within the present study
area generally do not exceed 5,000 ft?/d. Turk noticed
that the transmissivity values increased from the mar-
gin to the center of the salt crust, with the highest val-
ues coinciding with the highest concentrations of
potassium and magnesium and the thickest part of the
salt crust. He attributed the high transmissivity values
to the permeable salt crust, fractures within the under-
lying carbonate mud, and thin layers of oolitic sand. In
areas where the salt crust is thickest, transmissivity val-
ues are high because the permeable salt crust makes up
a larger part of the shallow-brine aquifer.

Lines (1979, table 5) reported the results of four
aquifer tests that were designed to stress the carbonate
mud so that the effects in the overlying salt crust could
be evaluated. Transmissivity values determined from
these tests ranged from 490 to 8,100 ft2/d (Lines, 1979,
p. 67). Data collected during the tests show that the salt
crust and underlying carbonate mud are hydraulically
connected and that the vertical hydraulic-conductivity
values for the aquifer range from 30 to 140 ft/d (Lines,
1973, p. 70).

The porosity of the carbonate mud of the shal-
low-brine aquifer on the Bonneville Salt Flats has been
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reported in previous studies for the mineral company.
Turk (1969, p. 104) reported that porosity averaged 45
percent as determined from numerous wet and dry
bulk-density measurements. This value fits into the
normal range for clay of 40 to 70 percent (Freeze and
Cherry, 1979, p. 37). During sample collection for this
estimate, any fractures, if present, would not have been
preserved. The estimate, therefore, is representative of
only the intergranular pore spaces (primary porosity)
and not the fractures (secondary porosity), which are
the principal avenues for flow in the shallow-brine
aquifer. Effective porosity, which is the amount of
interconnected pore space or fractures available for
fluid transmission, could not be determined accurately.
Effective porosity derived from fractures, such as in
fractured crystalline rock, is generally several orders of
magnitude smaller than effective porosity derived from
intragranular pore spaces (Domenico and Schwartz,
1990, p. 26). In the shallow-brine aquifer, however,
with its large fracture apertures and relatively dense
fracture spacing along with the porous salt crust and
oolitic sand layers, effective porosity is probably in the
same order of magnitude as the primary porosity value
mentioned above.

An average specific-yield value of about 10 per-
cent was reported by Turk and others (1973, p. 69).
This estimate was derived from tests measuring gravity
drainage of brine from saturated material obtained
from the shallow-brine aquifer. Like the porosity esti-
mate mentioned previously, if samples for the tests
measuring specific yield did not include any fractures,
then the estimate for specific yield might not be repre-
sentative of the shallow-brine aquifer.

Values for storage coefficient determined from
the results of aquifer tests in the shallow-brine aquifer
varied from 1.2 x 107 to 4 x 107 (Turk, 1973, table 9).
These values are indicative of both unconfined and con-
fined conditions. Of the 22 storage-coefficient values
reported by Turk, only 10 are representative of wells
located in the present study area. Similar storage-coef-
ficient values were determined from four aquifer tests
completed by Lines (1979, p. 68) and ranged from 3.8
x 107 to 4.1 x 10", These values are indicative of semi-
confined and confined conditions. Aquifer tests com-
pleted by Lines were designed to exclude pumping
from the salt crust and, therefore, are representative of
the carbonate mud.

Lines (1979, p. 70) attributed the larger storage-
coefficient values reported by Turk to the large amount
of brine pumped from the salt crust where the aquifer is

under unconfined conditions and to flow in fractures
and through the oolitic sand. Confined conditions are
more prevalent where the salt crust is absent, fractures
are less frequent, and the oolitic sand is absent. These
conditions exist where shallow monitoring wells were
hand augured along the north line of wells between the
salt crust and the brine-collection ditch (fig. 3). The
near-surface, carbonate-mud deposits were hard and
dry. Brine encountered 2 to 3 ft below land surface rose
in the borehole to within a few inches of the surface.

Water-Level Fluctuation, Potentiometric Surface,
and Ground-Water Movement

Water levels in wells fluctuate seasonally
throughout the shallow-brine aquifer on the Bonneville
Salt Flats as a result of variations in evaporation at the
playa surface, precipitation on the playa surface, and
brine withdrawal for mineral production. Water-level
fluctuations in well (B-1-17)31acc-1, located at the
center of the salt crust, are shown in figure 14. The
overall water-level trend during late spring through
early fall is downward with sharp variations that are the
result of periods of very high temperatures and high
evaporation or, conversely, intense thunderstorms.
Water levels rose abruptly during October and Novem-
ber in both 1991 and 1992; the rise in October 1993
was not as abrupt. These rises were probably the result
of drastically reduced evaporation that resulted from
cooler temperatures combined with more precipitation.
Data are insufficient to determine whether these rises
can be attributed solely to decreased evaporation.

Temperature and specific gravity of the brine in
each well casing were measured at the time of water-
level measurement. From these data, density at 20°C
was calculated. All water-level measurements were
converted to a potentiometric head by using a reference
density and equation 7 as described in the “Principles
of Variable-Density Ground-Water Flow” section of
this report. The reference density was the average den-
sity for the particular set of measurements. Instead of
using the base of the shallow-brine aquifer to calculate
the height of the water column in each well as was done
by Lines (1979, p. 72), the altitude of the midpoint of
the screened or perforated interval was used. This alti-
tude was assumed to represent the measurement loca-
tion for the water level. If the screened or perforated
interval was unknown as for the wells completed by
Turk (1969), the altitude of the midpoint of the drilled
depth was used.

24 HYDROLOGY OF THE BONNEVILLE SALT FLATS, NORTHWESTERN UTAH



V661
FaN=O O

‘yein ‘sie|d )yes a|iasuuog ‘)snio Jjes ay) Jo 1ajuad sy} Jeau pajeso) ‘[-00eLe(/ |- 1-g) (@M Ul suoieniony [oAal-1arepn 1 danbidg

€661 c661 1661

SsvrFfrPrPINV Nd P dNOSVY PP NV N
L 1 T 1

4 F ANOSVT

<
-

1 I | 1 I _ I 1 1 T I 1 I

|
©
o

]
()

|
bt
<

1334 NI ‘IO9V4HNS ANV (-) 3A09VY ANV MO139 T13ATT HILVM

i
o
bl

L}

25

Shallow-Brine Aquifer



Average brine density was used as the reference

density in equation 9 to minimize the magnitude of the |

gravitational term. This means that p, - p; was small
throughout most of the region, and directions of
ground-water flow are closely approximated using only
the gradient of the reference potentiometric head. In
addition, the areal potentiometric maps are based on
projected head data from various elevations in the aqui-
fer. Flow directions interpreted from these maps are
correct for the horizontal components only. The maps
provide no vertical flow information. In the shallow-
brine aquifer, vertical flow components were calculated
to be negligible at the few locations where vertical pro-
files of head and density data were obtained.

About 60 percent of the wells were completed in
the upper third of the aquifer, 40 percent in the middle
third, and only two wells in the lower third. The
screened-interval length ranged from 2.5 ft to about 25
ft, with only a few wells having the smallest interval.
Thus, it was not possible to obtain areally distributed
data that would quantify any density profiles in the
shallow-brine aquifer.

The potentiometric surface with respect to an
average reference density of 1.171 g/cm3 for the shal-
low-brine aquifer, shown in figure 15, was derived from
water levels measured at the end of September 1992.
This potentiometric surface is representative of condi-
tions near the end of the evaporation season, after most
of the brine has been withdrawn through the ditches.
The general configuration and altitude of the contours
are very similar to those mapped by Lines (1979, fig.
35) for the same time of year. This comparison indi-
cates that there is no long-term change in transient stor-
age in the shallow-brine aquifer. With no long-term
change in storage, the shallow-brine aquifer appears to
be in a fluid steady state despite seasonal and yearly
fluctuations in fluid inflows and outflows.

The horizontal direction of ground-water move-
ment is from a higher to a lower reference potential as
described in the “Principles of variable-density ground-
water flow” section of this report. At the end of the
summer evaporation and brine-production season, the
horizontal component of brine movement in the shal-
low-brine aquifer is from the ground-water divide,
located along the approximate axis of the salt crust, to
the northwestern margin of the playa, and to the brine-
collection ditches on the east and south. The horizontal
hydraulic gradient in the area of the salt crust and to the
north is small. The horizontal hydraulic gradient
toward the northwestern margin of the playa and

toward the brine-collection ditches, in contrast,
becomes relatively large near these boundaries as
shown by the closeness of the contours (fig. 15).

The potentiometric surface with respect to an
average reference density of 1.162 g/cm3 for the shal-
low-brine aquifer in April 1993 (fig. 16) has a different
configuration than it did in September 1992. The
slightly lower average reference density is indicative of
the infiltration of less-dense recharge water. Slight gra-
dients toward the northwestern margin of the playa and
the brine-collection ditch south of Interstate Highway
80 are discernible. Noticeable inflow is from the south-
east. Much of the center of the playa has a flat potenti-
ometric surface, resulting from the extensive surface
ponding and lack of withdrawal at the brine-collection
ditch east of the salt-crust area.

Because of the wet conditions on the playa in the
summer of 1993 and the preceding winter months, the
configuration of the potentiometric surface with
respect to an average reference density of 1.161 g/cm3
in October 1993 is not the same as in September 1992
(fig. 17). The influence of the brine-collection ditches
is clearly visible, but water levels throughout the
remainder of the playa are much higher. This indicates
that less evaporation from the shallow-brine aquifer
occurred during the summer of 1993. Similarly, the
lower average reference density also is indicative of
less evaporation.

Where a playa is part of a regional ground-water
flow system, the playa generally is the terminus of that
flow system. At the terminus, ground water converges
from all directions, and the general direction of flow is
upward where it discharges at the surface and evapo-
rates. Because the Bonneville Salt Flats is the topo-
graphic low within the Great Salt Lake Desert, this salt-
crust area probably represents the terminus for ground-
water flow for this region. As suggested by Harrill and
others (1988, sheet 2), the Great Salt Lake Desert and,
ultimately, the Bonneville Salt Flats, is the terminus for
regional ground-water flow from adjacent basins to the
south and southwest. With the natural ground-water
flow direction toward the basin fill beneath the Bonnev-
ille Salt Flats, ground-water movement should be
upward from the basin-fill aquifer into the shallow-
brine aquifer.

Water-level and density measurements from
adjacent wells that were completed in the shallow-
brine aquifer and the underlying lacustrine sediment of
the upper basin-fill aquifer at five locations (fig. 3) were
examined to determine vertical ground-water flow
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between the two aquifers. The reference heads were
determined by converting the measured water levels to
freshwater equivalent heads. The total vertical driving
force is then calculated by adding the gradient of refer-
ence head with the gravitational force as shown by
equation 10. The calculated total head gradient is
assumed to give the direction of the driving force on a
parcel of fluid located midway between the measure-
ment points, even though the distance between the
points is rather large. Calculated driving forces from
limited data from 1993 show that downward movement
might exist during most of that year. If the direction of
vertical movement is determined only from the gradi-
ent of the reference head, then the direction would be
upward. When the gravitational force was added, how-
ever, the resultant direction for the total driving force
was generally downward in 1993 when conditions on
the playa surface were wetter than normal.

When the water level in the brine-collection
ditch is lowered during the summer, the water level in
well (B-1-17)23abd-1 is lowered sufficiently so that the
direction of the total driving force between the brine in
this well and in the adjacent well, (B-1-17)23abd-2,
completed in the underlying lacustrine sediment of the
basin-fill aquifer, is upward. A similar condition
occurred near the end of summer when the water level
in well (B-1-17)31acc-1 was lowered by evaporation.
The direction of the total vertical driving force on a par-
cel of fluid midway between the measurement point in
well (B-1-17)31acc-1, completed in the shallow-brine
aquifer, and well (B-1-17)31acc-7, completed in the
lacustrine sediment of the basin-fill aquifer, was
upward.

The calculated downward movement of brine
from the shallow-brine aquifer into the lacustrine sedi-
ment of the upper basin-fill aquifer might be a pressure
response to the withdrawal of brine from deep wells
completed in the conglomerates at depth. Despite
water-level measurements that indicate downward
movement, additional evidence, presented later in this
report, indicates that over the long term there might be
considerable upward movement of brine from the
lacustrine sediment of the upper basin-fill aquifer into
the shallow-brine aquifer, particularly near the center
of the salt-crust area.

The sensitivity of the calculated downward total
driving force was analyzed with respect to density at
the five locations. The calculated total driving force is
dependent on both water-level and density measure-
ments. To test for density, water-level measurements

for the respective wells were not varied. Generally, the
density of the brine in the wells completed in the shal-
low-brine aquifer would have to decrease by 0.02 to
0.05 g/cm3 and likewise, the density of the brine in
wells completed in the lacustrine sediment of the upper
basin-fill aquifer would have to increase by 0.02 to 0.05
g/cm3 in order to reverse the driving force. Density
measurements of brine from the deeper wells do not
vary as much as in the shallower wells. The calculated
total driving force, therefore, is unlikely to reverse
direction as a result of variability in density from the
deeper zone. At times, density measurements of brine
in wells completed in the shallow-brine aquifer have
changed sufficiently to cause a reversal in the direction
of the total driving force, but water-level measurements
also have changed and thus canceled the density varia-
tion.

Recharge

Sources of recharge to the shallow-brine aquifer
include infiltration of precipitation on the playa sur-
face, horizontal subsurface inflow, and possibly
upward leakage from the underlying lacustrine sedi-
ment in the upper basin-fill aquifer. Recharge from
infiltration of precipitation on the playa surface, which
dissolves salt from the crust, is the largest source of
recharge. Horizontal subsurface inflow contributes
only a small amount of recharge and salt to the shallow-
brine aquifer because of low permeabilities and small
hydraulic gradients along the eastern and northern
boundaries of the study area. Insufficient data were
available to quantify upward leakage. Other possible
sources of recharge to the shallow-brine aquifer include
subsurface inflow from the alluvial fan along the north-
western margin of the playa and surface runoff that
reaches the playa from the Silver Island Mountains.
Because of the direction of ground-water flow and
hydraulic gradients, recharge from these sources is
considered to be insignificant compared to recharge
from infiltration of precipitation.

From hydrographs of observation wells, Turk
(1973, p. 13) suggested that rainfall in excess of 0.05
in. during winter and 0.1 in. during summer contributes
to recharge in the area of the thick salt crust. Lines
(1979, p. 85) suggested that minimal recharge occurred
during winter months because the salt crust is often
completely saturated and flooded on the surface. Addi-
tional winter precipitation was thought to accumulate
at the surface until it evaporated or could infiltrate and
replace brine that had moved laterally in the underlying
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carbonate mud. Lines estimated recharge through the
salt crust for 1976 by comparing precipitation to water-
level changes for a monitoring well on the salt crust.
Eighteen major recharge events were identified that
resulted in a cumulative rise of 3.8 ft during the year.
Lines assumed that this recharge occurred over the
entire salt crust and that the specific yield of the aquifer
was 10 percent, thus resulting in a total recharge of
about 9,700 acre-ft.

Turk (1969, p. 146) states that lateral subsurface
inflow adds some recharge to the system but is incon-
sequential compared to recharge from precipitation.
Turk (1973) does not mention recharge other than from
precipitation on the playa surface. Lines (1979, p. 84-
86) stated that almost all recharge was from direct infil-
tration of precipitation with minor amounts coming
from infiltration of runoff from the Silver Island Moun-
tains and from subsurface inflow from beyond the lim-
its of the study area. Lines attributed 40 acre-ft of
recharge to subsurface inflow for 1976.

Subsurface lateral inflow is possible only from
the east and from the northeast as shown by the poten-
tiometric surfaces (figs. 15 and 17). During other sea-
sons of the year when water levels in the shallow-brine
aquifer are higher (fig. 16), hydraulic gradients along
the northeastern and eastern margins of the study area
were very small. Although water-level data from these
margins are sparse, a maximum horizontal hydraulic
gradient of 1 ft/mi could be assumed based on water
levels measured in September 1992. When this hydrau-
lic gradient was multiplied by a boundary length of 15
mi and a transmissivity value of 500 ft%/d (Lines, 1979,
fig. 33), estimated subsurface lateral inflow was 60
acre-ft during 1992.

Observations during this study indicate that run-
off from the Silver Island Mountains contributes to
recharge along the northwestern margin of the playa.
Although the amount of recharge is unknown, this
source probably is not significant. The pH values of
brine from several shallow wells along the northwest-
ern margin of the playa are noticeably higher than the
pH values of brine from wells that are on the playa or
salt crust. This difference indicates that runoff from the
Silver Island Mountains either infiltrates the alluvial
sediments, similar to the probable recharge mechanism
described for the alluvial-fan aquifer, or that it reaches
the playa margin before infiltrating. Despite the hori-
zontal hydraulic gradient toward the northwestern mar-
gin of the playa, recharge along this margin probably
results in decreasing brine density and increasing pH

values but probably does not contribute any substantial
amount of recharge to the playa.

Recharge during this study was mostly from
infiltration of water through the playa surface that
resulted from intense thunderstorms during the sum-
mer months and rainfall and snowfall during the winter
months, and is evident from the potentiometric surfaces
as shown (figs. 15, 16, and 17). The location of the
ground-water divide at the center of the salt crust dur-
ing September 1992 (fig. 15) was the result of transient
drawdown in the brine-collection ditches and of
ground-water flow toward the northwest margin of the
playa. Because ground-water flow was away from the
center of the salt crust, recharge to this area of the shal-
low-brine aquifer during the summer months was pos-
sible only by direct infiltration from the surface or
upward leakage from the underlying lacustrine sedi-
ment. As a result of these summer thunderstorms, water
levels are increased temporarily, thus increasing evap-
oration until water levels return to previous levels.
Water that has infiltrated into the shallow-brine aquifer
from these thunderstorms, therefore, causes only a
short-term change in storage that offsets the total
amount of water removed by evaporation and seepage
to brine-collection ditches.

The potentiometric surface in April 1993 (fig.
16) reflects the influence of recharge during the preced-
ing winter months. Water levels are high throughout the
center of the playa; only water levels in the southeast-
ern corner of the study area are higher where the hori-
zontal component of ground-water flow is toward the
center of the playa. Along the southern and northwest-
ern boundaries, the horizontal component of ground-
water flow was away from the center of the playa.
Although less obvious, the higher heads in the center of
the playa are the result of infiltration from the playa
surface, upward leakage, and possibly a small amount
of subsurface inflow from the southeast. The potentio-
metric surface for August 1993 (fig. 17) also reflects the
summer transient drawdown in the brine-collection
ditches. The higher water levels in the central part of
the playa were the result of infiltration of water on the
playa surface from a large thunderstorm and dimin-
ished evaporation from the shallow-brine aquifer dur-
ing the preceding months.

The bulk of recharge to the shallow-brine aquifer
probably occurs from late autumn, when evaporation is
negligible, to the following spring, when evaporation
increases. Actual recharge or, more appropriately,
actual change in storage in the shallow-brine aquifer
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from any autumn to spring depends on the amount of
brine removed through the brine-collection ditches or
subsurface outflow, the amount of water removed by
evaporation, and the amount of water available for infil-
tration from precipitation on the playa surface during
the winter months.

An estimate for recharge was made by calculat-
ing the change in storage for the shallow-brine aquifer
from September 1992 to late May 1993. This method
for estimating recharge does not differentiate between
recharge on the salt crust or carbonate mud, nor does it
differentiate between surface and subsurface inflow.
Subsurface inflow is assumed to be insignificant com-
pared to infiltration from the playa surface. The change
in storage was calculated by subtracting water-level
measurements for September from those for May.
Some of the May water levels were above land surface,
thus indicating a fully saturated aquifer at that location
and ponded water at the surface. These water levels
were set to land surface for the change in storage calcu-
lation; otherwise, water on the surface would have been
included. The differences between the two sets of
water-level measurements were contoured. The area
contoured was delineated by Interstate Highway 80 to
the south, the 4,215-ft topographic contour along the
northwestern margin of the playa, and an arbitrary
north-south line 1 mi east of the easternmost part of the
brine-collection ditch, east of the salt crust. This area is
about 80 miZ. The contoured volume is calculated to
obtain the change in storage. The calculated volume
was multiplied by a specific-yield value of 10 percent
to obtain the estimated change in storage in the shal-
low-brine aquifer for September 1992 to the end of
May 1993. The change in storage of 8,300 acre-ft was
assumed to be equal to total recharge for that period.
Most of this recharge probably occurs in the beginning
of the 9-month period during which the two sets of
water-level measurements were taken.

An areally averaged recharge rate of 0.16 ft/yr
for this period was calculated by dividing the recharge,
8,300 acre-ft, by the area, 80 mi?, about 30 mi? less
than the area used by Lines. If average recharge is
assumed to occur throughout the larger area, then total
recharge would be 11,300 acre-ft. This is comparable
to the 11,700 acre-ft estimated by Lines (1979, p. 85).
Lines attributed 9,700 acre-ft to infiltration through the
salt crust and 2,000 acre-ft to infiltration through the
carbonate mud.

Infiltration of surface brine that is depleted in
most chemical constituents other than sodium and

chloride and the lack of evaporation during the winter
months results in the dilution of the brine in the shal-
low-brine aquifer with respect to many chemical con-
stituents, most notably magnesium and potassium.
Recharge can be estimated by calculating the quantity
of infiltrating brine necessary to dilute potassium con-
centrations in brine from wells sampled in the late sum-
mer of 1992 and June 1993. The mass-balance equation
used to describe the mixing that occurred and to make
the recharge estimates is

C101+ G0, =C3(01 + Q) (13)

C, is the concentration in August 1992 (mg/L);

Q, is the initial volume of brine with concentration

G (10

C, is the concentration of infiltrating fluid in
January 1993 (mg/L);

0, is the volume of infiltrating fluid (ft3 ); and

C; s the resultant concentration in June 1993
(mg/L).
Because the unknown is the volume of infiltrat-

ing fluid, the equation is rearranged to solve for Q;:

0, = 01(C5-CPNCr-C) (14)

The initial volume of brine containing concen-
tration C; was assumed to be the volume of fluid in a
saturated column of aquifer material surrounding each '
well. This volume is calculated by multiplying the
length of the column of water in each well, based on
September 1992 water-level measurements, by 1 ft?
representing the area of the surrounding aquifer mate-
rial, and by a specific yield of 10 percent. This volume
is substituted into equation 13 along with the appropri-
ate concentrations (Mason and others, 1995, table 4) to
determine the amount of fluid necessary for the mea-
sured dilution of potassium.

Within this method, estimates for recharge
ranged from 0.01 to 1.6 ft for the 14 wells that show a
dilution in potassium concentration. If the three
extreme values are disregarded, the remaining 11 val-
ues range from 0.12 to 0.5 ft, with a median value of
0.25 ft, which equates to 12,800 acre-ft of recharge in
80 mi’. This agrees favorably with the average value of
0.16 ft, 8,300 acre-ft, determined by the method that
uses the change in storage of the shallow-brine aquifer.
Recharge, therefore, ranged from 8,300 to 12,800 acre-
ft for 1992. Both methods assume a specific yield of 10
percent in the shallow-brine aquifer. A larger value for

32 HYDROLOGY OF THE BONNEVILLE SALT FLATS, NORTHWESTERN UTAH



specific yield, which is quite possible, would increase
both estimates accordingly.

Infiltration of brine from the winter surface pond
is a dynamic process that is difficult to quantify. Data
used in the estimates mentioned previously are local-
ized, instantaneous measurements and might not reflect
the constantly changing nature of the system. Water
levels used in the estimate for change in storage might
not represent the absolute minimum or maximum val-
ues. Similarly, chemical data from both sampling peri-
ods might not be representative of maximum and
minimum potassium concentrations. Furthermore, the
potassium concentration assumed to represent the infil-
trating fluid (surface-pond sample, January 1993)
might not be representative of the potassium concentra-
tion throughout the entire pond at the time of sampling
or during the entire period in which most of the infiltra-
tion occurs.

Discharge

Primary sources of discharge from the shallow-
brine aquifer include evaporation from the playa sur-
face, withdrawal from the brine-collection ditches, and
lateral and vertical subsurface outflow. Evaporation,
withdrawal from the brine-collection ditch located east
of the salt crust, and subsurface outflow to the south are
the largest sources of discharge; the last two compo-
nents are the most controllable from a management
perspective.

Evaporation generally is the largest source of
discharge on any playa and is very difficult to quantify.
Any estimated rate of evaporation determined at a spe-
cific site and then applied to the entire playa surface
might result in substantial error if that rate is not truly
representative of all types of surfaces on the playa.
Evaporation depends on several factors including type
of playa surface, depth to ground-water surface, den-
sity and temperature of evaporating water, atmospheric
conditions, and solar radiation.

Numerous techniques for estimating evaporation
have been developed and applied to playa surfaces in
the past. Turk (1969, p. 180-196, and 1970, p. 1209-
1215) studied the decrease in evaporation from a brine
surface resulting from increasing brine density, but he
did not correlate these results to evaporation of brine
from beneath the playa surface. Lines (1979, p. 86-89)
stated that the amount of halite on the playa surface is
related directly to the delicate balance between
recharge through the surface and discharge through the
surface by evaporation. Lines observed that about 0.25

in. of halite built up over the thick salt crust during
1976 following evaporation of the flooded playa sur-
face. This buildup of halite was considered to represent
the amount of evaporation of brine from the shallow-
brine aquifer (1,800 acre-ft) that exceeded recharge
through the thick salt crust (4,900 acre-ft) during the
summer months. Lines, therefore, estimated 6,700
acre-ft of brine evaporated from the area of thick salt
crust during 1976.

Estimates for evapotranspiration made in earlier
studies, or more appropriately evaporation because of
the sparsity of vegetation on the Bonneville Salt Flats,
were based on water-budget methods or simple meteo-
rological techniques. With the development of sophis-
ticated instrumentation since the previous studies, data
that are necessary for evaporation estimates can now be
collected using mass-transfer and energy-balance tech-
niques. These techniques measure, either directly or
indirectly, the transfer of water from the liquid to gas-
eous phase and are independent of fluid density. Evap-
oration is generally referred to in terms of actual and
potential evaporation. Actual evaporation is the amount
of water evaporated under any given conditions,
whereas potential evaporation is the maximum amount
of water that could be evaporated if water was given
freely to the evaporating surface, such as evaporation
from a pond. The Bowen ratio method, which was used
to estimate actual evaporation on the Bonneville Salt
Flats, is an energy-balance method that is dependent on
measurements of temperature and humidity gradients.
The Penman method was used to estimate potential
evaporation and the Bowen ratio method was used to
estimate actual evaporation. An explanation of both
methods, the required instrumentation, and its applica-
tion in Pilot Valley are presented in Malek and others
(1990).

Much of the playa surface of the Bonneville Salt
Flats remains flooded during the spring and possibly
into the early summer months. Because an overall flow
balance for the shallow-brine aquifer is an objective of
this report, it is important to distinguish between evap-
oration from standing water and from playa surfaces.
Evaporation from the playa surface would be included
as discharge from the shallow-brine aquifer, whereas
evaporation from a surface pond would not be
included.

Actual and potential evaporation for 1993 and
1994 were determined from data collected at the two
weather stations, located on the salt crust and playa
margin (figs. 18 and 19). When the large surface pond
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Figure 18. Estimated daily evaporation and precipitation for 1993, Bonneville Salt Flats, Utah.

was present through June of 1993, actual evaporation
approached the potential evaporation rate at the station
on the salt crust. Actual evaporation from a water sur-
face is higher than from a bare land surface as can be
seen by the difference in actual evaporation at the salt-
crust station compared to the playa-margin station for
the same period. Both actual and potential evaporation
generally rise after precipitation has fallen on the playa
surface (figs. 18 and 19). This is more noticeable in
spring and early summer months when water remains
on the surface from winter surface ponding or the near-
surface material is still nearly saturated.

Total evaporation from the shallow-brine aquifer
in the Bonneville Salt Flats was estimated from data
collected at the two stations during 1993 and 1994.
Estimated total evaporation for both years might be
representative of minimum and maximum estimates for
evaporation from the Bonneville Salt Flats. During the
primary months for evaporation in 1993, monthly mean
temperatures at both stations were 2 to 8° F below the
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1961-90 normal mean monthly temperature at Wen-
dover. Total precipitation for the same months in 1993
was virtually the same as the total 1961-90 normal
monthly precipitation at Wendover. A large, single-day
rainfall of more than 1.3 in. measured at the salt-crust
station, however, was more than four times the normal
monthly precipitation for July. This storm resulted in
surface ponding shortly after the extensive surface
pond remaining from winter had evaporated. Total
evaporation from the shallow-brine aquifer in 1993,
therefore, is smaller than in most years. Total evapora-
tion from the shallow-brine aquifer in 1994, in contrast,
is probably larger than in most years.

The area of the Bonneville Salt Flats from which
total evaporation from the shallow-brine aquifer was
estimated is larger than the area used in estimating
recharge. Both areas are bounded on the south by Inter-
state Highway 80 and have the same arbitrary boundary
to the east of the brine-collection ditch. The northwest

HYDROLOGY OF THE BONNEVILLE SALT FLATS, NORTHWESTERN UTAH



0.4 T T r T 1.0
SALT CRUST
|  Measured precipitation | 0.8
0.3 Actual evaporation
—--- Potential evaporation
0.6
0.2+
0.4
g} I\'/'\,/l| fﬂ
T O1F Al X
) 0.2 (2;
= =
z z
= 1 -
z 0 0 Z
'% 04 T T T I 10 E
é PLAYA MARGIN 7 =
Q Jos &
% 03t o
& g A A 1
w :ll i f v WA 'l|\ 06 >
/ \ - 0.
: \ / | '“\/A i { \\/ Sl '1'/“\ I\l‘ 3 ’,‘./Al A
0.2} ALy 4 Sy ‘\l\l \ \ N \ o/ I"r
ni ] !
AN T vy ' oA Y vy
! ll; ty v -1 0.4
01} |
—0.2
0 l L | " 0
April May June July August

Figure 19. Estimated daily evaporation and precipitation for 1994, Bonneville Salt Flats, Utah.

boundary used for delineating evaporation is at the
playa margin, whereas the boundary used in estimating
recharge was limited to the area of measured seasonal
change in storage in the shallow-brine aquifer. The area
used for estimating evaporation was about 114 mi?, and
the area used for estimating recharge was about 80 mi’.
No water-level or chemical data were available to
extend the area used in the recharge estimates to coin-
cide with the area used in the evaporation estimate.
Net evaporation from the shallow-brine aquifer
for each season was calculated at the two weather sta-
tions. The daily mean values for actual evaporation
were totaled and total rainfall for the same period of
time was subtracted. Evaporation of water on the playa
surface from rainfall is subtracted from total evapora-
tion because it is not part of the evaporation from the
shallow-brine aquifer. If any rain falling on the playa
surface does infiltrate into the subsurface, it is assumed
to recirculate to the surface and evaporate in a short
period of time. A net actual evaporation rate was then

calculated by dividing the total net evaporation by the
number of days in which data were collected during
each year.

The number of days is critical for calculating a
net actual evaporation rate from the shallow-brine aqui-
fer at the salt-crust station. Because actual evaporation
is higher when a surface pond is present on the playa
surface than when a surface pond is not present, only
those days after the surface pond has evaporated should
be used in the calculation for total evaporation from the
shallow-brine aquifer. Net actual evaporation rates at
the salt-crust station for 1993 and 1994 were 0.0006
ft/d and 0.0018 ft/d, respectively. Net actual evapora-
tion rates at the playa-margin station for 1993 and 1994
were 0.0013 ft/d and 0.0017 ft/d, respectively. Net
actual evaporation rate for 1993 at the salt-crust station
is considerably lower than at the playa-margin station,
and both stations have a similar rate for 1994. The large
difference in net actual evaporation rates is the result of
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the large amount of rainfall on the salt crust in July
1993 (fig. 18) and lower-than-normal temperatures.

Net actual evaporation rates were not adjusted in
response to varying depths to water. Net actual evapo-
ration rates were assumed to apply to a uniform depth
of water despite the fact that evaporation declines with
increasing depth to water. At the salt-crust station, the
ground-water level was close to land surface, whereas
at the playa-margin station, the ground-water level can
be several feet below land surface. In areas where the
water beneath the carbonate mud is close to land sur-
face, the evaporation rate from this surface could be
much higher than the rate calculated at the playa-mar-
gin station. In areas where the depth to water was more
than that at the two stations, such as near the brine-col-
lection ditches, actual evaporation would be less than
what was estimated. During the evaporation of the sur-
face pond, no upward leakage of brine from the shal-
low-brine aquifer was assumed. If this movement
occurs, estimated total evaporation is less than what
actually occurs.

Total evaporation from the shallow-brine aquifer
was estimated for each year by applying different net
actual evaporation rates to the three different playa sur-
faces: thick salt, carbonate mud, and thin salt over car-
bonate mud. The area of thick salt is defined as the area
where the salt-crust thickness is more than 1 ft (Steven
Brooks, Bureau of Land Management, written com-
mun., 1989). This area is assumed to remain constant
for the years in which estimates were made and was
calculated to be 34 miZ. Because of the transient nature
of thin salt precipitated on carbonate mud, the areas
used to represent carbonate mud and thin salt over car-
bonate mud varied in each year. Carbonate mud and
salt crust were delineated from satellite imagery for
August 1993. The area of thick salt was subtracted
from the total salt-crust area in 1993 to obtain the area
of thin salt. The appropriate rates calculated previously
were used where thick salt and carbonate mud are
present.

In their study of evaporation in Pilot Valley,
Utah, Malek, and others (1990, p. 23) suggest that
where a thin salt crust is present there is a high resis-
tance to water-vapor transfer; thus, evaporation is less
than where a bare mud surface is present. This is espe-
cially true when the crust separates from the underlying
mud surface upon drying and subsequent shrinkage.
Because of the transient distribution of salt along the
margins of the crust, along-term data-collection station
could not be established where a perennial layer of thin

salt would form. A net actual evaporation rate, there-
fore, had to be assumed for each year and applied to the
area where a thin salt crust was present.

Evaporation from the shallow-brine aquifer in
the area of thick salt was estimated by multiplying 34
mi? by a rate of 0.0006 ft/d for 114 days. This number
of days is the length of the evaporation season in which
the area of thick salt was not covered by a pond. Evap-
oration from thick salt in 1993 was estimated to be
1,500 acre-ft. The area for carbonate mud in 1993 was
56 miZ. This area was multiplied by a rate of 0.0013
ft/d for 185 days, the assumed duration of the evapora-
tion season. Evaporation from the carbonate-mud sur-
face was estimated to be 8,600 acre-ft. The area of thin
salt was 24 miZ, which was larger than in most years as
a result of the extensive surface pond during the pre-
ceding winter months. An intermediate net actual evap-
oration rate of 0.0009 ft/d was assumed for the area of
thin salt. This rate was deemed appropriate if rainfall
was assumed to be between the amounts measured at
the two weather stations. Evaporation from thin salt
was estimated to be 2,100 acre-ft during 149 days of
evaporation. Total evaporation for 1993 from the shal-
low-brine aquifer was estimated to be 12,200 acre-ft.

No satellite imagery data for 1994 were
obtained; therefore, the area for carbonate mud and thin
salt on the playa surface could not be delineated for that
period. For the purpose of estimating total evaporation
in 1994, the distribution of thin salt in September 1992,
obtained from satellite imagery data for that period,
was assumed to be more representative of 1994 condi-
tions than the thin-salt distribution in 1993. Much of
the thin salt that covered a large area in 1993 probably
redissolved during the winter months and coalesced
into a smaller salt-crust area by the summer of 1994,
thus decreasing the area of thin salt.

The method used to estimate total evaporation
from the shallow-brine aquifer in 1994 was the same as
that used in 1993. The higher rate derived from data
collected at the salt-crust station was used for 138 days
of evaporation. Estimated evaporation from thick salt
was 5,400 acre-ft. Evaporation from the carbonate-mud
surface was calculated for an area of 71 mi? for 185
days. Evaporation from the carbonate mud was esti-
mated to be 14,300 acre-ft. As mentioned previously,
the actual evaporation rate from thin salt overlying the
carbonate mud is probably lower than that for carbon-
ate mud. A net actual evaporation rate of 0.0011 ft/d
was assumed to be representative for 1994. This rate
was multiplied by an area of 9 mi” for a period of 150
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days, which was assumed to be an intermediate number
of days for evaporation from thin salt. Evaporation
from thin salt was estimated to be 1,000 acre-ft. Total
evaporation from the shallow-brine aquifer in 1994 was
estimated to be 20,700 acre-ft.

Withdrawal from the brine-collection ditch east
of the salt crust is a major form of discharge from the
shallow-brine aquifer as shown by the potentiometric
contours in figure 16. Withdrawal from the brine-col-
lection ditch was estimated to be about 1,500 acre-ft in
1992 and about 2,500 acre-ft in 1993. About 750 acre-
ft of the amount estimated for 1993 were withdrawn
during January through March, when more than the
usual area of the Bonneville Salt Flats was flooded.
Much of the estimated 750 acre-ft, therefore, could
have been derived from surface drainage from the
extensive surface pond south of Interstate Highway 80,
where berms are less prominent, rather than from the
shallow-brine aquifer. During 1993, this brine with-
drawal from the shallow-brine aquifer probably was
more than 1,750 acre-ft. The estimates for brine with-
drawal in 1992 and 1993 are considerably more than
the 680 acre-ft reported by Lines (1979, table 6).

Brine withdrawal from the brine-collection ditch
was estimated by monitoring the pumping station
located in the NW1/4, SW1/4, and SE1/4 of section 18,
T. 1S, R. 17 W. (fig. 3). Because of the lack of topo-
graphic relief on the Bonneville Salt Flats, canals do
not have a natural slope and a head gradient is neces-
sary in order to induce brine to flow to the primary
evaporation ponds where the potash extraction process
is begun. At the pumping station, the brine is pumped
from a lower to a higher altitude, thus creating the arti-
ficial gradient. The level from which the brine was
pumped was continuously recorded. Instantaneous dis-
charge measurements were made periodically at the
pump and correlated to the pumping level. From the
relation of pump discharge to pumping level, the con-
tinuous record of pumping level, and hours of pump
operation, an estimate of brine withdrawal can be
obtained.

Lateral subsurface outflow from the shallow-
brine aquifer to the south potentially might be another
major cause of discharge. Lines (1979, p. 89) estimated
that 2,000 acre-ft of brine migrated from the Bonnev-
ille Salt Flats north of Interstate Highway 80 to the col-
lection ditch south of the highway in 1976. His estimate
was made by using a form of Darcy’s Law

0=TiL (15)

where
Q is the ground-water flow (ft3/d);
T is the transmissivity (ft2/d);
i is the horizontal hydraulic gradient
(dimensionless);
and
L is the length of cross section (ft).

The two components with the most uncertainty
in this equation are transmissivity and horizontal
hydraulic gradient. Transmissivity values are deter-
mined at specific sites and then extrapolated over a
larger area. Similarly, horizontal hydraulic gradient
might vary along the length of the cross section being
considered. Lines used a transmissivity value of 6,000
ft%/d that was based on values determined from aquifer
tests completed prior to construction of Interstate High-
way 80 and an aquifer test completed just north of the
highway after construction. Turk (1978, p. 75) has sug-
gested that highway construction probably has reduced
the transmissivity of the aquifer material in this area.
During the construction, the salt crust was removed
along the highway corridor and replaced with fill for a
roadbed. Not only was the highly transmissive salt
removed, but the use of heavy equipment might have
compacted the underlying carbonate mud and thus
destroyed much of the fracture permeability of the
aquifer. No new aquifer-test data were collected along
the Interstate Highway 80 corridor during this study
because of possible uncertainty in test results. Pumping
of brine in sufficient amounts necessary to obtain mea-
surable effects in appropriately spaced observation
wells was questionable. Furthermore, disposal of
pumped brine at a sufficient distance necessary to pre-
vent adverse effects in observation wells probably was
not possible in this area because of the low topographic
relief.

Subsurface outflow to the south was estimated
where the hydraulic gradient indicated flow toward a
brine-collection ditch located south of Interstate High-
way 80. A vertical cross section oriented parallel to the
brine-collection ditch was divided into three sections.
This division allows the use of a spatial variation in
transmissivity and a spatial and temporal variation in
hydraulic gradient in the calculation of flow through
the cross section. Transmissivity values presented by
Lines (1979, fig. 33) were used in the calculations
despite the questions presented previously. A hydraulic
gradient was determined for each of the three cross sec-
tions from water-level data collected during this study
and computed potentiometric heads referenced to an
average fluid density for each measurement period. The
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estimated subsurface outflow to the south for 1992
ranged from 1,800 to 2,300 acre-ft. A range is reported
because of the variability in each hydraulic gradient
used in the calculations. An estimate was not made for
1993 because the wet condition of the playa and high
water levels are not representative of long-term
ground-water flow. Any decrease in simulated trans-
missive properties of the shallow-brine aquifer in this
area would decrease the amount of subsurface outflow.
Seepage to the brine-collection ditch located south of
Interstate Highway 80 is needed to obtain a better
understanding of this component of subsurface out-
flow. Although this measurement would be difficult
because of the dimensions of the ditch and the low flow
velocity, the uncertainty in the measurement probably
would be less than the uncertainty in the estimate given
above. Flow in this brine-collection ditch, which is on
private property, could not be measured because of its
inaccessibility.

Lateral subsurface outflow to the northwest from
the shallow-brine aquifer was estimated by Lines
(1979, p. 90) to be 70 acre-ft in 1976. Lines made this
estimate by using Darcy’s Law and an estimated trans-
missivity value of 500 ft?/d, a value that is representa-
tive of the area along the northwestern edge of the salt
crust. Lines stated that recharge from precipitation bal-
anced discharge from evaporation along this margin.
Seepage from the shallow-brine aquifer toward the
northwestern margin of the playa, and possibly to the
alluvial-fan aquifer, therefore, was replaced by brine
that had migrated through the aquifer from near the
ground-water divide (fig. 15). Because the hydraulic
gradient is small along this margin of the playa, the
amount of subsurface outflow also is small. Water-level
data collected during this study indicate that the
hydraulic gradient is less than the value used by Lines
in his estimate for seepage to the northwest. If the
transmissivity value is assumed to be representative of
this area, then seepage toward the northwestern margin
of the playa was about 40 acre-ft for 1992.

Vertical leakage, upward or downward, between
the shallow-brine aquifer and the underlying lacustrine
sediment of the basin-fill aquifer had not been exam-
ined in any of the previous studies. The vertical-driv-
ing-force analysis, presented in the “Water-level
fluctuation, potentiometric surface, and ground-water
movement” section in this report for the shallow-brine
aquifer, was extended to estimate vertical leakage
through the bottom of the shallow-brine aquifer. Equa-
tion 12, which is described in the “Principles of vari-
able-density ground-water flow” section of this report,

was used to calculate the vertical interstitial velocity at
five locations where head data were available in both
the shallow-brine aquifer and the underlying lacustrine
sediment of the basin-fill aquifer. An average vertical
interstitial velocity was multiplied by the area where
leakage was assumed to occur. The calculated vertical
interstitial velocity at wells (B-1-17)23abd-1 and -2
was not included in the estimate for downward leakage
because of the local bias from the influence of the ditch.
Any estimate of total vertical leakage must be consid-
ered to be a crude approximation because of the simpli-
fying assumptions necessary in making the
calculations, discussed in the following paragraphs,
and extrapolating these calculations over a large areal
extent using data that are limited spatially and tempo-
rally.

Permeability in the vertical direction used in the
calculation for interstitial velocity was the harmonic
mean of estimated permeabilities for the shallow-brine
aquifer and the underlying lacustrine sediment of the
basin-fill aquifer because the vertical direction is gen-
erally perpendicular to stratification, and vertical
movement will be controlled by the smallest perme-
ability. Permeability for the shallow-brine aquifer at
each site was calculated by converting the transmissiv-
ity reported by Lines (1979, fig. 33) to hydraulic con-
ductivity and then permeability. Hydraulic
conductivity, which was obtained by dividing the trans-
missivity by the aquifer thickness of 25 ft, was multi-
plied by viscosity and divided by density of the brine at
each site and by the gravity constant. Viscosity was
assumed to be equal to 1.4 centipoise for all calcula-
tions. No data were available for describing the perme-
ability of the lacustrine sediment of the basin-fill
aquifer. Permeability, therefore, was assumed to range
from 1.0 x 1010 t0 1.0 x 1071 2, the upper range for
unweathered marine clay and the lower range for silty
sand (Freeze and Cherry, 1979, p. 29).

Vertical interstitial velocity was calculated for
each set of measurements at the four well sites along
the axis of the salt crust. Calculated interstitial veloci-
ties in a downward direction range from 3.0 x 10 to
2.05 x 10 ft/d when the permeability for the lacustrine
sediment of the basin-fill aquifer was assumed to be 1.0
x 10716 £t2. The average downward interstitial velocity
is 7.32 x 10°° f/d. If a permeability of 1.0 x 1071 ft? is
assumed for the lacustrine sediment, the calculated
interstitial velocities range from 3.0 x 10% t0 2.05 x
1073 ft/d, with an average velocity of 7.32 x 10*fd. A
linear relation clearly exists between assumed perme-
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ability of the lacustrine sediment and the calculated
interstitial velocities because the smallest permeability
value predominates in the calculation of the harmonic
mean. Total annual downward leakage was estimated
by multiplying the average interstitial velocity by area
and 365 days. The area of 34 mi? for which leakage
might occur was assumed to be the area where the salt
crust is more than 1 ft thick. Calculated annual leakage
ranges from 58 to 5,800 acre-ft in the downward direc-
tion. The upper limit is probably too large when com-
pared to other components of inflow and outflow for the
shallow-brine aquifer. This is especially apparent when
other evidence supporting upward leakage is presented
later in the report. The estimated annual downward
leakage, therefore, was assumed to range from 58 to
580 acre-ft.

Alluvial-Fan Aquifer

The alluvial-fan aquifer in the Bonneville Salt
Flats is composed of sand and gravel interbedded with
the lacustrine sediment that underlies the playa. Spe-
cific layers of sand and gravel in the alluvial-fan aquifer
gradually become mixed with silt and clay-sized parti-
cles as the fans extend into the lacustrine sediment. The
alluvial fans generally are connected along the south-
eastern flank of the Silver Island Mountains. The extent
of interbedding into the lacustrine sediment and the
degree of connection within the alluvial-fan aquifer as
distance increases from the mountains are unknown.

The alluvial-fan aquifer has been tapped by 27
wells that withdraw brackish water. This water is used
in the production of potash. Not all the wells are in
operation at present. In recent years, only four wells
have been used. Drillers’ logs, which are available for
12 of these production wells (Stephens, 1974, p. 46-
47), indicate that sand and gravel layers compose from
12 to 52 percent of the material penetrated during drill-
ing. This variation occurs in relatively short distances
between wells. All wells were drilled about the same
distance from the Silver Island Mountains along a line
about 3 mi long.

Fourteen monitoring wells, of which 11 were
nested in 4 boreholes, were completed during this study
along a line perpendicular to the Silver Island Moun-
tains and the playa margin (fig. 3). This line of wells
includes an alluvial-fan production well, (B-1-
18)31acc-1, that was drilled in 1947. The purposes of
these monitoring wells were to analyze the effects of
ground-water withdrawal from the alluvial-fan aquifer,

monitor the water level in the alluvial-fan aquifer, and
obtain water from the alluvial-fan aquifer for chemical
analysis.

Aquifer Properties

Results of aquifer tests at two wells completed in
the alluvial-fan aquifer were reported by Turk (1969, p.
67, 1973, p. 3). Transmissivity values ranged from
24,000 to 52,000 ft2/d, and storage-coefficient values
ranged from 1.4 x 10%103.4x10% A longer test was
completed in 1967. Data from this test indicated that
leakage from confining layers yielded a substantial
amount of water with time. Transmissivity values
determined by using type curves for a leaky aquifer
ranged from 21,000 to 55,000 fe2/d. Storage-coefficient
values ranged from 2 x 10*t0 5 x 10™*. These storage-
coefficient values are indicative of confined conditions.

Stephens (1974, p. 18) suggested that the ability
of fractures and solution channels in the underlying
carbonate rocks to transmit water to the alluvial-fan
aquifer might be a contributing factor for these large
transmissivity values. Brackish water is readily pro-
duced from the production wells completed in the
coarse-grained zones of the alluvial-fan aquifer. A
pumping rate of more than 1,500 gal/min from a single
well is not unusual. Lines (1979, p. 76) attributed the
hydraulic gradient from the center of the playa toward
the Silver Island Mountains to pumping from the allu-
vial-fan aquifer. If withdrawal from the alluvial-fan
aquifer is the cause of this hydraulic gradient, then the
effects of this pumping extend a considerable distance
beyond the pumping center to the northeast, along the
playa margin (Lines, 1979, fig. 35). This suggests that
the underlying carbonate rocks do not readily yield
water to the alluvial-fan aquifer, as originally thought.

An aquifer test was done in an attempt to define
further the aquifer properties of the alluvial-fan aquifer,
determine the distance from the pumped well in which
measurable effects could be observed in the lacustrine
sediment that separates the shallow-brine and alluvial-
fan aquifers, and determine the vertical hydraulic con-
ductivity of the lacustrine sediment where such effects
are measured. An unused alluvial-fan production well,
well (B-1-18)31acc-1 (identified as FW-20 in earlier
reports), was pumped for 72 hours at a rate of 1,500
gal/min. Water levels were measured in 14 monitoring
wells prior to the test to determine pre-test trends, dur-
ing the 72-hour pumping period, and for 72 hours after
pumping had ceased.
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Analysis of the data indicates that the discharge
water in the vicinity of the pumped well had moved
rapidly downward through probable fractures in the
fine-grained sediment that overlies the coarse-grained
material of the alluvial-fan aquifer. The artificial
recharge created from the well discharge affected the
water levels in two monitoring wells completed in or
just above the production zone. Because of the interfer-
ence from the discharge water, the transmissivity and
storage-coefficient values calculated from the data are
unreliable. These values, however, are in agreement
with those determined from previous tests of the allu-
vial-fan aquifer. Aquifer properties determined from
tests in earlier studies also might not be representative
if the discharge water was not drained away from mon-
itoring wells.

Water-level measurements in an adjacent moni-
toring well, completed in fine-grained lacustrine sedi-
ment almost 100 ft above the production zone, were
analyzed by using the Neuman-Witherspoon ratio
method (Neuman and Witherspoon, 1972). The value
for vertical hydraulic conductivity determined from
these data is almost five orders of magnitude larger than
the value determined by laboratory analysis of a core
sample collected during drilling operations. Because
the laboratory value for vertical hydraulic conductivity
was small and the time required for the water level in
adjacent monitoring wells to be affected was short, the
probable mechanism for transmitting the discharge
water downward is through vertical fractures. Because
of the rapid infiltration of discharge water, pumping
from the production well was insufficient to affect the
water level in the deep monitoring wells toward the

playa.

Water-Level Fluctuation and Ground-Water
Movement

Water levels in wells completed in the alluvial-
fan aquifer on the margin of the Bonneville Salt Flats
were reported to be 10-20 ft above land surface when
the production wells were drilled between 1946 and
1949 (Stephens, 1974, p. 44-45). At the end of 1965,
Turk (1969, p. 74) reported that water levels had
declined to 18-20 ft below land surface. Stephens
(1974, p. 16) reported that at least one of the wells was
again flowing in 1972. Water levels in two wells also
were slightly above land surface in March 1985 (fig.
20). Present pumped water levels are generally more
than 20 ft below land surface, and nonpumped water
levels measured in the unused production wells north-

east of the pumping area remain at about 20 ft below
land surface. Long-term water-level fluctuations in the
alluvial-fan aquifer are probably the result of the com-
bined effects of reduced withdrawal and increased
recharge during years of greater-than-normal precipita-
tion.

Water levels in wells completed in the alluvial-
fan aquifer were at or above land surface when the
wells were drilled. The potentiometric surface, based
on resident densities, sloped toward the playa. Because
of continued withdrawal from the alluvial-fan aquifer,
water levels have declined below land surface. During
the present study, the potentiometric surface appears to
be nearly level with the playa.

Water levels were measured in the line of nested
monitoring wells, perpendicular to the northwestern
margin of the playa (fig. 3). These water levels were
converted to heads on the basis of resident densities in
each well to determine horizontal and vertical driving
forces. The upper monitoring wells in the three nests of
wells, farthest from the playa boundary, are completed
in the lacustrine sediment of the upper basin-fill aqui-
fer. These wells are included in this discussion because
they show effects on water levels that result from
pumping from the alluvial-fan aquifer. Water-level
measurements for wells at similar depths were refer-
enced to an average density to determine reference
potentiometric heads. The vertical driving forces were
calculated using equation 10, described in the “Princi-
ples of variable-density ground-water flow” section in
this report, and water-level and density data from each
set of nested wells.

Based on the reference potentiometric head dis-
tribution, the direction of horizontal flow from the set
of nested wells closest to the Silver Island Mountains,
wells (B-1-18)31bda-1, -2, and -3, is toward the salt
crust. Horizontal flow in the three sets of nested wells
closest to the salt crust, wells (B-1-18)31dac-1, -2, -3,
(C-1-18)6abb-1, -2, -3, and (C-1-18)6adc-1 and -2, is
toward the Silver Island Mountains.

As would be expected in a recharge area, the cal-
culated vertical driving forces are downward in the set
of nested wells closest to the Silver Island Mountains.
The calculated vertical driving forces also are mostly
downward in the three sets of nested wells closest to the
salt crust. The vertical driving force reverses periodi-
cally between the upper two wells of the nested set con-
taining wells (B-1-18)31dac-1, -2, and -3. The reversal
in the vertical driving force for these wells is the result
of a change in density in water in well (B-1-18)31dac-
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alluvial-fan aquifer, but did suggest that small amounts
of rainfall on the Silver Island Mountains preclude
abundant recharge from precipitation. Turk suggested
that other sources of recharge include lateral leakage of
brine from the lacustrine sediment or upward leakage
from Paleozoic carbonate rocks. Turk (1969, p. 76 and
1973, p. 4) cited increased dissolved-solids concentra-
tion as evidence to support leakage of brine from the
lacustrine sediment. Elevated water temperature also
was cited by Turk (1973, p. 4) as evidence to support
upward leakage from a depth of 1,000 to 2,000 ft.

Stephens (1974, p. 19) estimated discharge by
evapotranspiration from phreatophytes to be about
1,200 acre-ft/yr. Lines (1979, p. 63) reported that 800
acre-ft/yr of water was discharged by pumping. These
two forms of discharge result in a considerable imbal-
ance in the estimated inflows and outflows for the allu-
vial-fan aquifer. Lines suggested that the deficit
between recharge and discharge was compensated by
water being removed from storage in the aquifer and
confining layers, leakage of brine from the lacustrine
sediment resulting from the reversal of the hydraulic
gradient, and by upward leakage from Paleozoic rocks.
Although no data are available to quantify leakage
from each source, Lines suggested that total leakage is
less than the 800 acre-ft/yr of withdrawal.

Recent discharge from the alluvial-fan aquifer by
pumping probably is much more than the 800 acre-ft/yr
reported by Lines (1979, p. 63). Limited data collected
during 1991-92 indicate that the present rate of with-
drawal might be a few thousand acre-ft/yr. With dis-
charge probably much more than previously reported
and water levels not substantially lower than those of
30 years ago, recharge to the alluvial-fan aquifer must
be larger than the 800 acre-ft/yr previously estimated
(Stephens, 1974, table 3).

Basin-Fill Aquifer

The basin-fill aquifer of the Bonneville Salt Flats
has been defined in previous investigations as the con-
glomerate that overlies Tertiary-age volcanic rocks or
pre-Tertiary-age rocks (Lines, 1979, p. 57). More than
800 ft of conglomerate has been logged during drilling
of some deep brine wells used by the mineral company.
The brine that is withdrawn by these deep wells is used
mostly in ditches surrounding the evaporation ponds. A
higher head is maintained in these ditches than in the
evaporation ponds, which minimizes seepage losses of
the valuable brine from the ponds (Turk, 1973, p. 5). A

thick sequence of lacustrine sediment separates the
shallow-brine aquifer from the conglomerate. Drillers’
logs for the deep brine wells indicate that about 900 ft
of mostly clay exists between the shallow-brine aquifer
and the conglomerate of the lower part of the basin-fill
aquifer (Turk, 1973, appendix B).

Few data are available that describe the hydro-
logic properties of conglomerate in the lower part of
the basin-fill aquifer of the Bonneville Salt Flats. Most
of the data available has been collected by the mineral
company in the area south of Interstate Highway 80
and has been reported by Turk (1969 and 1973). More
recent data, such as water levels and pumping rates,
were not available. Data collected during this study
from monitoring wells completed in the lacustrine sed-
iment of the upper basin-fill aquifer are from a limited
number of sites and are not necessarily representative
of the lacustrine sediment in the upper basin-fill aquifer
throughout the Bonneville Salt Flats.

Aquifer Properties

The transmissivity of the conglomerate in the
lower part of the basin-fill aquifer of the Bonneville
Salt Flats has been determined from pumping data in
the deep brine wells operated by the mineral company
to average about 13,400 ft%/d, and the storage coeffi-
cient is about 4 x 10 (Stephens, 1974, p. 21). These
values were provided by personnel of the mineral com-
pany. Turk (1969, p. 93) had suggested that the most
likely range for transmissivity is 2,000 to 8,000 ft%/d
and for storage coefficient is 2 x 10302x10* A
regional gravity survey by Cook and others (1964, pl.
1) indicates that the area where the deep brine wells are
located coincides with the deepest part of the basin;
therefore, thickness and transmissivity might not be as
great in other parts of the basin.

During this study, monitoring wells were com-
pleted in the lacustrine sediment of the upper basin-fill
aquifer in the Bonneville Salt Flats. No fracturing or
layers of oolitic sand were encountered during drilling
of completed wells. Cores were collected at depths
from 48 to 63 ft at two locations on the Bonneville Salt
Flats. The cores appear to be composed of blue-green
clay that varied from being very stiff and dry to very
plastic with interstitial fluid. No tests were done to esti-
mate the permeability of the lacustrine sediment. For a
discussion of assumed permeability, see “Discharge”
section of the “Shallow-brine aquifer” section of this
report, presented earlier. Samples from the cores were
analyzed by x-ray diffraction techniques. The mineral-
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ogic composition of the lacustrine sediment consists of
clay, quartz, halite, aragonite, calcite, dolomite, and
feldspar.

The upper monitoring wells in the three sets of
nested wells, between the playa boundary and the salt
crust, also were completed in lacustrine sediment of the
upper part of the basin-fill aquifer. Because of the prox-
imity to alluvial-fan deposits, the lacustrine sediment
might have layers of slightly coarser material inter-
mixed with the clay. In this area, the hydraulic proper-
ties of these deposits might be greater than those of the
lacustrine sediment beneath the salt crust.

Water-Level Fluctuation and Ground-Water
Movement

Water-level data are lacking from wells com-
pleted in the conglomerate of the lower part of the
basin-fill aquifer. Turk (1973, p. 8) reported that the
water level in a deep well was about 25 ft below land
surface in 1948. Measurements in two deep wells dur-
ing 1966-67 varied from 44 to 50 ft below land surface
(Turk, 1973, table 7). This change in water level
equates to an average decline of about 1 ft/yr for that
period of time. Lines (1979, p. 58) reported that water
levels affected by pumping in nearby wells were low-
ered as much as 80 ft below land surface in 1976.
Because of the limited water-level data, the potentio-
metric surface of the lower part of the basin-fill aquifer
cannot be determined.

Water-level data are limited spatially for wells
completed in the lacustrine sediment of the upper part
of the basin-fill aquifer. Water levels were measured in
wells (B-1-17)11aac-2, (B-1-17)21add-4, (B-1-
17)23abd-2, (B-1-17)31acc-7, and (C-1-18)9%adc-2,
which are all completed to depths of 63 ft below land
surface (Mason and others, 1995, table 3). The lowest
water levels were measured in well (B-1-17)23abd-2,
located adjacent to the brine-collection ditch. These
data indicate that there is a horizontal gradient within
the lacustrine sediment in the upper part of the basin-
fill aquifer, from the salt crust toward the east. Data are
insufficient to determine whether this direction of
ground-water movement has been induced by with-
drawals from the brine-collection ditch. Water levels in
wells (B-1-17)11aac-2 and (B-1-17)21add-4, located
near the northern end of the salt crust, are higher than
those in wells (B-1-17)31acc-7 and (C-1-18)9adc-2,
located near the center and southern end of the salt
crust. These data indicate that the direction of ground-
water movement within the lacustrine sediment

beneath the shallow-brine aquifer is from the north
toward the south, beneath the center of the salt crust.
Water levels were measured in nested wells, (B-
1-17)31acc-4, -5, -6, and -7, located near the center of
the salt crust. These wells were completed to depths of
63 to 495 ft below land surface, all within the lacustrine
sediment of the upper basin-fill aquifer. These data
were used to calculate the total driving force between
wells for each measurement period. Although the cal-
culated total driving force was small for each set of
measurements, it was always downward. Because the
Bonneville Salt Flats is the terminus for ground-water
flow for most of the Great Salt Lake Desert, and prob-
ably the terminus for regional ground-water flow,
ground-water movement within the basin-fill aquifer
should be upward under undisturbed conditions.

Recharge and Discharge

Possible sources of recharge to the conglomerate
in the lower part of the basin-fill aquifer of the Bonnev-
ille Salt Flats include the alluvial-fan aquifer on the
western margin of the playa and consolidated rock at
depth as part of a much larger regional ground-water
flow system. If ground-water withdrawals from the
alluvial-fan aquifer were to increase, some of the water
that might have been available for recharge to the lower
part of the basin-fill aquifer could be intercepted. This
would result in lower water levels in the basin-fill aqui-
fer. The thick sequence and low permeability of the
lacustrine sediment in the upper part of the basin-fill
aquifer probably prohibits any substantial downward
leakage from the overlying shallow-brine aquifer, even
though the driving force is downward.

Discharge from the conglomerate in the lower
part of the basin-fill aquifer is by pumping from deep
brine wells and by upward leakage into the thick
sequence of lacustrine sediment. Stephens (1974, p.
22) estimated that about 2,900 acre-ft/yr were with-
drawn from October 1969 to September 1972. No data
were available to estimate the present rate of with-
drawal. Data also are insufficient to estimate any possi-
ble upward leakage.

Because of continued withdrawal from the allu-
vial-fan aquifer, ground water within the lacustrine
sediment of the upper part of the basin-fill aquifer
along the northwestern margin probably migrates into
the alluvial-fan aquifer as discussed previously.
Another form of discharge might be upward leakage
into the shallow-brine aquifer.
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Brine Chemistry and Implications for
Ground-Water Flow

The brine chemistry of the Bonneville Salt Flats
is a consequence of the desiccation of ancient Lake
Bonneville. The Bonneville Salt Flats subsequently
became the natural terminus for ground-water dis-
charge of much of the lake’s area. The presence of the
salt crust is an indicator of ground-water discharge by
evaporation under these natural ground-water flow con-
ditions. Under these conditions, the dissolved-solids
concentration in the shallow-brine aquifer increases
toward the salt crust where the brine comes to the sur-
face and evaporates. Natural ground-water flow toward
the salt crust on the Bonneville Salt Flats has been
intercepted in recent decades as a result of anthropo-
genic causes as explained in previous sections of this
report.

Major lon Chemistry

The brine chemistry of the shallow-brine aquifer
in the Bonneville Salt Flats probably has not changed
substantially since the Lines (1979) study. The dis-
solved-solids concentration of brine in the shallow-
brine aquifer in the Bonneville Salt Flats ranges from
about 65,000 mg/L along the northwestern margin of
the playa to more than 325,000 mg/L in the salt-crust
area (Mason and others, 1995, table 4). Dissolved-sol-
ids concentration in the Bonneville Salt Flats during
1992 (fig. 22) is virtually the same as that reported by
Lines (1979, fig. 43). The ground-water flow regime in
the shallow-brine aquifer has been changed because of
brine withdrawal for mineral extraction. For the dis-
solved-solids concentration to remain unchanged, the
concentration must be maintained by the dissolution of
salt crust, upward leakage from the underlying lacus-
trine sediment of the upper part of the basin-fill aquifer,
or a combination of both.

Because of the hydraulic gradient toward the
northwestern margin of the Bonneville Salt Flats, Lines
(1979, p. 91) suggested that the dissolved-solids con-
centration gradually increases with time along this
margin. Data collected during this study, which
included specific-gravity measurements and chemical
analyses of brine from wells, indicate that seasonal
influxes of more dilute recharge water from the east
flank of the Silver Island Mountains have masked the
proposed increase in dissolved-solids concentration.
The pH in brine collected from shallow wells along the
northwestern margin is consistently higher than in

brine from wells closer to the salt crust. This suggests
mixing of water from another source. The dissolved-
solids concentration in the brine from some wells along
the northwest margin decreased from the summer of
1992 to the spring of 1993 (Mason and others, 1995,
table 3). This slight freshening of the brine can occur
periodically when precipitation is sufficient to allow
infiltration before evaporation.

Potassium concentrations in brine from wells
completed in the shallow-brine aquifer (fig. 23) have a
distribution similar to that reported by Lines (1979, fig.
46), with the highest concentrations in the general
vicinity of the salt crust. Potassium and magnesium
remain in solution because the density at which potas-
sium chloride and magnesium chloride precipitate can-
not be reached until sodium chloride has precipitated.
The concentration of the potassium and magnesium
cations becomes diluted as a result of infiltration of
fresher water after a large thunderstorm during the
summer months or rain and snow during the winter
months when evaporation is minimal. The sodium
chloride concentration, however, is maintained by dis-
solution of the salt crust. Because of dilution of some
ions by the infiltration of fresher water, brine samples
to be used for comparative purposes over a period of
years must be collected during the same time each year.
Lines collected samples during September 1976; the
samples whose potassium concentrations are shown in
figure 23 were collected during August and September
1992. Both data sets are representative of late summer
conditions in which the potassium concentration prob-
ably has reached its maximum after several weeks of
evaporation from the playa surface.

Prior to mineral development, the highest con-
centrations of potassium and magnesium coincided
with the terminus of ground-water flow, generally in
the center of the playa where topography is lowest, nat-
ural discharge is by evaporation, and the salt crust is
thickest. This area coincides with the central part of the
playa north of Interstate Highway 80 for about 2 mi and
south of the highway for about 5 mi. Lines (1979, p. 91)
suggested that brine withdrawal from the shallow-brine
aquifer for mineral production has affected the areal
distribution of potassium and magnesium in solution in
the central part of the area just north of Interstate High-
way 80 and along part of the brine-collection ditch east
of the salt crust. The areas, depleted in potassium,
remain evident (fig. 23). The percentage of potassium
chloride by weight just north of Interstate Highway 80,
however, is larger than the value shown by Lines (1979,

Brine Chemistry and Implications for Ground-Water Flow 45



‘2661 Jequisideg ‘yeln ‘sie|4 1S ejneuuog “Jenbe auuqg-mojieys eyl Loy 8ULIQ Ul UOHBIUSIUOD SPI|OS-PaAI0SSI] "2g d1nBid

SHILIWOTHM 9 14 4 0 24 suoz
| | | | ‘uonosloid J0jedIB)y BSIBASUR)] |ESIBAIUN
J— m_u r _m .w 6261 ‘000°001:1. ‘elep ydeid suy eliBIP Aaaing 1e0ibojosD 'S’ Woy oseg
‘MIL'H . MZ/ZLH ‘M8LH ‘M6l
7T 7
£
mmhﬁ uonosjjoo-aung /£ N % ﬁ»{ y _
4 5J
ﬁ NEas
PeOI|IEY oyed uolun S \ EEE
P - 4 3 n3 =
oo r@ K2 S = 1 mm.mfl. A Y S 1. e/ | =
e & ok - ToNOPUSA
<l . P4 : /¥ /
S L -
- L 'Y \\— i
— ooo . . T 4
B, ¥
2. L
W g /g !
3 3
LS \ &v“ . \\ 7 £ i
v v 201 S5O0 )
L3 AWW \ pgil 5900y
g "
- - ) ~ =
> o
« °® s
= .
=3
° . .
. / . ®
o N
[ ] 2
. \ oY
oé,
o o & o o ..# (1)
‘NIL'L w

$59] 10 199 67 Jo yydop
& 0} pajordwod [[om SULIoITUOW MO[[eYS—T IPA L4
N -.08.25.07 AIepUNOQ BAB[J s
UNNPp uondajjor-suliyg
1207

I1od sureiS 00T [eAIOIUT INOJUOD—UONBIIUIIUOD
SpI[os-paA[ossip [enba jo sul] NCUIX0IddY =0} ==

NOILVNVIdXH

‘NZ'L \u /
\oﬂjm_

ONLUYOH

U0g e

ShaELL

HYDROLOGY OF THE BONNEVILLE SALT FLATS, NORTHWESTERN UTAH

46



_ 2661 ‘1Iswwns a)e| ‘yein ‘sje|d yes
g|l1nauuog ‘Jejinbe aulg-Mmoy[eys 8y} JO PN 8jeuod eD By} Woly aulq Ul yblem Aq ebeiusdsed ‘epuojyo wnisselod Jo uonnquisip [ease ajewixoiddy *gZ ainbi4

SHIALANOTIN 9 14 k4 0 21 auoz
| | | ‘uonaaloid Jojeosapy dsiensuel) jesianun

f 1N I | 6461 ‘'000°001:1 ‘Blep ydeib auy jebip Aaaing jeoibojoan '§'n woly aseg
.>>w—.m _.>>t..m mm_.__s_m ¢ N .>>mp.x o ,gww.m_

PeOl|igY dl10eg Uolun

{08y

e

i — \ 3 o.A\ L.Sbo0p

I/ 2 / w
iy y 2 " | peos spadoy
mﬂ 2
3 .
Sl okt

050 Too
N 00:v 4L
& (]
) el

R
S’} 2

{ ] [ ]

€60 \ 1% w/p.v

>
/ v.&o
4 .%ué ELL
crgm 6ot | 06 e >
. r ® Gl
NO. DD.._ 3 ® nl_- 1 O

z
N
oS

-

N

660 apuo[yd
wnrssejod Jo a8ejuasiad ST r0quny] 'sSI 10 199) G JO 160

-.0€.25:0% yidop & 01 pajojdwiod [[am FuLioTuow MO[RYS—[3AA [
A1epunoq efejd
YOJIp UOIII[[0I-3uLIg
Juoored
"0 TeAIoIUT Inojuo)—Idymbe auLIq-moffeys ur
PO 3JRUOQIE) UK0I) JULIG Ul IPLIO[YY wmnissejod
Jo yS1am £q adeyuadaad [enbs jo aulf eux0Iddy = G'Q =

NOILVNVIdXH

NeZ'L \u
-

ONILYOTd

47

Brine Chemistry and Implications for Ground-Water Flow



fig. 46). It is uncertain whether the new value is indic-
ative of a replenishment of potassium, or whether this
is a seasonal effect in which the concentrating effect of
evaporation at the salt surface was more prevalent in
1992 than in 1976. The lower percentages present to
the east of the brine-collection ditch are representative
of the brine migrating toward the ditch from east of the
study area and should not change appreciably through-
out time.

Evaporation from the playa surface has a con-
centrating effect on potassium and magnesium in the
brine just below the playa surface because these cations
will remain in solution as sodium chloride is precipi-
tated. In contrast, Lines (1979, p. 94) reported that
potassium and magnesium concentrations were less in
brine from the salt crust than in the underlying carbon-
ate mud at four of five locations where wells were com-
pleted in both zones. Lines suggested that the lower
potassium concentrations in brine from the salt crust
are the result of brine withdrawal for mineral produc-
tion. He stated that where the lower potassium concen-
trations were present in the brine, the direction of
vertical ground-water flow was downward throughout
the year for water levels referenced to freshwater. If
vertical driving forces are calculated using the same
data, the direction of ground-water flow was upward
during part of the summer at most of these sampling
sites and downward at all sites during September 1976.
These data suggest that seasonal effects might be a
more plausible explanation for the lower potassium
concentrations in brine from the salt crust.

Brine was collected for chemical analysis in May
and September 1993, from three wells, (B-1-17)31acc-
1, -2, and -3. These wells were completed at different
depths in the shallow-brine aquifer. The percentage by
weight for potassium chloride was similar for both
samples in each of the three wells. The percentage
potassium chloride in the brine from well (B-1-
17)31acc-3, completed in the salt crust, was less than
that in brine from well (B-1-17)31acc-1, completed in
the carbonate mud immediately beneath the salt crust.
This trend is the same as reported by Lines. The percent
potassium chloride in the brine from the well com-
pleted in the salt crust, however, was similar to the
value for brine from well (B-1-17)31acc-2, completed
in the deepest part of the shallow-brine aquifer.

The vertical driving force for ground-water flow
between the salt crust and the carbonate mud beneath
the salt crust, wells (B-1-17)31acc-1 and -3, was
upward during 1993. Climatic conditions at the Bon-

neville Salt Flats for the summer of 1993 were wetter
and cooler than normal (table 1). The playa surface
remained flooded for most of summer 1993, therefore,
sufficient evaporation from the shallow-brine aquifer
had not occurred by late summer to sufficiently lower
the water level in the well completed in the salt crust to
reverse the driving force.

Much of Lines’ discussion concerning the per-
centage of potassium chloride in the shallow-brine
aquifer pertains to the possible effects of brine with-
drawal for mineral production. Turk (1969 and 1973),
was concerned more with evaluating potassium inven-
tory and producibility in the shallow-brine aquifer
through the use of a simplified mixing model. Turk
(1969, p. 179) suggested that the percentage of potas-
sium chloride in brine from the shallow-brine aquifer
would decline to about 0.5 percent in 30 to 40 years. As
discussed previously, data collected during this study
indicate that potassium is not being depleted. A possi-
ble explanation for the lack of potassium depletion
throughout time might be the diffusion of potassium
from pore fluid within the carbonate mud and clays into
the brine that migrates through fractures within the
shallow-brine aquifer to areas of discharge. Results of
chemical analyses of pore fluid reported by Mason and
others (1995, table 5) show that potassium concentra-
tions in pore fluid are similar to those in samples from
shallow wells. As brine is withdrawn from the fractures
by the brine-collection ditch and subsequently replen-
ished by infiltration from the playa surface, diffusion of
interstitial potassium might occur as the brine migrates
along its flow path. Another possible source for potas-
sium is through upward leakage from the underlying
lacustrine sediment of the basin-fill aquifer, despite the
lack of measured water-level and density data to verify
this movement. If these are the processes by which
potassium might be replenished, then the potassium
resource is unlikely to show any depletion in the next
several years or possibly decades because of the large
amount of interstitial fluid in storage within the carbon-
ate mud and clays of the shallow-brine aquifer and the
lacustrine sediment in the upper part of the basin-fill
aquifer.

The chemical composition of brine from the
lacustrine sediment in the upper part of the basin-fill
aquifer appears to be basically the same as in the over-
lying shallow-brine aquifer, but the overall dissolved-
solids concentration is considerably lower. Brine sam-
ples were collected from four wells at the center of the
salt crust, wells (B-1-17)31acc-4, -5, -6, and -7, com-
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pleted to depths of 95, 235, 495, and 63 ft, respectively.
The highest dissolved-solids concentration is in brine
from the well completed just beneath the shallow-brine
aquifer. The concentration decreases and then
increases again with depth (Mason and others, 1995,
table 4). These data indicate that mixing with brine
from the shallow-brine aquifer might be the cause of
the increased dissolved-solids concentration in the
lacustrine sediment of the upper part of the basin-fill
aquifer, but that mixing probably has not affected the
brine at depths of more than 63 ft. The apparent
increase in dissolved-solids concentration in brine
from the two deepest wells might be the result of
incomplete well development after well completion.
Brine collected from four additional wells, (B-1-
17)11aac-2, (B-1-17)21add-4, (B-1-17)23abd-2, and
(C-1-18)9adc-2, all completed to a depth of 63 ft, had
similar concentrations as the brine from well (B-1-
17)31acc-7.

Water from the production zone of the alluvial-
fan aquifer along the northwest margin of the Bonnev-
ille Salt Flats has a dissolved-solids concentration that
ranges from about 6,200 mg/L to more than 8,000 mg/
L (Mason and others, 1993, table 4). The dissolved-sol-
ids concentration in the water from the nested wells
located in a line perpendicular to the playa margin
increases toward the playa. Results of chemical analy-
ses of water from the alluvial-fan aquifer and the lacus-
trine sediment that separates the alluvial-fan and
shallow-brine aquifers are listed in table 2.

Turk (1969, p. 76, and 1973, p. 4) and Lines
(1979, p. 63) have indicated that the brackish water
now present in the alluvial-fan aquifer has resulted
from mixing of relatively freshwater with brine from
the lacustrine sediment since pumping began in the late
1940’s. As mentioned in the previous section, they
attributed this increase to leakage of brine from the
adjacent lacustrine sediment. Other probable sources
for the dissolved-solids concentration in water from the
alluvial-fan aquifer might include water leaking
upward along fault zones, terminus of regional flow,
surface runoff dissolving small amounts of salt depos-
ited by wind on the surface of the alluvial fan prior to
infiltration through surface fractures, or a combination
of these possibilities. No data are available to provide a
definitive answer as to which source is most probable.
Chemical data that might have been collected when the
production wells were drilled were not available. This
type of data would have been useful for determining
antecedent conditions. Results of chemical analyses of

water from wells (C-1-19)10aba-1 and 10bac-1 (table
2) indicate that the water in the alluvial-fan aquifer in
the pumping area might have become more saline dur-
ing the 26-year period between samples. The sample
collected in 1993 had about a 20-percent-higher con-
centration for all major constituents as compared to the
sample collected in 1967. Unfortunately, these samples
were not obtained from the same wells. The difference
in chemical concentration, therefore, might result from
a difference in well-completion depth.

On the basis of four pond samples collected and
analyzed in January, May, June, and July 1993, the
chemical evolution of the ponded water can be sur-
mised. The analysis for the sample collected in January
indicates the ponded water quickly attained a dis-
solved-solids concentration of 272,000 mg/L by dis-
solving salt from the salt crust (Mason and others,
1995, table 4). As evaporation of the pond progressed,
the concentration of dissolved solids increased to more
than 325,000 mg/L. After the total concentration
exceeded 300,000 mg/L in May 1993, calcium,
sodium, sulfate, and chloride concentrations increased
by only a small percentage, but magnesium and potas-
sium concentrations increased by 4 to 6 times as
sodium chloride precipitated and evaporation
decreased the volume of brine. Concentrations of bro-
mide, boron, and strontium also increased as the size of
the pond shrank from evaporation.

Isotope Chemistry

In selected samples of brine from all aquifers in
the Bonneville Salt Flats, the stable isotopes of hydro-
gen and oxygen were analyzed to help determine pos-
sible sources for the water within each aquifer. The
stable isotozpes are analyzed by measuring the ratios of
hydrogen ( H/'H) and oxygen (180/ 180)ina sample of
water. The 2H/'H isotope ratios of brackish water and
brine samples were analyzed using the method
described by Kendall and Coplen (1985). The 130710
isotope ratios of brackish water and brine samples were
analyzed using a modification of the method described
by Epstein and Mayeda (1953). The stable isotope of
hydrogen (2H) is commonly called deuterium (D). The
isotope ratios are reported as differences from an arbi-
trary standard known as STANDARD MEAN OCEAN
WATER (SMOW) and are expressed in 0 units permil
(parts per thousand or 0/00). The d values are deter-
mined from the equation:

o= [(R-Rstandard)Rstandardl X 1,000 (16)
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Table 2. Results of chemical analyses of water from selected wells completed in the alluvial-fan aquifer

[°C, degrees Celsius; mg/L, milligrams per liter; —, no data; Location: See figure 2 for explanation of numbering system used for hydrologic-
in a standard referenced to Standard Mean Ocean Water (SMOW), calculated as: [((ZH/IH)samp,e - 2H/"H) g g ) giangaral
ratio in a standard referenced to Standard Mean Ocean Water (SMOW), calculated as: [(("80/'%0)gandard -

Solids, Alka- Cal- Magne-
residue at linity, cium, sium, Sodium,
Location Date Water  Specific 180°C, pH, lab dis- dis- dis-
temper-  gravity, dis- field (mg/L solved solved solved
ature field solved (standard as (mg/L (mg/L (mg/L
(°C) (mg/L) units) CaCOy) as Ca) as Mg) as Na)
(B-1-18)29ccc-1 03-29-72 28.0 — 6,260 7.7 —_ 91 71 2,200
(B-1-18)31acd-1  08-18-92 16.0 1.001 6,330 8.0 192 43 42 2,100
(B-1-18)31bda-1  08-17-92 26.0 1.002 6,490 8.2 180 88 75 2,000
09-07-93 20.0 1.002 — 7.6 — — — —
(B-1-18)31bda-2  08-17-92 21.0 1.000 6,360 8.2 172 71 69 2,000
09-07-93 20.5 1.002 — 7.8 — — — —
(B-1-18)31bda-3  08-17-92 — 1.001 6,230 8.1 174 75 72 2,000
09-07-93 235 1.002 — 7.7 — — — —
(B-1-18)31dac-1  08-18-92 18.0 1.004 11,600 8.1 317 91 94 3,700
(B-1-18)31dac-2  08-18-92 19.0 1.004 37,000 8.1 262 310 410 12,000
09-07-93 19.5 1.029 — 74 — — — —
(B-1-18)31dac-3  08-18-92 18.0 1.002 7,060 8.0 243 48 42 2,500
09-07-93 15.0 1.002 — 7.8 — — -— —
(C-1-18)6abb-1 08-19-92 17.0 1.068 100,000 7.2 297 990 1,700 31,000
(C-1-18)6abb-2 08-19-92 20.0 1.066 101,000 7.5 224 1,100 1,500 30,000
(C-1-18)6abb-3 08-18-92 17.0 1.060 87,800 75 152 1,200 1,200 27,000
(C-1-18)6adc-1 08-19-92 22.0 1.062 97,600 75 249 1,100 1,600 31,000
(C-1-18)6adc-2 08-19-92 16.0 1.083 98,300 7.4 316 1,200 1,400 39,000
1 (C-1-19)2adb-1 03-29-72 245 — 5,700 7.5 — 79 63 2,000
(C-1-19)10aba-1  02-05-93 30.0 — 8,310 7.8 154 130 95 2,600
2 (C-1-19)10bac-1  08-04-67 31.0 — — — — 100 80 2,100

1 Reported by Lines, 1978, table 3.

2 Reported by Turk, 1973, table 4b, as well FW-5.
where R and Ry, 4,4 are the isotope ratios of sample
and standard, respectively. A negative § value indicates
that the isotope ratio of the sample is depleted with
respect to the heavy isotope in comparison to the
heavy isotope in the standard, or conversely, a positive
0 value indicates the sample is more enriched than the
standard.

The relation between 8D and 8'30 is known as

the meteoric water line and is determined by the equa-
tion:

D =8x81B0+d (17)

where d is the deuterium excess (Dansgaard, 1964, p.
456). The mean global value for d in freshwater is 10

(Craig, 1961, p. 1702). The value for d may differ
depending on location and geologic time. Any change
in the value for d, whether larger or smaller, will
merely shift the meteoric water line to either side of
the mean global meteoric water line. The North Amer-
ican meteoric water line (fi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>