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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).

Sea level: 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 (mg/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 0 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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INTRODUCTION

The Bonneville Salt Flats is located in the west­ 
ern part of the Great Salt Desert of northwestern Utah 
(fig. I). The salt crust on the Bonneville Salt Flats,

r\

which covered 43 mi in late summer 1992, is unique 
for its size and accessibility.

The first documented non-Native American 
explorations of the area were instigated in the early 
1830's by Captain Benjamin Louis Eulalie de Bonnev­ 
ille, for whom the area is named. Captain de Bonneville 
ordered Joseph Reddeford Walker to explore the region 
west of the Great Salt Lake in search of undiscovered 
areas with potential for fur trapping. During his explo­ 
rations, Walker crossed the salt flats enroute to the 
Sierra Nevada Mountains. In 1835, Captain de Bonnev­ 
ille abandoned the area with very little success in 
acquiring furs. Because of the harsh conditions and 
remoteness of the area, the Bonneville Salt Flats was 
not surveyed until 1926, almost a hundred years later 
(Post, 1992, p. 30).

The salt crust has been used for high-speed auto­ 
mobile racing, and brine associated with the salt crust 
and surrounding playa has been used for mineral pro­ 
duction for most of this century. More recently, the 
film-making industry has used this unique area because 
of the contrast of white salt against blue sky and vast 
horizons.

High-speed automobile racing on the Bonneville 
Salt Flats began in 1914. Over the years, the Bonneville 
Salt Flats has proven so desirable for racing that it has 
become one of the most preferred surfaces for speed 
enthusiasts from all over the world. A number of world 
speed records have been, and continue to be, set on the 
Bonneville Salt Flats. Each year, depending on salt- 
crust conditions, four separate racing events are sched­ 
uled. Speed Week, in August of each year, is the largest 
event, usually attracting more than 300 entries. A his­ 
tory of racing on the Bonneville Salt Flats is reported 
by Post (1992). Members of the racing community 
have been concerned about progressive deterioration of 
the quality of the racing surface, as well as the lateral 
extent and thickness of the salt crust. They have sug­ 
gested that the cause of the deterioration of the salt 
crust is directly linked to brine withdrawal from the 
Bonneville Salt Flats for mineral production.

Mineral production on the Bonneville Salt Flats 
began in the early 1900's when halite (common salt) 
was extracted from the salt crust. Production of potash 
began in 1917 when supplies of potassium salts from 
Germany were interrupted during World War I. By

1920, most of the potassium salts produced in this 
country came from part of the Bonneville Salt Flats that 
passed into private ownership in 1917. Additional lands 
were passed into private ownership during 1933-35. 
Much of the private land is located south of the present 
Interstate Highway 80. When German potassium-salt 
supplies were available again in 1921, production from 
the Bonneville Salt Flats ceased until 1938. A more 
detailed description of the early history of potash pro­ 
duction in this area is reported by Gwynn (1996). The 
area from which brine is withdrawn for potash produc­ 
tion was expanded in 1963 when mineral leases on 
25,000 acres of Federal land were issued. These Fed­ 
eral leases were renewed in 1983. Presently, the min­ 
eral company operates on private land (66 percent), 
Federal land (28 percent), and State land (6 percent). A 
description of the potash-extraction process has been 
written by Bingham (1980).

Other perennial salt crusts are present in remote 
regions of the world, but none match the mostly 
smooth, hard surface, size, and accessibility of the 
Bonneville Salt Flats. Because of these unique charac­ 
teristics, in 1985 the Bureau of Land Management des­ 
ignated the Bonneville Salt Flats as an Area of Critical 
Environmental Concern. For such an area, manage­ 
ment practices must reflect the need for preservation of 
the special feature and balance this preservation with 
the multiple-use concept that allows mineral extrac­ 
tion.

A decrease in thickness and areal extent of salt 
crust has been documented over a 28-year period, from 
1960 to 1988, (Steven Brooks, Bureau of Land Man­ 
agement, written commun., 1989), but no definitive 
data have shown what processes are involved. The 
Bureau of Land Management needs to know the 
dynamics of the salt loss in order to make appropriate 
management decisions concerning the Bonneville Salt 
Flats. This hydrologic investigation was done by the 
U.S. Geological Survey, Water Resources Division, in 
cooperation with the Bureau of Land Management to 
provide them with data and interpretations concerning 
the present movement of salt through the hydrologic 
system. The study began in October 1991 and contin­ 
ued through September 1994.

Purpose and Scope

This report describes the hydrologic system of 
the Bonneville Salt Flats with emphasis on the mecha­ 
nisms of solute transport. Variable-density, three-
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Figure 1. Location of the Bonneville Salt Flats study area, northwestern Utah.
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dimensional computer simulations of the near-surf ace 
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 aquifer.

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 section1 . The lowercase letters a, b, c, 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 miscellaneous data site other than a well, 
such as a location for a core sample. Thus, (C-l-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

R. 17 W.

Tracts within a section

Section 18

T. 
1 x
S.

6

7 
Well
• 
18

49

30

31

5

8

17

2TJ\

2§\

32

——— 9.

4

9

16

x21

,28

33

3\

10

15

22

^X

X

6 miles 
7 kilomete

\2

1\

14

23

26
\ 

35

1

12

K
24

25

X
\^

»rs —— -

Well

(C-1-17)18bbb-2

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 corner, 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 S alt Flats 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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tion and precipitation, measurements from the top of 
the well casing to the salt crust were made at the same 
time as water level measurements during 1993. From 
the differences in these measurements over time, the 
amount of salt dissolved in the winter of 1992-93 and 
precipitated in the summer of 1993 was estimated.

A continuous water-level recorder was installed 
and maintained on well (B-1-17)3 lace-1, which was 
completed to a depth of 14 ft and located near the cen­ 
ter of the salt crust. Six other wells completed at vary­ 
ing depths that ranged from 2.5 to 495 ft were also at 
this location. Two weather stations, installed and main­ 
tained by the Utah Climate Center, recorded data nec­ 
essary to estimate actual evaporation from the playa 
surface.

Brine samples from wells on the Bonneville Salt 
Flats were collected for chemical and isotopic analysis. 
In most monitoring wells, yield was very low, thus pre­ 
venting the withdrawal of three casing volumes. A min­ 
imum of one casing volume was pumped from each 
well before sampling and where feasible, three casing 
volumes were pumped. The distribution of samples 
was designed to examine the variation in chemical con­ 
stituents areally, vertically within the ground-water 
system, and temporally. Twelve wells, originally sam­ 
pled by Lines (1978, 1979), that were still usable were 
sampled again to determine any long-term variation. At 
most of the sampled wells completed in the shallow- 
brine aquifer, two samples were collected in early sum­ 
mer and fall. From these analyses, a seasonal variation 
for various constituents can be determined. All wells 
completed in the lacustrine sediment below the shal­ 
low-brine aquifer and at the northwest margin of the 
playa were sampled. Pore fluid from cores collected 
during drilling of some wells also was analyzed.

The quantity of brine obtained from land on Fed­ 
eral leases was estimated from data collected at the 
pumping station, which lifts the brine to a higher eleva­ 
tion in the collection ditch, south of Interstate Highway 
80 (fig. 3). A continuous recorder was used to measure 
the brine level in the ditch upstream from the pumping 
station. Data from the recorder were used to determine 
the time the pump was in operation and the brine level 
at time of pumping. A vibration-time-totalizing meter 
was installed on the pump to monitor total length of 
time the pump was in operation. Instantaneous dis­ 
charge, specific-gravity, and temperature measure­ 
ments were made periodically. The instantaneous 
discharge measurements were compared to the level in 
the ditch from which the pump lifts the brine. Pump

discharge is larger when the brine level in the ditch is 
high as compared to when the brine level in the ditch is 
low. From these data, a rating curve was developed that 
relates brine level to discharge when the pump is in 
operation.

The two weather stations that were installed by 
the Utah Climate Center are located at a multiple-well 
site near the center of the salt crust and to the northwest 
on the playa margin (fig. 3). These additional stations 
were designed to collect data necessary to determine 
precipitation, wind direction and velocity, air tempera­ 
ture, relative humidity, solar and net radiation, surface 
heat flux, and latent and sensible energy for the deter­ 
mination of actual and potential evaporation. The sta­ 
tion on the playa margin northwest of the salt crust was 
put into service in November 1991. The weather station 
on the salt crust (fig. 4) was put into service in Septem­ 
ber 1992. These weather stations were serviced by per­ 
sonnel from the Utah State Climate Center.

rrtt

Figure 4. Weather station near the center of the 
salt crust, Bonneville Salt Flats, Utah.
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DESCRIPTION OF STUDY AREA

Physical Setting

The Bonneville Salt Flats study area is in the 
western part of the Great Salt Lake Desert, which is in 
the Great Basin part of the Basin and Range Physio­ 
graphic Province (Fenneman, 1931, pi. 1). The Great 
Basin is a hydrologically closed region with no surface 
outlet. The only means for water to leave the Great 
Basin is by evaporation to the atmosphere. Typical 
topography of the Basin and Range Province consists 
of nearly north-trending mountain ranges separated by 
desert basins. The mountain ranges and separating 
basins are generally 5 to 15 mi wide and about 50 mi 
long, but the Bonneville Salt Flats is located in the 
western part of a basin that is more than twice as wide 
as a typical basin in the Basin and Range Province.

The Bonneville Salt Flats is bounded by the Sil­ 
ver Island Mountains to the northwest. The mountains 
rise abruptly from the playa floor to a maximum alti­ 
tude of more than 7,500 ft. Paleozoic-age carbonate 
rocks and quartzites with some outcrops of Tertiary- 
age basaltic extrusive rocks are prominent. Several 
remnant Lake Bonneville shoreline features on the 
steep mountain flanks are visible from the Bonneville 
Salt Flats. Although sand and gravel are present in the 
subsurface, the surface features of alluvial-fan deposits

are less prominent on the southeastern flank of the Sil­ 
ver Island Mountains, adjacent to the Bonneville Salt 
Flats, than on the northwestern flank.

Surface runoff, which generally results from 
intense summer thunderstorms, flows in distinct 
ephemeral stream channels from the mountains toward 
the playa. These channels cross the alluvial fans and 
continue toward the playa where most terminate in sur­ 
face fractures before reaching the playa mud. Flow in 
some of the ephemeral stream channels might reach the 
playa beyond the vegetation at the playa margin and 
contributes to surface ponds. Surface flow reaching the 
playa, however, was not observed during this study.

On the northeast, east, and south margins of the 
Bonneville Salt Flats, the playa surface gradually 
slopes upward for several miles in each direction. The 
surface of the salt crust represents the lowest point of 
the basin, and surface-water flow generally moves 
toward the salt crust. Even slight changes in altitude of 
the land surface, such as less than 1 ft, can create small, 
closed basins that can accumulate water and salt, thus 
impeding flow toward the salt crust. These small, 
closed basins are easily breached when the water level 
rises as a result of precipitation and when strong winds 
move sheets of water across the playa surface. Surface- 
water flow that used to move toward the salt crust has 
been interrupted by man-made structures such as the 
brine-collection ditch and associated berm on the east 
side of the salt crust, and Interstate Highway 80 and the 
railroad to the south. Culverts were installed beneath 
Interstate Highway 80 to facilitate surface flow toward 
the salt crust. In 1983, additional culverts were 
installed beneath the roadbed to alleviate extensive 
flooding. A large amount of water again passed through 
these culverts in the spring of 1993 as a result of 
greater-than-normal precipitation in January and 
below-normal temperatures in January and February.

Playa Morphology

The salt crust and associated near-surface depos­ 
its in the Bonneville Salt Flats playa are the result of 
desiccation of Lake Bonneville. As with other playas 
that formed by lake desiccation, evaporite mineral 
zonation, as described by Hunt and others (1966, p. 
B46-B48), can be divided into a carbonate zone, com­ 
posed primarily of aragonite; a sulfate zone, composed 
primarily of gypsum; and a chloride zone, composed 
primarily of halite. As evaporation progresses, the dis- 
solved-solids concentration of the evaporating fluid
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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-

DESCRIPTION OF STUDY AREA 11



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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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

Temperature

January
February
March
April
May
June
July
August
September
October
November
December

January
February
March
April
May
June
July
August
September
October
November
December

January
February
March
April
May
June
July
August
September
October
November
December

Mean

23.6
37.7
47.2
57.5
65.8
71.1
76.6
77.1
66.0
55.2
33.9
24.4

15.4
24.5
42.5
48.6
63.7
64.5
71.3
73.0
64.5
50.7
30.4
21.5

30.7
31.1
44.8
52.4
64.4
73.0
79.4
78.4
67.3
50.0
32.3
28.8

Departure

-4.5
3.3
5.8
7.0
5.0

.7
-3.2

.4

.0
2.8

-4.3
-4.4

-11.4
-9.2

.3
-2.1
2.9

-6.4
-8.4
-3.7
-1.1
-1.3
-8.2
-1.1

3.9
-2.6
2.6
1.7
3.6
2.1
-.3
1.7
1.7

-2.0
-6.3
1.2

Precipitation 
(inches)

Total

.01

.14

.15

.0

.01

.26

.2

.33

.0

.26

.14 M

.12 M

1.0
.13 M
.19 M
.04
.13 M
.37
.6
.01
.24
.51
.01
.0

.02

.01

.47

.29 M

.33

.0

.15

.35

.88

.06 M

.13 M
—

Departure

1992

-.33
-.22
-.27
-.43
-.84
-.35
-.05
-.09
-.23
-.21

NA
NA

1993

.76
NA
NA

-.52
NA

-.28
.29

-.45
-.14
-.04
-.37
-.27

1994

-.22
-.31
.02

NA
-.57
-.65
-.16
-.11
.50

NA
NA
NA

Playa margin

Temper­ 
ature

22.8
39
49.1
59.7
68.2
72.5
78.7
84.1
65.5
54.6
34.3
24.8

17.6
25.0
42.5
48.9
64.4
65.2
71.6
73.5
64.9
51.1
30.7
26.8

31.5
31.9
45.3
52.5
—
74.1
80.8
79.2
70.3
51.8
32.7
29.9

Precipi­ 
tation 
(inches)

.44

.52

.25

.01

.22

.37

.05

.03

.06

.57

.27

.26

.97

.0

.0

.06

.54

.9

.57

.06

.34
1.43

.01

.01

.22

.25

.74
1.51

—
.0
.04
.14
.0
.28
.15
.03

Salt crust

Temper­ 
ature

—
—
—
—
—
—
—
—
—
55.7
34.8
25.4

19.5
27.6
44.9
49.9
64.0
64.4
69.5
71.7
62.9
50.8
30.2
26.4

30.5
32.0
44.8
52.1
63.7
72.7
79.7
78.2
—
—
—
—

Precipi­ 
tation 
(inches)

—
—
—
—
—
—
—
—
—

.47

.12

.10

.36

.3

.42

.14

.25

.74
1.37
.04
.05
.94
.02
.01

.11

.12

.85
1.23
.6
.0
.0
.11

—
—
—
—
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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

16 HYDROLOGY OF THE BONNEVILLE SALT FLATS, NORTHWESTERN UTAH
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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, O. 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:

(1)

where
O is the potential (EIM);
g is the gravitational constant (Z/T2);
z is altitude (L);

z0 is the reference standard altitude (L);
p is the fluid pressure (F/L2); 

PQ is the fluid reference standard pressure (F/L2); 
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

Principles of Variable-Density Ground-Water Flow 1 9



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,

<E> = gh (2)

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, h, 
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

-i

where 
E

E = -VO = g-Vpp

is the force vector on a unit mass of fluid 
(F/M);

); and

(3)

-iV is the spatial gradient operator (L 
g is the gravitational vector (L/T 2).

The fluid is in a state of hydrostatic equilibrium 
when E = 0, that is, <E> 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 <jr. For a homogeneous fluid 
in an isotropic porous media, q 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

q = -KVh

-Vp/p -V/7/P

E = 0

(a)

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

3,,2
where

q is the volumetric fluid-flux vector (LJ/LZ-T);
and 

K is the hydraulic conductivity (LIT).
If a second fluid of density P2, 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.

E2 = g + ?)*,-.]
P9/

(5)

(4)

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 EI is neither zero nor ver­ 
tical, E2 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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-Vp/p

Figure 11 . Force-intensity vectors for two fluids of 
different density acted upon by the same pressure and 
gravitational fields.

2) [E.-g]

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

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

(6)

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

P2, P2-Pl — «2~————— 

Pi 2 Pi
(7)

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 = -gVh (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,

T-T • 1 \~71E7 = -g— Vfli2 W l Pi (9)

The component of E2 in the vertical direction 
can be given by

P2-P1 (10)

where
e 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.

6JJ,

. Pl-Pl^+ ——— Vz 
Pi

(11)

k
£

where
v2 is the interstitial velocity of the fluid (LIT); 

is the permeability (L2); 
is porosity (-); and 

|i is the fluid viscosity (FIL2 -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.

-V/7

-[(p2 -

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

v, = -
ep.

+
Pi (12)

where
vz is the vertical interstitial velocity of the fluid

0/7).
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 insoluble 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

S)

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 ft2/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 10' 1 to 4 x 10"5 (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 10 to 4.1 x 10"4 . 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-surf ace, 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 
play a surface, precipitation on the play a surface, and 
brine withdrawal for mineral production. Water-level 
fluctuations in well (B-1-17)31 ace-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.
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Average brine density was used as the reference 
density in equation 9 to minimize the magnitude of the 
gravitational term. This means that p2 - Pi 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/cm 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-l-17)23abd-l is lowered sufficiently so that the 
direction of the total driving force between the brine in 
this well and in the adjacent well, (B-l-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-l-17)31acc-l 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-l-17)31acc-l, completed in the shallow-brine 
aquifer, and well (B-l-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 ft2/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- 
era 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- 
em 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

fy

about 80 mi . 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 mi2 , about 30 mi2 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

where
C\ is the concentration in August 1992 (mg/L); 
<2i is the initial volume of brine with concentration 
Q (ft3); 
C2 is the concentration of infiltrating fluid in

January 1993 (mg/L);
Q2 is the volume of infiltrating fluid (ft ); and 
CT, is 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 Q2 :

(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 ft2 
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 mi2 . 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
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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.
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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

1961-90 normal mean monthly temperature at Wen- 
do ver. 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
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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 mi2, and 
the area used for estimating recharge was about 80 mi2. 
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 mi2 . 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, a long-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 
mi2 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 mi2. 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

r*

salt was 24 mi , 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 mi2 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. 1 S., 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

Q = TiL (15)

where
Q is the ground-water flow (ft3/d);
T is the transmissivity (ft2/d);
/ 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 
ft2/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 ft2/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-l-17)23abd-l 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 10' 16 to 1.0 x 10' 14 ft2 , 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"5 ft/d when the permeability for the lacustrine 
sediment of the basin-fill aquifer was assumed to be 1.0 
x 10" 16 ft2 . The average downward interstitial velocity 
is 7.32 x 10'6 ft/d. If a permeability of 1.0 x 10" 14 ft2 is 
assumed for the lacustrine sediment, the calculated 
interstitial velocities range from 3.0 x 10"4 to 2.05 x 
10'3 ft/d, with an average velocity of 7.32 x 10"4 ft/d. 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 mi2 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-l- 
18)31 ace-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"4 to 3.4 x 10"4. 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 ft2/d. Storage-coefficient 
values ranged from 2 x 10"4 to 5 x 10"4. 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)31 ace-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-l-18)31bda-l, -2, and -3, is toward the salt 
crust. Horizontal flow in the three sets of nested wells 
closest to the salt crust, wells (B-l-18)31dac-l, -2, -3, 
(C-l-18)6abb-l, -2, -3, and (C-l-18)6adc-l 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-l-18)31dac-l, -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-l-18)31dac-
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Figure 20. Water-level fluctuations in wells completed in the alluvial-fan aquifer, Bonneville Salt Flats, Utah.

2, which is completed at an intermediate depth in rela­ 
tion to the other two wells. The water in this well is 
more dense than water in either of the other two wells 
in this nest. Density in water from well (B-1 -18)31 dac-

o

2 varies from 1.019 to 1.029 g/cm . Density in water 
from wells (B-l-18)31dac-l and -3 was consistently 
1.003 g/cm3 (Mason and others, 1995, table 3). When 
the density of water in well (B-1 -18)31 dac-2 was about

o

1.027 g/cm or more, the vertical driving force was 
upward between wells (B-l-18)31 dac-1 and -2. The 
vertical driving force between wells (B-l-18)31dac-2 
and -3, however, remains downward.

Sensitivity in the direction of the vertical driving 
force between wells (C-l-18)6abb-l, -2, and -3 varies 
with the density of water. The density of water in well

(C-l-18)6abb-l would have to decrease by more than 
0.04 g/cm3 to reverse the direction of the vertical driv­ 
ing force between wells (C-l-18)6abb-l and -2. The 
density of water in well (C-l-18)6abb-2 would have to 
increase by more than 0.05 g/cm3 to reverse the direc­ 
tion of the vertical driving force between wells (C-l- 
18)6abb-l and -2, whereas a decrease of 0.008 g/cm3 
would reverse the direction of the vertical driving force 
between wells (C-l-18)6abb-2 and -3. The density of 
water in well (C-l-18)6abb-3 would have to increase

o

by 0.01 g/cm to reverse the direction of the vertical 
driving force between wells (C-l-18)6abb-2 and -3. 
Density values measured in water from these wells do 
not vary to this degree (Mason and others, 1995, table
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3). The direction of the vertical driving force, therefore, 
is unlikely to change because of density.

Similar to the wells previously discussed, den­ 
sity of water from wells (C-l-18)6adc-l and -2 would 
have to change considerably from measured values 
(Mason and others, 1995, table 3) to reverse the direc­ 
tion of the vertical driving force. The density of water 
in well (C-l-18)6adc-l would have to decrease by

o

more than 0.04 g/cm and the density of water in well 
(C-l-18)6adc-2 would have to increase by more than 
0.04 g/cm3 .

The horizontal and vertical driving forces toward 
the production zone of the alluvial-fan aquifer are the 
result of pumping and the induced drawdown in poten- 
tiometric head in the aquifer. Driving forces in the three 
nests of wells between the production well and the salt 
crust probably would be mostly toward the salt crust 
and upward if potentiometric head in the alluvial-fan 
aquifer were at the pre-development level. Ground- 
water flow toward the shallow-brine aquifer probably is 
minimal because of the low permeability of the lacus­ 
trine sediment that separates the coarse-grained mate­ 
rial of the alluvial-fan aquifer from the shallow-brine 
aquifer and the small driving force.

Recharge and Discharge

Probable sources of recharge to the alluvial-fan 
aquifer include surface runoff from the Silver Island 
Mountains and subsequent downward infiltration 
through fractures in the overlying lacustrine sediment, 
subsurface flow from the consolidated rocks in the Sil­ 
ver Island Mountains, and subsurface flow from the 
lacustrine sediment along the playa margin. Results of 
the aquifer tests mentioned in the previous section indi­ 
cate that surface runoff and subsequent infiltration 
through fractures probably contributes more to the 
recharge of the alluvial-fan aquifer than thought previ­ 
ously. From field inspection of the alluvial-fan surface, 
numerous channels that provide avenues for surface 
runoff are visible. These channels terminate at pits that 
are the surface expression of the fractures (fig. 21). No 
data are available to quantify recharge by seepage 
through these fractures. If this is the principal form of 
recharge to the alluvial-fan aquifer, then the amount of 
recharge could be a large percentage of the precipita­ 
tion from intense thunderstorms. This type of precipi­ 
tation is most likely to produce surface runoff.

It is unknown whether this form of recharge to 
the alluvial-fan aquifer was ongoing prior to ground- 
water development or whether ground-water develop-

Figure 21. Large surface fracture in vegetation zone 
along northwestern margin of the playa, Bonneville Salt 
Flats, Utah.

ment with the declining water levels might have caused 
the fracturing of the lacustrine sediment. If these frac­ 
tures had existed prior to development of the aquifer 
and if these fractures actually reach the coarser mate­ 
rial of the alluvial fan, then the areas where the frac­ 
tures are visible at the surface should have visible 
evidence of prior spring discharge. Dried organic mate­ 
rial is present in one area, thus indicating prior surface 
discharge.

Stephens (1974, p. 10) reported that about 800 
acre-ft/yr recharges the alluvial-fan aquifer along the 
east flank of the Silver Island Mountains adjacent to the 
Bonneville Salt Flats. This estimate is derived by 
assuming that 8 percent of the average yearly precipita­ 
tion that falls on the east flank of the Silver Island 
Mountains infiltrates into the consolidated rock and 
alluvium and eventually reaches the alluvial-fan aqui­ 
fer. Turk (1973, p. 4) did not quantify recharge to the
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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 ft2/d, and the storage coeffi­ 
cient is about 4 x 10"4 (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 ft2/d 
and for storage coefficient is 2 x 10 to 2 x 10 . A 
regional gravity survey by Cook and others (1964, pi. 
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 Rats. 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-l-17)llaac-2, (B-l-17)21add-4, (B-l- 
17)23abd-2, (B-l-17)31acc-7, and (C-l-18)9adc-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-l-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-l-17)llaac-2 and (B-l-17)21add-4, located 
near the northern end of the salt crust, are higher than 
those in wells (B-l-17)31acc-7 and (C-l-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- 
l-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 Ion 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,
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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)3lacc- 
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-l- 
17)31acc-3, completed in the salt crust, was less than 
that in brine from well (B-1-17)31 ace-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-l-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-l-17)31acc-l 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-l-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-l- 
17)llaac-2, (B-1-17)21 add-4, (B-l-17)23abd-2, and 
(C-l-18)9adc-2, all completed to a depth of 63 ft, had 
similar concentrations as the brine from well (B-l- 
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, 1995, 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-l-19)10aba-l and 10bac-l (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 isotopes are analyzed by measuring the ratios of 
hydrogen (*W1H) and oxygen ( 18O/16O) in a sample of 
water. The 2H/1 H isotope ratios of brackish water and 
brine samples were analyzed using the method 
described by Kendall and Coplen (1985). The 18O/16O 
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 5 units permil 
(parts per thousand or o/oo). The 5 values are deter­ 
mined from the equation:

5 = W-Rstandard)IRstandard\ * 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: [((2H/1H)sample - 2H/1H)standard)/(2H/1H)standard]

ratio in a standard referenced to Standard Mean Ocean Water (SMOW), calculated as: [«18O/16O)standard -

Location

(B-l-18)29ccc-l
(B-l-18)31acd-l
(B-l-18)31bda-l

(B-l-18)31bda-2

(B-l-18)31bda-3

(B-l-18)31dac-l
(B-l-18)31dac-2

(B-l-18)31dac-3

(C-l-18)6abb-l

(C-l-18)6abb-2
(C-l-18)6abb-3
(C-l-18)6adc-l
(C-l-18)6adc-2

1 (C-l-19)2adb-l
(C-l-19)10aba-l

2 (C-l-19)10bac-l

Date

03-29-72
08-18-92
08-17-92

09-07-93
08-17-92
09-07-93
08-17-92
09-07-93

08-18-92
08-18-92
09-07-93
08-18-92
09-07-93

08-19-92

08-19-92
08-18-92
08-19-92
08-19-92
03-29-72
02-05-93
08-04-67

Water 
temper­ 

ature 
(°C)

28.0
16.0
26.0

20.0
21.0
20.5
—
23.5

18.0
19.0
19.5
18.0
15.0

17.0

20.0
17.0
22.0
16.0
24.5
30.0
31.0

Specific 
gravity, 

field

_
1.001
1.002

1.002
1.000
1.002
1.001
1.002

1.004
1.004
1.029
1.002
1.002

1.068

1.066
1.060
1.062
1.083

—
—
—

Solids, 
residue at 

180°C, 
dis­ 

solved 
(mg/L)

6,260
6,330
6,490

_
6,360

—
6,230

—

11,600
37,000

—
7,060

—

100,000

101,000
87,800
97,600
98,300
5,700
8,310

—

pH, 
field 

(standard 
units)

7.7
8.0
8.2

7.6
8.2
7.8
8.1
7.7

8.1
8.1
7.4
8.0
7.8

7.2

7.5
7.5
7.5
7.4
7.5
7.8

—

Alka­ 
linity, 

lab 
(mg/L 

as 
CaCO3)

_
192
180

—
172
—

174
—

317
262
—

243
—

297

224
152
249
316
—

154
—

Cal­ 
cium, 
dis­ 

solved 
(mg/L 
asCa)

91
43
88

—
71
—
75
—

91
310
—
48
—

990

1,100
1,200
1,100
1,200

79
130
100

Magne­ 
sium, 
dis­ 

solved 
(mg/L 
asMg)

71
42
75

—
69
—
72
—

94
410
—
42
—

1,700

1,500
1,200
1,600
1,400

63
95
80

Sodium, 
dis­ 

solved 
(mg/L 
as Na)

2,200
2,100
2,000

—
2,000

—
2,000

—

3,700
12,000

—
2,500

—

31,000

30,000
27,000
31,000
39,000

2,000
2,600
2,100

1 Reported by Lines, 1978, table 3.
2 Reported by Turk, 1973, table 4b, as well FW-5.

where R and Rstandard are tne isotope ratios of sample 
and standard, respectively. A negative 5 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 
5 value indicates the sample is more enriched than the 
standard.

The relation between dD and 5180 is known as 
the meteoric water line and is determined by the equa­ 
tion:

5D = 8 x 518O + 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 (fig. 24) has a d value of 6 
(Coplen, 1993, p. 235).

Evaporation from open-water bodies enriches D 
and 18O in the remaining water so that the slope of the 
line for 5D/518O values is typically between 3 and 6 
(Coplen, 1993, p. 235). In the evaporation trend for the 
Bonneville Salt Flats (fig. 24), the slope of the local 
evaporation line is slightly less than 5. This trend was 
determined from three pond samples collected during 
the winter through early summer of 1993 at varying
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or overlying lacustrine sediment of the upper part of the basin-fill aquifer, Bonneville Salt Flats, Utah

data sites in Utah; O H: The relative difference in permil (parts per thousand) between the isotope ratio of 2H to [ H in a sample and the ratio 

x 1,000; 8 O: The relative difference in permil (parts per thousand) between the isotope ratio of 18O to 16O in a sample and the 

( 18O/ 16O)sample)/( 18O/16O)standard] x 1,000; Tritium, total: pCi/L, picocuries per liter detection limit, 5.7 pCi/L.

Potas­ 
sium, 
dis­ 

solved 
(mg/L 
asK)

130
130
120

—
120
—

120
—

200
520
—

170
—

1,300

1,300
1,200
1,400
1,600

120
140
100

Sulfate, 
dis­ 

solved 
(mg/L 

as SO4)

240
280
260

_
250
—

260
—

960
3,300

—
370
—

9,000

9,100
7,700
8,700
7,300

190
370
300

Chlo­ 
ride, 
dis­ 

solved 
(mg/L 
asCI)

3,400
3,300
3,200

_
3,200

—
3,200

—

5,600
17,000

—
3,700

—

45,000

50,000
41,000
47,000
48,000

3,100
4,600
3,700

Bromide, 
dis­ 

solved 
(mg/L 
as Br)

_
1.9
2.5

_
2.4

—
1.8

—

3.2
5.1

—
2.0

—

20

17
13
4.7

19
—

2.0
—

Boron, 
dis­ 

solved 
(mg/L 
asB)

0.96
1.5
1.3

_
1.6

—
1.3

—

1.2
4.4

—
2.1

—

7.3

6.5
8.1

11
7.1

—
1.2

—

Stron­ 
tium, 
dis­ 

solved 
(mg/L 
asSr)

_
1.2
2.1

_
1.5

—
1.9

—

5.6
18
—

2.6
—

19

24
25
22
28
—

2.8
—

82H 
(permil)

_
-127.0
-127.0

_
-127.0

—
-128.0

—

-123.0
—

-105.0
-125.0
-125.0

-71.0

-76.0
-82.0
-73.0
-70.5
—

-127.0
—

5180 
(permil)

_
-16.35
-16.35

—
-16.40
—

-16.40
—

-15.70
—

-12.67
-16.10
-16.14

-6.30

-7.00
-8.10
-6.45
-5.85
—

-16.31
—

Tritium, 
total 

(pCi/L)

_
—
—

<5.7
—
<5.7
—
<5.7

—
—
<5.7
—
<5.7

—

—
—
—
—
—
—
~

degrees of pond evaporation (Mason and others, 1995, 
table 4).

Brine from the shallow-brine aquifer on the Bon­ 
neville Salt Flats is the most enriched ground water from 
the study area and the SD and SO values plot either 
very close to the local evaporation line or between the 
North American meteoric water line and the local evap­ 
oration line (fig. 24). The variation in SD and S 18O val­ 
ues for these samples represent varying degrees of 
mixing with infiltrating water from precipitation on the 
playa surface and enrichment through evaporation. The 
least enriched (most negative) sample from the shallow- 
brine aquifer was collected from well (B-l-18)34bbb-l, 
located near the northwestern margin of the playa. These 
values are indicative of less evaporation than other sam­

ples from the shallow-brine aquifer because of the 
greater depth to water.

The SD and S 18O values for brine from the lacus­ 
trine sediment of the upper part of the basin-fill aquifer 
beneath the salt crust are virtually the same as those in 
the overlying shallow-brine aquifer. These values sup­ 
port vertical mixing at the interface of these two aqui­ 
fers.

The SD and S 18O values for brackish water from 
the alluvial-fan aquifer and brine from the lacustrine 
sediment of the upper part of the basin-fill aquifer in the 
vicinity of the northwestern margin of the playa have a 
larger variation than samples from the shallow-brine 
aquifer and the underlying lacustrine sediment in the 
salt-crust area. These SD and SO values form two dis-
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Figure 24. Relation of hydrogen and oxygen isotope ratios in ground water and surface 
pond, Bonneville Salt Flats, Utah.

tinct groups with a single intermediate value. The val­ 
ues that are the most depleted and coincide with the 
North American meteoric water line are from samples 
collected from wells (B-l-18)31acd-l, (B-1-18)3 Ibda- 
1, -2, and -3, and (B-1-18)3Idac-land -3, all located 
very close to the flank of the Silver Island Mountains. 
These waters are indicative of recharge from precipita­ 
tion, either directly on consolidated rock with rapid 
infiltration, or by runoff into open surface fractures 
with rapid infiltration, as discussed previously. If the 
dissolved-solids concentration, and more specifically 
the sodium and chloride concentrations, in water from 
these wells are the result of leakage from the lacustrine 
sediment, then the 5D and 518O values would have a 
more evaporative signature. The probable causes of the 
high dissolved-solids concentration in these waters are 
deep circulation of meteoric water through regional 
flow or along local faults or the dissolution of salt from

the soil surface before the runoff enters surface frac­ 
tures.

The single intermediate value was derived from 
water collected from well (B-1-18)31 dac-2, which is 
completed to a depth of 149 ft. The dissolved-solids 
concentration is higher and the 5D and 518O values are 
more enriched in water from this well than from the 
other two wells in this nest of three wells, which are 
completed to depths of 74 and 245 ft. These values are 
indicative of mixing with brine from near the center of 
the playa. The chemically and isotopically distinct 
zones at this location are probably not indicative of a 
natural condition; rather, the tongue of higher dis­ 
solved-solids concentrations and more enriched iso­ 
tope values are probably indicative of transient mixing, 
possibly induced by withdrawal by pumping from the 
alluvial-fan aquifer. The 5D and 518O values in brine 
from wells (C-l-18)6abb-l, -2, and -3, and (C-l- 
18)6adc-l and -2, indicate varying degrees of enrich-
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ment. These wells are located closer to the salt crust 
and therefore would allow more mixing with the con­ 
centrated brine.

In a more useful comparison of the different 
groups of water sampled for D and 18O (fig. 25), the 
values for 518O are compared to dissolved-solids con­ 
centration. The trend toward higher dissolved-solids 
concentrations in water that has undergone more evap­ 
oration is evident. The sample from well (B-l- 
18)34bbb-l is the outlier from the other groups.

Tritium (3H) concentration also was determined 
in samples collected from the Bonneville Salt Flats. 
Tritium is a radioactive isotope of hydrogen and decays 
with a half-life of 12.43 years. It occurs naturally in the 
atmosphere by the interaction of cosmic rays with 
nitrogen and oxygen. More importantly, the largest 
source for H was from above ground, thermonuclear 
weapons testing between 1952 and 1969. The natural 
level for H in the atmosphere prior to weapons testing

was 10 TU. During above-ground weapons testing, 
atmospheric levels were more than 10,000 TU (Drever, 
1982, p. 347). At the present time (1996), 3H concen­ 
trations are again approaching the natural (commonly 
called pre-bomb) level in the atmosphere.

Twenty-five samples were collected for 3H anal­ 
ysis from wells completed in the shallow-brine and 
alluvial-fan aquifers and the lacustrine sediment of the 
upper part of the basin-fill aquifer. One sample, with a 
value of 10 TU, was collected from a winter surface 
pond to verify the 3H concentration for infiltrating 
water. Other values ranged from less than detection 
limits (5.7 pCi/L) to 78 pCi/L (Mason and others, 1995, 
table 4). This range equates to less than 1.8 to 24 TU. 
For purposes of this report, any value below detection 
limits is considered equal to 0 TU. The samples with 
values of 0 TU are from waters that have infiltrated into 
the subsurface prior to the above-ground weapons test­ 
ing. Samples with values above 10 TU are from water
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Figure 25. Relation of oxygen isotope ratio to dissolved-solids concentration in ground 
water, Bonneville Salt Flats, Utah.
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that has infiltrated into the subsurface within a few 
years prior to sampling or has infiltrated after above- 
ground weapons testing and been diluted with pre- 
bomb water and possibly with recent water. A more 
precise date for infiltration is not possible because of 
uncertainty in knowing if and to what extent mixing has 
occurred.

Nineteen samples were collected from wells 
completed in the shallow-brine aquifer. A noticeable 
trend exists for these values. Generally, samples with 
the lower 3H values, about 10 TU or less, are from the 
center of the salt-crust area, whereas samples with the 
higher values, from about 14 to 24 TU, are from the 
periphery. This distribution supports the concept that 
most of the infiltration from the surface occurs over the 
salt crust with brine migrating laterally to points of dis­ 
charge. Wells from which samples having less than 10 
TU were obtained are located along the axis of the salt 
crust. The sample from well (B-1-17)31 ace-1 had a 
value of 0 TU. In order to have 3H values of 0 to less 
than 10 TU, mixing with water from a source of pre- 
bomb water is necessary. The only probable source for 
this water entering the shallow-brine aquifer is through 
upward leakage from the lacustrine sediment of the 
upper part of the basin-fill aquifer. This is contradictory 
to water-level data and estimates for downward leakage 
discussed previously in this report. Upward leakage in 
the amount necessary to account for the low 3H values 
is possible if water levels had been slightly lower than 
those measured in 1993 in shallow wells on the salt 
crust and if the permeability of the underlying lacus­ 
trine sediment of the upper part of basin-fill aquifer 
were two to four orders of magnitude greater than pre­ 
viously assumed. The required permeabilities are rep­ 
resentative of silt rather than clay.

If surface runoff and infiltration through surface 
fractures are a relatively recent source of recharge to 
the alluvial-fan aquifer and to the lacustrine sediment 
of the upper part of the basin-fill aquifer, then traces of 
tritium are expected in these waters. Six samples were 
collected from the line of nested wells completed in 
these zones. None of the samples had a 3H concentra­ 
tion above the detection level (table 2). The lack of 3H 
in this water does not preclude surface runoff as a pos­ 
sible mechanism for the dissolved-solids concentration 
in the alluvial-fan aquifer; rather, it might indicate that 
post-bomb water has not had sufficient time to migrate 
to the sampling points.

SALT-TRANSPORT MECHANISMS AND 
SALT BUDGET

An understanding of the amount of salt con­ 
tained in the Bonneville Salt Flats is needed in order to 
place salt-budget and transport estimates in proper per­ 
spective. An estimate of total salt should be considered 
as a crude approximation because of sparse data and is 
only provided for a sense of scale.

The amount of salt contained in the crystalline 
salt crust north of Interstate Highway 80 was estimated 
from dry density and volume. The dry density of the 
crystalline salt near the surface of the salt crust ranges 
from 98.2 to 123.3 lbs/ft3 (P. Allard, Bureau of Land 
Management, written comrnun., 1995). The average 
dry density from 30 measurements is 109.8 lbs/ft3 . If 
the average dry density is assumed to be representative 
of the entire salt crust, then the salt crust, as it existed 
north of the Interstate Highway 80 in 1988 (S. Brooks, 
Bureau of Land Management, written commun.,1988), 
contained more than 125 million tons of salt. The 
amount of salt dissolved in the brine that fills the pore 
space and fractures of the shallow-brine aquifer north 
of Interstate Highway 80 was estimated to exceed 175 
million tons. This estimate is based on an average 
porosity of 0.45 (Turk, 1969, p. 104), an average aqui­ 
fer thickness of 20 ft, an average dissolved-solids con­ 
centration of 286 g/L (17.85 lbs/ft3), and an areal extent 
of 80 mi2, the area where the brine is most concen­ 
trated. The amount of salt estimated to have been lost 
from the salt crust in the 28-year period, 1960-88, is 
more than 55 million tons. This estimate is based on the 
change in volume of the salt crust for the 28-year 
period (S. Brooks, Bureau of Land Management, writ­ 
ten commun., 1988) and the average dry density.

For both principal mechanisms for transporting 
salt within the hydrologic system of the Bonneville Salt 
Flats, the salt is dissolved in water. The first mechanism 
transports salt by surface ponds blown by wind, or in 
some years, simply by the large areal extent of the sur­ 
face pond. The second mechanism transmits salt by 
advective ground-water flow and associated dispersive 
transport, which can be the result of natural and (or) 
anthropogenic causes.

Salt Transport by Surface Ponds

Precipitation on the Bonneville Salt Flats during 
the late fall, winter, and early spring generally under­ 
goes little evaporation; thus, what does not infiltrate
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into the subsurface accumulates at the lowest altitude in 
the basin and forms a shallow pond, generally a few 
inches deep but sometimes more than 1 ft deep in some 
areas. Ponds are most likely to be deeper, more exten­ 
sive, and longer lasting when winter precipitation is 
normal or greater than normal and when temperatures 
are lower than normal. This relatively freshwater pro­ 
vides a mechanism by which salt can be dissolved and 
transported away from the normal bounds of the salt- 
crust area and deposited on the carbonate mud by evap­ 
oration.

As freshwater accumulates on the salt-crust sur­ 
face, it dissolves underlying halite until the brine 
approaches saturation. Wind can easily move this brine 
over the virtually flat surface. Wind direction at the two 
weather stations was predominantly from the south­ 
west to northeast during the winter months of 1992-94 
when evaporation rates were the lowest. This wind 
moves surface brine from the salt-crust area northeast­ 
ward toward Floating Island. If the water were to 
remain away from the center of the salt-crust area as it 
evaporated, then there would be a net loss of salt from 
the main body of the salt crust. This does not necessar­ 
ily constitute a net loss of salt from or a gain to the 
basin, but only a temporary redistribution of salt. In the 
succeeding summer months, this salt can be redis- 
solved by water from thunderstorms and then migrate 
back toward the salt crust.

During 1993, precipitation was greater than nor­ 
mal during January, and temperatures were much 
colder than normal for January and February. Because 
of these conditions, extensive flooding of the Bonnev- 
ille Salt Flats dramatically changed the salt surface. A 
large amount of surface water, primarily from south 
and east of the study area, migrated toward the playa. 
The density of this inflow, as measured on March 26, 
1993, ranged from 1.014 to 1.030 g/cm3 . By visual 
observations, the surface inflow was not turbid. 
Although this inflow added an unknown amount of salt 
to salt-crust area, the relatively freshwater dissolved 
salt from the southern part of the salt crust and trans­ 
ported it to the north. No data were collected from 
which to estimate total inflow. Much of the salt 
remained in solution into the summer of 1993, when 
the salt precipitated on the playa surface as the pond 
evaporated. Satellite imagery was used to determine 
the areal extent of the salt crust in September 1992 and 
August 1993 (fig. 26). The areal extent of the salt crust 
was 43 mi2 in 1992 and 58 mi2 in 1993. The newly 
redeposited salt extended to the west edge of the brine-

collection ditch and to the northeast, about 3 mi beyond 
the brine-collection ditch. Measurements from the top 
of the well to the salt surface were used to estimate the 
thickness of salt dissolved and precipitated. The vol­ 
ume of salt that was dissolved and precipitated was 
estimated from these measurements. An estimated 10 
to 14 million tons of salt were dissolved from the salt- 
crust area just north of Interstate Highway 80, with 
much of the salt redeposited to the north and east of the 
main body of salt.

The fate of the salt transported into the area north 
and east of the north ends of the brine-collection ditch 
is unknown. Much of this salt might have been redis- 
solved and infiltrated into the subsurface where it could 
migrate to the brine-collection ditch, or this salt might 
have been deposited across a very subtle topographic 
rise where it would be unable to eventually migrate 
back to the salt crust by movement of small surface 
ponds that can form after thunderstorms. Some of the 
salt transported into the area that is influenced by the 
brine-collection ditch to the east of the salt crust plight 
have redissolved, infiltrated into the subsurface, and 
migrated to the brine-collection ditch. No data were 
collected to quantify the amount of salt permanently 
removed from the salt-crust area.

Salt Transport in Solution Through 
the Shallow-Brine Aquifer

The salt and fluid that circulate within the pore 
space of the salt crust and underlying carbonate mud 
are in a constant state of change. Freshwater from rain­ 
fall that infiltrates into the shallow-brine aquifer almost 
immediately dissolves salt in order to reach chemical 
equilibrium. Evaporation of the fluid during the sum­ 
mer months concentrates the dissolved salts in the 
remaining fluid until salt precipitates out of solution, 
forming new deposits.

From water levels measured in 1976, Lines 
(1979, p. 79) determined that brine in the shallow-brine 
aquifer moves from the main salt-crust area northwest 
toward the alluvial-fan aquifer, east toward the brine- 
collection ditches, and south under Interstate Highway 
80 toward a network of brine-collection ditches. Brine 
flows into the study area through the subsurface from 
the east and northeast. In 1992, the same pattern of 
brine movement existed (fig. 15). The amount of brine 
moving across the study-area boundaries in 1992 was 
estimated from aquifer properties derived from tests 
(Turk, 1973, table 9; and Lines, 1979, table 5) and from
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Table 3. Estimated fluid flow and salt transport into and out of the shallow-brine aquifer, Bonneville Salt Flats, Utah

[—, no estimate]

Component
1976 (Lines, 1979) 1992 (this study)

Acre-feet Tons of solute Acre-feet Tons of solute

Recharge
Subsurface inflow from east 40

and northeast 
Infiltration from playa surface 11,740

Total (rounded) 11,800

14,600

14,600

60

8,300-12,800 

8,400-12,900

21,900

21,900

Discharge
Subsurface outflow to south
Subsurface outflow to

brine-collection ditch
Subsurface outflow to northwest
Downward leakage 
Evaporation

Total (rounded)

2,000
680

70

10,900

13,600

780,000
264,000

27,200

0

1,071,000

1,800-2,300
1,500

35
58-580 
15,000

18,400-19,400

700,000-895,000
580,000

13,600
22,600-226,000 

0

1,316,000-1,715,000

horizontal hydraulic gradients derived from contours of 
reference potentiometric heads based on average den­ 
sity (fig. 15). These flow estimates are compared to 
those made by Lines (table 3). Differences in these esti­ 
mates result from the different method used by Lines to 
calculate reference potentiometric heads and temporal 
variations in recharge from precipitation and evapora­ 
tion. Variations in precipitation and evaporation occur 
on a seasonal and annual basis, but the long-term con­ 
ditions have remained virtually unchanged during the 
past 20 years.

No evaporation data were collected for the sum­ 
mer of 1992. As discussed previously, the estimate for 
evaporation from the shallow-brine aquifer of 12,200 
acre-ft in 1993 is probably less than the usual amount 
that occurs on the Bonneville Salt Flats because of 
cooler-than-normal temperature and larger-than-nor- 
mal precipitation in June and July. The estimate for 
1994 of 20,700 acre-ft is probably more than the typi­ 
cal amount because of hotter-than-normal temperature 
and less-than-normal precipitation. An intermediate 
value of about 15,000 acre-ft might be more represen­ 
tative of evaporation from the playa surface in 1992.

In both estimates, total discharge is more than 
total recharge. Lines (1979, table 6) attributed the dif­ 
ference to a decrease in ground water stored within the 
shallow-brine aquifer. The difference in the estimate 
from this study is considerably larger than the differ­

ence stated by Lines, and yet, no long-term decline in 
storage has been observed because the shallow-brine 
aquifer appears to be in a fluid steady state. No long- 
term change in storage would dictate that fluid recharge 
would have to be about the same as fluid discharge. As 
suggested previously, subsurface flow to the south 
might be less than estimated because of compaction or 
removal of porous material during construction of 
Interstate Highway 80, and downward leakage might 
be offset by upward leakage at the center of the salt 
crust. Even if subsurface flow to the south was assumed 
to be a fraction of the estimate stated in table 3, total 
discharge would remain considerably larger than the 
estimated total recharge. No substantial changes in 
water levels have occurred within the shallow-brine 
aquifer; therefore, more fluid must be entering the aqui­ 
fer than previously estimated by Lines (1979, table 6). 
On the basis of the ground-water flow directions (fig. 
15), the probable source of fluid in a large enough 
amount to compensate for discharge would be upward 
leakage.

Previous and current estimates of recharge into 
and discharge from the shallow-brine aquifer can be 
used to estimate the amount of salt entering and leaving 
the Bonneville Salt Flats study area (table 3). Subsur­ 
face inflow from the northeast and east was estimated 
to be 60 acre-ft in 1992. On the basis of an average dis- 
solved-solids concentration of 268,500 mg/L (16.75
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Ibs/ft ) from four wells on the northeastern and eastern 
boundaries, an estimated 21,900 tons of salt per year 
are transported into the study area at these boundaries, 
a small amount of the total salt budget.

An average brine density of 1.18 g/cm3 , which 
equates to a dissolved-solids concentration of 286,200 
mg/L (17.86 Ibs/ft3), was assumed to be representative 
for all fluid exiting the shallow-brine aquifer. This dis­ 
solved-solids concentration was used to convert all 
subsurface outflow (table 3) to tons of salt. An esti­ 
mated 700,000 to 895,000 tons of salt were transported 
out of the study area along the south boundary in 1992. 
The amount of salt that was transported into the brine- 
collection ditch in 1992 was estimated to be 580,000 
tons. The amount of salt transported from the shallow- 
brine aquifer into the alluvial-fan aquifer in 1992 was 
estimated to be 13,600 tons.

On the basis of limited data indicating downward 
leakage, the amount of salt that might be transported 
downward to the lacustrine sediment that underlies the 
shallow-brine aquifer is estimated to range from 22,600 
to 226,000 tons. If upward leakage occurs, then the 
estimated net loss of salt would be less because of the 
transport of salt into the shallow-brine aquifer.

Total inflow of salt to the shallow-brine aquifer 
system in 1992 was estimated to be about 22,000 tons, 
but total outflow of salt from the same system was 
about 1.3 million to 1.7 million tons. Lines (1979) esti­ 
mated that in 1976, total inflow of salt was about 
14,600 tons and total outflow of salt was about 1 mil­ 
lion tons.

SIMULATION OF VARIABLE-DENSITY 
GROUND-WATER FLOW AND SOLUTE 
TRANSPORT IN THE SHALLOW-BRINE 
AQUIFER

Modeling Approach

A model is a representation of some, but not nec­ 
essarily all, features of an actual system (Foley and oth­ 
ers, 1990, p. 286). The purpose of a model is to enhance 
visualization and understanding of the structure and 
behavior of the actual system, and to provide a conve­ 
nient means of experimentation and prediction of the 
effects of various changes to the model parameters. 
Computer models in the physical sciences, such as 
ground-water flow and solute-transport models, are

typically expressed as systems of mathematical equa­ 
tions, and the modeler learns by experimenting with 
different values of independent variables and parame­ 
ters.

Any numerical simulation of ground-water flow 
and solute transport is necessarily limited in its ability 
to realistically portray hydrologic interactions in the 
field. If, however, a sufficient amount of parameter 
information is available, numerical simulation can be 
useful in quantifying and testing hypotheses of the 
mechanisms and relations in the simulation region. 
This was the role of the numerical simulation of the 
shallow-brine aquifer in the Bonneville Salt Flats study 
area.

Numerical simulation was used as a tool to aid in 
the understanding of the hydrologic environment and 
solute transport in the study area. It helped to quantify 
transport mechanisms, integrate field information, and 
test hypotheses. It also was used to evaluate sensitivity 
of the system to boundary-condition and parameter val­ 
ues and to address the following questions:

1. What quantitative effects does withdrawal of brine 
for mineral production have on the salt crust?

2. What quantitative effects do annual evaporation 
and precipitation have on the salt crust? 
To answer these questions, a three-dimensional, 

ground-water flow and solute-transport model was 
developed for the Bonneville Salt Flats study area. Cal­ 
culation of an overall ground-water flow and solute- 
transport balance was a major objective. The mass bal­ 
ance on the salt crust itself would be a consequence of 
the cumulative transport amount at the land-surf ace 
boundary of the model.

The primary goals of the combined ground- 
water flow and solute-transport modeling are to (1) 
develop a fluid and solute balance for the ground-water 
system in the simulation region, (2) evaluate the effect 
of the brine production from the ditches on the salt 
crust, and (3) identify the major and minor solute fluxes 
to and from the system.

Description of the Simulator of Ground-Water Flow 
and Solute Transport

Simulator refers to the computer code that simu­ 
lates ground-water flow and solute transport. Model 
refers to the application of the simulator to represent 
the shallow-brine aquifer underlying the study area. 
Solute refers to the dissolved constituents in the ground 
water and is equivalent to dissolved solids. Salt refers
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to the solid-phase mixture of salt minerals, primarily 
halite and gypsum. Salt crust refers to the perennial salt 
deposit on a large part of the playa surface.

The numerical simulation of ground-water flow 
and solute transport for this study area consisted of the 
computation of numerical solutions to the equation of 
saturated ground-water flow coupled with the equation 
for solute transport. For an assumed isothermal situa­ 
tion of variable fluid density, the saturated ground- 
water flow equation is formed from the combination of 
the conservation of total fluid mass and Darcy's Law 
for flow in porous media. The solute-transport equation 
is formed from the conservation of mass for a single 
solute species.

The three-dimensional Heat and Solute Trans­ 
port (HST3D) computer code (Kipp, in press) of the 
U.S. Geological Survey was the simulator used to 
model the shallow-brine aquifer underlying the Bon- 
neville Salt Flats. This simulator was chosen because of 
its ability to model variable-density flow and solute- 
transport in three dimensions. Although this simulator 
can calculate heat and solute transport simultaneously, 
effects of temperature variation on the density of the 
brine were assumed to be negligible for the purposes of 
this study. Therefore, only ground-water flow and asso­ 
ciated solute transport were simulated. The flow and 
transport equations are coupled through the interstitial 
pore velocity and the dependence of the fluid density 
and viscosity on pressure and solute-mass fraction.

The HST3D simulator uses some different vari­ 
ables and parameters than are used for ground-water 
flow and solute transport for constant-density fluids. 
They include (1) pressure instead of potentiometric 
head as the dependent variable of flow, (2) mass frac­ 
tion instead of volumetric concentration as the depen­ 
dent variable of solute, (3) porosity instead of specific 
yield for storage in unconfined flow systems, (4) con­ 
servation of mass rather than conservation of volume 
for the flow equation, (5) permeability instead of 
hydraulic conductivity in Darcy's Law, and (6) energy 
per unit mass instead of potentiometric head at the 
external surface of a leakage boundary.

Pressure is chosen as the dependent variable for 
fluid flow because no potentiometric-head function 
exists for density fields that depend on temperature and 
solute concentration. All pressures are expressed rela­ 
tive to atmospheric pressure.

The partial-differential equation of ground- 
water flow is based on the following assumptions and 
limitations:

1. Ground water fully saturates the porous medium 
below the water table.

2. Ground-water flow is described by Darcy's Law.
3. The coordinate system is chosen to be aligned 

with the directions of the permeability tensor 
so that this tensor is diagonal for anisotropic 
media.

4. Diffusive fluxes of the bulk fluid caused by den­ 
sity gradients are neglected relative to advec- 
tive-mass fluxes.

5. Osmotic potential driving forces are neglected.
6. Dispersive-mass fluxes of the bulk fluid from spa­ 

tial-velocity fluctuations are not included. 
Although Hassanizadeh and Leijnse (1988) 

show that in high-concentration solutions, fluid motion 
is dependent on solute concentration gradients, and 
they present a formulation of Darcy's and Pick's Laws 
that contains density flow and pressure diffusion, their 
equation formulations are not implemented in the 
HST3D simulator. The flow equation is based on the 
conservation of total fluid mass in a volume element, 
coupled with Darcy's Law for flow through a porous 
medium. Thus,

(18)

where:
£ is the effective porosity (-); 
p is the fluid density (M/L3); 
t is the time (7); 
k is the porous-medium permeability tensor

(L2);
(Li is the fluid viscosity (F-77L);
p is the fluid pressure (F/L );
g is the gravitational constant (Z/T ); and

ez is the unit vector in the z-direction (-).
Equation 18 relates the rate of change of total 

mass in the fluid phase to net fluid-inflow rate. The fluid 
consists of pure water plus the dissolved solids. Capac­ 
itance is described by effective porosity rather than spe­ 
cific yield. In this report, effective porosity simply will 
be called porosity.

The interstitial or pore velocity, V, is obtained 
from Darcy's Law as:

(19)

where:
v is the interstitial-velocity vector (1/7).
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The equation for conservation of a single solute 
species is based on the following assumptions and lim­ 
itations:

1. Solute transport by local, interstitial, and velocity- 
field fluctuations and mixing at pore junctions 
is described by a hydrodynamic-dispersion 
coefficient.

2. Thermal and pressure diffusion are neglected.
3. Forced diffusion by gravitational, electrical, and 

other fields is neglected. 
The mass fraction of solute is considered to be 

the dependent variable for solute transport. It is the 
mass of dissolved solids per mass of solution (solute 
plus water), that is, a mass-based concentration. The 
more widely used concentration term is an amount per 
unit volume of fluid, that is, a volume-based concentra­ 
tion. But volume-based concentration is not conserved 
in a variable-density system. The term "solute concen­ 
tration" refers to the mass-based concentration or mass 
fraction. In the simulator, the density field is derived 
from the mass fraction. The conservation equation for 
the solute in the fluid phase can be written:

(20)

V • V • /Vw-V-£pvw

where
w is the mass fraction of solute in the fluid phase (-); 

Ds is the mechanical-dispersion-coefficient tensor
(L2/7);

Dm is the effective-molecular diffusivity of the solute
(L2/T); and 

/ is the identity matrix of rank 3 (-).
Equation 20 relates the rate-of-change of solute 

in the fluid phase to the net dispersive and diffusive 
flux, and the net advective flux. The equation is written 
for a unit volume of saturated porous medium.

The conservation equations for ground-water 
flow and solute transport are based upon the conserva­ 
tion of mass, not conservation of volume as in a con­ 
stant-density flow system. A change in volume occurs 
when fluids containing different amounts of salt are 
mixed. For example, mixing 1 L of freshwater (density 
1 g/cm3) with 1 L of brine (density 1.2 g/cm3 ) yields a 
total mass of 2.2 kg of salt water, but the volume is 
2.075 L, not 2.000 L, which is about a 4-percent differ­ 
ence.

Before the two conservation equations can be 
solved, information about the fluid properties, aquifer 
properties, and transport coefficients needs to be 
obtained. The fluid properties are density and viscosity. 
The porous-matrix properties are porosity and perme­ 
ability. The transport coefficients are solute-dispersion 
tensors and the effective molecular diffusivity of the 
solute. In the HST3D simulator for the present model 
application, density and viscosity are functions of the 
solute-mass fraction. The solute-dispersion tensors are 
functions of the interstitial velocity. The other parame­ 
ters are either uniform or functions of space within the 
simulation region.

For fluids such as water, a linear-density func­ 
tion is typically adequate for the ranges of pressures 
and solute concentrations encountered. Fluid viscosity 
is strongly dependent on temperature, less dependent 
on solute concentration, and least dependent on pres­ 
sure. The fluid-density function in the simulator is lin­ 
ear in pressure, temperature, and solute concentration 
(Kipp, in press).

The HST3D simulator uses an empirical equa­ 
tion for viscosity of brines as a function of pressure, 
temperature, and solute concentration. Moderate cur­ 
vature can be seen in a plot of fluid viscosity as a func­ 
tion of solute-mass fraction at 20°C (fig. 27).
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Figure 27. Fluid viscosity as a function of solute mass 
fraction at 20 degrees Celsius.

In the HST3D simulator, the mechanical-disper­ 
sion coefficient is taken from the work of Scheidegger 
(1961) as presented by Bear (1972, chap. 10). For an 
isotropic porous medium, two parameters describe the
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mechanical-dispersion tensor: the longitudinal disper- 
sivity, (XL(L), and the transverse dispersivity, aT (L). 
Field data have shown that longitudinal dispersivity 
typically is 3 to 10 times larger than transverse disper­ 
sivity (Freeze and Cherry, 1979, p. 396; Anderson, 
1979) and that their magnitudes are dependent on the 
scale of observation distance over which the solute is 
transported in a system. The dispersivities are affected 
by the heterogeneity of the permeability distribution 
for the aquifer.

Discretization of the ground-water flow and sol­ 
ute-transport equations and boundary conditions in 
space and time was done using finite-difference tech­ 
niques (Kipp, in press). This converted the equations 
into sets of simultaneous linear equations at the node 
points in space that are solved numerically for each 
time step.

This flow and transport simulator is based on a 
finite-difference approximation of the partial-differen­ 
tial equations derived by the subdomain collocation 
method described by Cooley (1974), Varga (1962), and 
Patankar (1980). The grid of node points can have vari­ 
able node spacing, and a point-distributed grid is used 
as opposed to a cell-centered grid (Kipp, 1987). Aqui­ 
fer properties are specified by zones that are subregions 
bounded by planes of nodes. This means that properties 
change values at planes of nodes rather than at cell 
boundaries. Any full cell may have up to eight subdo- 
mains with different aquifer properties. The resultant 
cell property is a volume-weighted average of the sub- 
domain values. A conductance property is an area- 
weighted average of up to four subdomain values, for a 
full cell, over the relevant cell face. An element is a vol­ 
ume with a node at each of the eight corners. A node 
with its associated cell and one of its subdomains and 
associated element is shown in figure 28.

Aquifer properties are uniform over an element. 
Thus, an element is the smallest zone possible for vari­ 
ation of aquifer properties.

The boundary conditions were discretized on a 
nodal or cell basis. For the specified-pressure bound­ 
aries, entire cells have the specified value. For flux and 
leakage boundaries, the face to which the flux or leak­ 
age is applied is the entire cell face. Spatial changes in 
flux values or leakage parameters occur at cell bound­ 
aries, not at nodes.

Figure 28. Diagram of a model cell with associated 
node, one subdomain, and the associated element.

Application to Study Area

For the Bonneville Salt Flats, the equation of 
ground-water flow had the following additional 
assumptions specific for this application:

1. Ground-water flow is described by Darcy's Law, 
although this is a fractured-clay and fractured- 
salt medium.

2. The porous medium and fluid are incompressible 
for this unconfined system.

3. The storage coefficient representing elastic stor­ 
age effects from fluid and porous-matrix com­ 
pressibilities is negligible for this unconfined 
system.

4. The fluid viscosity is a function of space and time 
through dependence primarily on solute con­ 
centration.

5. Contributions to the total fluid mass from pure 
solute-mass sources within the region are not 
included.

The first assumption was adopted, although it is 
known that the shallow-brine aquifer underlying the 
Bonneville Salt Flats is a fractured medium of carbon­ 
ate mud and salt crust. There is a slight dependence of 
viscosity on pressure in the function employed, but the 
effect is negligible for the pressures encountered in the 
shallow-brine aquifer.

The ground-water system simulated for the Bon­ 
neville Salt Flats is assumed to be isothermal at 20°C, 
so no heat-transport equation is needed. Examination 
of water density as a function of temperature (Weast 
and others, 1964, p. F-4) shows that a 10°C temperature 
change causes a density change of about 0.002 g/cm , 
which is within measurement error. On this basis, tem­ 
perature effects on density were neglected.
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Consideration of viscosity changes as a function 
of temperature for a brine with a mass fraction of 0.22 
has about a 20-percent viscosity change for a 10°C 
change in temperature from 15 to 25 °C. This means 
that seasonal changes in aquifer temperature do not 
produce major changes in hydraulic conductivity. 
Minor changes in hydraulic conductivity, therefore, 
would be masked by the uncertainty in the hydraulic- 
conductivity distribution. Neglecting temperature 
effects on viscosity does not compromise the realism of 
the simulations.

An evaluation of the potential for induced buoy­ 
ant thermal convection can be made by evaluating the 
dimensionless Rayleigh number (Ra) for typical aqui­ 
fer parameters (Nield and Bejan, 1992, p. 147). A sta­ 
bility analysis shows that a Rayleigh number of more 
than about 27 is needed to induce thermal convection 
for an unconfined ground-water system. Using typical 
thermal and hydraulic parameters for the shallow-brine 
aquifer, the flow system is stable under a temperature 
difference of 10°C from the bottom to the top of the 
aquifer (Ra =10). This condition might be possible 
when winter cooling causes a temperature profile that 
increases from top to bottom of the aquifer, assuming 
uniform salinity. The thermal conduction mechanism is 
sufficient to stabilize the adverse density gradient 
caused by the temperature profile.

A similar analysis can be done to evaluate the 
potential for convective circulation resulting from an 
unstable density or solute-concentration gradient with 
the denser brine within the salt crust overlying the 
slightly less dense brine in the carbonate mud. The crit­ 
ical Rayleigh number is also about 27. An unstable 
density gradient condition occurs when summer evap­ 
oration causes a denser brine to form at the top of the 
aquifer. Assuming an isothermal system, for a density 
difference of 0.02 g/cm3 between the top and the bot­ 
tom of the shallow-brine aquifer, static brine is always 
unstable when the denser fluid is on top (Ra = 30,000). 
This is because the molecular diffusivity for the dis­ 
solved salt is so small that diffusive transport cannot 
overcome forces for convective transport to stabilize 
the adverse density gradient.

For brine moving near the brine-collection 
ditches and the water-table surface where evaporative 
discharge and precipitation recharge occur, dispersive 
mixing maintains a stable configuration (Ra = 0.05 to 
25) with denser brine on top. In other parts of the aqui-

o

fer where interstitial velocities are less than about 10 
ft/d, convective circulation would be expected when

the denser brine overlies the less dense brine (Ra = 30 
to 800). These results are based on an estimated disper- 
sivity of 1,000 ft, which is characteristic of the flowpath 
length under the salt crust.

For the Bonneville Salt Flats, the equation of sol­ 
ute transport had the following additional assumptions 
specific for this application:

1. The salt mixture is considered to be a single solute 
species.

2. No mechanisms for solute precipitation or disso­ 
lution are included.

3. No pure solute sources occur in the fluid or solid 
phases.

The solutes being transported in the Bonneville 
Salt Flats shallow-brine aquifer include several types of 
salt, of which about 90 percent is sodium chloride. For 
modeling purposes, assumption 1 is made. Assumption 
2 means that the simulator does not contain a mecha­ 
nism for precipitation of salt when brine evaporates, 
nor a mechanism for dissolution of salt when undersat- 
urated water moves through crystalline salt. The lack of 
these mechanisms in the simulator means that when 
formulating a calculation for the amount of crystalline 
salt, it is assumed that brine precipitates salt at a rate 
given by the solute concentration of the evaporating 
fluid at the boundary face, and the infiltration of rain 
and snowfall advects dissolved salt into the aquifer at a 
specified concentration.

The HST3D simulator uses the SI metric system 
internally but accepts input and provides output data in 
English units. The units used for the modeling of the 
Bonneville Salt Flats study area were time in days, 
length in feet, mass in pounds, volumetric flow rate in 
cubic feet per day, mass flow rate in pounds per cubic 
foot per day, and pressure in pounds per inch squared.

Boundary-condition types employed include 
specified pressure, specified solute mass-fraction, 
specified fluid flux, evaporation, leakage, and a free 
surface or water table. All boundary conditions can be 
functions of time.

Certain additions and modifications were made 
to the HST3D simulator for application to the Bonnev­ 
ille Salt Flats simulation region. These modifications 
are described by Kipp (in press). They include:
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1. Addition of an evapotranspiration boundary con­ 
dition.

2. Modification of the algorithm for location of the 
free surface or water table.

3. Addition of the ability to input data as a linear dis­ 
tribution over a boundary segment.

4. Addition of the ability to input data node-by-node 
and element-by-element from gridded data 
prepared by a geographical information sys­ 
tem.

5. Elimination of the partial Gauss reduction used 
for numerical coupling of the difference equa­ 
tions for flow and transport.

6. Computation of data for postprocessing of flow 
rates and cumulative flow amounts.

7. Addition of output of water-table altitude and 
density field for postprocess contour plotting.

The evaporation boundary condition has a piece- 
wise linear function of evaporation flux with depth to 
the water table. The function is non-linear because of 
the sharp breaks in function slope at the land surface 
and at the extinction depth. Evaporation flux decreases 
as the water table drops until it becomes zero at the 
extinction depth.

The fifth item was necessary to prevent simula­ 
tion failure due to instability of the original partially 
reduced difference-equation system when a cell went 
dry. It also corrected a major mass-balance problem 
associated with cells going dry.

Postprocessing programs were written for the 
totalization of boundary flow rates and individual 
cumulative flows by boundary faces at selected loca­ 
tions, and for the computation of pond volumes and 
fluid mass at the end of each simulated season. The 
simulator calculates cell flow rates and cumulative 
amounts at each cell for each type of boundary condi­ 
tion. These values are written to a file for postprocess­ 
ing so that total flow rates and cumulative amounts can 
be calculated for any desired part of a boundary face. 
The trapezoidal rule is used for temporal integration of 
the flow rates to obtain the cumulative amounts. The 
volume of the pond that appears during the recovery 
season is calculated by adding the volume of fluid 
between the water table and the altitude of the pond 
bottom over the pond area on a cell-by-cell basis. The 
mass of brine in the pond is calculated by adding the 
density-weighted pond volume using the density of the 
bottom layer of cells in the pond.

The finite-difference approximations to the 
advective-transport terms were chosen to be upstream 
in space. The temporal finite-difference approxima­

tions were chosen to be backward in time or fully 
implicit. These choices mean that a certain amount of 
artificial numerical dispersion is introduced into the 
solutions calculated by the simulator. This numerical 
dispersion is a function of the time-step size and the 
mesh spacing (Kipp, in press), and it prevents nonphys- 
ical oscillations in the solute-concentration field at the 
cost of artificial smoothing or dispersion of concentra­ 
tion gradients.

The simulation region in the Bonneville Salt 
Flats study area focused on the shallow-brine aquifer. 
The areal extent of the simulation region is shown in 
figure 29.

The simulation region contains the entire area of 
thick perennial salt crust north of Interstate Highway 
80 that is known as the Bonneville Salt Flats. Carbon­ 
ate mud surrounds the salt crust and extends toward the 
northwest to the Silver Island Mountains and to the east 
into the Great Salt Lake Desert. A thinner, ephemeral 
salt crust forms seasonally on the surface of the carbon­ 
ate mud. Also, evaporation from the water table precip­ 
itates salt in the fractures of the carbonate mud and the 
existing salt crust. For modeling purposes, the term 
"salt crust" will be used to refer to the perennial salt 
deposit encompassing the area where the salt crust is at 
least 1 ft thick. The salt crust plus the thin, ephemeral 
salt deposits make up the total crystalline salt deposit at 
any given time.

The vertical extent of the simulation region rep­ 
resents the thickness of the shallow-brine aquifer from 
the water table at or near the land surface down to the 
contact with the lacustrine sediment of the upper part of 
the basin-fill aquifer. The areal extent of the simulation 
region represents the study area from the alluvial-fan 
aquifer along the flank of the Silver Island Mountains 
on the northwestern and northern boundaries to the 
brine-collection ditch along Interstate Highway 80 on 
the south, and from the alluvial-fan aquifer on the west 
to the limit of available data east of the brine-collection 
ditch, which is located east of the salt crust.

Previous work (Lines, 1979) indicates that the 
shallow-brine aquifer in the Bonneville Salt Flats study 
area was of large areal extent (125 mi2) and rather thin 
vertically (25 ft). However, the large fluid-density vari­ 
ation between the northwestern boundary with the allu-

o

vial-fan aquifer (1.04 g/cm ) and the shallow-brine
o

aquifer (as much as 1.21 g/cm ) raises the potential for 
density-induced flow. Thus, a variable-density flow and 
solute-transport simulator was needed. The model has 
to be three-dimensional to allow for buoyant effects 
from density contrasts and to include the areal features
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of the brine-collection ditch and aquifer boundaries. 
Although some density variation was measured 
between brine from the salt crust and brine from the 
underlying carbonate mud, vertical profiles of density 
variation throughout the thickness of the shallow-brine 
aquifer were not obtainable.

The shallow-brine aquifer consists of carbonate 
mud, oolitic sand, gypsum, and halite, and is fractured 
with fissures up to 1 in. in width extending down to 25 
ft with fissure spacing of about 1 ft being common. 
Although the aquifer is fractured, the well known 
assumption of an equivalent porous medium was made. 
This was necessary because data to characterize the 
fracture distribution were insufficient. Also, the density 
of fractures was believed to be high enough to be rep­ 
resented as a distributed porosity and permeability for 
the purposes of this model.

Inflow to and outflow from the simulation region 
were identified as follows. Water and brine enters the 
simulation region by (1) infiltration of precipitation and 
(2) ground-water inflow from the north, east, and west, 
and a small segment at the west end of the southern 
boundary (fig. 15). Brine leaves the simulation region 
by (1) evaporation, which precipitates crystalline salt 
on the playa surface, (2) ground-water outflow to a 
brine-collection ditch along the southern boundary, 
south of Interstate Highway 80, (3) ground-water seep­ 
age into the brine-collection ditch east of the salt crust,
(4) ground-water outflow to the adjacent alluvial-fan 
aquifer along the northwestern margin of the playa, and
(5) leakage to the underlying basin-fill aquifer. Ponding 
occurs over the lower areas of the salt crust in response 
to seasonal precipitation and reduction in evaporation 
rate during the winter months.

Review of several years of available data shows 
considerable annual variation of precipitation, evapora­ 
tion, production from brine-collection ditches, and 
other hydrologic conditions. Model calibration by his­ 
torically matching periods of actual site conditions was 
not done for the following reasons:

1. Insufficient data were available to define initial 
conditions, for an undisturbed state or for a 
period of current brine production.

2. Boundary conditions show transient variations on 
the time scale of days to weeks.

3. Purposes of modeling this study area involve a 
time scale of years to decades. 

Preliminary simulations show that the ground- 
water flow system does not reach a steady state during 
the production or recovery seasons because the

response time is longer than a seasonal duration of 
about 6 months. For simulation purposes, a synthetic 
seasonal sequence was formulated representing a typi­ 
cal year split into a 6-month summer-fall season of pro­ 
duction and evaporation followed by a 6-month winter- 
spring season of recovery and recharge. For purposes 
of this report, the former season will be denoted as the 
production season and the latter season as the recovery 
season. An average brine-production volume, esti­ 
mated during this study, was used for the production 
season. The goal was to simulate a periodic steady state 
representing a typical climatic year with average brine 
production from the brine-collection ditch east of the 
salt crust. Then the fluid and solute balances could be 
evaluated to help answer the key questions pertaining 
to model simulations in this study as presented in the 
"Modeling approach" section of this report.

The simulation region was contained in a rectan­ 
gular parallelepiped of dimensions 76,000 ft by 56,000 
ft by 26 ft in the east-west, north-south, and vertical 
directions, respectively. The land surface is flat to 
within 2 ft over the Bonneville Salt Flats. To simplify 
the geometry, an altitude of 4,215 ft was assumed for 
the carbonate-mud surface and 4,214 ft was assumed 
for the salt-crust surface.The contact with the underly­ 
ing basin-fill aquifer was assumed to be a horizontal 
plane at an altitude of 4,189 ft.

The mesh or grid was constructed with variable 
node spacing. The horizontal spacing varied from 500 
to 1,000 ft, and the finer divisions were made in the 
vicinity of the brine-collection ditch. One reason for 
the 1,000-ft spacing was to be able to define the perme­ 
ability, pond area, salt-crust area, recharge flux, evapo­ 
ration flux, and porosity distribution with realistic 
geometric structure. Altitudes of the node layers were 
4,189, 4,194, 4,199, 4,204, 4,209, 4,214, 4,214.5, and 
4,215 ft. The finer mesh near the top was to accommo­ 
date the ponding representation. The total number of 
nodes in the simulation region was 44,032; however, 
only about 36,000 nodes were active. The nodes are 
located at the intersection of the model-grid mesh lines. 
Thus, the mesh lines delineate element boundaries, not 
cell boundaries.

The ground-water flow and solute-transport 
simulator requires specification of boundary conditions 
to determine the numerical solutions for the dependent 
variables of pressure and solute concentration. The 
boundary conditions for the simulation region include 
specified pressure, specified recharge flux for the infil­ 
tration of precipitation, evaporation, and leakage from
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an adjacent aquifer or outer aquifer region. The leakage 
boundary condition was chosen for those boundaries 
along which water-level distributions in space are 
known only at a few locations. The location of the dif­ 
ferent boundary-condition types is shown in figure 30.

At all flux and pressure boundaries, associated 
solute-mass fractions were specified for possible 
advective inflow. Fluid flowing into the simulation 
region advects solute at the specified mass fraction. 
Solute is advected by fluid flowing from the simulation 
region at the current solute concentration at a given 
location on the boundary. For model simulations, no 
boundaries had a specified solute concentration 
because this would have constrained the simulated sol­ 
ute-concentration distribution unrealistically.

The boundary conditions (fig. 30) were specified 
as follows by locations and types: (1) along the south 
and west boundaries, specified pressure; (2) along the 
east, north, northwest, and bottom boundaries, leakage; 
(3) along the top (free-surf ace) boundary, evaporation 
flux during the production season and specified 
recharge flux from the infiltration of precipitation dur­ 
ing the recovery season; and (4) specified pressure 
along the brine-collection ditch boundary east of the 
salt crust and interior to the simulation region. Equa­ 
tions defining the boundary-condition types are 
described by Kipp (in press). Actual values associated 
with the various boundary conditions were assigned by 
a variety of methods to be described in the "Parameter 
estimation and available data" section of this report.

A leakage boundary condition was chosen along 
those boundaries where water levels are known only at 
a few locations. This boundary condition does not spec­ 
ify water levels, but allows the simulated water levels 
to rise and fall in response to inflow and outflow across 
these boundaries. Thus, neither fluxes nor water levels 
are specified at the leakage boundaries; therefore, they 
are suitable in regions in which information is sparse. 
Interpolated water levels were used to set the driving 
forces at leakage boundaries by specifying the potential 
energy per unit mass of fluid at the exterior surface of 
the leaky layer.

A limitation of the simulator is that, although 
cells at edges and corners of the active simulation 
region may have two or three boundary faces, only one 
flux or leakage boundary condition can be specified for 
a given cell. For example, along edges where a lateral 
leakage-boundary face may meet a vertical leakage- 
boundary face, one of those faces must be pulled back 
from that edge so that there are not two leakage faces

for that cell. This is inconvenient, but not a serious 
problem for regions with a high density of cells 
because the lost-leakage area would be a small fraction 
of the total-leakage area along that boundary. The 
boundary face chosen to be pulled back from the edge 
was the one containing the greater number of cells, so 
that the lost fraction is minimized.

The brine-collection ditch, located east of the 
salt crust, in the interior of the simulation region is rep­ 
resented as a specified-pressure boundary. It penetrates 
two-thirds of the thickness of the shallow-brine aquifer. 
The areal location of the ditch is a sequence of line seg­ 
ments joining node points. The ditch was located 
approximately to align the segments with the north- 
south and east-west axes of the model grid. During the 
recovery season, the brine-collection ditch boundary 
was removed from the simulator. This allowed the 
water table to rise in response to the changes in the 
other boundary conditions, such as at the land surface 
and along the south and east boundaries. To keep a 
specified-pressure boundary for the brine-collection 
ditch would have provided an artificial instant recovery 
of the ditch water level, and it would have become a 
false source of recharge to the shallow-brine aquifer.

The shallow-brine aquifer, simulated as an 
unconfined aquifer, has a free-surf ace boundary condi­ 
tion at the water table. The free surface is allowed to 
move to any cell in a vertical column of cells. Recharge 
from precipitation across the free-surface boundary 
was represented by an areally distributed flux over the 
top surface of the simulation region. This flux was 
applied to the cell containing the water table at each 
areal location. Evaporation also was represented by an 
areally distributed flux applied to the cell containing 
the water table. As explained earlier, this flux depends 
on the water-table depth below land surface.

A transient pond forms seasonally on the Bon- 
neville Salt Flats during the winter months, when the 
water table rises above the land surface in areas where 
the altitude of the land surface is lowest. During model 
development and calibration, an approximate represen­ 
tation of this ponding was incorporated by defining an 
area with a land surface uniformly 1 ft lower than the 
general land surface altitude of 4,215 ft. This pond area 
consists of 36 percent of the land surface of the simula­ 
tion region. It also approximates the area overlain by 1 
ft or more of perennial salt crust. The lower land sur­ 
face created a zone in the model representing the sea­ 
sonal pond. Porosity in this zone was set to unity and 
permeability to four orders of magnitude greater than
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Specified pressure .

Leakage Side view 

Figure 30. Simulation region for the shallow-brine aquifer with boundary-condition types and locations, Bonneville Sal
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for the shallow-brine aquifer. This approximated an 
open body of water when the water table rose into this 
zone and provided additional fluid storage for the over­ 
all simulation region. Because aquifer properties are 
defined on an element basis, the cells spanning the 
pond-bottom altitude of 4,214 ft have an effective aver­ 
age porosity of about 20 percent. Thus the effective 
pond bottom could be regarded as the cell boundary of 
the lowest cell with porosity of 100 percent. This bot­ 
tom surface was located at an altitude of 4,214.25 ft. It 
would have been desirable to represent the pond by an 
open body of water whose level responded to net inflow 
through the pond bottom as described by Cheng and 
Anderson (1993). The same approach could also have 
been used to model the brine-collection ditches. How­ 
ever, development of such a fully coupled model for 
open bodies of water with variable-density flow and 
transport was beyond the scope of the study.

Alternatively, representation of the brine-collec­ 
tion ditch, interior to the simulation region, as a leakage 
boundary was not feasible because it penetrated six of 
the nodal layers of the model. The brine-collection 
ditch was assumed to be 17 ft deep, which located the 
ditch bottom at an altitude of 4,198 ft, and corresponds 
to the sixth nodal layer down from the top of the model 
grid.

At the beginning of the study, it was believed 
that the fluid system was at periodic steady state for 
several decades but that the solute in the system could 
be in transient evolution. The salt crust was regarded as 
not in periodic steady state, based on the long-term 
decline in area and thickness. Data obtained later in the 
study show that the solute content of brine in the shal­ 
low-brine aquifer also was in a periodic steady state for 
more than 20 years. The model was calibrated to 
achieve this condition.

Simulations were carried out to a periodic steady 
state with a repeated sequence of production and recov­ 
ery seasonal periods with their associated boundary 
conditions, approximating a typical year. Seasonal 
average values for boundary pressures, recharge flux, 
leakage parameters, and evaporation flux were used. 
This removed the dependence of the results on the ini­ 
tial pressure distribution, and, to a lesser extent, on the 
initial solute-concentration distribution. The initial 
conditions of the water-table configuration and the den­ 
sity distribution were quite uncertain because of the 
lack of data for a typical year or set of years from which 
to obtain an average representative of initial conditions. 
The alternative approach of using a pre-development

initial condition also was discarded because of the lack 
of data to quantify this condition.

A periodic steady state for the flow system 
implies the following at the end of two successive pro­ 
duction or two successive recovery seasons:

1. The water-table configuration is the same.
2. The boundary fluid volumetric flow rates are the 

same.
3. The volume of fluid in the system is the same.

A periodic steady state for solute transport also 
implies the following:

1. The density and solute-mass-fraction fields are 
the same.

2. The mass of fluid and solute in and out of the sys­ 
tem has a net value of zero for a year of simu­ 
lation.

The durations of seasonal simulations were 180 
days for the production season and 185 days for the 
recovery season. An automatic time-step control was 
used for each simulation starting at 0.01 days. The 
main control was on the pressure change per time step,

o

which was limited to 0.01 Ibs/in , corresponding to 
about 0.025 ft of change in altitude of the water table. 
Although almost never invoked, the secondary control 
was to limit the concentration change per time step to 
0.01 in solute-mass fraction.

Because the flow simulation was run to obtain a 
periodic steady state, the pressure-field results are inde­ 
pendent of the initial-condition pressure distribution. 
Therefore, for simplicity, a hydrostatic pressure with a 
flat water table was chosen as the initial condition for 
the ground-water flow equation. The initial condition 
for the solute-transport equation was a mass-fraction 
distribution derived from a cubic trend surface fit to 
density data (see "Parameter estimation and available 
data" section of this report).

Output files were postprocessed to compute flow 
rates and cumulative flow amounts for each boundary 
segment. Trapezoidal integration in time was used to 
compute cumulative flow amounts from the boundary- 
cell data.

Seasonal evaporation from the shallow-brine 
aquifer was computed as total evaporation for the sim­ 
ulation region less the initial amount stored in the sea­ 
sonal pond. The pond was totally evaporated during the 
production season so there was no residual pond to 
include in the computation for this season. Similarly, 
seasonal recharge to the shallow-brine aquifer was cal­ 
culated as the total recharge amount less accumulation 
in the seasonal pond during the recovery season. The
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pond volumes were calculated by numerical integration 
of the volume of water contained in each cell within the 
pond volume. The pond depth at each node within the 
pond area was the height of the free surface above the 
effective pond-bottom altitude of 4,214.25 ft.

The volume of brine stored in the pond at the end 
of the previous recovery season was subtracted from 
total evaporation at the end of the production season 
just completed to get actual evaporation from the shal­ 
low-brine aquifer. Similarly, the volume of brine stored 
in the pond at the end of the recovery season just com­ 
pleted was subtracted from total recharge for this 
recovery season to get actual recharge to the shallow- 
brine aquifer. The mass of solute in the pond at the 
beginning of the production season was subtracted 
from the mass of solute removed from the simulation 
region to obtain the net mass of solute removed from 
the shallow-brine aquifer during this season. Similarly, 
the mass of solute in the pond at the end of the recovery 
season was subtracted from the mass of solute added to 
the simulation region by recharge from infiltration of 
precipitation to obtain the net mass of solute added to 
the shallow-brine aquifer during this season. These 
methods account for the solute in storage in the sea­ 
sonal pond.

The budget for the crystalline salt was calculated 
from the cumulative-amount results. At the end of the 
production season, the total amount of salt precipitated 
through evaporation was assumed to be the total 
amount of solute advected out through the top bound­ 
ary of the model by evaporative flow, less the amount 
of salt contained in the seasonal pond at the beginning 
of the production season. This calculation neglects any 
concentrating mechanism occurring in the actual sys­ 
tem, so the simulated outgoing solute concentration is 
not necessarily at halite saturation. At the end of the 
recovery season, the total amount of salt dissolved and 
recharged to the shallow-brine aquifer was assumed to 
be the amount advected in through the top boundary of 
the model by the recharge flux less the solute in storage 
in the pond at the end of the season. Because there was 
no salt dissolution mechanism in the simulator, the den­ 
sity or solute concentration of the recharge flux was 
specified. The difference between solute outflow and 
inflow was calculated as the net gain or loss of crystal­ 
line salt during the year.

Parameter Estimation and Available Data

For the purposes of this report, parameter esti­ 
mation refers to the process of selecting values for the 
various model parameters estimated without the use of 
computer simulations. These parameters were not 
adjusted during the subsequent model-calibration pro­ 
cedure. The initial estimates of parameter values 
adjusted during model calibration also are described 
here. Data from previous studies of the Bonneville Salt 
Flats, data collected during this study, and general 
hydrologic information from similar settings were used 
to estimate model parameters. Parameters estimated at 
the beginning of model development define (1) geome­ 
try of the aquifer, (2) geometry of the salt crust and 
pond area, (3) aquifer elastic-storage properties, (4) 
heads used to set the specified-pressure boundaries 
(except at the brine-collection ditch), (5) external 
potentials for the leakage boundaries, (6) leakage- 
boundary flow properties and geometry, (7) evapora­ 
tion extinction depth, (8) densities used to set the asso­ 
ciated solute concentrations at the boundaries, and (9) 
aquifer dispersivities. The remaining model parameters 
were established during the model calibration and are 
described in the next section. They include: (1) aquifer- 
permeability distribution, (2) aquifer-porosity distribu­ 
tion, (3) maximum evaporation-flux distribution, (4) 
precipitation-recharge flux distribution, and (5) brine- 
collection ditch water levels.

Aquifer and Fluid Properties

All aquifer properties were assumed to be uni­ 
form throughout the aquifer thickness because of a lack 
of data indicating otherwise. The aquifer properties for 
conductance (permeability) and storage (porosity) 
were calibration variables. Initial estimates of perme­ 
ability distribution were based on a contour map of 
transmissivity values by Lines (1979, fig. 33). This 
transmissivity map was digitized into piecewise con­ 
stant bands of transmissivity, and interpolated bands of 
permeability values were generated for the elements 
formed by the areal nodal mesh by geographical-infor­ 
mation-system computer software. Zonation by ele­ 
ment was used in the horizontal planes of nodes, with 
each element extending from the land surface to the 
aquifer bottom. This gave the finest possible horizontal 
resolution for permeability at the given mesh defini­ 
tion. The permeability values were set to be uniform 
throughout the thickness of the shallow-brine aquifer 
because no data were available on vertical variation.
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Conversion of transmissivity to permeability was done 
by the following equation:

k = 7.37 x 10
-11

(21)

where
r\

k is the permeability (ft );
T is the transmissivity (ft2/d);
(I is the fluid viscosity (centipoise);
p is the fluid density (lbs/ft3);

r\

g is the gravitational acceleration (ft/s ); and
b is the aquifer thickness (ft).

The density and viscosity distributions used in 
this conversion were calculated from the density distri­ 
bution used for initial conditions. This density-distribu­ 
tion contour map also was digitized into piecewise 
constant bands. An associated piecewise constant-vis­ 
cosity distribution was calculated from the bands of 
constant density by converting the density to solute- 
mass fraction, then using the viscosity equation from 
the HST3D simulator to obtain the viscosity value for 
each band. The proper densities and viscosities to use 
in the conversion would be those measured during each 
aquifer test; however, these data were not available. 
The initial horizontal permeability distribution ranged 
from 1.29 x 10' 10 ft2 to 1.15 x l(T9ft2 . Lines (1979, p. 
70) reported that the vertical hydraulic conductivity for 
his aquifer tests on the shallow-brine aquifer ranged 
from 30 to 140 ft/d. The ratio of vertical to horizontal 
hydraulic conductivity for these tests ranged from 
about 0.6 to 0.9 based on an anisotropic hydraulic con­ 
ductivity aquifer-test analysis. On the basis of these 
tests and the vertical fractures penetrating most, if not 
all, of the thickness of the shallow-brine aquifer, the 
vertical permeability of the equivalent porous media 
was assumed to be 0.8 of the horizontal value for each 
zone.

Storage of the flow system was characterized by 
porosity. Because this aquifer is being simulated as an 
unconfmed flow system, fluid and porous-matrix com­ 
pressibility were assumed to be negligible. A uniform 
effective porosity of 10 percent was used initially. Spe­ 
cific yield for this unconfined aquifer is assumed equal 
to the effective porosity of 10 percent, however, this 
parameter is not used in the simulator.

The solute-dispersivity values were somewhat 
arbitrarily selected to be 500 ft in both longitudinal and 
transverse directions because no data were available to 
estimate the field values for the study area. The amount 
of numerical dispersion contributed by the mesh spac­

ing used is equivalent to a dispersivity of up to 500 ft 
for flow along a horizontal coordinate direction, and up 
to 2.5 ft for flow in the vertical coordinate direction. 
Estimating the numerical dispersion for oblique flow is 
beyond the scope of this report but probably falls 
within the above limits. The total effective longitudinal 
and transverse dispersivities range from about 500 to 
1,000 ft, which may be unrealistically large for simulat­ 
ing vertical mixing. Longitudinal-dispersivity values 
from field-scale tracer experiments tend to be one-tenth 
or less of the length scale of the flowpath (Gelhar and 
others, 1992). The transverse dispersivity was set equal 
to the longitudinal to represent the hydrodynamic mix­ 
ing effects of the predominantly vertical fractures that 
are the major flow conduits. A high transverse disper­ 
sivity results in a great deal of vertical mixing with flow 
that is predominantly horizontal. For flow that is verti­ 
cal, the large longitudinal dispersivity also results in 
vertical mixing. The amount of numerical dispersion 
contributed by the largest time-step length used is 
equivalent to a dispersivity value of as much as about 
50 ft, clearly less significant than that caused by the 
mesh spacing.

The fluid-density and viscosity functions are 
described in the "Modeling approach" section of this 
report. For modeling purposes, the system was treated 
as isothermal at 20°C. The range of measured fluid den­ 
sity in the shallow-brine aquifer in the Bonneville Salt 
Flats was 1.04 to 1.2 g/cm . The calculated brine vis­ 
cosity from this density range extends from 1.25 to 
1.99 centipoise. The latter value is more than twice that 
of freshwater. No laboratory measurements of viscosity 
of the brine were made.

Boundary-Condition Parameters

General methods used for quantifying all bound­ 
ary conditions of the several types used in the model 
are as follows. The specified-pressure boundary condi­ 
tions were assigned to segments of the boundaries by 
extrapolation from maps of the measured seasonal 
water tables (figs. 15 and 16) and by using the initial- 
condition density distribution to calculate pressure 
variation with depth to the aquifer bottom. Hydrostatic 
conditions were assumed to apply throughout each 
specified-pressure boundary segment.

A leakage boundary needs an energy per unit 
mass specified at its external surface. This energy was 
calculated from extrapolation of measured water levels 
near the relevant boundary locations (figs. 15 and 16). 
The lateral thicknesses were chosen to place the exter-
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nal potentials sufficiently far away from the simulation 
region to lessen their effect on the water-table configu­ 
ration. Also, the lateral thicknesses were chosen to 
place the outer boundary of the leaky layer at a horizon­ 
tal location where there were at least a few wells to pro­ 
vide external potential and density data. The 
permeability of the lateral leakage boundaries was 
taken to be a smooth approximation of the horizontal 
permeability for the shallow-brine aquifer in the vicin­ 
ity of the respective boundary. It was assumed that all 
properties and potentials were uniform over the vertical 
extent of each boundary segment.

The head distributions specified for the various 
boundary segments in the production and recovery sea­ 
sons, respectively, are shown in figures 31 and 32. The 
head distributions along leakage boundaries were used 
to set the external boundary potentials. The boundary- 
density values used for head-to-pressure conversion 
and for specification of boundary-solute concentrations 
are shown in figure 33. Associated solute-mass fraction 
for possible inflow was calculated from the initial-con­ 
dition density distribution along that boundary. Some 
of the boundary-condition pressure and energy values 
changed from production season to recovery season. 
The following sections describe the various boundary 
conditions by geometric location around the model 
region.

The boundary on the north, located just south of 
the northeastern end of the Silver Island Mountains, 
was defined as leakage. The western half of this bound­ 
ary is the north edge of the shallow-brine aquifer, pos­ 
sibly near a connection to the alluvial-fan aquifer if it 
exists in this area. North of the eastern half of this 
boundary is the extension of the shallow-brine aquifer 
through the pass between Floating Island and the Silver 
Island Mountains. The northern boundary of the model 
has ground-water flow to or from the northeast and also 
receives runoff from the Silver Island Mountains to the 
north and northwest. The horizontal thickness of this 
leakage boundary was set at 100 ft. The use of such a 
thin leakage layer effectively makes this boundary a 
specified-pressure boundary. Permeability was set at 
1.8 x 10- 10 ft2 .

The shallow-brine aquifer was assumed to be in 
direct contact with the alluvial-fan aquifer along the 
northwestern boundary of the simulation region. A 
leakage boundary was used here. Water-table maps 
have shown a depression over part of the alluvial-fan 
aquifer, perhaps caused by pumpage of process water 
for the mineral-extraction plant operation. This implies

that ground water flows out from the shallow-brine 
aquifer to the northwest and west. Water levels from the 
few wells in this boundary area were used to set the 
external potentials for the leakage-boundary segments. 
The horizontal thickness of the leakage boundary was 
set at 100 ft. This boundary is also effectively a speci­ 
fied-pressure boundary because of the thin leakage 
layer. Permeability was set at 1.4 x 10' 10 ft2 .

The shallow-brine aquifer also was assumed to 
be in contact with the alluvial-fan aquifer along the 
western boundary of the simulation region. A speci­ 
fied-pressure condition was used along this boundary. 
Water levels from the wells in this area and a linear 
density variation in the horizontal direction were used 
to set the pressure distribution.

The southern boundary, south of Interstate High­ 
way 80, was simulated as a specified-pressure bound­ 
ary. The middle half of the south boundary is a length 
of brine-collection ditch (fig. 30), whereas the east and 
west parts have no hydrologic or topographic features. 
More wells are present at this boundary, relative to the 
other boundaries, from which to establish heads for the 
pressure distribution.

The water level in the brine-collection ditch at 
the south boundary was not measured during the study 
because this ditch, which is on private property, was 
inaccessible. For the production season, the altitude of 
the head in the brine-collection ditch along the south 
boundary was estimated to be 4,200 ft based on water 
levels in wells to the north. During the recovery season, 
the water level was assumed to be 4,208 ft. The western 
and eastern parts of the south boundary were assigned 
piecewise linear or piecewise constant pressure distri­ 
butions based on heads (figs. 31 and 32) and densities 
(fig. 33).

The eastern boundary has no hydrologic fea­ 
tures, but represents the eastern limit of available data 
from the shallow-brine aquifer. The shallow-brine 
aquifer continues to the east, outside the area of pri­ 
mary interest and where data were not available. The 
connection of the simulation region with the outer 
basin region to the east was represented by a leakage 
boundary. This leakage boundary, with a 2,000-ft hori­ 
zontal thickness, was used to insulate the simulation 
region from the uncertain spatial distribution of exte­ 
rior potential. The permeability of this leakage bound­ 
ary was set at 2.0 x 10" 10 ft2 .

The brine-collection ditch, east of the salt crust 
and internal to the simulation region (fig. 30), was rep­ 
resented as a specified-pressure boundary. The areal
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location of the brine-collection ditch was taken from 
1:24,000-scale quadrangle maps. In the model, the 
areal representation of the brine-collection ditch was a 
sequence of line segments joining node points. Some 
approximations to the location of the ditch were made 
to align the segments with the north-south orientation 
of the model grid. The width of the ditch was estimated 
to vary from 28 ft at the land surface to 15 ft at the bot­ 
tom. Actual ditch width is not represented in the model. 
The depth was estimated to be 16 ft, which places the 
ditch bottom at an altitude of 4,198 ft. Thus, it pene­ 
trates two-thirds of the thickness of the shallow-brine 
aquifer.

In the model, the brine-collection ditch is one 
cell wide, which is 500 ft at the mesh spacing employed 
in its vicinity. Computational limitations prevented 
using a finer mesh at the brine-collection ditch. The 
specified water level or pressure means that the ditch 
has instant drawdown at the beginning of the produc­ 
tion season, which is somewhat artificial. Analytical 
solutions show that it takes a few days for the water 
level in the ditch to decline to its specified altitude. The 
gradually sloping water surface in the brine-collection 
ditch is of unknown profile. For simulation purposes, 
the brine-collection ditch in the model was divided into 
three reaches of nearly equal length, and estimates of 
water levels were made to approximate the sloping 
water surface. The initial water-level altitudes were 
4,206.5,4,207.5, and 4,208.5 ft; and these values were 
adjusted during the calibration process. The pressure 
distribution was assumed to be hydrostatic with depth, 
based on the average density of 1.175 g/cm3 observed 
in the actual brine-collection ditch. The boundary con­ 
dition at the brine-collection ditch east of the salt crust 
was removed to allow the water table to rise during the 
recovery season. This is clearly more realistic than 
imposing a pressure in the ditch during the recovery 
season.

The bottom boundary is at the contact between 
the shallow-brine aquifer and the lacustrine sediment in 
the upper part of the basin-fill aquifer. A leakage con­ 
dition was assigned to this boundary. The shallow- 
brine aquifer bottom was assumed to be a horizontal 
plane set at 4,189 ft, which corresponds to an average 
shallow-brine aquifer thickness of 25 ft. Well data, 
locating the material contrast between the shallow- 
brine aquifer and the underlying lacustrine sediment of 
the upper part of the basin-fill aquifer, show virtually 
no variation of the aquifer bottom throughout most of 
the shallow-brine aquifer. However, along parts of the

northwestern margin of the playa, the lacustrine sedi­ 
ment of the upper part of the basin-fill aquifer was 
encountered about 9 ft below land surface.

A uniform thickness of 38 ft for the semiconfin- 
ing layer was chosen based on the distance between the 
altitude of the bottom of the shallow-brine aquifer, 
4,189 ft, and the depth of the monitoring wells com­ 
pleted in the lacustrine sediment of the upper part of the 
basin-fill aquifer. The uppermost well drilled into the 
basin-fill aquifer at each of five locations was 63 ft 
below land surface. Thus, the leaky-layer thickness 
does not represent the actual thickness of a semiconfin- 
ing layer, but, rather, a part of the upper part of the 
basin-fill aquifer. The exterior energy potential was 
determined as a spatial average from data available 
from four wells in the fall of 1992. Wells (B-l- 
17)23abd-l, -2, and -3, near the brine-collection ditch, 
were not used because they are influenced by ditch 
water levels. Data were insufficient to determine a spa­ 
tial distribution of basin-fill aquifer energy potential. A 
uniform value was based on a water level of 4,215.05 ft 
and a fluid density of 1.11 g/cm3 . As described previ­ 
ously in the "Principles of variable-density ground- 
water flow" section of this report, the net driving force 
on fluid in the shallow-brine aquifer provides a calcu­ 
lated downward leakage into the lacustrine sediment of 
the upper part of the basin-fill aquifer at the five pie­ 
zometer nest sites at most times of measurement. How­ 
ever, geochemical and isotopic data suggest upward 
leakage has occurred historically, as discussed previ­ 
ously in the "Brine chemistry and implications for 
ground-water flow" section of this report.

The permeability of the leaky boundary in the 
model at the bottom of the shallow-brine aquifer was 
chosen to be representative of unweathered clays, 
which is the type of material found in the upper part of 
the basin-fill aquifer. The permeability of these clays 
was estimated to range from 1 x 10 to 1 x 10 ft , 
and a permeability of 1.1 x 10" 16 ft2 was chosen.

A water table forms the upper boundary of the 
shallow-brine aquifer. Its position varies in space and 
time in response to the dewatering and rewetting of the 
porous medium. Evaporation and recharge fluxes were 
applied to cells containing the water table or the pond 
surface in the model.

As described previously, a seasonal pond was 
simulated by using a porosity value of 1.0 and a very 
large permeability value that is four orders of magni­ 
tude larger than that of the underlying aquifer material. 
Use of any greater value of permeability in the pond
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resulted in numerical instability. The longitudinal and 
transverse dispersivity values used for the pond were 2 
x 10 ft to allow salt mixing to a nearly uniform con­ 
centration.

Evaporation occurs at the land surface and from 
the surface pond during the summer months. Maxi­ 
mum evaporation flux from the land surface was esti­ 
mated on the basis of the average of values calculated 
as net actual evaporation after subtracting rainfall. A 
value of 0.019 in/d (1.6 x 10'3 ft3/ft2/d) was applied 
over the entire upper surface of the simulation region. 
The evaporation rate from the seasonal pond was set at 
0.10 in/d (8.0 x 10"3 ft3/ ft2/d), which was five times the 
maximum evaporation rate from the land surface. This 
higher rate is justified because over open water, the 
actual evaporation rate approaches the potential evapo­ 
ration rate (figs. 18 and 19). Use of a higher evaporation 
rate over the pond increases the nonlinearity of the 
evaporation function by adding a discontinuity at the 
land surface (pond bottom). An extinction depth of 3 ft 
was chosen on the basis of curves from Ripple and oth­ 
ers (1975, p. A-18) for evaporation from bare soils. The 
effective land-surface altitude beneath the pond was set 
at 4,214.25 ft for evaporation calculations. This altitude 
also was used for all calculations of volume of brine in 
the pond.

Recharge at the land surface and from the sur­ 
face pond during the recovery season is assumed to be 
from infiltration of water that is from direct precipita­ 
tion on the playa surface. Precipitation during the sum­ 
mer months evaporates either before or soon after 
infiltrating into the subsurface and therefore is not con­ 
sidered to be a substantial component of recharge to the 
shallow-brine aquifer. Winter precipitation is subject to 
less evaporation and provides substantial recharge. At 
the weather station in Wendover, the 1961-90 normal 
monthly precipitation during the 6 months of winter is 
2.25 in. As mentioned in the "Climate" section of this 
report, there appears to be more precipitation at the 
Bonneville Salt Flats weather stations than at the Wen­ 
dover weather station; however, the period of record is 
too short to know if this is representative over the long 
term. The 2.25 in. of precipitation, when applied to the 
playa, is more than the amount needed for recharge to 
the shallow-brine aquifer; the excess contributes to the 
formation of a surface pond. This amount of precipita­ 
tion was converted into a seasonal volume of water 
applied to the simulation region. Initially, this recharge 
volume of water was apportioned between two areal 
zones. The corresponding precipitation rates for the

185-day recovery period were 0.034 in/d (2.8 x 10"3 
ft3/ft2/d) for the salt crust and 0.0036 in/d (3.0 x 10'4 
ft3/ ft2/d) for the carbonate-mud surface. This appor­ 
tionment was based on Lines' (1979, p. 85) estimated 
ratio of 80 percent of recharge occurring on the salt 
crust and 20 percent on the carbonate mud.

The associated density of the recharge fluid ini­ 
tially was assumed to be 1.19 g/cm3 for the salt crust 
and 1.17 g/cm3 for the carbonate-mud surface. These 
values were assumed to approximate the density for the 
brine infiltrating the aquifer. Water infiltrating through 
the salt crust will approach halite saturation more 
quickly than water infiltrating through the carbonate 
mud, where halite crystals are not as prevalent.

Initial Conditions for Dependent Variables

Because the ground-water system was simulated 
as being in a periodic steady state, the simulation 
results will be independent of the initial condition for 
the pressure field. Thus, for simplicity, a hydrostatic 
pressure distribution based on a flat water table at an 
altitude of 4,214.5 ft was used as the initial condition.

The initial condition for the solute-transport 
equation was a concentration distribution derived from 
brine-density data. The initial density distribution was 
developed by fitting a cubic trend surface to measured 
density data. The contoured cubic trend surface for the 
density of brine in the shallow-brine aquifer, in grams 
per cubic centimeter, is shown in figure 34. Density 
data were measured primarily in wells completed in the 
carbonate mud of the shallow-brine aquifer. Some den­ 
sity data were measured in wells completed in the 
perennial salt crust. Brine-density values from the salt 
crust were near halite saturation and those from the car­ 
bonate mud were typically below saturation. Other than 
the density variation mentioned previously, the amount 
of density profile data available was limited and failed 
to define a density variation with depth. Furthermore, 
the vertical fractures were presumed to cause vertical 
mixing of brine. Therefore, the initial-condition den­ 
sity distribution was assumed to be uniform throughout 
the aquifer thickness.

To obtain an initial condition for the solute-con­ 
centration field, the measured density field was trans­ 
formed using the equation from Lines (1979, p. 94, fig. 
45) and the definition of solute-mass fraction. Thus, the 
concentration is given by

c = 1590(p-1.000) (22)
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and the mass fraction is obtained from Calibration Criteria

w =
0.99823 + c

(23)

where
c is the solute concentration (g/L);
p is the fluid density at 20°C (g/cm3);
w is the solute-mass fraction (-); and 

0.99823 is the density of pure water at 20°C (g/cm3). 
The resulting solute-concentration field is very 

similar in pattern to figure 34 and will not be shown 
here.

Model Calibration

Model calibration refers to the procedure 
whereby a set of the model parameters, and possibly 
their distributions, are adjusted to obtain an optimal 
match between a set of model-output values and those 
observed in the actual system being simulated. The first 
step in model calibration is to select the set of parame­ 
ters that are to be adjusted to their optimal values. 
Ranges are then estimated for each selected parameter, 
within which the search for optimal values is carried 
out. Some parameters are distributed in space, so the 
possibility of searching for the optimal spatial distribu­ 
tion arises. Clearly, the multitude of possible spatial 
distributions makes all but a limited trial of a few dis­ 
tributions impractical in the absence of automated 
parameter-estimation techniques.

Model calibration was done in the classical 
method of sequential parameter adjustment, by using a 
series of simulations in the search for optimal parame­ 
ter values and distributions. It would have been more 
objective to use a numerical optimization procedure on 
a computer for model calibration, but this was beyond 
the scope of the study.

Model calibration consisted of seasonal tran­ 
sient simulations run to periodic steady state. A syn­ 
thetic steady-state simulation representing average 
conditions for a typical year was attempted, but that 
approach was abandoned because of the inability to 
apportion the annual average boundary-condition val­ 
ues to uniquely represent the production and recovery 
seasons. Simulations to periodic steady state were run 
for seven annual cycles.

Comparisons were made between observed and 
model-computed results at the end of the two seasons 
once periodic steady state was obtained. The following 
criteria were chosen to evaluate the quality of the 
model:

1. Match the brine-production volume from the 
brine-collection ditch to within 10 percent of 
the estimated annual production volume of 
1,500 acre-ft.

2. Balance the outflow volume of fluid during the 
production season with the inflow volume of 
fluid during the recovery season to within the 
global volumetric balance error of the simula­ 
tion.

3. Obtain a reasonable match between contour pat­ 
terns of the simulated water-table surface and 
contour patterns of measured water-level data 
at the end of the production season and at the 
end of the recovery season.

4. Create a pond with water depth of a few tenths of 
a foot at the end of the recovery season.

Parameter Value and Distribution Adjustments

Several parameter values and distribution pat­ 
terns were adjusted to obtain a calibrated model of the 
shallow-brine aquifer under the Bonneville Salt Flats. 
The model parameters that were selected to be adjust­ 
able for calibration were (1) aquifer permeability and 
porosity values and distributions; (2) water levels in the 
brine-collection ditch; (3) evaporation-flux values and 
distribution; and (4) precipitation-recharge flux values 
and distribution.

Permeability in the vicinity of the south bound­ 
ary was lowered by modifying the digitized transmis- 
sivity distribution from Lines (1979, fig. 33) and then 
recalculating permeability using the density and vis­ 
cosity distributions as described in the "Parameter esti­ 
mation and available data" section in this report. The 
initial transmissivity distribution was modified only 
within its original range of 500 ft2/d to 6,000 ft2/d. Dur­ 
ing initial simulations, the computed hydraulic gradient 
toward the south boundary was less and extended far­ 
ther north of Interstate Highway 80 than shown by 
measured water-level data. The transmissivity was 
decreased to one-sixth of its initial value in four rows 
of cells just north of the brine-collection ditch along the 
south boundary and the porosity was decreased from 
0.10 to 0.07 in the same area. By decreasing both
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parameters, the hydraulic gradients from the simulation 
more closely matched gradients calculated from mea­ 
sured water-level values during both the production 
and the recovery seasons. The reduction of these 
parameters is justified as a result of construction of 
Interstate Highway 80 as discussed previously in the 
"Discharge" section for the shallow-brine aquifer.

Porosity was increased from 0.10 to 0.20 in the 
area of the salt crust and the area between the salt crust 
and the brine-collection ditch to the east. This increase 
was to reduce an excessive rise in water levels during 
the recovery season and is believed to be within con­ 
ceptual limits because of the large number of fractures 
in this area. Permeability for the shallow-brine aquifer 
in these areas was not changed from the initial distribu­ 
tion.

Permeability values were adjusted by a factor of 
two and porosity values by a factor of 1.5 along the 
northwestern margin of the playa to better match the 
hydraulic gradient based on measured water levels in 
this area. The initial simulations gave a hydraulic gra­ 
dient that was too steep in the vicinity of this boundary. 
With the initial porosity value, simulated water levels 
were too high during the recovery season. Seasonally 
changing potentiometric heads were specified on the 
external boundary of the leakage layer along this 
boundary (figs. 31 and 32). The contour map of hori­ 
zontal permeability distribution for the calibrated 
model after all of these adjustments is shown in figure 
35. Vertical permeability was set at 0.8 of the horizontal 
value, as mentioned previously. The final porosity dis­ 
tribution included values of 0.20, 0.15, 0.10, and 0.07 
and assigned to the salt crust, northwest carbonate 
mud, east carbonate mud, and south carbonate mud, 
respectively (fig. 36).

The brine-collection ditch levels were estimated 
to vary more than 4 ft during a typical year. Water levels 
measured near the booster pump south of Interstate 
Highway 80 ranged in altitude from 4,206 to 4,211 ft 
during the summer of 1992. The initial set of three 
water-stage levels was adjusted through this range to 
obtain the target brine-production volume previously 
reported. For the calibrated model, the brine-collection 
ditch water levels were 4,208.75, 4,209.75, and 
4,210.75 ft.

During the model-calibration phase, maximum 
evaporation flux was divided into two zones (fig. 37), 
one for the pond/salt-crust area and one for the sur­ 
rounding carbonate-mud surface. During calibration, 
maximum evaporation rates of 0.019 in/d (0.0016

ft3/ft2/d) from the salt crust and 0.016 in/d (0.0013 
ft3/ft2/d) from the carbonate-mud surface were deter­ 
mined. This distribution represents a reduction from 
the initial uniform maximum evaporation flux. The 
total seasonal volume of precipitation recharge was 
reapportioned among four zones shown in figure 38.

Recharge rates of 0.025 in/d (2.075 x 10'3 
ft3/ft2/d) for the salt crust, 0.012 in/d (J.01 x lO'3

Q ry

ft / ft /d) for the carbonate-mud surface between the 
salt crust and the brine-collection ditch, 0.0078 in/d 
(6.5 x 10"4 ft3/ ft2/d) for the carbonate-mud surface east 
of the brine-collection ditch, and 0.0050 in/d (4.18 x

A o o

10 ft / ft /d) for the remaining carbonate-mud surface 
to the northwest and north were determined as optimal. 
The higher recharge rates occur for the salt crust and 
the area between the salt crust and the brine-collection 
ditch. This is supported by the more fractured nature of 
the salt crust and the carbonate mud in this area where 
crystalline halite has precipitated within the carbonate- 
mud matrix. In addition, ponding on the carbonate-mud 
surface in this area increases the net recharge to more 
than that which applies to carbonate-mud surfaces that 
do not experience ponding. This four-zone distribution 
gave a better match of the simulated water-table config­ 
uration to measured water-table values in the vicinity 
of the brine-collection ditch during the recovery season 
and provided sufficient water for ponding in the area of 
the salt crust. Recall that the initial recharge distribu­ 
tion was over two zones with a somewhat larger value 
ovt r the salt crust.

Re suits of Calibration

After seven annual cycles of simulation, the 
marimum absolute water-table configuration changes 
were less than 0.06 ft for two successive production 
periods and less than 0.09 ft for two successive recov­ 
ery periods. The volume of fluid in the system was the 
same as at the end of the previous cycle to within 0.3 
percent of the change in volume for 1 year. Because the 
ma >s balance on the simulated system had errors of 
abcut 1.5 percent, these results were deemed accurate 
enc ugh to assume that periodic steady state had been 
achieved for the ground-water flow system. The simu­ 
lated seasonal volume of the brine-collection ditch was 
1,4 51 acre-ft (6.32 x 107 ft3), which was well within the 
calibration criterion of plus or minus 10 percent of the 
estimated volume.

A periodic steady state for the flow system was 
attained after seven cycles of simulation, or 7 years. 
The; length of time required to achieve periodic steady
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state implies that the response time for the flow system 
is on the order of a decade. Changes in boundary-con­ 
dition pressures, fluxes, or leakage parameters can be 
expected to affect the flow system for time on the order 
of a decade provided that these changes are not far from 
the calibrated model values. The response time for the 
solute-transport system is longer than for the flow sys­ 
tem. Simulations were not run for a sufficient number 
of cycles to achieve periodic steady state with respect 
to solute concentration. The average residence time 
within the shallow-brine aquifer, however, was esti­ 
mated to be about 120 years. This was calculated as the 
quotient of the maximum ground-water volume 
divided by the through-flow rate. The through-flow rate 
is the annual inflow rate or the annual outflow rate, 
because both must balance at periodic steady state for 
an annual cycle.

The periodic change in fluid volume for the cali­ 
brated model (fig. 39) includes the pond. The approach 
to periodic steady state is clearly seen. The net volume 
change over a year is a loss of 39 acre-ft. But the volu­ 
metric balance error of the simulator in the seventh year 
of simulation was 650 acre-ft. Therefore, the deviation 
from an exact steady-state volumetric balance is well 
within the balance error of the simulator. Thus, the sec­ 
ond calibration criterion was met to within the accuracy 
of the simulation.

within the mass-balance error of each year of the sim­ 
ulation. Therefore, no further calibration was done to 
remove this upward trend.

123456 
TIME, IN YEARS

Figure 39. Change in total volume of fluid in the 
simulation region for the calibrated model of the 
shallow-brine aquifer during seven annual cycles, 
Bonneville Salt Flats, Utah.

A general increase with time can be seen in the 
periodic change in solute content of the ground water in 
the calibrated model (fig. 40). The total increase during 
the 7-year simulation, however, is only 1.25 percent of 
the solute mass in the simulation region, which is

123456 
TIME, IN YEARS

Figure 40. Change in total mass of solute in the 
simulation region for the calibrated model of the 
shallow-brine aquifer during seven annual cycles, 
Bonneville Salt Flats, Utah.

No statistical measurements were made that 
describe the quality of the match between the simulated 
water-table surface and the measured water-level data. 
This was because only a small set of seasonal measure­ 
ments were made during a 2-year period. One of those 
years was much cooler and wetter than normal, which 
resulted in unusual conditions on the Bonneville Salt 
Flats. The amount and duration of ponding increased 
dramatically. A semi-quantitative assessment of the 
water-table patterns and water levels shows that the 
simulated water-table surfaces match the measured 
water-level data satisfactorily for the representative 
steady-state conditions and meet the third calibration 
criterion.

The pond at the end of the recovery season cov­ 
ers more than 90 percent of the pond area with a depth 
of more than 0.2 ft and a maximum depth near 0.4 ft. 
The southwestern and southeastern corners of the pond 
area have water depths as shallow as 0.05 ft because of 
boundary-condition influences. Thus the fourth cali­ 
bration criterion, that of pond formation, is satisfied.

Simulation Results

Results of the simulations from the calibrated 
model include water-table altitudes, density fields, and 
cumulative fluid volume and solute-mass amounts 
through the boundary surfaces. As described in the
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"Modeling approach" section of this report, the goals 
of simulating the solute transport in the shallow-brine 
aquifer under the Bonneville Salt Flats were: (1) 
develop a fluid and solute balance for the shallow-brine 
aquifer in the study region, (2) evaluate the effect of 
brine production from the ditches on the salt crust, and 
(3) identify the major and minor solute fluxes to and 
from the shallow-brine aquifer. The first two goals are 
met by computing (1) a flow balance on the shallow- 
brine aquifer beneath the Bonneville Salt Flats, (2) a 
solute balance for the simulation region, and (3) a mass 
balance on the total crystalline salt deposit. These 
quantitative balances help to understand how the brine 
production affects the gradual disappearance of the salt 
crust. The third goal is achieved by examination of the 
cumulative flow and transport amounts calculated for 
each boundary face.

The set of seasonal simulations leading to a peri­ 
odic steady state began with the production season. An 
automatic time-step control was used by the simulator 
starting at 0.01 days and increased to about 20 days 
during the simulation seasons. The main control was on 
the pressure change per time step, which was limited to 
0.01 lbs/in2 and corresponds to about 0.025 ft of water- 
table altitude change. The secondary control, almost 
never invoked, was to limit the concentration change 
per time step to 0.01 in solute-mass fraction. With these 
time-step control parameters, the overall mass-balance 
error for the brine was within 1.5 percent for produc­ 
tion seasons and 0.6 percent for recovery seasons. Sim­ 
ilar errors were obtained for the solute balance. These 
errors are presented as percentages of the net outflow of 
brine and net outflow of solute from the simulation 
region. Most of the errors occurred because cells 
became dry or rewetted and because of the nonlinearity 
(piecewise linearity) and explicit treatment of the evap­ 
oration boundary condition. To reduce the mass-bal­ 
ance error through use of shorter time steps by 
imposing more restrictive pressure change and solute- 
concentration change limits would have made simula­ 
tion times excessively long.

Dependent Variables

The dependent variables from the simulations 
were fluid pressure and solute-mass fraction. The pres­ 
sures at the uppermost saturated cells were used to cal­ 
culate a water-table altitude distribution for 
comparison with measured water levels. The solute- 
mass-fraction field was used to calculate the density 
distribution for the aquifer and pond brine. Other sim­

ulator outputs of primary interest were the flow rates 
and cumulative amounts of brine and solute that moved 
through the boundary surfaces of the simulation region 
and the mass-balance calculations for the region.

The water-table configurations at the end of the 
production and recovery seasons are shown in figures 
41 and 42. At the end of the production season, the 
drawdown in the vicinity of the brine-collection ditch 
and along the southern boundary can be seen. Also, the 
gradient toward the northwest with flow to the alluvial- 
fan aquifer is apparent. At the end of the recovery sea­ 
son, the water-table drawdown in the vicinity of the 
brine-collection ditch has not recovered completely. 
Setting the water level in the brine-collection ditch 
along the south boundary at 4,200 ft during production 
and 4,208 ft during recovery has maintained a water- 
table slope to the south along the southern boundary. 
One significant result of calibration is that the high 
transmissivity values at the southern boundary inter­ 
preted by Lines (1979, fig. 33) appear inconsistent with 
the calibrated permeability values converted to equiva­ 
lent transmissivity. To match the measured water levels 
and obtain similar head gradients along the south-ditch 
boundary, the transmissivity had to be reduced by a fac­ 
tor of one-sixth.

Net cumulative flow through the northwestern 
boundary reverses during the recovery season and 
enters the shallow-brine aquifer. The approximation for 
a seasonal pond, which is described in the "Model 
approach" section of this report, does result in the for­ 
mation of a pond at the end of the recovery season with 
a water depth of as much as 0.4 ft as mentioned in the 
"Model calibration" section of this report.

At the end of both seasons, a comparison was 
made between the simulated vertical leakage through 
the bottom boundary at the five nested-well locations 
and the vertical leakage calculated from observed water 
levels and brine densities (see "Discharge" section of 
the "Shallow-brine aquifer" section of this report). In 
general, all the calculated specific-discharge fluxes 
were downward. The simulated specific-discharge 
fluxes agreed with the calculated fluxes to within fac­ 
tors of 1.2 to 3 for both seasons at all but one location. 
At wells (B-l-17)23abd-l, -2, and -3, the simulated 
flux was greater than the calculated flux by a factor of 
7 during the recovery season. That is the only site with 
an observed hydraulic gradient that was sometimes in 
the upward direction. The simulated specific-discharge 
flux at the bottom boundary at the four other locations 
was always downward at the end of the seasons.
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The simulated vertical interstitial velocity above 
the aquifer bottom at the five nested-well locations was 
variable with depth. At the end of the production season 
there was upward flow between all cell layers at three 
locations, where wells (B-l-17)! laaa-1 and -2, (B-l- 
17)21add-3 and -4, and (C-l-18)9adc-l and -2 are 
located. At the location for wells (B-l-17)23abd-l, -2, 
and -3, there was downward flow between all cell lay­ 
ers. These wells are located adjacent to the brine-col­ 
lection ditch, which is probably influencing the flow 
direction. At the location for wells (B-1-17)3lace-1 
and -7, the flow was downward from cell layers 4 to 1 
and upward from cell layers 4 to 6. The reason for the 
split-flow directions at this location is unknown. At the 
end of the recovery season there was downward flow at 
only two locations, where wells (B-1-17)1 laaa-1 and - 
2 and (B-1-17)3lace-1 and -7 are located. At the loca­ 
tion for wells (C-1-18)9adc-1 and -2, there was upward 
flow from cell layers 1 to 4 and downward flow from 
cell layers 7 to 4. This location is at the southwestern 
end of the salt-crust/pond area, but there are no known 
hydrologic features to account for the split flow here.

An inspection of the simulated velocity fields at 
the end of each season revealed no ground-water inter­ 
stitial velocities that were unusually large. Maximum 
interstitial velocities were less than 2 ft/d except within 
the pond and through the pond bottom. Interstitial 
velocities ranged from 10~4 to 10~2 ft/d throughout most 
of the simulation region.

Density fields are calculated by the HST3D sim­ 
ulator (Kipp, 1987) from the solute-mass-fraction 
fields using the linear relation of density as a function 
of solute-mass fraction. Because the simulated density 
field had only minor variation throughout the thickness 
of the shallow-brine aquifer (less than 0.001 g/cm3), 
results for the density fields are presented as averages 
throughout the aquifer thickness. The vertically aver­ 
aged density fields at the end of the last simulated pro­ 
duction and recovery seasons are shown in figures 43 
and 44. The essentially uniform density with depth is 
mostly caused by the large amount of vertical mixing 
that occurs from using a high transverse dispersivity 
(500 ft), which enhances vertical transport by the 
mostly horizontal flow in the system. In areas where 
vertical flow was large, there was also a large amount 
of vertical mixing because the longitudinal dispersivity 
also was 500 ft.

The density field appears to be nearly the same 
at the end of the production and recovery seasons. The 
only difference was a slightly larger mound with den-

o

sity greater than 1.18 g/cm near the east-central edge 
of the salt crust at the end of the final production season 
as compared to the recovery season. The decrease of 
density toward the northwest is about the same as the 
initial condition and is maintained by runoff of fresher 
water from the Silver Island Mountains that provides 
recharge through the alluvial-fan aquifer, especially in 
the recovery season. The initial zone of density greater 
than 1.19 g/cm3 has disappeared and the zone of den-

o

sity greater than 1.17 g/cm has enlarged to approxi­ 
mately the outline of the pond and salt crust. The 
density contours from the initial condition in the vicin­ 
ity of the brine-collection ditch have moved to reflect 
the influence of the ditch. A zone of density greater 
than 1.17 g/cm3 in the southeastern corner of the simu­ 
lation region is a remnant of the initial-condition den­ 
sity distribution and is probably not realistic. Few data 
were available in this area to constrain the least-squares 
cubic trend surface. This remnant also indicates that the 
solute distribution has not reached periodic steady state 
to the same degree as the flow system at the end of 
seven annual cycles.

Cumulative Amounts

In order to present the simulated cumulative 
amounts of fluid and solute that flowed into and out of 
the shallow-brine aquifer, the volume of the region 
being considered needs to be defined. For accounting 
purposes, this volume is called the control volume. For 
flow and transport budget purposes, the control volume 
is defined as being bounded by the land surface, the 
bottom of the shallow-brine aquifer, and the northern, 
northwestern, western, southern, and eastern bound­ 
aries used in the formulation of the simulation region 
(fig. 30). The control volume includes the crystalline 
salt crust on the land surface and interbedded crystal­ 
line salt within the carbonate mud above the water table 
and the brine in the simulated pond. Water in the brine- 
collection ditch in the interior of the simulation region 
is excluded. The transfer of salt between the solid and 
liquid phase within the shallow-brine aquifer is 
enclosed with parentheses and not included in the totals 
for fluid and solute entering and leaving the control vol­ 
ume.

The estimated and simulated cumulative 
amounts of fluid and solute that passed through each 
boundary of the shallow-brine aquifer during a year are 
listed in table 4. During a typical year, most of the 
ground-water flow leaves the simulation region through 
evaporation and enters by infiltration from the playa
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Table 4. Estimated and simulated annual fluid flow and solute transport into and out of the shallow-brine aquifer, Bonneville 
Salt Flats, Utah

t—, no estimate; -, indicates direction of movement is opposite of designated category; NA, not applicable because salt not leaving shallow-brine aquifer;
(), indicates value not added to total]

Components
Current study

Acre-feet Tons of solute
Calibrated simulation

Acre-feet Tons of solute

Recharge
Subsurface inflow from east

and northeast
Subsurface inflow from west 
Infiltration from playa surface

Total (rounded)

Discharge
Subsurface outflow to south 
Subsurface outflow to

brine-collection ditch 
Subsurface outflow to northwest 
Downward leakage 
Evaporation

Total (rounded)

60

8,300-12,800

8,400-12,900

1,800-2,300 
1,500

35
58-580 
15,000

21,900

NA

21,900

700,000-895,000 
580,000

13,600
22,600-226,000 

NA

18,400-19,400 1,316,000-1,715,000

9
11,830

11,930

705
1,450

315
27

10,050

12,550

27,750

-750 
(4,712,000)

27,000

285,100
525,000

50,590
11,000

(3,742,000)

872,000

surface. Significant amounts of brine are removed by 
the brine-collection ditch, located east of the salt crust, 
and net outflow through the southern boundary. Most 
of the outflow along the south boundary was toward the 
brine-collection ditch located south of Interstate High­ 
way 80. There is net subsurface outflow of brine 
through the northwestern boundary. The remaining 
boundaries have minor amounts of subsurface flow. 
The sum of the minor inflow amounts is about 1.2 per­ 
cent of the total annual inflow amount for the shallow- 
brine aquifer, and the sum of the minor outflow 
amounts is about 0.2 percent of the total annual outflow 
amount. The boundary-flow amounts for brine entering 
and leaving the simulation region are shown in a gener­ 
alized block diagram (fig. 45). Note that along the 
western boundary, the net flow is into the shallow-brine 
aquifer during the recovery season, and the net solute 
flow is out.This is because the average density of the 
outflow is greater than that of the inflow.

For the calibrated model, the change in fluid vol­ 
ume between the end of the production season and the 
end of the recovery season was 14,500 acre-ft (6.3 x 
108 ft3) or about 5 percent of the volume in the simula­ 
tion region at the end of the recovery season. The pond 
volume at the end of the recovery season was 2,440 
acre-ft (1.07 x 108 ft3), which is about 17 percent of the

annual volumetric change of brine in the simulation 
region. The amount of water that evaporates from and 
recharges to the seasonal pond is listed in table 5 and 
shown in figure 45. The net flow of brine is nearly zero 
(4 percent of the average through flow, and 0.2 percent 
of the peak volumetric inventory) because the ground- 
water system is in periodic steady state.

The cumulative solute-mass amounts that passed 
through each boundary during the production and 
recovery seasons are listed in table 5. An imbalance of 
125,000 tons/yr of solute, which represents about 0.1 
percent of the peak inventory during the year, is lost 
from the shallow-brine aquifer. More solute is trans­ 
ported into and out of the seasonal pond than the sum 
of solute produced by the brine-collection ditch and 
that which is transported through the southern bound­ 
ary. The boundary-flow amounts for solute also are 
shown in figure 45.

Balances

For a discussion of simulation balances, amounts 
of fluid flow and solute transport are listed for the pro­ 
duction and recovery seasons. The control volume for 
accounting purposes, however, is slightly different than 
the one defined previously. Because the model simu­ 
lates primarily advective fluid flow and associated sol-
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Table 5. Simulated fluid and solute inflow to and outflow from the shallow-brine aquifer and pond for the production and 
recovery seasons in the final year

[-, indicates direction of movement is out of shallow-brine aquifer; (), indicates value not added to total]

Production season
Component

South
Ditch
Northwest
Bottom
Evaporation (pond) 
Evaporation (aquifer) 
West
North
East
Recharge (pond) 
Recharge (aquifer)

Total (rounded)

Subsurface outflow
Subsurface inflow

Acre-feet

-650
-1,450

-380
-13

(-2,440) 
-10,050 

8
17
35
(0) 
0

-12,500

2,490
60

Tons of solute

-264,500
-525,000

-52,500
-5,250

(-933,500) 
-3,742,000 

270
4,050

11,400
(0) 
0

-4,574,000

847,000
15,700

Recovery season
Acre-feet

-53

0
64

-14

(0) 
0 
1

-9

45
(2,440) 
11,830

11,860

76
111

Tons of solute

-20,550
0

1,910
-5,750

(0) 
0 

-1,020
-2,450
14,750

(938,300) 
4,712,000

4,699,000

29,800
16,700

EXPLANATION
315 Upper number in acre-feet 
50,590 Lower number in tons of solute

9 — 
-750

1,450 ^
525,000 .p

t

t

/ 705
r 285,100

27
11,000

Figure 45. Generalized block diagram showing the direction of annual inflows and outflows of fluid and solute for 
the calibrated model of the shallow-brine aquifer, Bonneville Salt Flats, Utah.
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ute transport into and out of the shallow-brine aquifer, 
the simulated seasonal pond, although part of the sim­ 
ulation region, is defined as a separate volume, external 
to the control volume. Transfers of fluid and solute to 
and from the simulated pond are not included in the 
totals that apply to the control volume and therefore are 
enclosed in parentheses.

As mentioned previously, global balance errors 
for cumulative flow and solute-transport amounts for 
the simulation region were 1.5 percent for the produc­ 
tion season and 0.6 percent for the recovery season. 
This gives an annual balance error of about 2 percent. 
Because the aquifer system is in periodic steady state, 
net brine outflow during the production season is 
replenished by an excess of precipitation that recharges 
the aquifer during the recovery season in the winter and 
spring. A volumetric imbalance of about 5 percent for 
the shallow-brine aquifer exclusive of the seasonal 
pond is shown by the difference in totals for the two 
seasons listed in table 5. This represents the degree to 
which periodic steady state was not achieved.

The net subsurface outflow of solute is mostly 
replenished by dissolution of crystalline salt, both from 
the crust on the playa surface and from crystalline salt 
within the carbonate mud. This gives a solute inventory 
for the shallow-brine aquifer that is nearly in periodic 
steady state. A solute-mass imbalance of about 3 per­ 
cent can be seen in table 5.

In all simulations (including the sensitivity cases 
discussed later in this report), the amount of solute 
entering the shallow-brine aquifer through recharge is 
slightly more than the amount leaving by solute trans­ 
port in the subsurface. Thus, the average brine density 
(solute in storage) is slowly increasing during the 
cycles of simulation. This indicates that the specified 
densities of the recharging precipitation are slightly too 
high. An adjustment could have been made, but the 
drift in density is within the solute-balance error of the 
model. In fact, the drift in density could be considered 
to be a result of cumulative model error.

The evaporating brine precipitates salt at the 
playa surface and within interstitial pore space and 
small fractures above the water table within the carbon­ 
ate mud and in the salt crust. The simulator calculates 
seasonal solute-flow amounts, which can be translated 
to changes in the total crystalline-salt deposit due to 
evaporation and precipitation fluxes during the year. 
Although the simulator has no salt-precipitation mech­ 
anism, the amount of salt accumulated as precipitate 
can be approximated by totaling the solute removed

from the saturated ground-water region by the evapora­ 
tion flux. This approximation neglects any effects of 
concentrating the brine near the water table as evapora­ 
tion occurs.

Recharge by precipitation (rainfall and snowfall) 
dissolves salt from the crust and crystalline halite 
within the carbonate mud as it infiltrates down to the 
water table. Although the simulator lacks a salt-crust 
dissolution mechanism, a solute-recharge amount 
equal to a salt-dissolution amount for the recovery sea­ 
son was approximated by specifying the fluid density 
(solute concentration) of the recharging precipitation. 
This concentration must be estimated from density 
measurements of brine samples from the wells near the 
salt-crust surface. The recharging fluid is not necessar­ 
ily at halite saturation and concentrations range from 
1.15 to 1.20 g/cm3 . This gives a significant degree of 
uncertainty for estimating average incoming density.

The difference between the solute entering the 
shallow-brine aquifer and the seasonal pond through 
dissolution of crystalline salt during recharge in the 
recovery season and the solute leaving through salt pre­ 
cipitation upon evaporation during the production sea­ 
son at periodic steady state represents the crystalline- 
salt budget primarily for the salt crust overlying the 
simulation region. The crystalline-salt budget (table 5) 
indicates that for the calibrated model there is a net loss 
of crystalline salt of almost 975,000 tons during an 
average year of which 850,000 tons are by subsurface 
outflow. From model output, the global solute mass- 
balance error during the year is about one-quarter of 
this amount, so the loss of crystalline salt is partially 
masked by the simulator balance error.

The model adequately simulates the effects of 
brine withdrawal for mineral production on the solute 
and salt-crust balance of the system. Model simula­ 
tions, which use the average rate of withdrawal from 
the brine-collection ditch estimated during this study, 
do not refute the conceptual understanding that brine 
withdrawal is a major cause to the loss of salt from the 
playa surface. Other than the cycling of fluid and solute 
through the playa surface with each season, subsurface 
fluid flow and solute transport to the south boundary 
and to the brine-collection ditch east of the salt crust are 
the largest losses of salt from the simulation region 
(tables 4 and 5).
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Sensitivity Analysis

A sensitivity analysis is an evaluation of the 
effects of changes in individual model parameters on 
simulation results, including specific values and distri­ 
bution patterns. In principle, the pattern of distributed 
parameters could be varied, but sensitivity to variation 
of distribution patterns, and to distribution patterns 
themselves, can be difficult to quantify. A sensitivity 
analysis provides an indication of the uncertainty of the 
calibrated model as a function of the uncertainty of 
estimation of the parameters. Observations of the sen­ 
sitivity of the model to variations in parameters were 
made throughout the calibration process. A more 
methodical analysis was done at the end of model cali­ 
bration for selected parameters.

Sensitivity to Model Parameter Values and 
Distributions

The following parameters were selected from 
those with greater uncertainty in estimation, or with 
higher observed sensitivity during the calibration pro­ 
cess. The set of parameters for sensitivity evaluation 
included:

• permeability near south boundary;

• south-boundary ditch water level;

• density of infiltrating precipitation;

• evaporation rates; and

• porosity values.

The response of the simulations to the parameter 
variations was evaluated relative to the results obtained 
for the calibrated model. Because the calibration simu­ 
lations were run for seven annual cycles to reach a peri­ 
odic steady state, the sensitivity simulations also were 
run for seven cycles. In some cases, this was not long 
enough to reach periodic steady state for the solute dis­ 
tribution; however, a periodic steady state for brine 
flow was reached for all simulations.

The seasonal simulations for sensitivity were 
combined into total annual results for comparison and 
evaluation of the cumulative flow and solute-transport 
amounts. In the following discussion of sensitivity 
results, percentage changes in annual flow amounts and 
annual solute-transport amounts will be highlighted. 
Each percentage change will be expressed relative to 
the corresponding flow or solute-transport amount for 
the calibrated model. The minor boundary flows and 
solute transport will not be discussed, although on a

percentage basis some of them exhibited large changes. 
Results are compared to those for the calibrated model 
and appear in a separate table for each sensitivity sim­ 
ulation.

Permeability Near South Boundary

Permeability near the south boundary was 
increased by a factor of 2. The water-table surface 
dropped at least 0.1 ft within about 10,000 ft of the 
brine-collection ditch along the south boundary during 
both seasons. The maximum drop was about 0.6 ft dur­ 
ing the production season and 0.4 ft during the recovery 
season. There was an associated reduction in water- 
table gradient. Subsurface outflow at the southern 
boundary increased about 110 percent for the year 
(table 6). Solute production from the brine-collection 
ditch east of the salt crust decreased by about 6 percent. 
Pond volume at the end of the recovery season 
decreased to 1,960 acre-ft (8.54 x 107 ft3) or about 7 
percent. Crystalline-salt accumulation from evapora­ 
tion of seasonal ponds and from the shallow-brine aqui­ 
fer during the production season decreased about 7 
percent, and crystalline-salt dissolution from recharge 
decreased 0.3 percent. Total net annual loss of crystal­ 
line salt increased 33 percent and total net subsurface 
outflow of solute increased 24 percent. The change in 
solute inventory in the ground water at the end of the 
recovery season was less than 1 percent. Net subsurface 
outflow of fluid increased 22 percent for the simulation 
region.

Water Level in South-Boundary Ditch

The water level in the south-boundary ditch was 
raised to 4,203 ft during the production season and to 
4,210 ft during the recovery season. The resulting 
water-table rise of 1 ft or more was restricted to within 
1,000 ft of the brine-collection ditch along the south 
boundary for both seasons. The flow amount and sol­ 
ute-transport amount through the south boundary 
decreased 27 percent during the year (table 7). Solute 
production from the brine-collection ditch east of the 
salt crust increased by about 3 percent. The volume of 
the pond at the end of the recovery season increased 
about 5 percent. Total net annual loss of crystalline salt 
decreased about 6 percent. The change in solute inven­ 
tory in the ground water at the end of the recovery sea­ 
son was less than 1 percent. Net subsurface outflow for 
the simulation region decreased 6 percent.
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Table 6. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when permeability 
was doubled along south boundary

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Component

Total (rounded)

Calibrated simulation Sensitivity simulation
Acre-feet Tons of solute Acre-feet

11,930 4,739,000 12,430

Tons of solute

Recharge
West
North
East
Recharge (pond)
Recharge (aquifer)

9
8

80
(2,440)
11,830

-750
1,600

26,150
(938,300)

4,712,000

9
8

80
(1,960)
12,330

-750
1,540

25,960
(749,100)

4,883,000

4,910,000

Discharge
South
Ditch
Northwest
Bottom
Evaporation (pond)
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow
Total net loss to crystalline salt

705
1,450

315
27

(2,440 )
10,050

12,550

2,400

285,100
525,000
50,590
11,000

(933,500)
3,742,000

4,614,000

844,700
974,800

1,460
1,360

315
26

(1,960)
9,780

12,940

3,060

584,000
491,200
50,850
10,780

(745,900)
3,629,000

4,766,000

1,110,000
1,257,000

Density of Recharge Flux

Because of the uncertainty associated with the 
solute concentration of the infiltrating precipitation, the 
density associated with the precipitation-recharge flux 
applied to the salt crust was varied from the calibrated- 
model value of 1.185 g/cm3 . The density was increased 
to 1.21 g/cm for the salt crust, but held at the cali­ 
brated value of 1.17 g/cm3 for the carbonate-mud sur­ 
face. The water-table configuration remained 
essentially the same as for the calibrated model with 
maximum changes of less than 0.02 ft. Recharge of dis­ 
solved solute to the shallow-brine aquifer increased 9 
percent (table 8). Crystalline-salt accumulation from 
evaporation increased 4 percent. Ditch-production vol­ 
ume was virtually unchanged. Net subsurface outflow 
for the simulation region was unchanged, but there was 
a 1-percent increase in net outflow of solute. The total 
net annual loss of crystalline salt increased 25 percent; 
however, the solute mass in the ground-water system 
gradually increased 3 percent, which is somewhat more 
than a single season mass-balance error but within 
seven times the seasonal error. This means that the

gradual increase in solute mass during the simulation 
was within the overall mass-balance accuracy.

The density of the recharge flux was decreased 
from 1.17 to 1.15 g/cm3 for the carbonate-mud surface, 
while the density for the salt crust was held at the cali­ 
brated value of 1.185 g/cm3 . Again, the water-table 
configuration remained essentially the same. Solute 
production from the brine-collection ditch east of the 
salt crust decreased 5 percent (table 9). Recharge of 
solute to the shallow-brine aquifer decreased 5 percent. 
The amount of solute transported out through the 
southern boundary decreased less than 1 percent for the 
year. Net subsurface outflow for the simulation region 
was virtually unchanged, but there was a 4-percent 
decrease in net transport of solute out of the system. 
The annual net loss of crystalline salt decreased 21 per­ 
cent, and the solute mass in the ground-water system 
decreased 1 percent.

Maximum Rate of Evaporation

Maximum evaporation flux was increased by 20 
percent of the calibrated rates throughout the simula­ 
tion region. Water levels during the production season
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Table 7. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when specified level in 
brine-collection ditch along south boundary was raised during production and recovery seasons

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Component
Calibrated simulation Sensitivity simulation

Acre-feet Tons of solute Acre-feet Tons of solute

Recharge
West
North
East
Recharge (pond)
Recharge (aquifer)

Total (rounded)

80
(2,440) 
11,830

11,930

-750
1,600

26,150
(938,300)

4,712,000

4,739,000

80
(2,580) 
11,700

11,800

-750

1,560
26,030

(991,100)
4,639,000

4,666,000

Discharge
South
Ditch
Northwest
Bottom
Evaporation (pond)
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow
Total net loss to crystalline salt

705
1,450

315
27

(2,440)
10,050

12,550

2,400

285,100
525,000

50,590
11,000

(933,500)
3,742,000

4,614,000

844,700
974,800

518
1,500

315
27

(2,580)
10,010

12,370

2,260

211,900
545,500
50,860
10,560

(985,700)
3,723,800

4,543,000

792,000
920,600

dropped more than 0.1 ft for most of the region and 
more than 0.2 ft to the southwest, southeast, and west 
of the brine-collection ditch east of the salt crust. Dur­ 
ing the recovery season, water levels did not recover as 
much as in the calibrated model and were more than 0.1 
ft lower in the pond area and more than 0.2 ft lower in 
the three areas listed previously. Pond volume at the 
end of the recovery season decreased 46 percent (table 
10). Flow and solute-transport amounts through the 
south boundary decreased about 7 percent. Removal of 
solute from the shallow-brine aquifer by evaporation 
increased 12 percent. Production brine volume and sol­ 
ute mass from the brine-collection ditch decreased 3 
percent. Total net annual loss of crystalline salt 
decreased by about 3 percent, and total net outflow of 
solute decreased 6 percent. The change in solute inven­ 
tory in the ground water at the end of the recovery sea­ 
son was a decrease of 1 percent. The net subsurface 
outflow for the simulation region decreased 7 percent. 

Maximum evaporation flux was decreased by 20 
percent of the calibrated rates throughout the simula­ 
tion region. The water table rose more than 0.1 ft 
throughout the region during the production season and

rose more than 0.2 ft in the area of the salt crust. There 
was about a 0.3-ft rise in the southeastern area. During 
the recovery season, the water table in the pond area 
was within 0.1 ft of that of the calibrated model. The 
water table was more than 0.2 ft higher outside the 
northwestern margin of the pond and west of the brine- 
collection ditch and was more than 0.3 ft higher in the 
southeastern area. Pond volume at the end of the recov­ 
ery season increased about 54 percent (table 11). Flow 
of brine and associated solute transport through the 
south boundary increased 8 percent for the year. Evap­ 
oration amounts from the shallow-brine aquifer 
decreased 18 percent for the brine and 14 percent for 
the associated solute transport. Solute production from 
the brine-collection ditch east of the salt crust increased 
4 percent. Recharge to the shallow-brine aquifer 
decreased 11 percent. Total net annual loss of crystal­ 
line salt increased 2 percent, and net subsurface out­ 
flow of solute increased 7 percent. Solute inventory in 
the ground water at the end of the recovery season was 
increased by 1 percent. Net subsurface outflow for the 
simulation region increased 8 percent. Clearly, there is 
a high sensitivity to evaporation rate.
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Table 8. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when density of 
infiltrating fluid over salt crust was increased from 1.185 to 1.21 grams per cubic centimeter

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Calibrated simulation Sensitivity simulation
Component Acre-feet Tons of solute Acre-feet Tons of solute

Recharge
West
North
East
Recharge (pond)
Recharge (aquifer)

Total (rounded)

80
(2,440) 
11,830

11,930

-750

1,600
26,150

(938,300)
4,712,000

4,739,000

9
7

80
(2,460) 
11,830

11,930

-745
1,400

26,000
(982,900)

5,167,000

5,194,000

Discharge
South
Ditch
Northwest
Bottom
Evaporation (pond)
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow
Total net loss to crystalline salt

705
1,450

315
27

(2,440)
10,050

12,550

2,400

285,100
525,000
50,590
11,000

(933,500)
3,742,000

4,614,000

844,700
974,800

695
1,450

315
29

(2,460)
10,060

12,550

2,390

292,100
526,500

50,850
12,300

(976,700)
3,866,000

4,748,000

855,100
1,307,000

Table 9. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when density of 
infiltrating fluid over carbonate mud was decreased from 1.17 to 1.15 grams per cubic centimeter

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Calibrated simulation Sensitivity simulation
Component Acre-feet Tons of solute Acre-feet Tons of solute

Recharge
West
North
East
Recharge (pond)
Recharge (aquifer)

Total (rounded)

80
(2,440) 
11,830

11,930

-750
1,600

26,150
(938,300)

4,712,000

4,739,000

11 
10 
84

(2,430) 
11,860

11,960

-290
2,280

27,500
(929,400)

4,486,000

4,515,000

Discharge
South
Ditch
Northwest
Bottom
Evaporation (pond)
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow
Total net loss to crystalline salt

705
1,450

315
27

(2,440)
10,050

12,550

2,400

285,100
525,000

50,590
11,000

(933,500)
3,742,000

4,614,000

844,700
974,800

700
1,440

312
25

(2,420)
10,060

12,540

2,370

281,300
500,500

49,550
10,340

(926,100)
3,710,000

4,552,000

812,200
779,300
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Table 10. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when evaporation 
rates were increased by 20 percent of the calibrated rates

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Component

Recharge
West 
North 
East 
Recharge (pond) 
Recharge (aquifer)

Total (rounded)

Discharge
South 
Ditch 
Northwest 
Bottom 
Evaporation (pond) 
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow 
Total net loss to crystalline salt

Calibrated simulation
Acre-feet Tons of solute

9 -750 
8 1,600 

80 26,150 
(2,440) (938,300) 
11,830 4,712,000

11,930 4,739,000

705 285,100 
1,450 525,000 

315 50,590 
27 11,000 

(2,440) (933,500) 
10,050 3,742,000

12,550 4,614,000

2,400 844,700 
974,800

Sensitivity simulation
Acre-feet

15 
26 

100 
(1,310) 
12,980

13,120

653 
1,400 

300 
25 

(1,310) 
11,240

13,620 

2,240

Tons of solute

356 
6,910 

32,890 
(501,400) 

5,129,000

5,169,000

267,100 
507,000 

48,360 
10,360 

(500,600) 
4,190,000

5,023,000

792,700 
939,800

Table 11. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when evaporation 
rates were decreased by 20 percent of the calibrated rates

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Component

Recharge
West 
North 
East 
Recharge (pond) 
Recharge (aquifer)

Total (rounded)

Discharge
South 
Ditch 
Northwest 
Bottom 
Evaporation (pond) 
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow 
Total net loss to crystalline salt

Calibrated simulation
Acre-feet Tons of solute

9 -750 
8 1,600 

80 26,150 
(2,440) (938,300) 
11,830 4,712,000

11,930 4,739,000

705 285,100 
1,450 525,000 

315 50,590 
27 11,000 

(2,440) (933,500) 
10,050 3,742,000

12,550 4,614,000

2,400 844,700 
974,800

Sensitivity simulation
Acre-feet

3 
-13 

54 
(3,770) 
10,520

10,560

760 
1,510 

334 
29 

(3,770) 
8,600

11,230 

2,590

Tons of solute

-2,150 
-4,520 
17,450 

(1,446,000) 
4,184,000

4,195,000

304,600 
546,500 

54,220 
11,760 

(1,422,000) 
3,212,000

4,129,000

906,300 
996,000
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Porosity Values

The porosity value for each of the four zones was 
increased by 30 percent of the calibrated value. The 
water table at the end of the production season rose 
more than 0.1 ft in the pond area and the southeastern 
area and more than 0.2 ft in the vicinity of the brine- 
collection ditch along the southern boundary. At the 
end of the recovery season, the water table in the vicin­ 
ity of the brine-collection ditch east of the salt crust and 
in the southeastern area was more than 0.2 ft lower than 
in the calibrated model. At the end of the recovery sea­ 
son, the water table was lower than the calibrated 
model by more than 0.2 ft for most of the region except 
near the brine-collection ditch east of the salt crust. 
Pond volume at the end of the recovery season 
decreased about 11 percent (table 12). Flow and solute- 
transport amounts through the southern boundary 
decreased about 1 percent. Solute production from the 
brine-collection ditch east of the salt crust increased 3 
percent. Increasing the porosity increased the inventory 
of solute in the ground-water system from the begin­ 
ning of the simulation. This increase persisted through­ 
out the approach to periodic steady state and resulted in 
a 28-percent increase. The net annual loss of crystalline 
salt increased by 1 percent.

Porosity values were decreased by 30 percent of 
the calibrated values. Water levels at the end of the pro­ 
duction season were more than 0.2 ft lower near the 
brine-collection ditch along the southern boundary and 
about 0.1 ft lower elsewhere except near the brine-col­ 
lection ditch east of the salt crust, where levels were 
mostly unchanged. After the recovery season, water 
levels were more than 0.1 ft lower in the area of the 
pond and more than 0.4 ft higher in the southeastern 
area. At the brine-collection ditch east of the salt crust, 
water levels were about 0.5 ft higher than for the cali­ 
brated model. Pond volume at the end of the recovery 
season decreased about 15 percent (table 13). Flow and 
solute-transport amounts through the southern bound­ 
ary increased 2 percent for the year. Production from 
the brine-collection ditch east of the salt crust 
decreased 4 percent. The inventory of solute in the 
ground-water system decreased 28 percent. The net 
annual loss of crystalline salt decreased by about 7 per­ 
cent. Note that the water levels specified for the ditch 
along the southern boundary and the brine-collection 
ditch east of the salt crust are probably not realistic with 
this variation in porosity.

Discussion

Total net subsurface outflow of solute from the 
shallow-brine aquifer for each sensitivity simulation 
and for the calibrated model is shown in figure 46. 
Because the solute content of the shallow-brine aquifer 
is assumed to be in periodic steady state, total subsur­ 
face outflow of solute is equal to total subsurface inflow 
of solute plus whatever amount of solute from the dis­ 
solution of crystalline salt is necessary to balance total 
subsurface outflow.
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Figure 46. Total subsurface solute outflow for the 
calibrated model of the shallow-brine aquifer and for each 
sensitivity simulation, Bonneville Salt Flats, Utah.

Subsurface outflow of solute increased the most 
for the simulation where the permeability in the vicin­ 
ity of the southern boundary was increased. It was 
moderately increased for the simulation of decreased 
evaporation. Moderate decreases in subsurface outflow 
of solute occurred in the simulations where water levels 
in the brine-collection ditch along the southern bound­ 
ary were increased, evaporation flux was increased, and 
density of recharging fluid was decreased. The other 
sensitivity simulations resulted in little change in the 
amount of subsurface outflow of solute.

Subsurface outflow of brine and associated sol­ 
ute transport was most sensitive to the permeability in 
the vicinity of the southern boundary. This was caused 
mostly by the simulated low water levels maintained in 
the brine-collection ditch along that boundary. The 
annual loss of crystalline salt was most sensitive to the 
permeability in the vicinity of the southern boundary 
and to the density (solute concentration) of recharge 
infiltrating from the playa surface. Unfortunately, mea­ 
surements of the density for this recharge could not be
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Table 12. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when effective 
porosity was increased by 30 percent of the calibrated distribution

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Calibrated simulation
Component

Recharge
West
North
East
Recharge (pond)
Recharge (aquifer)

Total (rounded)

Discharge
South
Ditch
Northwest
Bottom
Evaporation (pond)
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow
Total net loss to crystalline salt

Acre-feet

9
8

80
(2,440)
11,830

11,930

705
1,450

315
27

(2,440)
10,050

12,550

2,400

Tons of solute

-750
1,600

26,150
(938,300)

4,712,000

4,739,000

285,100
525,000
50,590
11,000

(933,500)
3,742,000

4,614,000

844,700
974,800

Sensitivity simulation
Acre-feet

10
8

82
(2,180)
12,110

12,210

696
1,500

316
27

(2,180)
10,300

12,840

2,440

Tons of solute

-490

1,890
26,980

(831,700)
4,801,000

4,829,000

281,800
541,000
49,810
10,840

(833,000)
3,815,000

4,698,000

855,100
984,700

Table 13. Relation of fluid and solute components for calibrated simulation and sensitivity simulation when effective 
porosity was decreased by 30 percent of the calibrated distribution

[-, indicates direction of movement is opposite of designated category; (), indicates value not added to total]

Calibrated simulation
Component

Recharge
West
North
East
Recharge (pond)
Recharge (aquifer)

Total (rounded)

Discharge
South
Ditch
Northwest
Bottom
Evaporation (pond)
Evaporation (aquifer)

Total (rounded)

Total net subsurface outflow
Total net loss to crystalline salt

Acre-feet

9
8

80
(2,440)
11,830

11,930

705
1,450

315
27

(2,440)
10,050

12,550

2,400

Tons of solute

-750
1,600

26,150
(938,300)

4,712,000

4,739,000

285,100
525,000
50,590
11,000

(933,500)
3,742,000

4,614,000

844,700
974,800

Sensitivity simulation
Acre-feet

8
5

73
(2,800)
11,480

11,570

717
1,390

318
28

(2,810)
9,720

12,160

2,370

Tons of solute

-1,310
788

24,210
(1,083,000)
4,547,000

4,571,000

290,100
503,500
53,870
11,390

(1,080,000)
3,645,000

4,504,000

835,200
905,000
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made. The inventory of solute in the shallow-brine 
aquifer was most sensitive to aquifer-porosity distribu­ 
tion. For a given configuration of boundary-condition 
water levels and a similar water table, the volume of 
brine and associated solute content varied directly with 
aquifer porosity.

All of the sensitivity simulations resulted in a 
total net loss of crystalline salt over the average year. 
This supports the hypothesis that the present configura­ 
tion of average water levels in the brine-collection 
ditches east of the salt crust and along the southern 
boundary contribute substantially to the loss of crystal­ 
line salt from the Bonneville Salt Flats.

Improved Calibration

It was possible, because of the sequential 
nature of the model-calibration procedure, that one or 
more of the sensitivity tests would produce a model that 
is more closely calibrated to the Bonneville Salt Flats 
system. Two of the above sensitivity simulations pro­ 
duced such a result: (1) the simulation with lower den­ 
sity for recharge through the carbonate-mud surface, 
and (2) the simulation with lower porosity values. The 
improvement obtained was a reduced rate of the grad­ 
ual increase of solute in the shallow-brine aquifer dur­ 
ing the simulations. The recovery of the water table in 
the carbonate-mud area east of the brine-collection 
ditch also was improved with the lower porosity values.

Limitations of the Model

The hydrologic system of the Bonneville Salt 
Flats is complex and cannot be uniquely defined with 
the available data. In this respect, it is similar to most 
other basin-scale hydrologic systems. The model of the 
shallow-brine aquifer described in this report is based 
on the numerical solution of finite-difference approxi­ 
mations to the equations of flow and solute transport 
under variable-density conditions. As with every simu­ 
lator, simplifying assumptions and approximations, as 
presented in the "Modeling approach" section of this 
report, mean that certain mechanisms are not realisti­ 
cally represented. Scarcity of data also means that any 
actual system will not be completely and accurately 
simulated in every feature.

Limitations of the present model of the shallow- 
brine aquifer in the Bonneville Salt Flats flow system 
include:

• Approximating the pond as a fixed areal 
region of very high permeability and 100-per­ 
cent porosity rather than as a surface-water 
feature coupled to the ground-water system;

• Having no mechanism for salt precipitation 
and dissolution at the land surface and above 
the water table;

• Representing the brine-collection ditches as a 
specified-pressure boundary rather than as a 
surface-water feature coupled to the ground- 
water system;

• Approximating flow in the fractured clay and 
salt media as equivalent porous media;

• Being constrained by the maximum horizontal 
mesh dimension to a longitudinal dispersivity 
of 500 ft;

• Accepting a 1.5-percent brine-flow and solute- 
transport balance error in the simulations;

• Approximating the simulation region as iso­ 
thermal;

• Extrapolating and interpolating the distribu­ 
tions of porous-media properties, water levels, 
pressures, densities, and boundary-condition 
parameters from very sparse data in some 
areas; and

• Simplification of the transient system into two 
representative seasons, thus excluding system 
changes on a daily or monthly time scale.

The seasonal pond was approximated as a zone 
of the porous-media aquifer with 100-percent porosity 
and very high permeability within the simulation 
region. The development of a method for simulating 
the seasonal pond as a coupled, open body of water to 
the ground-water flow system was beyond the scope of 
this study. The approximation made the free surface of 
the pond vary more than about 0.2 ft throughout most 
of the pond area, with a decline of 0.3 ft in the south­ 
western and southeastern corners instead of being com­ 
pletely horizontal. However, it is believed that this 
inaccuracy does not significantly affect the overall bal­ 
ance results.

The HST3D simulator has no mechanism for 
concentration of solute in the fluid as evaporation takes 
place. Instead, the solute in the evaporating fluid is lost 
from the simulation region. This is essentially what 
happens when salt is precipitated to the solid phase at 
an evaporation surface, however, the actual system 
experiences a concentrating effect until saturation is 
reached. Data were not available to verify the forma-
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tion of denser fluid in the vicinity of the evaporation 
surface; therefore, a solute-concentrating mechanism 
was not formulated for the HST3D simulator. Simi­ 
larly, no data were available to quantify the salt-crust 
dissolution rates upon application of recharge from 
precipitation. Without these data, a dissolution mecha­ 
nism could not be formulated accurately in the simula­ 
tor. The primary effect of the lack of a solute- 
concentrating mechanism is that a layer of denser brine 
at the evaporating water-table surface does not form in 
the simulations. Because little vertical density variation 
was measured in the shallow-brine aquifer, and in view 
of the overall model objectives, lack of this mechanism 
is not a serious limitation to the model. The effect of a 
lack of a dissolution mechanism means that the densi­ 
ties of recharge from precipitation had to be estimated 
and specified as a model-boundary condition. In view 
of the sensitivity of the rate of net annual loss of crys­ 
talline salt to this parameter, it is unfortunate that defin­ 
itive data could not be measured.

Simulation of brine-collection ditches as open 
bodies of water coupled to the ground-water flow sys­ 
tem, similar to the pond, would have been more desir­ 
able. The consequence of representing the brine- 
collection ditches as specified-pressure boundaries was 
an instantaneous drawdown of the water table at each 
brine-collection ditch at the start of the production sea­ 
son. This approximation was of little consequence on 
the overall seasonal balances for the system because 
the response time for drawdown was estimated to be a 
few days, which is short relative to the 6-month produc­ 
tion season.

Representing the fractured salt crust and carbon­ 
ate mud that form the shallow-brine aquifer as equiva­ 
lent porous media was necessary because data were not 
available to characterize the medium as a fractured sys­ 
tem. Furthermore, no simulator of variable-density, 
ground-water flow was available that simulates frac­ 
tured systems. Again, for the purposes of obtaining vol­ 
umetric brine and solute-mass balances, this 
approximation is regarded as acceptable. However, for 
time of travel calculations and flow-path location, the 
potential for serious error is substantial.

The maximum horizontal mesh dimension of 
1,000 ft constrained the minimum longitudinal disper- 
sivity to 500 ft. Because the HST3D simulator treats 
dispersion as isotropic, this value of longitudinal dis- 
persivity also applied to solute transport associated 
with vertical recharge flows. With an aquifer thickness 
of only 25 or 26 ft, this dispersivity value produced

rapid mixing of any solute-concentration profiles over 
the aquifer thickness. Mixing occurs on the time scale 
of a few days; therefore, during a 6-month simulation 
season, the model does not sustain any vertical density 
gradients that might be present in the actual shallow- 
brine aquifer. However, as mentioned in the "Modeling 
approach" section of this report, numerous vertical 
fractures traverse the thickness of the shallow-brine 
aquifer, which probably produce a high degree of ver­ 
tical mixing. Furthermore, field data show no signifi­ 
cant gradients of density distribution with depth 
beneath the salt crust in the shallow-brine aquifer.

Having a global mass-balance error for flow and 
solute transport of about 1.5 percent for the production 
season and about 0.6 percent for the recovery season 
sets a limit on the accuracy of the simulations. Accu­ 
racy limitations mean that a periodic steady-state flow 
and solute transport could be achieved only to within 
about 2 percent. The development of more implicit 
algorithms for the evaporation and the water-table 
movement calculations for drying and rewetting of 
cells, which could have reduced this problem, was 
beyond the scope of the study. Simulation times would 
have become excessive if more stringent time-step con­ 
trols had been applied to reduce the global mass-bal­ 
ance error.

Although temperature measurements were made 
when brine samples were withdrawn from the wells, 
insufficient spatial and temporal data on thermal prop­ 
erties and boundary conditions were available to simu­ 
late heat transport in the shallow-brine aquifer. A 
consequence of neglecting heat transport is that ther­ 
mal-buoyancy effects were not represented in the 
model. No data were obtained to identify if this flow 
mechanism exists at the study site in the shallow-brine 
aquifer.

Because every model of a basin-scale aquifer 
system is based on insufficient data to some degree, 
data interpolation and extrapolation need to be done 
over large distances relative to the model dimensions. 
Some data must be estimated from offsite information. 
These limitations restrict the accuracy with which the 
model represents the actual system being studied. In 
the present study, no data were available to quantify the 
permeability of the lacustrine sediment beneath the 
shallow-brine aquifer. Permeability of the shallow- 
brine aquifer had to be estimated in the northwestern, 
northern, and northeastern parts of the simulation 
region. Measurement of water level and flow in the 
brine-collection ditch along the southern boundary,
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which is on private property, was not possible. Because 
most of the precipitation and evaporation data obtained 
in the study area were collected during either an unusu­ 
ally cool, wet year or hot, dry year, evaporation rates 
were either less than or greater than normal. Estimates 
of typical conditions had to be made from short data 
records obtained near the end of the study period. 
These are examples of sparse data used to formulate the 
model of the shallow-brine aquifer.

Simplification of the transient system into two 
representative seasons with representative parameters 
for boundary conditions means that no historical period 
of record could be matched by the simulation. It was 
impractical to collect data on the time scales of days 
and weeks for this study. Lack of long-term data on the 
historical variability of the climatic environment dur­ 
ing previous years also led to the average season 
approximation. However, this simplification is consis­ 
tent with the goals of the simulations, which involved a 
time scale on the order of years to decades.

The set of boundary-condition types and param­ 
eters and the parameter distributions internal to the 
model are not a unique calibration, as is true for all 
field-scale ground-water models. A different combina­ 
tion of parameter values and boundary-condition types 
may yield similar results for calibration criteria, includ­ 
ing production from brine-collection ditches and water- 
table configurations.

NEED FOR ADDITIONAL STUDY

The hydrology of the playa and associated salt 
crust in the Bonneville Salt Flats is complex because of 
its transient nature. Estimation of fluid and solute 
fluxes in this type of transient system is difficult 
because the data represent only small segments of time. 
Monitoring of water levels in wells, brine chemistry, 
and evaporation needs to be continued over the long 
term in order to detect changes in the hydrologic sys­ 
tem and to revise estimates of fluid flow and solute 
transport. Data collected and the interpretations made 
from them during this study have added to the under­ 
standing of the hydrologic system, but uncertainties 
remain.

Estimated and simulated subsurface flow to the 
south, which primarily seeps into a brine-collection 
ditch located on the southern boundary of the study 
area, was based on limited water-level data from wells 
and aquifer-test data prior to road construction. Esti­ 
mated subsurface flow to the south was about three

times more than the simulated amount. The water level 
and flow in this brine-collection ditch, located on pri­ 
vate property, need to be monitored in order to quantify 
more accurately subsurface flow to the south.

The contradicting evidence for upward and 
downward leakage through the bottom of the shallow- 
brine aquifer needs to be resolved. Limited water-level 
data that were collected during wetter-than-normal 
conditions on the playa surface indicate downward 
movement, whereas, low H values in brine from the 
shallow-brine aquifer at a few locations indicate 
upward movement. Additional nests of wells need to be 
completed in the shallow-brine aquifer and in the 
underlying lacustrine sediment of the upper part of the 
basin-fill aquifer and water levels need to be measured 
over a longer period of time in order to obtain a better 
spatial and temporal data distribution. Additional sam­ 
ples for 3H analysis that are more spatially and tempo­ 
rally distributed need to be collected in order to define 
more accurately the extent of mixing with pre-bomb 
water. Samples should be collected for chlorofluorocar- 
bon analysis to verify that low 3H values are truly pre- 
bomb water.

More water is discharged by evaporation than by 
any other mechanism, yet data were collected at two 
weather stations for only two years each and represent 
atypical conditions. Monitoring at weather stations 
needs to be continued and data correlated with long- 
term records at the station in Wendover to establish 
long-term average evaporation and variation. An addi­ 
tional station needs to be located on the carbonate-mud 
surface where ground-water levels are closer to the 
playa surface and where winter ponding is unlikely. 
Formation of a thin salt crust might interfere with evap­ 
oration from the carbonate-mud surface.

Future modeling of the shallow-brine aquifer in 
the Bonneville Salt Flats needs to be based on remov­ 
ing the major limitations of the present model, most of 
which would require modifications to the simulator. 
Seasonal pond formation and brine-collection ditches 
need to be simulated as surface-water features coupled 
to ground-water flow. A mechanism for salt dissolution 
and precipitation at the playa surface and above the 
water table needs to be formulated. This would allow 
for a realistic simulation of the density of infiltrating 
fluid rather than specifying this density. In order to use 
realistic dispersivities on the order of 5 to 50 ft for the 
present mesh spacing, one of the newer numerical tech­ 
niques such as flux-corrected-transport or total-varia­ 
tion-diminishing algorithms need to be implemented in
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the simulator. Also, the simulator needs to be made 
more implicit with respect to the movement of the 
water-table surface in order to reduce mass-balance 
error. With a better understanding of vertical flow 
between the shallow-brine aquifer and the underlying 
lacustrine sediment, new simulations might result in a 
different mass balance.

CONCLUSIONS

The Bonneville Salt Flats study area, located in 
northwestern Utah, contains a perennial salt crust sur­ 
rounded by a mud playa. The combination of the salt- 
crust playa and the underlying ground water results in 
a complex and dynamic hydrologic system that is sus­ 
ceptible to ever-changing daily, seasonal, and yearly 
climatic conditions.

Objectives of this investigation were to identify 
the natural and anthropogenic processes causing salt 
loss from the crust and, where feasible, quantify these 
processes. Specific areas of study include transport of 
salt in solution by ground-water flow, and transport in 
solution by wind-driven ponds and the subsequent salt 
precipitation on the surface of the playa upon evapora­ 
tion or seepage of brine into the subsurface. Data were 
collected to make conceptual estimates of these pro­ 
cesses and to use in conjunction with variable-density, 
three-dimensional, solute-transport computer simula­ 
tions. Because of the seasonal variability in salt trans­ 
port within a given year and from one year to the next, 
any rigorous quantification was beyond the scope of 
this study. In addition, no continuous long-term data 
are available with which to assess trends in climate and 
mineral production. It was possible, however, to esti­ 
mate relative quantities of salt being transported 
through different pathways. Uncertainties exist in esti­ 
mates for advective flow and solute transport because 
they were made from spatially and temporally limited 
data.

The ground-water system in the Bonneville Salt 
Flats study area can be divided into three aquifers, the 
shallow-brine aquifer, alluvial-fan aquifer, and basin- 
fill aquifer. The shallow-brine aquifer in the Bonneville 
Salt Flats has the most immediate influence on the 
playa surface. Because of brine withdrawal for mineral 
production from the shallow-brine aquifer, this aquifer 
was studied in more detail.

The shallow-brine aquifer in the Bonneville Salt 
Flats appears to be in steady state with respect to long- 
term ground-water flow despite seasonal and yearly

fluctuations. The potentiometric surface for the shal­ 
low-brine aquifer in September 1992 is virtually the 
same as the potentiometric surface shown by Lines 
(1979) for the fall of 1976. Recharge and discharge, 
therefore, must be approximately equal during a long- 
term period.

Recharge to the shallow-brine aquifer is prima­ 
rily through infiltration of water from precipitation on 
the playa surface, subsurface flow from the east and 
north, and possibly through upward leakage. Infiltra­ 
tion of water dissolves salt from the crust, whereas sub­ 
surface flow the east and north along with upward 
leakage, if it occurs, transports salt into the shallow- 
brine aquifer. Recharge by infiltration for 1992 was 
estimated to range from 8,300 to 12,800 acre-ft. This 
estimate would be larger if a larger specific yield for the 
shallow-brine aquifer was assumed. Because of small 
horizontal gradients and low permeability values, sub­ 
surface flow from the east and north was estimated to 
be only 60 acre-ft. Although possible upward leakage 
could not be quantified, there is evidence, direct and 
indirect, to suggest that it occurs.

Discharge from the shallow-brine aquifer prima­ 
rily occurs as evaporation from the playa surface, seep­ 
age to the brine-collection ditch east of the salt crust, 
subsurface flow to the south where it primarily seeps 
into another brine-collection ditch, subsurface flow to 
the northwestern margin of the playa, and downward 
leakage to the underlying lacustrine sediment. Salt is 
precipitated on the playa surface upon evaporation. 
Evaporation for 1992 was estimated to be 15,000 acre- 
ft, subsurface flow to the south ranged from 1,800 to 
2,300 acre-ft, seepage to the brine-collection ditch east 
of the salt crust was 1,500 acre-ft, downward leakage 
ranged from 58 to 580 acre-ft, and subsurface flow to 
the northwestern margin was 40 acre-ft. Estimated net 
salt loss through subsurface flow out of the shallow- 
brine aquifer was more than 1.3 million tons. The esti­ 
mated seepage to the brine-collection ditch east of the 
salt crust was considerably more than the 680 acre-ft 
estimated by Lines (1979).

Estimated total discharge is considerably larger 
than estimated recharge. This inequality contradicts the 
known fluid steady-state condition. Estimated subsur­ 
face flow to the south might be less than was estimated. 
This estimate was based on hydraulic gradient obtained 
from water-level data collected during this study and 
transmissivity values determined prior to construction 
of Interstate Highway 80. Removal of salt crust and 
compaction of underlying carbonate mud during con-

104 HYDROLOGY OF THE BONNEVILLE SALT FLATS, NORTHWESTERN UTAH



struction probably has constricted ground-water flow to 
the south.

Limited water-level data from 1993, which are 
representative of wetter-than-normal conditions on the 
playa surface, indicate that a small downward driving 
force existed between the shallow-brine aquifer and the 
underlying lacustrine sediment of the upper part of the 
basin-fill aquifer. Tritium values in brine from the shal­ 
low-brine aquifer ranged from 0 to 24 TU. Values of 
less than 10 TU, which are less than the value for recent 
precipitation, would indicate mixing with older pre- 
bomb water. The only possible source for such water is 
upward leakage from the underlying lacustrine sedi­ 
ment. Upward leakage, in the quantities necessary for 
mixing, is possible if water-level measurements in the 
shallow-brine aquifer were slightly lower than those 
measured in 1993 and if permeability values were four 
orders of magnitude larger than those assumed for the 
underlying sediment. If upward leakage is proven to be 
a substantial amount, then estimated net loss of salt 
from the shallow-brine aquifer would be less.

A comparison of long-term data indicate that dis- 
solved-solids and potassium concentrations in brine 
from the shallow-brine aquifer have not changed appre­ 
ciably since previous studies. Despite the net loss of 
salt by subsurface flow from the shallow-brine aquifer, 
the high dissolved-solids concentration is maintained 
mostly by dissolution of the salt crust and possibly 
upward leakage. Horizontal subsurface flow into the 
shallow-brine aquifer contributes only a small amount 
of salt.

The potassium concentration is unaffected by 
dissolution and precipitation of the salt crust. The 
potassium concentration decreases with infiltration of 
brine depleted with respect to potassium during the 
winter months but increases again during the summer 
months by the concentrating effect of evaporation. Pos­ 
sible sources for the replenishment of potassium that is 
lost through mineral production include diffusion from 
interstitial fluid and upward leakage.

Deuterium and oxygen-18 values for brine in the 
shallow-brine aquifer plot between the North American 
meteoric water line and the local evaporation line. This 
indicates that mixing occurs between highly evapora­ 
tive and meteoric waters that have infiltrated into the 
shallow-brine aquifer.

Deuterium and oxygen-18 data from a line of 
nested wells perpendicular to the northwestern margin 
of the playa indicate that mixing occurs between brack­ 
ish water from the alluvial-fan aquifer and brine from

the shallow-brine aquifer or the underlying lacustrine 
sediment. A high dissolved-solids concentration and a

1Rmore evaporative signature for D and O in saline 
water from one well as compared to these values in 
water from the other two wells in a single nest would 
be indicative of induced mixing. Pumping from the 
alluvial-fan aquifer probably has induced the mixing.

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 dis­ 
solved and remained in solution into the summer of 
1993, when the salt precipitated on the playa surface as 
the pond began to evaporate. A thin salt crust was 
deposited in areas beyond the extent of the crust 
mapped in 1992. An estimated 10 to 14 million tons 
was dissolved and subsequently redeposited on the 
playa surface or infiltrated into the shallow-brine aqui­ 
fer. An unknown amount of surface salt might have 
been deposited beyond slight topographic divides 
where the salt might not be able to coalesce with the 
main salt body by subsequent dissolution and overland 
flow.

A three-dimensional ground-water flow and sol­ 
ute-transport model with variable density was devel­ 
oped for the shallow-brine aquifer in the Bonneville 
Salt Flats, Utah. The goals for the computer simulation 
of the shallow-brine aquifer in the Bonneville Salt Flats 
were: (1) to develop a fluid and solute balance, (2) to 
evaluate the effect on the salt crust of the brine produc­ 
tion from the ditches, and (3) to identify the major and 
minor solute fluxes. The first two goals were met by 
computing (1) a flow balance on the shallow-brine 
aquifer beneath the Bonneville Salt Flats, (2) a solute 
balance for the simulation region, and (3) a mass bal­ 
ance for the total crystalline salt deposit. These quanti­ 
tative balances help to understand how the brine 
production affects the gradual disappearance of the salt 
crust. The third goal is achieved by examination of the 
cumulative flow and transport amounts calculated for 
each boundary face.

Preliminary simulations indicated that the 
ground-water flow system does not reach steady state 
during production and recovery seasons because the 
response time is longer than the 6-month duration of 
each season. Because of the transient nature of the 
ground-water system, simulations were carried out to a 
periodic steady state with a repeated sequence of pro­ 
duction and recovery seasons approximating a typical 
year rather than matching a specific period in time. Cal­ 
ibration criteria included matching the estimated
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annual production from the brine-collection ditch, bal­ 
ancing volumetric fluid flows for periodic steady state, 
obtaining a reasonable match between simulated water- 
table contours and measured water-level data, and suf­ 
ficient recharge to create a surface pond at the end of 
the recovery period. The overall mass-balance error for 
the brine was 1.5 percent during production seasons 
and 0.6 percent during recovery seasons. Similar errors 
were obtained for the solute balance. With these small 
mass-balance errors, the model adequately simulates 
the effects of brine withdrawal for mineral production 
on the solute and salt-crust balance of the shallow-brine 
aquifer and does not refute the conceptual understand­ 
ing that brine withdrawal is a major cause for the loss 
of salt from the crust.

Simulation results indicate a net loss of salt of 
about 850,000 tons during a typical year through sub­ 
surface flow from the simulation region. This loss is 
primarily through seepage to the brine-collection ditch 
east of the salt crust and subsurface flow primarily to 
the brine-collection ditch along the southern boundary.

In order to reasonably match water levels along 
the southern part of the simulation region, permeabili­ 
ties were reduced to one-sixth of previously estimated 
values. Simulated annual subsurface flow to the south, 
therefore, is 700 acre-ft of fluid and 285,000 tons of 
solute, about one-third of the estimated amount.

Simulated downward leakage from the shallow- 
brine aquifer was small. No upward leakage into the 
shallow-brine aquifer was simulated for the parameters 
used at this boundary.

Simulated fluxes through the playa surface were 
larger than at any other boundary. Simulated crystalline 
salt dissolution by infiltration at the playa surface was 
less than 5 million tons. Dissolution of crystalline salt 
occurs in the salt crust, in the thin salt overlying the car­ 
bonate mud, and in the crystalline salt in the carbonate- 
mud matrix. Simulated salt precipitation by evapora­ 
tion was less than 4 million tons. The difference mostly 
can be attributed to the net loss of solute from the aqui­ 
fer.

Sensitivity simulations were made to test the 
effect of uncertainties in spatially distributed data on 
the cumulative annual amounts for fluid and solute 
transport. Changes were made in permeability, speci­ 
fied water level in the brine-collection ditch along the 
southern boundary, density of infiltrating fluid from the 
playa surface, evaporation rate, and porosity. All sensi­ 
tivity simulations resulted in a net loss of solute 
through subsurface flow from the shallow-brine aqui­

fer. The model is most sensitive to an increase in per­ 
meability near the south boundary.

Limitations to the model include approximating 
surface ponding as a fixed region of very high perme­ 
ability and 100-percent porosity, inability to simulate 
salt dissolution and precipitation, approximating flow 
in fractured clay and salt media as equivalent porous 
media, and being constrained to a longitudinal disper- 
sivity of 500 feet.
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