














HYDROGEOLOGY OF THE BONNEVILLE SALT FLATS, UTAH

by L. J. Turk!

INTRODUCTION

The investigation was undertaken to help eval-
uate the immediate and long-term potential of potash
production at the Bonneville Salt Flats. The report
includes a description of the hydrologic system of the
salt flats, theories on its possible origin and predictions
concerning the future of the system.

The Bonneville Salt Flats are located near the
Utah-Nevada border in the west part of the Great Salt
Lake Desert, where they occupy the west edge of a
large flat playa (figures 1 and 2; Nolan, 1927).

The Salt Flats Desert, which had an average
yearly precipitation of 4.74 inches from 1912 to 1967,
is on the down-dropped side of a Basin and Range
border fault with as much as 5,000 feet vertical
displacement. Paleozoic limestones and dolomites and
Tertiary volcanic rocks are exposed in the Silver Island
Mountains to the northwest (figure 3; Schaeffer and
Anderson, 1960). Shell Oil Company Well Salduro No.
1, drilled on the west edge of the desert (figure 2),
reached an eroded volcanic surface under 1,375 feet of
sediments and penetrated nearly 1,400 feet of volcanic
rock before reaching Cretaceous (?) basic intrusive rock
(Heylmun, 1965, p. 28). The basin overlying the
volcanic rocks was filled with fluvial and later lacus-
trine sediments of Plio-Pleistocene age. Bedding in the
upper sediments can be traced for thousands of feet
with dips seldom exceeding 2 or 3 feet per mile (figure
4a and b). ‘

Some of the younger sediments were removed by
wind erosion when they were exposed by the dropping
of the level of Lake Bonneville (Eardley, 1962, p.
18-23). Upward isostatic rebound has since raised the
east side of the Bonneville Basin more than the west
side. The salt crust, originally deposited in the center
of the drying basin, was gradually shifted to the west
until it came to rest in its present position at the foot
of Silver Island Mountains.

The lacustrine sediments include claystone,
gypsum, oolitic limestone and siltstone, mainly of silt-
and clay-sized particles. Interbedded thin discontinuous
lenses of sand-sized particles are composed chiefly of
brine shrimp fecal pellets. The most common minerals
are aragonite (more than 60 percent) and halite. Minor
to trace amounts of calcite, quartz and dolomite occur
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in nearly all the samples; feldspar, illite and stilbite
may or may not be present. Montmorillonite is the
most abundant clay, followed by kaolinite (Christian-
sen and Thorne, 1960; Nielson and others, 1960a and
b; Christiansen and others, 1962, and Christiansen and
Thorpe, 1963). Table 1 indicates the range of particle
size and mineral composition; locations of the six
samples are shown on figure 2.

The salt crust, which occupies approximately 150
square miles, is lens-shaped in cross section (figure 5)
and ranges in thickness from a feather edge to nearly 5
feet in the center. In wet seasons a shallow lake is
formed from the runoff from Silver Island Mountains
and the small surface drainage from the surrounding
playa. The sediments underlying the salt crust are
saturated with sodium chloride brine.

A second playa about 15 miles north of the
Bonneville salt crust occupies a small basin between
Silver Island and Pilot Mountain and has a small salt
crust in its northwest corner.

The brine is collected by a system of ditches and
transferred to solar evaporation ponds where potassium
chloride salts are precipitated and harvested and
magnesium chloride brines are collected as a byproduct
(Turk, 1970). ‘

THE HYDROLOGIC SYSTEM
Introduction

Three natural categories of aquifers in the
Bonneville Salt Flats area are based on differences in
occurrence, movement and recharge of the water and
chemical composition of the water:

1. An alluvial fan aquifer containing fresh to
brackish water;

2. A deep, stratified aquifer holding low-grade
brine recoverable by deep wells, and

3. A shallow aquifer of lacustrine sediments
containing high-grade brine which is harvested for its
potassium chloride content.

Data from more than 130 wells were used in the
study of the aquifers (Appendix A). Twenty-seven
“fresh water wells” are designated FW on the location
map (plate 1); 13 deeper brine wells are designated
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Various hydrologic parameters of the shallow
aquifer system have been described and evaluated
earlier in this paper. Such limiting factors as the
quantity of brine which can be produced from an area,
therefore, may be calculated. A simple mathematical
formula to predict accurately the inevitable reduction
in brine quality is unavailable because the expected
decline is not a simple linear relationship with time.
Additional complexities are introduced by local
inhomogeneities in the hydrologic environment, such as
lateral changes in hydraulic conductivity and hydraulic
gradient.

A model of the hydrologic system was designed
to account for most of these variables to predict the
quality of the brine at any future time. This dynamic,
multivariate digital model can analyze almost any
logical combination of values for the various param-
eters. The FORTRAN program, KCLCON, is presented
in Appendix E. The program may be of use in other
studies of shallow brine deposits.

Description and Theory of the Model

Figure 23 is a schematic drawing of the model,
which includes an approximation of the true flow
system and the artificial two-dimensional model used
to simulate the system. No scale is intended and the
drawing is highly exaggerated vertically.

Theory of the model is based on a law for the
flow of fluid through a porous medium, which was
first presented by Darcy (1856). Modern statements of
the law are:

_ xoh - xadh
V—-Kal,orQ—-KAal

where V = Darcy’s ‘‘velocity,” designated specific
discharge by Davis and DeWiest (1966, p.
158), in units of length per unit time;
K = coefficient of permeability, designated
hydraulic conductivity by Davis and
DeWiest (1966, p. 162), in units of volume
per unit time per unit area;
oh/dl = hydraulic gradient.

The flow chart shown in figure 24 indicates the
sequence of calculations performed by the computer.
Important concepts of the model are:

1. The two-dimensional flow model is divided
into flow “tubes” as shown in figure 23. Rate of
groundwater flow is inversely proportional to the
width of the flow tube.

2. A certain concentration of a given compound
is assigned to each of the many discrete, hypothetical

compartments of the flow system. This concentration
is the estimated concentration of that compound (K(Cl,
MgCl,, etc.) in the brine before production begins.

3. After the first year’s production, assuming
that the amount taken from each flow “tube” is equal,
the portion of each tube that is farthest from the ditch
is diluted by fresh water. During the second year this
slug of diluted brine moves along the tube into the
next compartment where it becomes re-enriched by
combining with the heretofore undiluted brine of that
compartment. Meanwhile, brine left in the first
compartment is diluted again, then is enriched as it
moves from space to space on its journey to the ditch.
The longer flow tubes, therefore, will maintain a high
brine concentration at the ditch face longer than the
shorter flow tubes.

4. Brine reaching the ditch each year will have a
concentration equal to the average concentration of
the several flow tubes.

Input and output formats are illustrated in
Appendix E.

Hydrologic Parameters

A small unknown amount of water is lost from
the aquifer by direct evaporation from the capillary
fringe. Most of the discharge, however, is by artificial
withdrawal of brine through the ditch system. The
quantity of brine removed by this method can be
measured to about 10 percent accuracy with weirs
placed at strategic points along the ditches. Therefore
the discharge (Q) is a known value. The area (A) of
the ditch face is easily calculated. The specific dis-
charge (V) is equal to Q/A.

An average value for hydraulic conductivity may
be determined by analysis of a pumping test (Appen-
dix C) or a value may be taken from the map of figure
14. The maximum hydraulic gradient (oh/al) that can
be generated over a certain distance is limited by the
depth of the ditch. The lateral area effectively drained
by a ditch (line-sink) can be estimated using the
formula developed by Hooghoudt (1940) for drain
spacings, as shown by Luthin (1966, p. 153):

X

2 _ 4K (H? - h? + 2dH - 2dh) )
- w

in which X = distance between ditches (length)
K = hydraulic conductivity (length/time)
w = rate of recharge (annual recharge rate in
this case; length/time)
H, h and d are defined by figure 25, each in
dimensions of length.
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For practical purposes the drain is considered empty.
Hooghoudt’s equation then reduces to:

4KH

X? = ~~w (2d + H) (2)

Davis (1967, p. 14) used equation (2) to develop the
graph shown on figure 26.

For the KCLCON program only the specific
discharge (V) and the porosity, both total and
effective, are needed. The annual discharge, Qg, must
be used to calculate V, which is then introduced to the
computer.

Recharge

The program KCLCON assumes that the aquifer
is refilled to the ground surface each year. In practice,
wide variations in rainfall, and hence, in amount of
recharge, mask changes in brine quality within periods
of less than 10 years. Therefore, the decline of the
brine quality predicted by the model may not correlate
well with field data for short periods. Nevertheless, the
model should give reasonably close estimates of the
brine grade for longer periods of production if values
for the hydrologic variables are chosen carefully.

Chemical Factors

Before the computations begin, an initial concen-
tration of a particular compound (KCl, MgCl,, etc.) is
assigned to the brine; the initial concentration is
assumed to be constant within the boundaries of the
model. After simulated production is initiated, dilution
of the brine begins. As rainfall continues to replace the
volume emptied by brine removal, the fresh water
mixes with brine held in the pores by surface tension.
For example, it was shown earlier in this paper that a
reasonable value for average porosity of the aquifer is
045 and a representative value for specific yield is
0.10; thus, the specific retention is 0.35. In this case
the amount of brine available for extraction would be
0.10/045 or 2/9 of the total volume of aquifer
drained each year.

Thus, as rainfall replaces the produced brine, it
combines with the remaining interstitial brine, which it
dilutes by a factor of 2/9. The following example
demonstrates the type of calculations made by the
computer program.

Assuming the values 0.45 and 0.10 for porosity
and specific yield, respectively, and an initial KCl
concentration of 0.02 (2 percent), the KCI concentra-
tion in a given compartment after one year would be:
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(0.35/0.45 x 0.02 KCI) + (0.10/0.45 x 0.0 KCI)
= 0.0155 KCl 3)

(interstitial brine) + (rainwater) = (diluted brine)

During the subsequent year dilution in the same
compartment would produce the following:

(0.35/0.45 x 0.0155 KCl) + (0.10/0.45 x 0.0 KCI)
=0.0121 KCI 4

(interstitial brine) + (rainwater) = (diluted brine)
and so on through the years.

However, as brine moves from the diluted
compartment near the surface down into the next
compartment along the flow tube, enrichment, rather
than dilution, occurs. This reversal is shown by:

(0.35/0.45 x 0.02 KCl) +(0.10/0.45 x 0.0155 KCI)
=0.0189 KCl 5)

(interstitial brine) + (diluted brine) = (enriched brine)

This new concentration is assigned to the retained
brine and so on. Thus, the brine will be enriched in
successive years until it is finally discharged to the
ditch, and hence a slug of brine in the longer flow
tubes has time to recover nearly to its original concen-
tration before entering the ditch. The shorter flow
tubes are rapidly depleted of KCl, which causes a sharp
drop in the average concentration of brine in the
ditches during the first few years of production, but
the rate of decline decreases with time (figure 27).

Values for total porosity and specific yield used
in the example are representative of the Bonneville
aquifer, but the factors are programmed as variables so
that any combination of the two could be used for
analysis of other hydrologic systems.

Assumptions Inherent in the Model

Several basic conditions must be met before the
model can be applied. Certain assumptions are neces-
sary for the use of Darcy’s law, while others concern
variables in the actual flow system at Bonneville.
Essentials of the model are listed below with
comments on potential errors that may be introduced
by the assumption.

1. Brine flows horizontally toward the ditch and
upward flow is limited to a small region near the ditch.
(Little error is introduced by this assumption because
the thickness of the aquifer is small compared to its
lateral extent. Large deviation from horizontal flow
may occur near the ditch face because of drawdown in



16 Utah Geological and Mineral Survey Water-Resources Bulletin 19, 1973

the ditch, but the effect of drawdown decreases
rapidly with distance from the ditch; figure 28.)

2. Flow is laminar and Darcy’s law applies. (This
is valid with the possible exception of a small area near
the ditch where steeper gradients may create a flow
velocity high enough to cause turbulence, which would
invalidate Darcy’s law in that area.)

3. The aquifer is homogeneous and isotropic and
hence hydraulic conductivity is constant within the
boundaries of the model. (The aquifer is not homo-
geneous, nor is it isotropic; inasmuch as horizontal
permeability, however, is much greater than vertical
permeability, the anisotropy of the aquifer does not
significantly affect the results because of assumption 1
above. Lateral variations in hydraulic conductivity are
averaged out by determining the parameter on a large
scale with pumping test analysis rather than by
laboratory tests on small disturbed samples.)

4. Flow at the ditch face is equal in each tube.
(Given a certain specific discharge, which is calculated
using the hydraulic conductivity from pumping test
evaluation and the hydraulic gradient determined by
measurements in observation wells, total discharge at
the ditch face is directly proportional to the number
of flow tubes. Various discharge rates thus can be
introduced into the model by altering the number of
flow tubes.)

5. New water from precipitation each year
occupies that volume of pore space near the ground
surface which is vacated by the brine as it is removed
and the brine level recovers to the ground surface each
year. (Annual variations in rainfall cause this to be the
most seriously limiting factor in the model and prevent
its use on a short-term basis. Comparison of real values
of concentration from a S-year period with values
predicted by the model likely will reveal large discrep-
ancies. If actual brine qualities are plotted over a
longer time span, perhaps greater than 10 years, the
theoretical and actual brine qualities will be more
nearly the same.)

6. The mixing of brine is complete, that is, pure
water added by precipitation enters the sediments and
chemically equilibrates with the brine held as specific
retention. Therefore, if the total saturated porosity is
0.45 and the specific yield is 0.10, the dilution factor
is 0.10/0.45 or 2/9. (This is probably a good assump-
tion because fluid moves through the aquifer slowly
and should have time to diffuse and mix with the
retained brine.)

7. A certain component of brine flow may be
added by artesian and/or osmotic flow from below the
shallow aquifer. A fixed number of flow tubes may be

added to account for such flow (figure 27), but no
dilution of the deeper brine is assumed. (Inasmuch as
the vertical permeability is low and vertical hydraulic
gradients are small, the amount of brine added by
vertical flow is most likely small.)

8. Annual brine production from wells and
ditches is constant for the period analyzed. (This
factor depends entirely upon management of the brine
system.)

Results of the Analysis

Predicted Rates of Decline
of Brine Quality

Figures 27, 29 and 30 illustrate the decline of
brine quality with time. Additional diagrams are
presented in Appendix E.

In each of the cases shown, the specific discharge
was held at 700 feet per year, which is somewhat
higher than the average velocity estimated by Davis
(1967, p. 23). He calculated that velocities north of
U. S. Highway 80 averaged 92 feet per year and south
of the highway up to 324 feet per year. The higher
values were chosen because the brine quality declines
more rapidly as the specific discharge increases. Thus
the analyses of figures 27, 29 and 30 should be
conservative.

In every case brine grade declines sharply, on the
order of 0.2 percent, during the first 10 years,
followed by a gradual decline throughout the remain-
ing productive life of the deposit.

Predicted Life of the Brine Supply

It is apparent from the diagrams that if the
initial concentration of KCl (or MgCl,) was at least 1.0
percent and if average specific discharge is below 700
feet per year, the brine grade will remain above 0.5
percent for at least 40 years. Inasmuch as production
of the brine in some areas has been in progress for
many years, it is important to know approximately at
which year to enter the graphs.

Suggested Method for Extending
Life of the Supply

If brine from the deep wells were used to
recharge the shallow aquifer instead of rainwater,
equation (3) would read:

(0.35/0.45 x 0.02 KCI) + (0.10/0.45 x 0.004 KCI)
=0.0173 KCl (6)

(interstitial brine) + (deep brine) = (diluted brine)
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and the actual dilution would be only about 60
percent as great as for fresh rainwater. Moreover, if all
the other factors remained the same, the life of the
project could be extended some 30 to 40 percent.

Validity of the Analysis

Although the model appears to define the flow
system adequately for its expressed purpose, the true
test will come as production progresses. An idea of its
validity may be gained by a re-examination of figure
15. Notice the area of lowered brine quality which has
slightly less than 1.0 percent KCl. If the depleted area
once held brine of 2.0 percent KCl, the reasons the
grade is lower than the graphs predict after somewhat
more than 30 years of erratic production are: (1) the
production rate in this area commonly has been higher
than the rate assumed in the analysis; (2) ditch spacing
is closer than in other areas of the map; and (3) the
hydraulic conductivity, and thus the specific discharge,
is highest in this area. Also, the average concentration
of KCl in the brine may have been somewhat less than
2.0 percent.

In any case it appears relatively certain that
current production rates can be maintained for the
next 25 to 40 years before the average brine grade
declines to 0.5 percent KCl, which is the approximate
lower limit at which the brine can be produced
economically.
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