














GREAT SALT LAKE, UTAH:

Chemical and Physical Variations

of the Brine, 1963-1966

by D. C. Hahl and A. H. Handy
U.S. Geological Survey

ABSTRACT

Great Salt Lake is a shallow, closed-basin lake in
northern Utah, Its surface area and concentration of
dissolved solids vary in response to both annual and
long-term climatic changes. The lake gains water
mainly as streamflow from mountains to the east and
loses water through evaporation. In 1965, at a lake-
surface altitude of 4,194 feet, the surface area was
about 1,000 square miles, and the maximum measured
depth was 27 feet.

Studies to define the variations inchemical and phys-
ical characteristics of the brine began in 1963, and
detailed sampling of the lake at 29 sites was made in
October 1965 and May 1966. Data resulting from con-
current sampling of the 29 sites indicated that four
types of brine coexist in the lake.

The concentration of dissolved solids in the Great Salt
Lake brine has always varied from place to place and
with depth. Inflow, evaporation, currents, wind, and
density differences resulted in brine stratification in
the deep parts and brine concentration in the shallow,
isolated parts of the lake.

Completion of a railroad causeway by the Southern Pa-
cific Co. in 1957 divided the lake into two parts and
altered the movement of brine. The northwestern part of
the lake was essentially cut off fromdirect fresh-water
inflow by the causeway, and as a result it was satu-
rated and well mixed from 1963 to 1966. During the
main evaporation season (June-October), a layer of
salt crust was precipitated on the lakebed north of the
causeway. Near Rozel Point the salt crust contained
99. 6 percent sodium chloride.

The southern two-thirds of the lake receives over 90
percent of the surface inflow and since 1957 has rarely
reached saturation. The southern part of the lake is
not well mixed, and three types of brine have been
identified by their location, concentrations of specific
ions, and concentrations of dissolved solids. These
brines are located (1) in a zone from the surface to a
depth of about 16 feet, (2) in the zone below 16 feet
south of the causeway, and (3) in the zone below 16
feet in the south end of the lakel/.

The shallow zone of brine in the southern part of the
lake varies in concentration of dissolved solids from

1. Data collected by the Utah Geological and Miner-
alogical Surveyduring 1967 and 1968 indicate that
the more dense brines occurred at depths of about
20 feet or more.

season to season because of the interplay between
inflow and evaporation, Brine in this zone is usually
the most dilute of any brine in the lake.

The two deep brines in the southern part of the lake
contain almost the same concentration of dissolved
solids, which is greaterthan that of brine in the shal-
low zone but not quite as great as that of brine north
of the causeway. The concentrations of dissolved
solids of the deep brines also vary seasonally.

Brine in thedeep zone near the south side of the cause-
way is maintained by a density current that flows at
depth from the northern part of the lake through the
causeway.

Brine in the deep zone at the south end of the lake is
distinguished from the three other brines in the lake
by its high concentration of sodium ion and its low
concentration of sulfate ion. This brine might result
from the inflow of ground water through a zone of sul-
fate reduction at the lakebed.

Brine north of the causeway is reddish-brown and vis-
ibility of an object placed in it is limited to about 2
feet, whereas brine south of the causeway is green
and bottom features 15 feet below the surface can often
be clearly seen.

Studies describing therelations among the interchange
of brine through the causeway, the thickness of the
salt crust, the concentrations of dissolved solids in
the brine, and identifying the source of deep brine at
the south end would provide information needed for
future lake management.

INTRODUCTION

This report gives the results of an investigation of the
chemical and physical characteristics of the brine in
Great Salt Lake, Utah, by the U.S. Geological Survey
in cooperation with the Utah Geological and Mineral-
ogical Survey from 1963 through 1966. The purpose of
the investigation was to determine the seasonal and
annual variations in the characteristics of the brine
and the variations from place to place and at various
depths in the lake. Such variations in the character-
istics of the brine had beennoted in prior studies under
the same cooperative program. (See Hahl and Mitchell,
1963, and Hahl and Langford, 1964.)

None of the previous studies of the lake provided much
information on the chemistry of the brine. Investiga-
tions of the chemical and physical characteristics of






the brine were made as early as 1845 when John C.
Fremont (Miller, 1966, p. 8) determined that the evap-
oration of 5 gallons of brine yielded 14 pints of salt.
Subsequent information on the chemistry of the brine
was limited by the small amount of miscellaneous
sampling, which, from 1845 to 1962, was apparently
only at the surface and near the shore of the lake. Nu-
merous publications on Great Salt Lake are listed in
Woolley and Marsell (1946), and subsequent pertinent
studies are cited in this report.

During 1963 and 1964 the study of the variations in the
chemistry of Great Salt Lake was greatly facilitated by
the Southern Pacific Co. Geological Survey personnel
were permitted access to the railroad causeway and
taken on the lake in the company's tugboats., Data
were obtained from surface and bottom points in the
deeper parts of the lake. The data obtained indicated
that the concentrations of dissolved solids increased
with depth and that chemical characteristics varied
from place to place. These data were useful in de-
signing the sampling program that was carried out dur-
ing 1965 and 1966.

During 1965 and 1966, 29 sites (fig. 1) were sampled
using a boat owned by the Utah Geological and Min-
eralogical Survey. Sampling trips were made in October
1965 and May 1966, and during each trip the sites were
sampled in less than 4 days to obtain concurrent data.
At most sites samples were taken at the surface and
at the bottom and at intervening 5-foot intervals. The
accuracy of the measurement of the sampling depth was
*0.5 foot.

The samples were collected in the 2-liter sampling
device described in the appendix of this report. The
device was specially built because most commercial
depth-sampling devices contain too many metal parts
to permit trouble-free sampling of brine. Two samples
were collected at each sampling point. The first
sample was used to determine the water temperature
and to rinse the sampling bottle, the second sample
was poured into a 1-liter polyethylene bottle for even-
tual analysis. Sampling always proceeded from sur-
face to bottom at each sampling site to avoid agitation
of the unsampled brine.

The dissolved ions in the brine samples were deter-
mined using an adaptation of chemical methods used
in the analysis of fresh water (Rainwater and Thatcher,
1960). The headings in table 7 in the appendix of this
report list the ions determined. A few analyses of
strontium, bromide, and iodide and some spectro-
graphic analyses also were made. Brine analysis is
not as precise as fresh-water analysis because of the
necessity to dilute the brine prior to analysis. Dilu-
tion alone may introduce as much as a 2 percent error
in the quantitative determination.

Data collected between December 1963 and June 1966
are given in table 7. However, data collected infre-
quently since 1930 were used in an attempt to relate
observations made about the brine during 1965-66 to
brine conditions in other periods. The available data

for the period March 1930 through November 1961 are
reported in Hahl and Mitchell (1963, p. 38-40).

The authors wereassisted in data interpretation by
B. F. Jones of the Geological Survey, who suggested
the probable sequence of chemicalreactions that occur
in the south end of Great Salt Lake.

During the period of investigation of Great Salt Lake,
aerial photographs were made for control in planned
topographic mapping, for experimental purposes, and
for delineation of the shoreline. Study of the photo-
graphs, which include panchromatic, infrared, color,
and infrared-sensitive color, yielded information that
was useful to the authors in the interpretive phase of
this investigation, The frontispiece in this report is
a copy of an uncontrolled mosaic compiled from about
1,000 photographs. The photographs were matched
without controlling lineal distances in order to avoid
prohibitive expense, but the positions of all features
shown on the mosaic are virtually correct. Compar-
ison of the distances between points shown on the
Brigham City and Tooele Army Map Service maps, scale
1:250,000, with the distances between the same points
on the mosaic, indicate less than S percent deviation
in scale. On the plane of the page, the deviation is
about the same in all directions.

Supplementary information on the physical character-
istics of Great Salt Lake were obtained from salt gages
and two water-stage recorders, the latter maintained
in cooperation with the Utah State Engineer. A set of
three salt gages was installed near Rozel Point (fig.
1) to measure variations in the thickness of precipita-
ted salt on the lake bottom and shore. A water-stage
recorder was installed at Little Valley Harbor on the
west side of the Promontory Mountains (fig. 1) to pro-
vide data on the lake level in the northwestern part of
Great Salt Lake. Data collected at this site, when
compared with data which have been obtained from the
recorder at the south end of the lake at the Salt Lake
County Boat Harbor since 1938, provides information
on differences in lake-surface altitude between the
two parts of Great Salt Lake.

DESCRIPTION OF GREAT SALT LAKE
Physical Description

Great Salt Lake, in northern Utah (fig. 2) and in the
northeastern part of the Great Basin, is the largest
lake in the Western Hemisphere which does not drain
to an ocean. In 1965, it covered about 1,000 square
miles and had a maximum measured depth of 27 feet.
Great Salt Lake is a remnant of Lake Bonneville, a
Pleistocene lake which had an area of about 20,000
square miles at its highest stage during late Pleisto-
cene time, and which reached a depth of 1,000 feet
before overflowing its basin.

The axis of Great Salt Lake trends northwestward.
Mountains that form islands and peninsulas in the lake
trend northward and form bays, mainly at the mouths



of tributary valleys. At a stage of 4,194 feet above
mean sea level (about the mean stage during 1965-66),
the lake was about 70 miles long and from 8 to 24 miles
wide. The maximum depth measured during 1965-66
was 27 feet at site 15 (fig. 1), where the altitude of
the lakebed is 4,167 feet. This point is midway be-
tween Promontory Point and Lakeside. The lake as a
whole is saucer-shaped in cross section and has ap-
preciable areas of very shallow water bordered by broad
mudflats.

The bottom of Great Salt Lake is covered with oolitic
sand, mud andclay, salt crust, and algal reef (Eardley,
1938, p. 1311). Figure 3 is an aerial photograph taken
late in 1965 from an altitude of 6,000 feet above the
lake surface about 3 miles east of Lakeside. Except
for the causeway and the markings at A, all the fea-
tures shown are under water. The feature at A is wave-
generated froth on the surface of the brine. The bot-
tom at B is salt crust that apparently covered most of
the lake bottom north of the causeway during the in-
vestigation. The bottom at C consists of oolitic sand
and at D of algal reefs. The reefs at D are mound
shaped, and they extend as such almost to E where
they are more elongated and are almost covered with
sand.

The stage (lake-surface altitude) and surface area of
Great Salt Lake are never constant and change cycli-
cally in response to climatic factors. Because of the
gently sloping bottom in the near-shore areas, a rel-
atively small change in stageresults in a large change
in area and a significant change in volume of brine in
the lake, Figure 4 is a graphic compilation of stage-
area-volume relations for the period prior to 1957.

The aerial photographs used for the frontispiece were
taken when the lake surface was at about 4,194 feet,
and the area of the lake, planimetered fromthe mosaic,
was 1,060 square miles. From figure 4, the surface
area of the lake at a stageof 4,194 feet is about 1,050
square miles (670,000 acres). Thus therelation shown
in figure 4 is fairly accurate for the altitude of 4,194
feet.

Volume relations, however, are not accurate for the
period since 1957, The inaccuracies are due largely
to changes in the northern part of the lake where pre-
cipitated salt seems to have partially filled the lake.
Altitudes of the lakebed north of the causeway deter-
mined during this investigation differed by more than
5 feet from the altitudes determined from soundings
made by the Salt Lake County Yacht Club, Howard
Stansbury, and others (Ostermeier, 1947). At two lo-
cations the apparent difference is as much as 16 feet,
but such large differences may be due to errors in lo-
cation.

South of the railroad causeway, lakebed altitudes
determined duringthis investigation did not differ more
than 3 feet from those reported by Ostermeier (1947).
Errors in site location could account for the small dif-
ferences observed.

The Southern Pacific Co. causeway divides the lake
into two different hydrologic environments. The rail-
road first spanned the lake between Promontory Point
and Lakeside in 1903 by means of a trestle between
short lengths of causeway extending from each shore.
(See frontispiece.) In 1957, a continuous fill was
completed that paralleled the trestle.

The two parts of the lake are not entirely independent,
because the causeway was constructed of permeable
fill and is cut by twoculverts. Investigations prior to
construction shows that much of the causeway is un-
derlainby a bed of Glauber's salt (mirabilite) (Nazsoq‘
10H,0). The bed (Eardley. 1962, p. 5) begins abruptly
6 miles west of Promontory Point where it is more than
50 feet thick. It thins westward and disappears 8
miles east of Lakeside. During construction, the lake
sediments were dredged from atop the Glauber's salt
bed and the trench backfilled with sand and gravel.
Quarry-run limestone and quartzite from the Promontory
and Lakeside Mountains were piled on the gravel to a
level above the lake surface. This rock material is
estimated to be asmuch as 150 feet wide at thetop of
the gravel-filled trench and about S0 feet wide at the
top of the causeway. Two culverts were installed with
their bases about 15 feet above the natural lake bot-
tom. Each has an openingabout 15 feet wide and about
20 feet deep. The permeability of the sand and gravel
in the trench probably has beenreduced by compaction,
by movement of the dredged material into the trench,
and by precipitation of salt. The causeway fill and the
culverts still allow interchange of brine between the
two parts of the lake, although a retarding effect is
evident, Data from thetwo lake-stage recorders, after
orthometric adjustment (described in appendix), show
that the lake surface on thenorth side of the causeway
generally is about 0,3 foot lower than that on the south
side.

Inflow and Evaporation

Great Salt Lake changes volume continuously in re-
sponse to the difference between the volume of water
gained from inflow and the volume of water lost through
evaporation.

Inflow is mainly from three surface tributaries, the
Bear, Weber, and Jordan Rivers, but some water also
enters the lake from springs, small streams, drains,
and sewage canals, as precipitation on the lake sur-
face, and as discharge from ground-water aquifers.
Accurate measurements are not available for the vol-
umes of inflow derived from precipitation or ground-
water aquifers.

The inflow from the Bear, Weber, and Jordan Rivers and
those associated canals and drains that enter the lake
through the embayments east of Promontory Point and
Antelope Island delivers about 1.5 million acre-feet
of water during a year of average streamflow, such as
1964. This water contains about 2.0 million tons of
dissolved solids (Hahl, 1967). These amounts are
about 90 percent of the water and about 75 percent of






















































20o F. The resulting crystals of Glauber's salt that
form along the shores are rolled into rectangular and
cylindrical pellets by wave action and are deposited
in a white reef a few yards offshore. During January
1964, the reef was from 30 to 50 feet wide and about
3 feet thick and almost encircled the northern arm of
the lake. The precipitation of Glauber's salt resulted
in the decreased concentrations of sulfate and sodium
ions noted in the analyses of samples obtained in
January 1965. The reef is redissolved in the spring as
the lake warms and rains fall.

Visual Characteristics

Brine in the northern part of Great Salt Lake is red-
dish-brown. The color is apparently due to algae
(Quinn, 1966, p. 30), which abound in the saturated
brine. These algae seem so numerous that visibility
through the brine is limited to about 2 feet. The red-
dish-brown color also appears during late summer in
the shallow areas of the southern part of the lake when
the concentration approaches saturation,

Brine in the southern part of the lake is green. How-
ever, the intensity of the green does not affect visi-
bility through the brine. Brine shrimp and detrital
material or weather conditions may reduce visibility
to as little as S feet locally; but bottom features that
are 10-15 feet below the surface generally are clearly
discernible.

Figure 3 illustrates the difference in clarity between
the two parts of the lake. The algal reefs and sand on
the bottom are clearly visible through 4 feet of brine
at E, south of the causeway, while the salt crust can-
not be seen through 3 feet of brine at G, north of the
causeway.

During the winter, visibility through the brine on both
sides of the causeway is poor, due in part to minute
particles of precipitated sodium sulfate.

CONCLUSIONS

Great Salt Lake is not a homogeneous body of brine.
In the undivided lake, prior to 1957, the entire lake
was directly diluted by inflow during the spring and
subsequently concentrated by evaporation during the
summer and fall. Based on the data from this inves-
tigation, it is inferred that parts of the undivided lake
contained brines of different densities. During the
main evaporation period, salt was precipitated in most
of the shallowbays around the edges of the lake. Den-
sity currents would have moved saturated brine from
the bays toward deeper parts of the lake. The mixing
effects of other currents and winds would have main-
tained a shallow well-mixed zone in the open lake.

The construction of a railroad causeway across Great
Salt Lake in 1957 radically changed the hydrology and
the chemical environment of the lake. Although the
causeway does not prevent interchange of brine be-
tween the northern and southern parts of the lake that

it created, the causeway does retard interchange to
the extent that brine in the northern part remained
saturated during 1963-66. The southern part of the
lake was more dilute than at comparable lake stages
prior to causeway construction,

The interchange of brine through the causeway only
slightly affects the brine in the northern part of the
lake by local seasonal dilution. The northward inflow
of dilute brine and the southward outflow of concen-
trated brine, however, controls the thickness of the
salt crust in the northern part. If the causeway were
not permeable, the crust would continually accumulate,
and the northern part of the lake would continually
diminish as an effective brine storage area. The rela-
tions among inflow, outflow, and crust thickness in
the northern part of the lake are important factors in
the chemical hydrology of the lake as a whole and need
additional study. Such study would provide valuable
information for future lake management.

The interchange of brine through the causeway direct-
ly affects the chemical character of the southern part
of the lake. Concentrated brine from the northern part
is the source of one of the three types of brine identi-
fied in the southern part. A concentrated brine in the
deep zone in the southern end of the lake may result
from ground water discharging upward through the bot-
tom of the lake. The character of thebrine in the deep
zone in the southern part of the lake and the mode of
generationrequire further, more precise study, because
future manipulation of Great Salt Lake as a source of
minerals and for recreation will be affected by the area
in which the brine is generated.

The studies during 1963-66 incidentally demonstrated
the intricate interrelation and effects of wind, inflow,
and lake currents on both mixing and distribution of
the brines in the southern part of Great Salt Lake.
Studies specifically designed to describe the mutual
relations are needed.

The conclusions reached in this report are based on
data collected during a period whenthe lake fluctuated
through a range of about 4} feet. Monitoring of varia-
tions inlake chemistry are needed during different lake
stages to verify the conclusions drawn.
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