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Abstract The Great Salt Lake (GSL) of Utah, USA, is the largest saline lake in North
America, and its brines are some of the most concentrated anywhere in the world. The lake
occupies a closed basin system whose chemistry reflects solute inputs from the weathering
of a diverse suite of rocks in its drainage basin. GSL is the remnant of a much larger
lacustrine body, Lake Bonneville, and it has a long history of carbonate deposition. Inflow
to the lake is from three major rivers that drain mountain ranges to the east and empty into
the southern arm of the lake, from precipitation directly on the lake, and from minor
groundwater inflow. Outflow is by evaporation. The greatest solute inputs are from calcium
bicarbonate river waters mixed with sodium chloride-type springs and groundwaters. Prior
to 1930 the lake concentration inversely tracked lake volume, which reflected climatic
variation in the drainage, but since then salt precipitation and re-solution, primarily halite
and mirabilite, have periodically modified lake-brine chemistry through density stratifi-
cation and compositional differentiation. In addition, construction of a railway causeway
has restricted circulation, nearly isolating the northern from the southern part of the lake,
leading to halite precipitation in the north. These and other conditions have created brine
differentiation, mixing, and fractional precipitation of salts as major factors in solute
evolution. Pore fluids and diagenetic reactions have been identified as important sources
and especially sinks for CaCO;, Mg, and K in the lake, depending on the concentration
gradient and clays.
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1 Introduction

The geochemical evolution of Great Salt Lake (GSL), as with other major inland salt water
bodies, has involved a large interdisciplinary complex of factors of variable significance.
The most important influences include meteoric precipitation, weathering, groundwater,
evaporation, mineral precipitation-dissolution, and biotic activity. The dimensional prop-
erties of the lake are listed in Table 1, and play a major role in the geochemistry,
hydrology, and associated climate of the lake. Input of major dissolved constituents is most
simply and generally described by mixing dilute calcium bicarbonate stream waters with
NaCl-dominated ground waters and hydrothermal springs (Spencer et al. 1985a, b)

In this paper we present a review of the hydrologic history of the lake basin in terms of
lake level changes that occurred in response to changes in the balance between inflow and
outflow. The hydrologic history is based on a review of previous work, primarily on
ancient shorelines. We then present information on the chemistry of the various inflow
components to the system. This is followed by a review of the concepts employed in
interpreting the geochemical evolution of brines. The geochemical evolution of the lake
water chemistry within the basin is discussed in the context of the changes in the hydro-
logic history and changes in relative inputs of inflow components with different chemical
compositions in response to the hydrologic changes employing the principles of brine
evolution. The discussion of the geochemical evolution of the lake above provides a
context for the discussion of the modern lake that follows.

2 Hydrologic History of the Basin

The lake basin now occupied by GSL began forming in response to tectonic extension in
the eastern Basin and Range Province in the middle Tertiary (Miller 1991). Lake sediments
of Miocene age have been identified in the basin, both in deep cores from the basin center
and in outcrops of faulted offshore sediments on the basin margins (Miller 1991). Most
previous work on the lacustrine history of the basin has focused on the late Pleistocene
(Gilbert 1890; Scott et al. 1983; Spencer et al. 1984; Oviatt et al. 1992), but older Pleis-
tocene lakes have also been investigated (Kowalewska and Cohen 1998; Balch et al.
2005).

A summary of the late-Pleistocene history of Lake Bonneville is of particular interest
here as the precursor to hypersaline GSL. Prior to about 28,000 '*C year B.P. the lake level
was apparently similar to Holocene GSL, although no shorelines of this age have been
identified and dated. Pre-Bonneville sediments in cores from the floor of GSL are com-
posed of laminated mud and fine sand, and both saline-tolerant ostracodes and brine-
shrimp fecal pellets are present in different samples, but the sediments are not dominated
by brine-shrimp fecal-pellet mud as are Holocene GSL sediments (Spencer et al. 1984;
Oviatt and Thompson 2008, unpublished data).

Changes in the inflow/outflow balance to the basin resulted in the rise of Lake Bon-
neville to altitudes above those comparable to modern GSL after about 28,000 ¢ year
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Fig. 1 Changes in lake volume in the Bonneville basin versus radiocarbon age. Large swings in volume
during the transgressive phase while Lake Bonneville occupied the closed basin are not shown. Major
mappable shorelines are indicated. Note that the hypersaline Great Salt Lake fluctuated during the Holocene
within a narrow volume range (about 38-317 km®). Data from Currey (1990 Figure 16), Oviatt (1997), and
unpublished data

B.P. The lake continued to transgress to higher altitudes until it reached the low point on
the basin rim and began to overflow, shortly after about 15,300 4c year B.P. (Oviatt et al.
1992; Oviatt 1997) (Fig. 1). During the transgressive phase of Lake Bonneville, lake level
and lake volume progressively increased, and the water became more dilute. The lake
occupied a hydrographically closed basin for its entire transgressive phase and fluctuated
continuously in level, undergoing a series of major oscillations. The prominent Stansbury
shoreline formed during one of these oscillations; these oscillations are not depicted in
Fig. 1.

Lake Bonneville briefly overflowed into the Snake River drainage at its highest level
and formed the Bonneville shoreline. Lake Bonneville catastrophically dropped about
100 m in altitude as the overflow threshold washed out in an event known as the
Bonneville flood (Gilbert 1890; Oviatt et al. 1992; O’Connor 1993). The lake continued
to discharge across a bedrock-floored threshold into the Snake River drainage for
approximately 2500 years, during which time the Provo shoreline formed throughout the
basin (Gilbert 1890; Godsey et al. 2005). The rapid closed-basin regressive phase began
about 12,000 '*C year B.P. and dropped the lake to altitudes comparable to modern GSL
by about 11,000 '*C year B.P. (Oviatt et al. 2005). A brief rise to the Gilbert shoreline at
roughly 10,000 "*C year B.P. was followed by Holocene fluctuations of GSL within an
altitude range of 6 m (1280-1286 masl), and a volume range of about 40-300 km?®
(Fig. 1).

During the transgressive phase of Lake Bonneville, lake level and lake volume pro-
gressively increased, and the water became more dilute. In sediment cores from GSL that
cover the transgressive phase, laminations containing large percentages of endogenic
aragonite are interbedded with the dominantly calcite mud (Spencer et al. 1984; Oviatt and
Thompson 2008 unpublished data). Aragonite laminations may indicate times when lake
volume declined and the Mg to Ca ratio increased, possibly in response to an influx of
water from the Sevier arm of the lake, where the river inflow has a relatively high Mg/Ca
ratio (Oviatt et al. 1994; Pedone 2004).
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Aragonite replaces calcite as the dominant mineral in post-Provo, regressive-phase
sediments. This was caused by lake-volume decrease and progressive removal of Ca from
the water as carbonate minerals precipitated, leading to an increase in the Mg/Ca ratio, and
a shift from calcite to aragonite precipitation (Spencer et al. 1984). Aragonite dominates
the carbonate mineral assemblage throughout the Holocene sedimentary column of GSL
(Spencer et al. 1984; Oviatt and Thompson 2008 unpublished data). The end of the
regressive phase of Lake Bonneville, prior to the development of the Gilbert shoreline
(Fig. 1), marks the beginning of the GSL in something close to its modern configuration.

3 Geochemistry of Inflowing Waters

The lithology and distribution of rocks and sediments available for weathering, and
groundwater residence times, exert fundamental controls on the initial chemistry of the
inflow into closed lake basins. The chemical pathways taken by evolving saline water and
the nature of evaporitic precipitates is largely set by initial dilute water chemistry. The
chemical evolution can be associated with a few fundamental rock types, their mode of
reaction with dilute waters, and the resulting relation in the proportion of major cations and
anions, as shown in Fig. 2 (Jones and Deocampo 2003). The GSL basin offers a wide
variety of reactive lithologies ranging from Precambrian and Paleozoic rocks in the Wa-
satch mountains in the east to Tertiary sediments and volcanic rocks in the basins in and
west of the GSL Desert. Areal variation in precipitation, runoff, river discharge, and
groundwater input influence the lake chemistry and solute evolution because of exposure to
different lithologies.

- - Mafic Plagioclase
| Evaporites | I Pyroclastics I | Carbonates | silicates feldspar
| I I |
Simple solution Hydrolysis Dissolution Hydrolysis Hydrolysis

l l 1 1 1

Calcite and Silicates
sulfides and sulfides
. ]
Dissolution and Oxidation and
oxidation weathering

Fig. 2 Schematic representation of general fluid compositions produced by weathering of different rock
types, with relative solubility decreasing to the right. Solutes (Ca, Mg, SO4, CO;) refer to total aqueous
species in equivalents, and COj; refers to all aqueous CO, species. Sulfide weathering is represented on a
second level to demonstrate the possibility of competing weathering processes that can reverse the

(Ca 4+ MgCO3) ratio, an important early determinant of brine evolution pathways. Modified from Jones and
Deocampo (2003)
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Fig. 3 Mean daily discharge of the Bear, Jordan, and Weber Rivers from 1982 through 2004

The water and solutes of GSL depend primarily on the variable balance between
evaporation and the three major rivers which provide more than 90 percent of the inflow to
the lake (inflow percentages are: Bear + Weber = 79%; Jordan = 13%; see Fig. 3). All
these waters are fundamentally of the calcium bicarbonate type, but vary somewhat
characteristically in the secondary major constituents. To the north the Bear River typically
contains a higher proportion of sodium carbonate obtained in its upper watershed, whereas
the principle drainages to the south, which coalesce in Utah Lake and thence provide the
Jordan River inflow to GSL, tend to carry more sulfate. The Weber River flowing directly
out of the Wasatch Range to the east is generally the most dilute inflow, reflecting the
predominance of silicate rocks in the drainage. An important solute source in the past was
the Sevier River, which flowed into the southern part of Lake Bonneville at times of high
lake level and provided marine salts, particularly magnesium sulfo-chloride, to the pre-
cursor of the GSL system (Feth 1960). Spencer et al. (1985a) have emphasized the
importance of hydrothermal springs at low flow, as represented by NaCl-enriched inflow
(to the Bear) from the Malad River, despite the relatively small discharge. Similar mixed
NaCl-type hydrothermal springs and groundwaters were described by Cole (1982) on the
east shore area of the lake. A summary of representative inflow compositions to GSL
analyzed prior to the record rise in lake stage in the mid 1980s is given in Spencer et al.
(1985a). Representative analyses of the major rivers taken since are given in Table 2. Data
on chloride and H,O isotopes in wells and a few hot springs in the Weber delta—east shore
(GSL) area were presented by Cole (1982).

4 Geochemical Evolution of Brines—Concepts
Evaporative concentration is the dominant mechanism effecting mineral formation and
solute evolution in closed basin systems (Jones 1966). Additional factors, including mixing

and associated smaller scale processes (degassing, temperature change) also influence
sequential mineral saturation and precipitation. The concept of “chemical divides” in the
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evolution of closed basin waters was first described by Hardie and Eugster (1970). This
concept is based on the idea that mineral precipitation from waters increasing in salinity as
a result of evaporative concentration is controlled by the solubility of minerals. Most
surface waters have a relatively simple major element composition. There are four major
cations, Na, Ca, K, and Mg; and four major anions, HCO3, CO;, SOy, and Cl. There are a
limited number of salts that can be made from these building blocks. Chloride is the most
conservative element in solution and the behavior of the other major ions on evaporative
concentration can generally, but not specifically, be assessed by reference to CI content
(Eugster and Jones 1979). The least soluble minerals that can be obtained from the
composition of most surface waters are the alkaline-earth carbonates, followed by the
calcium sulfates. The precipitation of a mineral is controlled by the solubility of that
mineral, the cation and anion involved both contribute to the precipitate and are lost from
the solution in equal proportion. The solubility product of the cation and anion must be
constant, so as the mineral precipitates, unequal amounts remain in solution and the
constituent of greater proportion becomes dominant in solution on further concentration,
i.e., during calcite precipitation an increase in Ca is accompanied by a decrease in COj3 or
vice versa. Thus, early precipitation of calcium carbonate determines whether the
remaining solution will become carbonate rich or poor. The concept of brine evolution
during evaporative concentration can be illustrated with a flow chart such as the one
illustrated on Fig. 4, which is modified from Eugster and Hardie (1978), adapted to GSL,
and based on relative mineral solubility.

The early precipitation of alkaline-earth carbonates is a crucial step in understanding
brine evolution. There are several alkaline-earth carbonates present in many closed basin
sediments. Among these are calcite, Mg-bearing calcite (less than about 12 mole percent
Mg), and aragonite. All of these phases have relatively low solubility. Carbonates with
higher magnesium contents such as dolomite and magnesite also have low solubility, but
are not common as primary precipitates in closed basin sediments, and are rare or absent as
primary precipitates during the early stages of evaporative concentration. Calcium is
preferentially removed from solution relative to magnesium during the precipitation of
calcite, Mg-bearing calcite and aragonite, resulting in an increase in the ratio of Mg to Ca
in solution during precipitation of these minerals. Experimental work by Fuchtbauer and
Hardie (1976) shows a precipitation sequence from calcite to Mg-bearing calcite to ara-
gonite with increasing Mg to Ca in solution. This is expected to occur in closed basin
systems as inflow waters with relatively low Mg to Ca in solution are concentrated and
alkaline earth carbonates precipitate.

Perhaps the easiest technique for applying the “chemical divide” concept in the pre-
diction of solute evolution pathways is by use of the “Spencer Triangle” (Fig. 5). The
system Ca—SO4—(CO; + HCO3;) can be illustrated in a ternary phase diagram. The dia-
gram is constructed by placing Ca, SOy, and (CO3; + HCO3) in equivalents at the corners
of a triangular diagram. The diagram uses equivalents as units of charge concentration
inasmuch as the maintenance of charge balance is a crucial, but often overlooked, control
during mineral precipitation. Therefore, the composition of calcite (as well as aragonite)
lays half way between the Ca and (CO5; + HCOs) corners; there are equal equivalents of
Ca and (CO3 4+ HCOy) in calcite. The composition of gypsum (as well as anhydrite) lays
half way between the Ca and SO, corners; there are equal equivalents of Ca and SO, in
gypsum. The body of this phase diagram is the primary precipitation field for calcite (Mg-
bearing calcite and aragonite may also precipitate in this field). Waters can be plotted on
this diagram using the equivalent concentrations of Ca, HCOj3; plus CO5; and SOy in the
waters. The evolution of these waters may then be followed.
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Fig. 4 Flowchart of idealized evolution of a closed basin brine with increasing evaporative concentration
downward modified to illustrate specific conditions for the Great Salt Lake. Solute constituents are indicated
by dashed boxes, and mineral precipitates are indicated by solid boxes (after Eugster and Hardie 1978; Jones
and Deocampo 2003)

The first mineral to precipitate from a concentrating water is determined by its position
with respect to the primary precipitation field for minerals on the ternary phase diagram in
Fig. 5. The body of this phase diagram is the primary precipitation field for calcite.
Therefore, the first mineral to precipitate from waters that plot within the body of the
triangle is calcite (or possibly Mg-bearing calcite or aragonite). During mineral precipi-
tation the composition of the water moves directly away from the composition of the
mineral. For instance, waters at points 1 and 2 on Fig. 5 will precipitate calcite and move
directly away from the calcite compositional point. Continued evaporative concentration
and calcite precipitation results in migration of the water composition to the join between
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.2
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Fig. 5 The “Spencer Triangle,” ternary phase diagram in the system Ca—-SO,~HCOj3, with compositional
trends on evaporation indicated. For further explanation, see text

HCO; plus CO;3 and SO, as indicated by the arrows in Fig. 5. These waters become
depleted in Ca during the precipitation of calcite; a portion of the HCO5; and COj3 and SO,
remain in solution after calcite precipitation. These waters eventually may precipitate a
number of more soluble salts, including sodium carbonate and/or sodium sulfate salts, but
not calcium sulfate (gypsum). Waters near composition 1 precipitate sodium carbonates
prior to sodium sulfate and waters near composition 2 precipitate sodium sulfate prior to
sodium carbonate. All waters may precipitate halite (and other salts) at some point (see
Spencer and Hardie 1990, for more details).

There are three distinct compositional fields separated by two chemical divides as a
result of the precipitation of relatively insoluble minerals in the system displayed in Fig. 5.
The join between the calcite compositional point and the SO, apex represents the divide
between “Alkaline” and “Neutral” waters, and the join from calcite to gypsum represents
the divide between “Neutral” and “Calcium Chloride” waters. Neutral waters, such as at
composition 3 on Fig. 5, precipitate calcite and move directly away from the calcite
composition. Continued evaporative concentration and calcite precipitation brings these
waters to the gypsum stability field located along the join between Ca and SO, in Fig. 5.
Waters are depleted in HCO5; and COs5 along this join and gypsum is the dominant pre-
cipitate. Waters move along the phase boundary away from the gypsum compositional
point, toward the SO, corner of the diagram. Waters are depleted in Ca and further
concentration leads to the precipitation of halite and a variety of other salts including K and
Mg sulfates and chlorides.

Calcium chloride waters such as at composition 4 on Fig. 5, precipitate calcite and
move directly away from the calcite composition. Continued evaporative concentration and
calcite precipitation brings these waters to the gypsum stability field located along the join
between Ca and SO, in Fig. 5. Waters are depleted in HCO; and COj; along this join and
gypsum is the dominant precipitate. Waters move along the phase boundary away from the
gypsum compositional point, toward the Ca corner of the diagram. Waters are depleted in
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SO, and further concentration leads to the precipitation of halite as well as K, Mg, and Ca
chlorides.

5 Geochemical Evolution of GSL

Spencer et al. (1985b) developed a geochemical model of the solute evolution in the basin
over the last 35,000 years using existing data for lake stage, surface area, volume, evap-
oration, and inflow. The major solute sources under the hydrologic conditions considered
were atmospheric precipitation, river waters, and hydrothermal springs. The estimates of
the total input over 35,000 years are given in Table 3.

Sediment from mid-lake cores that cover the transgressive phase (Fig. 1) varies from
laminated to mottled to massive in appearance. The mineralogy of the sediment is dom-
inated by detrital quartz (~50%) and detrital clay minerals (~30%) and lesser amounts of
endogenic low Mg calcite (<20%) (Spencer et al. 1984). The sediments contain fresh to
brackish water ostracodes and well-preserved algal filaments. Overall the sediment is
consistent with a rising lake receiving dilute, high discharge waters with a composition
dominated by sodium bicarbonate-type waters as a result of the weathering of silicates (i.e.,
Bear and Weber Rivers), carrying significant detrital sediments load. The lake does not
appear to have increased systematically in concentration during the transgressive stage, but
rather to have become more dilute. However, there are short intervals of light colored
sediment that contain small amounts of aragonite (10-15%) along with calcite (5-15%)
and variable amounts of quartz (~10-50%) that punctuate this interval (Spencer et al.
1984). The aragonitic intervals are bracketed by ages of 21,050 '“C year B.P. and 19,540
'4C year B.P. (Thompson et al. 1990) and may represent fluctuations near the Stansbury
shoreline (see Fig. 1). Oviatt and Thompson (2008 unpublished data) also report sediment
within the transgressive interval containing large percentages of endogenic aragonite int-
erbedded with the dominantly calcite mud. Aragonite laminations may indicate times when
lake volume declined and the Mg to Ca ratio increased, although there is no indication of a
progressive shift in the lake chemistry as seen in the major drawdown discussed below.
These aragonitic intervals may be in response to an influx of water from the Sevier arm of
the lake, where the river inflow has a relatively high Mg/Ca ratio (Oviatt et al. 1994;
Pedone 2004).

Table 3 Salt budget over 35,000 years (as calculated by Spencer et al. 1985b)

Sinks CI~ SO,>~ HCO;~ Nat K" Ca** Mg®t  SiO,
Lake brines 265 0.25 0.005 1.53 0.07 0.005 0.13

Pore fluids 270  0.15 0.005 1.50 0.08 0.005 0.10

Salts 0.21  0.80 0.53

Sediment 0.40 22 0.13  0.04 7.4 0.64 0.96
Overflow loss .12 045 0.24 0.74  0.08 0.10 0.19

Total sinks 6.68 2.05 22.25 443 0.27 7.51 1.06 0.96
Total input 6.90 236 12.26 454 036 3.52 0.87 0.50
Percentage of input accounted for 97 87 181 98 75 213 122 192

Sources and sinks for major dissolved species in Great Salt Lake inflow and brines. Salts include mirabilite
and halite; sediment includes sulfides, carbonates, gypsum, and clays. Mass estimates given here are pre-
sented in 105 g
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During the development of the Bonneville shoreline, the Bonneville flood, and the
Provo shoreline (Fig. 1) the lake was overflowing into the Snake River drainage system.
Therefore, from the perspective of the deep lake sediment and geochemical evolution of
waters, this interval is grouped with the transgressive phase and was characterized by a
relatively fresh lake receiving high discharge waters.

The regressive phase of the lake is clearly recorded in the mid-lake cores. The most
dramatic changes in the mid-lake cores occur over a 25-cm interval of sediment. At the
base of this interval the sediment mineralogy consists of detrital quartz (~55%), detrital
clay minerals (~30%) and low Mg calcite (~ 15%), typical of the transgressive sediments
described above. These sediments also contain ostracodes indicative of the freshest water
conditions in the entire core record. Over an 8 cm interval the quartz content of the
sediment drops systematically from 55% to 20%, while calcite content increases contin-
uously from 15% to 55% and the Mg content of the calcite increases steadily form near
zero to 11 mole percent. Immediately above this is a 2 cm interval containing about 50%
aragonite, 5% calcite, 15% quartz, and 30% clay minerals. Above this is an interval of what
appears to be reworked sediment with mud coated and abraded ostracodes. Brine shrimp
cysts first appear in muds just below the coated ostracodes and initially even with some
uncoated ones, but they are much more abundant above the carbonate coated ostracodes.
This indicates that the lake had become saline and was reaching relatively low levels. The
interval covering the regressive phase described above is bracketed by ages of 12,400 *C
year B.P. and 11,970 ¢ year B.P. (Thompson et al. 1990).!

The regressive interval described above covers the precipitation of alkaline-earth car-
bonates during the rapid drawdown of the lake as a result of evaporative concentration. The
sequence from calcite, through Mg-bearing calcite with increasing Mg-content to aragonite
is consistent with the experimental work by Fuchtbauer and Hardie (1976) in response to
an increase in the Mg to Ca ratio in solution as calcium is preferentially removed from
waters to form the carbonates. The beginning of the evaporative phase chemistry is sig-
naled by the increase in the amount of calcite and the Mg-content of the calcite. The shift
from Mg-calcite to aragonite is simply a point in the continuous sequence. The lake
continued to become more concentrated beyond this point as indicated by the presence of
brine shrimp.

Lake levels appear to have also dropped above this stratigraphic level, to a point where
the lake was divided by the bathymetric high shown south of Promontory Point on the
bathymetric map in Fig. 6 into a north basin and a south basin. The major river inflow to
the lake (Bear, Weber and Jordan) is south of this divide. Cores to the south of the divide
contain up to 50 cm of finely laminated, organic-rich sediment. Cores along and near the
divide contain about 15 cm of cemented aragonitic crusts. Bedded mirabilite
(Na,SO, - 10H,0) is present north of the divide. The base of this interval is dated at 9680
'C year B.P. (Thompson et al. 1990) and appears to occur subsequent to the development
of the Gilbert shoreline (Fig. 1).

The evolution of the lake waters during the regressive phase can be followed on the
ternary phase diagram in Fig. 7a. The solutes in the lake prior to regression were domi-
nated by input from waters entering the lake during the transgressive and overflow phases.
These high discharge, meteoric waters were a mixture of Weber, Bear, Jordan and possibly
Sevier river waters with a composition within the “Alkaline” field in the shaded triangle on

' In some cores the aragonite peak is replaced by a “dolomite” peak (primary XRD peak near 31 degrees
2-theta), and although aragonite does increase in this interval, “dolomite” is the dominant carbonate
mineral. Could the “dolomite” be a secondary replacement of aragonite?
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Fig. 7a. The waters migrated along the dashed line in Fig. 7b as a result of the precipitation
of calcite, Mg-bearing calcite with increasing Mg-content, and aragonite during the
regressive phase. The waters eventually reached the join between HCO; plus CO5 and SO,
and precipitated mirabilite, but not gypsum. Spencer et al. (1985b) suggest that mirabilite
precipitation in the north basin initiated during winter “chill out” (which has been
observed temporarily in recent times) and the beds possibly protected from dissolution by
overlying stratification resulting from mineral precipitation and sedimentation.

The chemistry of the lake has changed through time. Modern GSL brines are within the
“Neutral” field as indicated on Fig. 7b. Lake levels appear to have fluctuated near present
day levels during the past 9000 years. Sediments are dominated by brine shrimp pellets

112°07'30" 112°00

41°
15

41° (R

A | . &}
5 Quigizon Bary/)
§ c B
Ba
Lake
U TAH
40° )
45
i
i
o E

10 20 ILOMETERS
|

EXPLANATION ¢ L . .
—1273— Lake bottom elevation in meters above sea level (Baskin and Allen, 2005; 6 10 20 MILES
Baskin and Turner, 2006)

Fig. 6 Location and bathymetry of Great Salt Lake, Utah. From Baskin and Allen (2005)
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composed of aragonitic mud. Disrupted, chemoturbated sediments indicate the growth and
dissolution of mirabilite throughout the interval. However, gypsum is present as discoidal
crystals, likely of diagenetic origin, within the upper 1.5 m of sediment, above the Mazama
tephra with an age of 6730 '*C year B.P. (7627 cal year B.P.) (Zdanowicz et al. 1999), and
as a primary precipitate in the upper 10 cm of sediment. The presence of gypsum indicates
a “Neutral” composition of the brines. Thus, there is a difference in mineral precipitation
sequence which can be explained in terms of the composition of low versus high inflow
discharge. The major inputs to the lake under low discharge conditions are the “Alkaline”
waters of the Bear, Weber, and Jordan rivers, plus a contribution from springs, such as the
Malad Springs, along the Wasatch front. The spring waters are of the “Calcium Chloride”
type, see Fig. 7b. There is a much higher relative contribution of the “Calcium Chloride”
solutes during low-discharge than at high-discharge conditions. The continued input of the
spring water component during the 10,000-11,000 year low stand has resulted in
the migration of the lake water chemistry into the neutral field, to a point where it follows
the evaporation path indicated by the dotted line in Fig. 7b.

Continued input of Cl and Na from hydrothermal sources, evaporation, and re-cycling
from peripheral mud flats results in increased concentration of these components in the
lake, despite downward diffusion gradients (Fig. 8). In contrast, the diffusive fluxes of
S04, K, and Mg into the sediment are supplemented or enhanced by diagenetic reactions in
the sediment. Sulfate reduction and some gypsum formation takes place variously in the
sediment, whereas K fixation and Mg-silicate formation occurs in the clay fraction (Jones
and Spencer 1999). Thus, input of SOy, K, and Mg is insufficient to keep up with removal.
Mirabilite still occurs intermittently through brine chilling. According to Spencer et al.
(1985b) the sequence expected from modern brines at 25°C is aragonite, small amounts of
gypsum and glauberite, and then a large mass of halite. The variations in mineral pre-
cipitate sequences, the fossil mirabilite found in the sediment, and the halite dominance in
salts precipitated at present are a testimony to the changing influence of input sources and
sinks through time (Spencer et al. 1985b).

Alkaline

N - 2 2 - 2
S04 Sodium Sulfates  Sodium Carbonates HG0,:+.00, S0, Sodium Sulfates  Sodium Carbonates HEOy +C0y

Fig. 7 Two versions of the “Spencer Triangle” indicating pathways taken by specific compositions in the
evolution of water precipitating calcite, with or without subsequent minor precipitation of gypsum (from
Jones and Bodine 1987; Spencer and Hardie 1990). The dashed lines represent the compositional trends for
the regressive phase of Lake Bonneville or for the modern Great Salt Lake. Individual points represent (B)
Bear River, (W) Weber River, (J) Jordan River, (S) Sevier River, (M) Malad River, and (WP) West Pond
overflow from Great Salt Lake into the Bonneville Desert. The shaded areas on the diagram represent the
compositional range of mixtures of the major inflows
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Fig. 8 The chloride pore fluid
analyses from the deepest portion
of the northern south arm, GSL,
as a function of depth. The
dashed line is an estimated 1933
profile, prior to halite
precipitation. The solid curve is
the calculated diffusion profile,
assuming the bottom waters
remain near or at halite saturation
from 1933 to 1980 (from Spencer
et al. 1985a)
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110 120 130 140
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6 The Modern Lake System

In view of the strong influence of modeling on the sequences offered here, it is of interest
to compare the results of computer calculations of evaporative concentration and salt
precipitation using the model TEQUIL (Mgller et al. 1997) by Kohler and White (2004)
with the field determinations of Jones et al. (1997) in a sequence of commercial evapo-
ration ponds (Fig. 9). For evaporative evolution of brine beginning with analyses of halite-
saturated fluids from the north arm of GSL, the post-halite precipitation sequence of phases
determined by computer or field collection was nearly identical. The computer sequence
was anhydrite—glauberite—polyhalite—leonite—kainite—(kieserite—carnallite). X-ray
diffraction analyses of field samples picked up traces of glauberite, but failed to detect
polyhalite and leonite, though the latter was probably taken up in the formation of kainite,
which was clearly the most abundant bitter salt. The identification of kieserite and car-
nallite at the end of the pond sequence sampled was questionable, but could not be
separated from decreasing amounts of kainite. The MgCl, brine of the last pond (#4) was
too deliquescent to permit collection of precipitate.

Detailed information on historic changes in GSL elevation through time has been given
by Arnow and Stephens (1990) (Fig. 10). Prior to about 1955 the lake concentration was
inversely proportional to lake stage (volume). Significant precipitation of halite beginning
around 1955 took control of the chloride concentration in the lake brines and resulted in a
significant deviation of lake waters from the simple volume-concentration relationship
(Fig. 10). Historic lake elevation changes have precipitated and re-dissolved salts, mostly
halite, but also mirabilite (Na,SO,4 - 10H,0), leading to the formation of stratified brines.
This has been the result of both evaporative concentration during drought periods and the
construction of the railroad causeway across the lake in 1959. In addition to the causeway
dividing the lake into a north and south arm, the south arm is further divided by a natural
ridge into a north and south basin. As discussed in considerable detail by Spencer et al.
(1985a), mineral precipitation, re-solution, fractionation, and mixing of brines have
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Fig. 9 X-Y plots of major solutes vs. bromide for a sequence of evaporation ponds fed by fluids from the
halite-saturated North Arm brine of Great Salt Lake, August 1996. Br is considered to be relatively
conservative in solution, as indicated by the relation to TDS up to about 700 mg/kg (samples 1, 2, 3, 5). In
contrast, the Br remains essentially constant vs. TDS in the more concentrated samples (6, 7, 8, 9, & 4—the
most concentrated pond), although illustrating a positive relation with Cl & Mg, and a negative slope with
Na, K, & Ca. However, all the major solutes show a pronounced change in slope of their relation with Br at
the 700 mg/kg level, based on x-ray determinations on the more concentrated group, this concentration
appears to mark the initial precipitation of kainite in this setting

profoundly affected brine composition and evolution. Using the data of Hahl and Mitchell
(1963) Hahl and Handy (1969) and others, Spencer et al. (1985a) utilized chloride refer-
ence to analyze the historic changes in lake brine composition, development, and
distribution. From this, it is clear that the mixing of fractionated brine bodies has become
an important component of brine evolution.

Salt (NaCl) precipitation occurred during the drought of the 1930s (1935-1945) and
again in the 1960s. In the South Arm the salt was apparently re-dissolved by 1972, but
stayed saturated in the north arm until the large lake-level rise in the 1980s. From 1965
until 2002, there was a slight decline in SO4, Mg, K, and Ca, whereas Na and Cl increased.
For the period 1966-1981 there was an increase in the relation of total dissolved solids
(TDS) versus stage in the south arm and constancy in the north arm, until the heavy rains
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and South Arm inflow increased dramatically. Salt precipitation began again in the summer
of 1992 and continued to the present (Gwynn 2002). Prominent minor elements (Br, B, Li)
increased relative to NaCl. Exchange across the railroad causeway has kept the concen-
tration trends similar. Bidirectional flow related to a brine interface existed across the
causeway from pre-1966 until mid 1991 because of the lack of return flow thru the
causeway and vertical mixing. Since 1992 the north arm has been at halite saturation, so
there was no inverse relation to lake level. Since 1993 there has been only south to north
flow or none at all. The lake-level rise since 1995 has increased the south to north surface
flow, but compaction of fine-grained sediments in the causeway fill has shut off the
underflow return. Movement southward of south arm bottom brine over the mid-lake ridge
from the north to the south was noted by Hahl and Handy (1969).

Farmington Bay has apparently often been isolated from main GSL, but under average
conditions, has a salinity about half of the main lake. The proportion of major ions is about
the same as in the lake. The bay acts as a biological treatment lagoon for nutrients, N and
P, from the Jordan River and sewage-treatment plants. Six mineral-extraction industries
operate on the lake. These produce potash fertilizer, Mg metal, and CI gas, as well as a
variety of salts.

7 Geochemical Dynamics

As in all natural waters, the composition of any saline lake is dominated by less than ten
major solutes, Na, K, Ca, Mg, Cl, SO, dissolved inorganic carbon as HCO; + COj; and
sometimes SiO,. Of these, Na is the most common cation, and often is nearly the only
cation in solution. The short-term processes noted above mainly affect Na, SO, and Cl,
whereas Mg and K remain mostly solute conservative (lost only to long-term pore-fluid
diffusion, diagenetic mineral formation in sediment, aerosols, or the mineral extraction
industries). In the Great Basin, overall compositional trends can be described almost
entirely in terms of the anions in saline waters (Jones 1966). However, Bodine and Jones
(1986) found it more useful to classify saline waters according to normative analyses of
their principal anion-cation associations based on relative mineral solubility. Further, in the
latter stages of chemical evolution the ratios with respect to the alkalies and sulfo-chloride
become more important, and it is advantageous to consider associations within the entire
solute matrix. For this purpose, the computer program SNORM calculates the equilibrium
salt assemblage expected for any water taken to dryness at 25°C and atmospheric pCO,.
Thus, regardless of the initial composition, saline waters can be compared in terms of the
total salt assemblage to be expected on complete evaporation, including the presence or
absence of characteristic double salts. Using recalculation of the assemblage to “simple
salts,” multiphase mineral assemblages can be reduced to simple characteristic cation-
anion associations.

An example from the central northern section of the south arm of GSL in 2002 is given
in comparison with seawater (Table 2). Though the salt assemblage is quite similar, dif-
ferences in the normative proportions are readily recognized. Such analyses permit the
evaluation of the effects of processes other than evaporative concentration on the chemical
evolution of saline water by recognizing deviation from the projected assemblage. For
instance, one can look for small variations in the residual, solute-conservative “simple
salts” (specifically the K and Mg chlorides) calculated from the analyses representing a
small portion or the entire area of GSL as sensitive indicators of solute modification
processes. Results derived from lake analyses in 2002 are presented in Fig. 11a, b in terms
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of the deviation of each site concentration from the lowest values at the time, which are
used as a lake-wide reference. Comparison of these values suggests areas of dilute inflow,
high evaporation, selective sorption, or unusual biotic activity. Note in the comparison of
the GSL results that although both the residual major cations are relatively conservative in
solution, the KCI concentration is nearly constant, whereas the MgCl, values vary as one
might expect for particular processes, e.g., low in areas of inflow dilution or sediment
uptake, higher in regions of more intense evaporation.

Oxidation-reduction reactions are particularly important in controlling the distribution
of minor metals in closed lake systems. The chemical stratification that is so common in
large saline lakes, such as GSL, is influential in maintaining redox boundaries, across
which reductive dissolution of metal oxides and anaerobic degradation of organic matter
takes place. A representative redox depth profile for GSL is given in Fig. 12.

A significant example of the importance of redox processes to minor elements at GSL is
the case of mercury. The high concentrations of Cl and Br in GSL may enhance the
atmospheric deposition of Hg to the lake surface. Previous studies (Mason and Gill 2005)
have shown that the presence of halogens such as Br and Cl in the marine boundary layer
(MBL) can act as oxidizing agents that will transform the relatively inert HgO in the
atmosphere to reactive gaseous Hg (RGHg). Once formed, RGHg has high deposition
velocities and has been observed to be rapidly removed from the atmosphere in polar
locations relative to Hg0 (Schroeder et al. 1998). The abundance of Br and CI in the MBL
above GSL may favor the formation of RGHg and enhance Hg deposition rates. Once
inorganic forms of Hg enter GSL, the physical and chemical conditions may be ideal for
Hg methylation. Previous work has shown that marine sediment rich in organic matter and
dissolved sulfide have rapid CH;Hg production rates in conjunction with rapid rates of SO4
reduction (King et al. 2000). Low dissolved O, saturation in hypersaline systems such as
GSL can support high rates of SO, reduction. The SO, reduction rates measured in GSL
were higher than 6000 nmol/cm®/day, one of the highest rates reported in a natural
environment (Ingvorsen and Brandt 2002). In laboratory experiments, King et al. (2000)
determined that SO, reducing bacteria capable of acetate utilization in their metabolic

Fig. 12 Representative Great Salt Lake
oxidation-reduction profile with )
depth at Great Salt Lake and its (Na-Mg-Cl-S0O4 Brine, pH = 8.5)

effects on the distribution of
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pathways are the most efficient at methylating Hg. Acetate-utilizing bacteria (Desulfob-
acter halotolerans and Desulfocella halophila) capable of high methyl-Hg production have
been isolated from sediment in the south arm of GSL (Ingvorsen and Brandt 2002).

Whole water samples were collected from GSL in 2003, 2005, and 2007 and analyzed
for total Hg and CH3Hg. The highest concentrations of total Hg were found in water
samples collected from the DBL, ranging from 7 to >100 ng/l (Naftz et al. 2008), with a
median concentration of 42 ng/l. A significant proportion (31-60%) of the total Hg in
water samples from the DBL was composed of CH3;Hg. Concentrations of CH;Hg in the
DBL ranged from 0.84 to >30 ng/l. The concentration of CH3Hg measured in GSL is
among the highest measured in surface water by the USGS Mercury Research Laboratory.
For comparison, CH3;Hg in wholewater samples collected from Maryland reservoirs ranged
from 0.007 to 0.493 ng/l (Mason and Sveinsdottir 2003).

Besides mixing and associated smaller scale processes (degassing, temperature change),
evaporative concentration is the dominant mechanism effecting mineral formation and the
solute evolution accompanying sequential mineral saturation and precipitation. The
sequence is readily illustrated with a flow chart such as modified from Eugster and Hardie
(1978) (Fig. 4) and based on relative solubility. Thus the first minerals to precipitate from
GSL waters increasing in salinity are the alkaline-earth carbonates. The equilibrium pre-
cipitation of calcite helps illustrate a major control on the solute evolution of saline lake
waters: the “chemical divide” (first defined by Hardie and Eugster 1970).

As discussed in the section on “concepts,” for the precipitation of pure mineral, cation
and anion both contribute to the precipitate and are lost from the solution in equal pro-
portion. At the same time, the solubility product of cation and anion must be constant, so as
the mineral precipitates, unequal amounts remain in solution and the constituent of greater
proportion will become dominant in solution on further concentration, i.e., increasing Ca
will decrease the level of COj; or vice versa. Thus, early precipitation of calcite determines
whether the remaining solution will become carbonate rich or poor.

As noted earlier, an effective technique for applying the “chemical divide” concept is
the prediction of solute evolution through use of the “Spencer Triangle” (Fig. 5). To
summarize the explanation given in the “concepts” section, in a triangular diagram of the
system Ca-SO4(CO; + HCOs) a line connecting a point representing a particular solute
distribution and a particular precipitate composition will define the direction of the
chemical evolution of the water. The join between CaCOj3 and the SO, apex represents the
calcite divide, and the join from CaCOj; to CaSO, represents the gypsum divide. Solutions
will move away from these divides as the respective minerals precipitate. NaCl is con-
sidered ubiquitous. Each triangular field is named according to the principle solutes left in
the final fluid.

In application of these concepts to the chemical evolution at GSL (or any other saline
lake) one must recognize solute loss by precipitation of salt. As a result, a flowchart
pathway may be terminated or modified (Fig. 4). In the case of GSL, the solute evolution is
complicated by at least three compositionally distinct inflow sources, which have con-
tributed different proportions over time. The relationships of the major inflow
compositions are quantitatively diagrammed in Fig. 13, whereas estimates of the total
input over 35,000 years are given in Table 3. The model reveals differences in mineral
precipitation sequence depending on low versus high inflow discharge. This is similar to
the contrast between the present halite-dominant precipitation regime and the importance
of mirabilite precipitation at low levels following highstands of pre-historic periods.

Other factors that have influenced salt precipitation sequence are temperature, Ca/Mg
ratio, and sulfate reduction. Spencer et al. (1985b) have suggested that mirabilite beds of
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Fig. 13 Inflow compositions (mole fraction). The springs (S) are NaCl rich, while the river waters (R) and
precipitation (P) are Ca—HCO3;—SOy rich. (A) is estimated composition of inflow over the past 35000 years.
The present lake waters (L) require the removal of Ca, Mg, HCO3, and SO, from the inflow (from Spencer
et al. 1985a)

the north basin formed during winter “chill out” (which has been observed temporarily in
recent times) and were possibly protected from dissolution by stratification resulting from
mineral precipitation. The marked decrease in the solubility of mirabilite below 25°C in
temperature also can account for its formation rather than Mg sulfates (see Fig. 14) as the
next step in the flowchart sequence, despite the rapid rise in Mg concentration accompa-
nying evaporative concentration (partially damped by lesser losses of solute Mg to
carbonate and Mg silicate). Because of increased Mg, the concentration of Ca and HCO;3
are controlled by aragonite rather than calcite. Continued high input of Cl and Na from
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Fig. 14 Temperature effects on the solubility of several important evaporate mineral phases, from Last
(1999). Note that above about 28°C, mirabilite is more soluble than epsomite
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hydrothermal sources and re-cycling from peripheral mud flats results in increased con-
centration in the lake, despite downward diffusion gradients (Fig. 8). In contrast, the
diffusive fluxes of SO,, K, and Mg into the sediment are supplemented or enhanced by
diagenetic reactions in the sediment or stratification based on density contrast. Thus input
of SO4, K, and Mg is basically insufficient to keep up with removal. Sulfate reduction and
some gypsum formation takes place variously in the sediment, whereas K fixation and Mg-
silicate formation occurs throughout the clay fraction (Jones and Spencer 1999).

In historic time the lake seems to have passed through the CaCOj divide repeatedly. As
a result, carbonate precipitation processes have left the residual brines strongly enriched in
Mg, depleted in Ca, and impoverished in bicarbonate. Mirabilite still occurs intermittently
through brine chilling. According to Spencer et al. (1985b) the sequence expected from
modern brines at 25°C is aragonite, small amounts of gypsum, a little glauberite, and then a
large mass of halite. The variations in mineral precipitate sequences, the fossil mirabilite
found in the sediment, and the halite dominance in salts precipitated at present are a
testimony to the changing influence of input sources and sinks through time (Spencer et al.
1985b).

8 Summary and Conclusions

The GSL is the largest saline lake of North America, and its brines are some of the most
concentrated anywhere in the world. The lake occupies a closed basin system whose
chemistry reflects solute inputs from the weathering of rocks ranging in age from Pre-
cambrian and Paleozoic in the high mountains on the east to Tertiary and Quaternary
sediments in the desert basins to the west. Lithologies cover a complete range including
crystalline rocks (both intrusive and metamorphic), clastic sediments of all types, large
sections of carbonates, and small sections of both marine and lacustrine evaporites. GSL is
the remnant of a much larger lacustrine body, Lake Bonneville, and its geochemical
evolution can be considered to have begun with the drop in the level of Bonneville at the
end of the Pleistocene. Evidence of the effect of evaporative concentration (and CaCOj;
precipitation) on high stand waters can be readily seen in the tufa deposits on older
shorelines.

The water balance of GSL depends primarily on the inflow from three major rivers
draining the ranges to the east and precipitation directly on the lake. The greatest solute
inputs are from calcium bicarbonate river waters mixed with sodium chloride type springs
and groundwaters. Prior to 1930, the lake concentration inversely tracked lake volume,
which reflected climatic variation in the drainage. However, since that time, salt precipi-
tation, primarily halite and mirabilite, and re-solution have periodically modified lake brine
chemistry through density stratification and formation of brine pockets and compositional
differentiation. In addition, construction of a railway causeway has restricted circulation,
nearly isolating the northern from the southern part of the lake, which receives 90% of the
inflow, leading to halite precipitation in the north. Widespread halite precipitation occurred
prior to railroad-causeway construction, especially in the south, as a result of severe
droughts. The presence of a mid-lake subaqueous ridge, probably had the same effect.
These conditions have emphasized brine differentiation, mixing, and fractional precipita-
tion of salts as major factors in solute evolution, especially in relatively shallow systems.

The work at GSL has also highlighted the role of pore fluids as sources and sinks of
solutes in the lake, depending on the concentration gradient. Also, diagenetic reactions in
the sediments cause gypsum to precipitate or dissolve irregularly because calcium levels
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are so low after extensive carbonate deposition. Alkalinity and low calcium concentrations
are usually near constancy at aragonite rather than calcite saturation, because of increasing
Mg/Ca ratio. In addition to carbonate, significant amounts of dissolved Mg and K are lost
to clays through diagenetic pore-fluid reactions. Accounting for pore-fluid diffusion has
permitted a reasonable balance to be made between solute input over time and the
quantities now found in solution and sediments. Excess amounts of calcium, carbonate, and
silica can be attributed to detrital input.

Comparison of analyzed and computer determinations of a halite-saturated pond
sequence from GSL indicated similar points of crystallization for minor salt phases.
Compositional plots of major ions versus bromide suggested bitter salt (kainite) uptake of
Br began at 700 ppm (as compared to 70 ppm for halite), and computer calculations
produced solubility values for phases subsidiary to halite in the GLS evaporative pond
sequence.
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