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Abstract

Saline lakes and salt flats are capable of releasing a significant flux of reactive bromine into the atmosphere,
a compound which is 45-70 times more efficient at ozone destruction than chlorine (Eggenkamp, 2014,
Risacher et al., 2006). Currently, very little information is available regarding the extent to which evaporitic
environments contribute bromine to the atmosphere. Isotopic analyses using %'Br and §*’Cl can help in
distinguishing between natural and anthropogenic sources of atmospheric bromine. However, for this to be

a possibility, a more thorough understanding of the environmental cycling of §%'Br and &%Cl is required.

Lake and salt samples were collected in 1992 and 1993 from previous studies in the region. The same lakes
and salts were sampled again in 2012, 2013, and 2014 for this study, and were analyzed for 5®'Br, 6% Cl,
5180, and &°H isotopic ratios, and geochemical properties. Several end-members within the region were
analysed for isotopic and chemical parameters, as the interactions between these end-members may control
the cycling of the isotopes throughout the region. The end-members which were considered in this study
include the lake surface waters, the release of halide volatile gas, the precipitation of salts along the

shorelines of the alkaline lakes, and the regional and local fresh groundwater systems.

On the surficial salts and soils of the alkaline lakes, it was determined that two main processes, or end-
members, are responsible for 6% Br and &*Cl fractionation in this environment: salt precipitation, and
microbial or photochemical reduction. It was demonstrated through the isotopic comparison of bulk salt
samples and corresponding lake water samples that salt precipitation in this environment preferentially
sequesters the lighter "°Br and the heavier ¥'Cl isotopes from solution. Captured gas samples from the
shorelines of three different lake sites also showed depleted values in §%!Br isotopic signatures, which
ranged between -1.02%o to -0.72%o. This demonstrated that some process, photochemical or microbial, may
lead to an enrichment of 68Br in the soils as gas is released. Over time, regional changes in 8%'Br and %'Cl

may be noted as these processes continue, causing lake waters to eventually enrich in 6%Br and deplete in



5%Cl. The ephemeral lakes in the region (Group 3 Lakes) may be particularly susceptible to these changes

as they have high concentrations of TDS, and therefore salt precipitation is more common.

In the subsurface of this environment, the behaviour of 8%Br and &%Cl isotopes is controlled by the
interaction between the saline lake waters and the fresh groundwater systems. It was determined that there
are two isotopically distinct groundwater systems in this region. The regional system is highly depleted in
both 68Br and §°'Cl isotopic values relative to the surface waters (8%'Br = -1.16%o — 1.48%o, 5*'Cl = -1.1%o
—0.72%o), whereas the isotopic values of the meteoric system is comparable to that of the lakes. The 5%'Br
isotopic signatures of the regional groundwater component range between -1.55%o to -0.90%o, and the 5°Cl
isotopic signatures range between -2.50%o to -0.21%o. In comparison, the §%!Br isotopic signatures of the
meteoric groundwater system range between 0.77%o to 1.30%o, and the 5*'Cl isotopic signatures range

between -0.13%o to 0.28%o.

Four sediment cores were collected at three different lake sites in 2014 in order to observe the effects of the
groundwater systems on the &%Br isotopic signatures of the sediments with depth. It is possible that
diffusional, and/or salt wash-down processes are present, as evidence of these exist in the cores from
Wilkinson Lake and UNNJ Lake. The &%'Cl isotopic signature of the bottom of the Wilkinson Core is
depleted to -1.79%., Which is similar to the §*’Cl isotopic signatures of the regional groundwater system,
suggesting that there may be a slow upwards diffusion of the underlying regional groundwater into the
subsurface of this area. The 6% Br isotopic signatures of the UNNJ core show regions of depletion which
correspond to regions of higher TDS concentrations, indicating the possible presence of a salt wash-down

effect.
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Introduction

The unique and dynamic hydrology of the alkaline lakes in the Nebraska Sand Hills provides a rare
opportunity to study the behaviour of bromine and chlorine in a highly evaporitic environment. Isotopic
analyses of these regions can provide key insight in determining the extent to which salt lakes contribute
reactive bromine to the atmosphere. In order to do this, a more thorough understanding of the environmental

cycling of bromine and chlorine in evaporitic environments is required.

This thesis expands on previous work by Gosselin et al. (1994), and Gosselin et al. (1997), in order to better
understand the cycling of bromine and chlorine isotopes in a salt environment. Gosselin sampled the
alkaline lakes in 1992 because the region experienced very low amounts of precipitation prior to and during
this time. The water samples were analyzed for geochemistry, 530, and 8°H. Then in 1993, he sampled the
same lakes and repeated the same chemical analyses because the annual precipitation showed a drastic
increase from the previous year. This data was used to determine the primary geochemical controls on the
lakes, as well as the relative influences of lake hydrology on lake geochemistry. A summary of these

publications is provided in an upcoming section, titled “Previous Geochemical Studies”.

Similar to 1992, in 2012 low precipitation rates allowed many of the lakes in the region to return to highly
evaporitic conditions. This prompted further sampling of the same alkaline lakes which were sampled by
Gosselin, as well as adjacent surface salts, and subsurface soils for geochemistry, and §'%0, §°H, 8'Br, and
8%'Cl isotopic signatures. Following this, wet and rainy conditions occurred in 2013 and 2014 that were
comparable to 1993, and therefore lakes and sediments in the region were sampled again during these years.
The comparable climatic conditions between 1992 and 2012, and between 1993, 2013, and 2014, provided
an ideal opportunity to observe any ensuing geochemical and isotopic changes in the lakes and surrounding
sediments in response to different climatic conditions. An overview of precipitation and air temperature

data from 1992, 1993, and 2012 to 2014 is provided in Table 1. This data was summarized from daily



NOAA Climate Data that was collected at the Alliance 19.2 ENE Nebraska US Station. The data provided
are annual averages of daily recordings of maximum and minimum temperature values, and annual totals
of precipitation. Data collected for each year begins at the start of the month of January of that year and
finishes at the end of December. Percentages of the data that is available are also listed, as not all the daily

data during the sampling years exists.

Table 1. Summary of NOAA Climate Data Global Historical Climatology Network at the Alliance 19.2 ENE Nebraska US Station
during sampling years. NA indicates no data available that year.

Year Average Max. Average Min. Annual Percentage of Data
Temperature (°C) Temperature (°C) Precipitation (mm) Available

1992 17.4 14 270.8 89%

1993 11.4 -2.8 279.7 67%

2012 19.0 2.1 178.5 97.5%

2013 15.7 15 394.0 98.1%

2014 NA NA 423.6 53.4%

Objectives

The aim of this thesis is to provide a suggestive identification of mechanisms which control the fractionation
of bromine and chlorine stable isotopes in an evaporitic environment, such as precipitation and dissolution
events, salt deflation, and reduction processes including microbial activity and photochemical oxidation.
To accomplish this, the lake water chemical composition and isotopic data from Gosselin et al. (1994), and
Gosselin et al. (1997) are combined with lake water chemical data from 2012, 2013, and 2014. In addition
to the water samples, surficial salt samples were also collected in 2012, and five sediment cores were taken
from the shorelines of several lakes in 2014. The depths of these cores ranged from 0.5 mto 1.5 min length.
Core material was analyzed for several physical parameters including water content, loss on ignition
(volatile loss), and bulk salts (electrical conductivity converted to TDS). This information was used to select
regions of the cores to extract salts and analyze them for 8%'Br and &*'Cl isotopic data. As well, soil gas

2



bromine was also captured in 2014 from three sample locations adjacent to saline lakes and analyzed for
8%1Br. Collectively, the results describe the evolution of the saline lakes and adjacent areas under dynamic

climatic conditions.

Alkaline Lakes Review

Alkaline lakes are water bodies with excessively high alkalinity (usually ranging from 2 — 400 g/L), and
thus are characterized by high pH values (7.5 — 11) (Brauner et al., 2013). These lakes are known to exist
in arid to semiarid areas across North and South America, Australia, China, India, Africa, and the middle
and southeast Asia (Salama et al., 1999). There is also evidence of alkaline lakes existing throughout the
geologic record, such as the Green River formation in Utah, which has been estimated to be between 36
and 55 million years old (Grant, 2006). More recently it was postulated that the 2.7 billion year old

Tumbiana Formation in Australia was part of an alkaline lake system (Newton, 2015).

Alkaline lakes are characterized by high evaporation rates that result in the accumulation of carbonates as
aresult of low Ca? and Mg?* in solution and the surrounding geological environment (Brauner et al., 2013).
Geochemically the presence of these ions in combination with COs? will preferentially precipitate calcite
(CaCOs), magnesite (MgCOs), and dolomite (MgCa(COs),), thus removing carbonate from solution (Grant,
2006). The absence of Ca?* and Mg?* will therefore favour the development of high alkalinity, assuming
COs% is in excess over Ca?* and Mg?*, as a result of a shift in the bicarbonate equilibrium (Grant, 2006).
Additionally, these water bodies are often situated in a geological environment containing high
concentrations of Na* that in combination with abundant CO3?, results in carbonate rich solutions (Grant,

2006). This process is visually represented on the right side of Figure 1 (Deocampo and Jones, 2014).

Alkaline lakes generally exist in naturally occurring closed basins. In these regions, the groundwater
outflow or discharge is minimal to none, while water influx (from groundwater or surface water) remains

steady (Hardie and Eugster, 1970). High evaporation rates concentrate the salts resulting in very high total



dissolved solids (TDS) values that can exceed 250,000 mg/L (Gosselin, 1997). Contrarily, more dilute

alkaline lakes have a higher inflow/outflow ratio and therefore are less affected by the evaporitic

concentration of salts.
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Figure 1. Brine Evolution showing the effects of the dominance of one chemical constituent over another in brines on the resulting
mineral precipitates. In high alkaline lakes, brine evolution follows the right-most pathway, precipitating calcium and magnesium
carbonate minerals initially, followed by sodium carbonates, then halite, and finally bischofite. (Deocampo and Jones, 2014).

Salt Lakes around the World

Saline lakes are found in a variety of locations across the globe, and can become acidic, neutral, or alkaline

under certain conditions. Geochemically, the water compositions range from dominantly Na-Cl, which is



very near standard seawater, to dominantly Na-CQOj3; (Hardie and Eugster, 1980). On rare occasions alkaline
and acidic salt lakes are found adjacent to one another, separated by a clay layer, as seen in the salt lake
region in Australia (Bowen and Benison, 2009). For the most part, the processes responsible for the
formation of alkaline lakes and their resulting geochemical compositions are variable, as they are dependent

on surrounding geology, climate, and the geological history of the region.

The formation of alkaline lakes commonly results from tectonic activity, such as the alkaline lakes found
in East Africa, China, and Egypt (Damm and Edmond, 1984; Lowenstein and Risacher, 2009; Taher, 1999).
In East Africa, the downfaulting and thinning of the Ethiopian Plateau crust resulted in high regional heat
flow (Gizaw, 1996). The hydrothermal activity resulted in solute accumulation due to evaporation, which
over time caused the terminal lakes in the region to become alkaline (Damm and Edmond, 1984). An
example is the ephemeral Lake Magadi, which is said to be the most saline lake in this area (Eugster, 1970).
In China, the Qaidam Basin was also created as a result of tectonic uplift. Succeeding periods of erosion
and depositional activity lead to the development of humerous inland alkaline lakes (Kong et al., 2014).
One of the more studied lakes in this region is the Qaidam Lake, whose high salinity is due to higher rates
of evaporation than precipitation (Dong et al., 2006), and a low permeable bedrock resulting in little or no
groundwater flux to the lake (Henderson, 2003). In Egypt, the formation of the Wadi EI Natrun depression
was also a result of tectonic activity and was also later modified by erosion (El-Baz, 1984). Low rates of
precipitation combined with an arid climate and low humidity have caused the basin to fill with numerous

inland alkaline lakes, both perennial and ephemeral (Taher, 1999).

In addition to tectonic activity, it is also not unusual for alkaline lakes to form as remnants of ancient large
extensive lakes, as seen in California, Nevada, and Utah (Galat et al., 1981; Jones et al., 2009; Mono Basin
Research Group, 1977; Reddy, 1995). Pyramid Lake in Nevada, and Mono Lake in California have been
distinguished as remnants of Pleistocene lakes: Lake Lahontan and Russell lake, respectively (Reddy,
1995), and the Great Salt Lake in Utah results from the recession of the ancient Pleistocene lake known as

Lake Bonneville (Jones et al., 2009). All three of these lakes are terminal basins, and therefore are highly



saline due to the accumulation of salts from precipitation, groundwater inflow, and incoming drainage from

connecting river systems (Spencer et al., 1985).

The chemical composition of these lakes varies slightly depending on location. Lake Magadi and Great Salt
Lake are both dominantly Na-COs. In Lake Magadi, this composition is believed to be a result of the influx
of water from surrounding streams, runoff, the repeated precipitation and dissolution of trona
(Na,CO3*NaHCOs+2H,0) found in thick layers on the shorelines, and the presence of a volcanic bedrock
(Eugster, 1970). In Great Salt Lake, however, the geochemistry of the brine is thought to be caused by
incoming CaCOs rich rivers and NaCl groundwater, as well as factors such as weathering, evaporation, and
biotic activity (Spencer et al., 1985). In contrast to this, Pyramid Lake and Mono Lake are both dominantly
Na-CI-CQOj3 in composition (Benson, 1984; Jellison and Melack, 1993), and the alkaline lakes in the Wadi
El Natrun depression in Egypt are primarily Na-SO4-Cl (Taher, 1999). In these cases, and similarly to Lake
Magadi and Great Salt Lake, the resulting lake geochemistry is strongly influenced by surrounding geology,

and incoming surface water and groundwater chemistries.

Sand Hills, Nebraska

Overview

The remainder of this thesis will focus solely on the alkaline lakes situated in the Sand Hills region of
Nebraska, USA, shown in Figure 2. The area is a large dune field covering approximately 58,000 km? of
the mid-northern United States. It is the largest grass-stabilized dune field in the Western Hemisphere
(Sridhar and Hubbard, 2010), bordered to the north by the Niobrara River, and to the south by the North
Platte River (Ziegler, 1915). The western Sand Hills Region lacks surface drainage, although a few smaller
rivers flow in the eastern part of the area. The region directly overlies the High Plains aquifer. Subsequent
groundwater discharge from this aquifer, combined with meteoric precipitation, has resulted in the

generation of hundreds of shallow lakes in close proximity (Sridhar and Hubbard, 2010). In addition, the



interdunal area encompasses 450 km? of open water, 260 km? marsh land, and 4,000 km? of wet meadows

where hay crops are cultivated (Rundquist, 1983).

The dunes themselves can reach 122 m in height and occasionally 32 km in length, and trend west to east
in direction (Bleed and Flowerday, 1991; Gosselin et al., 2006). They are composed of highly permeable
sand superimposing a thick layer of sand and gravel. This results in a high recharge capacity in the soils
(Bleed and Flowerday, 1991). Consequently, the portion of the High Plains aquifer directly beneath the
Sand Hills Region holds roughly 65% of the total water in the aquifer (Loope and Swinehart, 2000).
Observationally, this characteristic is evident when comparing the dry, white sandy dune tops, and the wet,

peaty interdunes (Loope and Swinehart, 2000).

Sand Hills

EXPLANATION
High Plains aquifer
Dune sand

Atlas segment boundary and numb

i

Figure 2. Location of the Nebraska Sand Hills. Modified from USGS, Groundwater Atlas of the United States, 1997 (USGS, 1997).



Climate

The Nebraska Sand Hills’ climate is variable, but categorized as sub-humid in the east and semi-arid in the
west (Bleed and Flowerday, 1991). It is known for its hot summers, cold winters, high wind speeds, and
intermittent snow storms and severe thunderstorms (Bleed and Flowerday, 1991). The mean annual
temperature is 10°C (Szilagyi et al., 2011). Regional rainfall is well known for being sparse and highly
variable (Loope and Swinehart, 2000). The annual precipitation is roughly 533 mm, however a significant
precipitation gradient exists from the east (700 mm/year) to the west (400 mm/year) (Szilagyi et al., 2011).
Most precipitation events are triggered by east moving storms that mix with moist air from the Gulf of
Mexico (Loope and Swinehart, 2000). As such, approximately half of the annual precipitation is received
during the growing season (May through July) (Whitcomb, 1989). Annual evaporation from the lakes is
approximately 1,150 mm, which greatly exceeds the rates of precipitation in the area (Winter, 1986).
Furthermore, persistent winds exist primarily from the west, but occasionally shift to the north or south

directions (Whitcomb, 1989).

Geological Review

The formation of the modern day Sand Hills Region began an estimated 98 million years ago, during which
time the district was fully submerged by large inland Cretaceous seas (Whitcomb, 1989). Sediments in the
water settled and accumulated over the span of 33 million years, at which time the sea level began to retreat.
This left an array of deposits, ranging from fine grained volcanic sediments to alluvial deposits (Whitcomb,

1989).

Cenozoic clastic deposits compose 150 m — 300 m of sediment underlying the dunes (Loope et al, 1995),
and consist of several formations. A stratigraphic column of Nebraska is shown in Figure 3. The oldest
Tertiary deposits are composed of the Chadron and Brule Formations, together known as the White River

Group (Weeks and Gutentag, 1988). These formations outcrop to the north and west of the Sand Hills area,



and they are primarily composed of uncemented clay, sand, gravel, and volcanic ash (Ziegler, 1915). Both
formations have low permeability (Weeks and Gutentag, 1988). The overlying Arikaree Formation is
mainly cemented sandstone, and outcrops to the north, west, and southwest of the Sand Hills (Ziegler,
1915). This formation is very susceptible to weathering and erosion, and is therefore a major source of sand
to the dunes in the area (Weeks and Gutentag, 1988). Overlying these units is the principle geological unit
in the region, the Ogallala Formation. The exact depositional history of the aquifer is debated, however it
is generally agreed upon that it is likely the result of a vast fluvial deposition from streams followed by
periods of erosion (Kromm and White, 1992), and it is composed primarily of gravel, sand, silt, and clay
(Weeks & Gutentag, 1988). Superimposing the High Plains aquifer are Quaternary alluvial deposits, and
dune sand (Whitcomb, 1989). A simplistic cross section of the Sand Hills is given in Figure 4 for reference

(Ahlbrandt and Fryberger, 1980).

Hydrogeologic

System Series Geologic Unit Lithology Unit

Gravel, sand, silt,
HF?IIo_cene and Valley-till deposits and dune sand and clay. D_une
eistocene sands prominent
Quaternary in Nebraska
Gravel, sand, silt,
Pleistocene Alluvial deposits and clay. Locally
cemented
Unconsolidated
poorly sorted
gravel, sand, silt,
and clay High Plains
Sandstone, fine- Aquifer
Miocene to very fine-
grained. Local
Arikaree Group beds of volcanic
Tertiary ash siltstone,
claystone, and
mud
Siltstone with
. Brule Formation sandstone beds
White River and channel
Group deposits
Chadron
Formation

Ogallala Formation

Oligocene

Clay and silt Confining Unit

Figure 3. Stratigraphic column of the Nebraska Sand Hills (USGS, 2009).
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The Sand Hills’ eolian sand is the region’s most dominant geological feature (Whitcomb, 1989). The layer
of eolian sand can reach 9 m — 18 m thick in the southern and western portions of the Sand Hills (Whitcomb,
1989) and is therefore highly susceptible to dune activation from prevailing winds. It is estimated that dune
remobilization occurred approximately 12,000 years before present (ybp), 6,000 ybp, 3,000 ybp, and 1,000
ybp (Loope and Swinehart, 2000). A graphical representation of the duration and magnitude of the events
is presented in Figure 5. More recently, optical aging techniques have allowed for more precise estimations
of 13,110 ybp, 8,430 ybp, 6,180 ybp, 3,560 ybp, 2,300 ybp, 840 ybp, and 115 ybp (Goble et al., 2004). The
environmental conditions allowing for dune reactivation during these time periods have been debated,
especially following the observation showing that prolonged drought alone may not be sufficient to
remobilize the dunes. For example, the Sand Hills dunes remained relatively stable following the
occurrence of the 6 year drought from 1934 to 1940. Mangan et al. (2004) attributed this to the prevalence
of the underground biomass root system. Modelling results estimated that the combination of a drought
period lasting more than ten years, increased erosional activity, and the domination of one plant functional
type, would adequately reduce above and below ground vegetation coverage, resulting in dune

remobilization (Mangan et al., 2004). This effect is exaggerated by human activity (Yizhaqg et al., 2009).
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Figure 5. Magnitude and duration of eolian activity, or movement, in the past 13,000 years (Loope & Swinehart, 2000).
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Hydrology Review

Scarce rainfall, high evaporation rates, highly permeable dune material, and no historical evidence of
glaciation make the presence of lakes in this area unusual (Loope and Swinehart, 2000). Dune dams provide
the only reasonable explanation for their existence. It is speculated that dune dams formed when mobile
dunes shifted to block ancestral drainage basins, presently known as Snake Creek and Blue Creek drainages
(Loope and Swinehart, 2000). The surface drainage was forced to reroute, resulting in a rise in the water

table, by as much as 25 m in some places (Loope et al., 1995). It is estimated these blockage events occurred

12,000 ybp and 6,000 ybp (Loope et al., 1995).

The subsequent lake formation in response to dune dams raising the water table demonstrates that the
underlying groundwater aquifer system is an integral part of the modern lake watershed. The surface water
configuration is therefore reliant on the topographies of the ground surface and water table, as well as the
hydraulic conductivity of the subsurface (Winter, 1976). A conceptual diagram based on the Sand Hills

area showing the effects of the landscape topography and water table configuration on lake dynamics is

shown in Figure 6 (Winter, 1976).
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Figure 6. Two-dimensional flow net diagram of groundwater near multiple lakes, showing the connectiveness of the lake watershed
to the underlying aquifer, and the effect of the ground surface and water table topographies on surrounding lakes (Winter, 1976).
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Measured alkalinity ranges from across the region are shown in Figure 7 (Zlotnik, 2012). Overall, the
majority of the lakes found in the west are of moderate to high alkalinity, whereas the majority of the lakes
in the east are of slight to medium alkalinity. This is due to the configuration of the local and regional water
table, which is variable depending on the duration and magnitude of local precipitation and
evapotranspiration events, vegetation cover, and surface topography (Gosselin et al., 2006; Zlotnik et al.,
2009). The regional water table flows from the west to the east, as shown in Figure 7 (Zlotnik, 2012). The
local groundwater table configuration changes with the formation of mounds and troughs. These features
are known to form beneath dunes as a result of a change in hydrologic parameters, such as an increase in
precipitation or evaporation (Winter, 1986). The ratio of the regional water table to the local water table
(G) determines the flow regime of the lakes, and is illustrated in Figure 8. If G > 1, the lake is a flow-

through regime, whereas if G < 1, the lake is in a region of discharge (Zlotnik et al., 2009).

Repeated cycles of groundwater discharge, meteoric precipitation, and evaporation over the past 12,000
years have concentrated fine grained silt and organic sediments in the lakebeds, making them nearly
impermeable (Loope et al., 1995; Ziegler, 1915). In flow-through lakes (G > 1), groundwater flushing
dominates which prevents the lakes from reaching high levels of alkalinity. In discharge lakes (G < 1),
minimal to no groundwater outflow results in the accumulation of solutes under evaporative conditions,
and consequently lakes with this flow regime can become significantly alkaline (Zlotnik et al., 2009). Both
lake types are illustrated in Figure 7 using blue and red symbols, respectively. In addition to the individual
lake flow regime, alkalinity levels of these lakes are affected by climatic conditions. In this region, climate
changes slightly from the eastern to the western Sand Hills. The eastern Sand Hills receive 700 mm of
precipitation per year, whereas the western Sand Hills receives only 400 mm (Szilagyi et al., 2011). Lakes

in the western portion are therefore more susceptible to solute accumulation and higher alkalinity.
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Figure 8. Input and output fluxes contributing to flow-through and discharge lake systems, where Q is flux, and C is
concentration. Modified from Zlotnik et al. (2009).
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In addition to hydrologic parameters, the geochemical characteristics of the lakes in the Sand Hills Region
are also not consistent. Historically, the lakes have been classified as Na-CO3-(S04)-(Cl) or Na-SO4-(CO3)-
(CI), in compliance with the Eugster and Hardie classification scheme developed in 1978 (Gosselin, 1997).
The higher concentration lakes, whose TDS can reach over 250,000 mg/L, have anion compositions closer
to CI-SO4, and cation compositions of the Na-K type (Gosselin et al., 1994). In comparison, the groundwater
is freshwater in composition with greater amounts of bicarbonate, calcium, and magnesium than the
accompanying lake water, and a TDS concentration that is close to 200 mg/L. Using the same classification
scheme, groundwater chemical composition varies between Na-Ca-(Mg)-CO3-(SO4)-(Cl) and Na-(Ca)-
(Mg)-CO3-(SO4) (Gosselin, 1997). The geochemical composition of the groundwater is essential because
the high hydraulic conductivity of the interdunal areas means that the primary source of water to the saline
lakes in most years is groundwater (Szilagyi et al., 2011; Wang et al., 2008). Lakes which are more closely
connected with the groundwater system tend to have a lower concentration of TDS, and their chemical
composition more closely resembles the chemical composition of the groundwater. In contrast, the

geochemical compositions of the higher TDS lakes are much more variable.

Over time, repeated wetting and drying cycles in the region have resulted in a slight alteration in the
chemical compositions of the lakes. Previous research has noted a minor depletion in the concentrations of
K*, SO4%, and inorganic carbon with the 1:1 evaporation line (Gosselin, 1997). This pattern indicates that
re-dissolution of salt minerals containing K*, SO,%, and COs?, such as aphthitalite (KsNa(SO4)2), mirabilite
(Naz;SO4¢10H,0), thenardite (Na.SO.), thermonatrite (Na,CO3z*H,0), and trona (NaszH(COs).+2H;0)
(Gosselin, 1997) occurs at less than 100% efficiency. It also implies that removal processes of these salts,
such as eolian activity, may be occurring (Gosselin, 1997). The dominant minerals present in surficial salts
include thenardite (Na;SO4) and mirabilite (Na>SO410H20), whereas minor mineral precipitates include
bloedite (Na2Mg(S0.).+4H,0), halite (NaCl), burkeite (NasCO3(S0a)2), and calcite (CaCOs) (Joeckel et al.,

2005). The composition of mineral precipitates within individual lakes in combination with the balance of
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precipitation and dissolution events for various mineral phases most likely exerts major controls on the

highly variable composition seen in the more saline lakes.

Historical Potash Mining

The major economic boom of the Nebraska Sand Hills Region was the potash exploitation in the early
1900s. Germany was originally the leading distributor of the mineral and had ceased all production and
export to the United States during World War I. This caused the cost of potash in the United States to
increase considerably. The pressure of the rising costs lead to the construction of the first potash plant in
Nebraska in 1915 (Ziegler, 1915). In an effort to increase efficiency and reduce costs, the methods used for
salt extraction were consistently changing (Anderson, 2003). Initially, it involved pumping brines through
pipelines from high concentration lakes into storage tanks. Solar evaporation was then used to concentrate
the brines until they were ready for distribution (Ziegler, 1915). Eventually, coal or oil fired dryers replaced
solar evaporation (Anderson, 2003). Companies also began to focus extractions from the lakes which
contained the highest brine concentrations, such as Jesse Lake (Ziegler, 1915). Currently, remnants of the

pipes used for salt extraction are seen at Homestead Lake, and are shown in Figure 9.

By 1917, five main companies were in production: Potash Products Co, Nebraska Potash Works Co,
American Potash Co, Hord Alkali Products Co, and Palmer Alkali Co (Crawford, 1917), along with a
number of smaller reduction companies (Anderson, 2003). Salt extraction was concentrated on the western
side of the Sand Hills region, encompassing southern Sheridan County, northwest Garden County, and

northeast Morrill County, outlined on Figure 10 (Anderson, 2003).

The lakes which were sampled in this project and were also major sites for salt extraction include
Homestead, Jesse, Krause, Long, Johnston, Shriner, Wilkinson, Cravath, and Diamond lakes (Hicks, 1921).

The average composition of extractable brines consisted of 17.72% potassium, 24.72% sodium, 4.9%
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chlorine, 9.64% sulphate, 28.56% carbonate, 14.41% bicarbonate, and 0.05% silica (Hicks, 1921). Over

half of the potash extracted originated from lake brines with 5-10% solids (Hicks, 1921).
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Census, 1990).
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The potash economic boom was short-lived, as the fertilizer industry could not afford to continue to
purchase potash following World War |, as acquisition resumed from Germany (Anderson, 2003). By 1922,
the Nebraska potash plants were completely bankrupt, and the last plant was shut down (Anderson, 2003).
The alkaline lakes of the Sand Hills Region remained of very little industrial or scientific interest until the
mid-1900s, during which time the research focused on fishery management. It was not until the late 1970s

that geochemistry became a new topic of interest, and the early 1990s that it was more thoroughly studied.

Previous Geochemical Studies

In 1992 and 1993, geochemical sampling and field research was conducted on a large number of different
lakes in the Sand Hills Region (Gosselin et al., 1994; Gosselin, 1997; Gosselin et al., 1997). The field data
collected included temperature, pH, specific conductance, total alkalinity, and specific gravity. Performed
laboratory analyses included a quantification of total dissolved solids, and cation and anion concentrations.
For a complete description of the methodology, the reader is referred to Gosselin et al. (1994). Prior to
1992, prolonged drought and low precipitation rates had concentrated many of the more saline lakes in the
region. Regional precipitation in 1993 greatly exceeded precipitation in 1992, and Gosselin noted that lake

depth nearly doubled in 1993.

Gosselin et al. (1994) aimed to determine the primary geochemical controls on these lakes, as well as the
relative influence of lake hydrology on lake geochemistry. The apparent conservative behaviour of ClI-, Na*,
K*, and SO4% was of interest, as this characterization is unusual for saline lakes of this nature. Gosselin
recognized the high variability among ephemeral lakes, and attributed this behaviour to the repeated drying
and wetting cycles, and subsequent mineral crystallization and re-dissolution events. Gosselin also noted
the recurrence of several mineral assemblages in efflorescent salt crusts on UNNJ Lake, Homestead Lake,
and Jesse Lake. These mineral assemblages consisted of aphthitalite (KsNa(SO.)2), mirabilite

(NazS04¢10H,0), thenardite (Na.SO.), trona (NasCa(C0Os)222H-0), and thermonatrite (Na,CO3*H,0).
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Using a combination of PHRQPITZ (Plummer et al., 1988) and NETPATH (Plummer et al., 1991) models,
Gosselin demonstrated that in 1992 and 1993 groundwater discharge followed by evaporation was almost
exclusively responsible for the current concentration of solutes in the lakes, and that the extent of salt
precipitation is highly dependent on the groundwater inflow/outflow ratio at any single lake. This in turn is
reliant on the lake flow regime, which is determined by the relative configurations of the regional and local

water tables, shown in Figures 6, 7, and 8 (Winter, 1976; Winter, 1986; Zlotnik et al., 2009).

Gosselin et al. (1997) expanded on the lake geochemistry descriptions by analyzing for isotopic parameters
such as 580, §2H, and ®'Sr composition of both groundwater and surface waters. He performed field tests
on a seasonal basis in order to understand the geochemical and isotopic evolution of the lake systems. From
this he was able to classify the lakes into three groups according to their 3*0 and &°H isotopic seasonal
variability, illustrated in Figure 11. Group 1 lakes experienced an isotopic enrichment from the spring to
fall sampling periods. This enrichment reflects the increase in evaporation, which occurs over the summer
as the light isotopic inflows from groundwater are not sufficient enough to balance the enrichment from
evaporation. Conversely, Group 2 lakes experienced an isotopic depletion between spring and fall sampling
periods. Gosselin attributed this trend to an earlier seasonal transition to higher groundwater inflows
compared with Group 1 lakes. It is also possible that varying atmospheric humidity may play a role, as
upwind lakes may alter the humidity of other lakes. Gosselin also noted the slight relative enrichment of
Group 2 lakes in relation to Group 1. He suggested this is due to reduced groundwater inflow, or higher
evaporative conditions in these areas. Finally, Group 3 lakes are ephemeral. The seasonal isotopic trends in
8180 and &%H in these lakes are thus not consistent, as they are affected by numerous cycles of mineral
precipitation and dissolution. Furthermore, the complicated behaviour of 580 and 82H isotopic signatures
in these lakes are further convoluted by the mineral precipitation and dissolution of hydrous salt minerals,
such as mirabilite, trona, and thermonatrite. For example, the formation or precipitation of one molecule of
mirabilite will remove ten molecules of water from solution. The precipitation and dissolution of the many

different hydrous mineral phases identified in and around these lakes could change the isotopic signatures
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significantly, particularly in periods of low water content. Additionally the inconsistencies in the 380 and

82H isotopic values in the Group 3 lakes may arise as a consequence of periods of higher meteoric

precipitation and of these lakes taking on hydrological characteristics of the other two lake groups as they

contain greater volumes of water.
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Figure 11. Seasonal data of a) Group 1, b) Group 2, and c) Group 3 lakes
collected in May and October of 1992 (Gosselin et al., 1997).
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Methodology

The geochemical and isotopic results from samples collected between 2012 and 2014 were used in
combination with results gathered in 1992 and 1993 from Gosselin et al. (1994) and Gosselin et al. (1997).
In 1992, water samples were taken three times during the year; once in late May, once in mid-August, and
once in mid-October. The lakes sampled included Cravath, Diamond, Dillings, Fritz, Homestead, Jesse,
Krause, Long, Palmer, Potash, Shriner, Tree Claim, UNNJ, Wickson, and Wilkinson lakes. Groundwater
was also sampled from the Homestead Spring and the Krause Well. Similarly, in 1993 the lakes were
sampled in mid-May, mid-August, and mid-October. The water samples were collected from Dillings,
Gallagher, Homestead, Johnston, Krause, Potash, Shriner, Tree Claim, UNNJ, and Wilkinson lakes.
Groundwater was sampled from the Homestead Spring, and Shriner groundwater. More recently, the lakes
in the Nebraska Sand Hills were visited once a year from 2012 to 2014. Each sampling period occurred
during late July to mid-August. The sample sites were focused in the Sheridan County. Figure 12 indicates

the location of all the sampled lakes (hames shown) and can be used as reference.

In 2012, water samples were taken from Dillings, Fritz, Homestead, Joe, Shriner, UNNJ Area, and
Wilkinson lakes. The water samples were analyzed for geochemistry, as well as 3%'Br and 6°'Cl isotopic
signatures. The procedure used for the geochemical and isotopic analyses is outlined in the upcoming
sections, “Water Chemical Analysis”, “Chlorine Stable Isotopic Analysis”, and “Bromine Stable Isotopic
Analysis”. The results are listed in the Results section under the headings “Geochemistry” and “%'Br and
8%'CI”. Thick surficial salt crusts were noted and collected from Fritz Lake, Homestead Lake, and UNNJ
Lakes. The salts collected from UNNJ Lake and Fritz Lake had visible salt layers, which ranged in thickness
from 0.5 mm to 5 mm. The layers were analyzed for &*'Cl isotopic signatures following the procedure
summarized in the Methodology section titled “Chlorine Stable Isotope Analysis”, and in Appendix A. The

results of this analysis are outlined in the results section under the heading “8%'Br and 6°'CI”.
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Figure 12. Location of the study site. The map showing the relative location of High Plains Aquifer and the Nebraska Sand
Dunes is modified from Zlotnik et al. (2012), and the map showing the locations of the alkaline lakes used in this thesis is
modified from Gosselin et al. (1994).

In 2013, the lakes sampled for water included Homestead Lake, Joe Lake, Mini UNNJ Lake, UNNJ Lake,
and Wilkinson Lake. Groundwater was also sampled from the spring at Homestead Lake (called Homestead
Spring), from a mini-piezometer installed on the small island created by the flowing spring at Homestead
Lake (called Homestead Island Piezo), from the water trough near UNNJ Lake which is hydraulically
connected to the underlying aquifer (UNNJ Windmill), and from a series of mini-piezometers installed on
the southwestern shoreline at Wilkinson Lake. A total of five mini-piezometers were installed at Wilkinson
Lake: at the grass-line at 1.2 m (4 feet) deep, at the water-line at 0.6 m (2 feet) and 1.2 m (4 feet) deep, and
in the lake itself at 0.6 m (2 feet) and 1.2 m (4 feet) deep. Water sampled from the mini-piezometers
represented shallow meteoric groundwater, whereas water sampled from the Homestead Spring and the
UNNJ Windmill represented groundwater from the deeper High Plains Aquifer. Both surface water and
groundwater samples were analyzed for water chemistry and 8%'Br and §'Cl isotopic signatures. The results
of this analysis can be found in the Results section under the headings “Geochemistry” and “8!Br and
8%CI”.

23



In 2014, as part of this thesis, water samples were collected at Dillings Lake, Fritz Lake, Big Harvey Lake,
Homestead Lake, Joe Lake, Mini UNNJ Lake, No. 2 Lake, Shriner Lake, UNNJ Lake, UNNJ Area Lake,
and Wilkinson Lake. Wilkinson Lake was sampled at both the southwest and northeast corners of the lake.
From each lake, 1 L of filtered water and 500 mL of unfiltered water was taken. Prior to 2014, the 2012
and 2013 lake water samples were not filtered in the field due to the difficulty of dealing with the high TDS
values and the persistent microbial or colloidal clogging of filters. Again, deeper groundwater from the
High Plains Aquifer was sampled from Homestead Spring, and UNNJ Windmill, and the shallower
groundwater from the mini-piezometers at Wilkinson Lake. One mini-piezometer was positioned at the
water-line at 0.6 m (2 feet) deep and one at 1.2 m (4 feet) deep, and one at the mid-beach section at 0.6 m
(2 feet) deep. The surface water and groundwater samples were analyzed for geochemistry, as well as 5%'Br
and &%'Cl isotopic signatures. The procedure used for the geochemical and isotopic analyses is outlined in
the upcoming sections, “Water Chemical Analysis”, “Chlorine Stable Isotopic Analysis”, and “Bromine
Stable Isotopic Analysis”. The results are listed in the Results section under the headings “Geochemistry”
and “8%Br and 8% CI”. Finally, five cores were taken using 3” and 2” aluminum core tubes driven in place
using a jack hammer. The deepest core (1.58 m) was from Wilkinson Lake, the next deepest core (1.22 m)
was from UNNJ Lake, and the last three cores were from Homestead Lake. Homestead 1 Core was sampled
the closest to the shoreline and was 0.88 m in depth, Homestead MB Core lay mid-beach and was 0.40 m
in depth, and Homestead 3 Core was closest to the grass line and was 0.74 m in depth. Sections of the cores
were logged for sediment description, and analyzed for total dissolved solids, loss on ignition (volatile 10ss),
and water content. A description of the methodologies used for these analyses is provided in “Core
Sampling Methodology”. Results of the core analyses are given in the Results section titled “5%'Br and
8%'CI”. Further description of the core, water, and gas sampling methodologies is given in the following

sec