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PRESIDENT’S MESSAGE

On behalf of the members of the Utah Geological Association (UGA), I invite you to engage with the cutting-edge
science presented in this guidebook. The UGA is a non-profit, all-volunteer organization of geologists and other
geoscientists who share a common interest in Utah’s geology. The purpose of the UGA is to increase and disperse
geological information to the scientific community and promote public awareness of the usefulness of geology in
general. Publication of our guidebook series is one of the principal ways that we fulfill our mission, and we are very
proud of UGA Publication 51, Great Salt Lake and the Bonneville Basin: Geologic History and Anthropocene
Issues. We are also very excited to offer this guidebook as a free, open-source publication. This is an important
“first” for our association and we hope this will promote the wide dissemination of the important and timely
science presented in this volume.

As a geomorphologist and Quaternary geologist, | was aware of the basic geologic history of Pleistocene Lake
Bonneville and its Holocene remnant, Great Salt Lake, even before my family and I moved to Salt Lake City in
1992. Shortly after my arrival I had the very good fortune to audit several of the late Don Currey’s (1934-2004)
graduate seminars on Lake Bonneville and the Great Basin at the University of Utah. [ was also an early member
of the advisory board of FRIENDS of Great Salt Lake during this time. During my 25-year career at Weber State
University, | viewed and contemplated Great Salt Lake almost every evening during my homeward commute from
Ogden to Salt Lake City. Thus, even though my research did not focus on this system, I was a student of the Lake
and very much aware of its importance. Jump to 2022. As UGA’s President-Elect, I was very pleased when
the Governing Board agreed that our 2023/2024 guidebook should focus on this critical and threatened
biogeochemical system. I am very grateful that Michael Vanden Berg (Utah Geological Survey) agreed to
serve as lead editor. Michael recruited a dedicated and talented editorial team (Carie Frantz, Hugh Hurlow,
Kellen Gunderson, and Genevieve Atwood), which in turn recruited authors engaged in current research
and shepherded their manuscripts through the peer-review process in a timely fashion. Thank you all.

I would also like to thank the AAPG Rocky Mountain Section Foundation for their very generous grant to the
UGA in support of Publication 51 and its associated fall field trip. UGA’s 2023 field trip (October 20-21) to Great
Salt Lake and the Bonneville Salt Flats, co-sponsored by the Utah Geological Survey (UGS), was a big success. Field
trip leaders Michael Vanden Berg (UGS) and Jeremiah Bernau (Chevron) organized and executed an informative
and enjoyable trip that shared the results of recent and ongoing research. Day 1 focused on biogeochemical
processes operating in the south arm of Great Salt Lake, which the participants circumnavigated by driving across
the railway causeway. This was an exciting first for many participants, including myself. Day 2 focused on the
Bonneville Salt Flats, its hydrology, geochemistry, and management issues. The 29 participants, with 12 different
affiliations, enjoyed great science and beautiful fall weather. Five university students participated and the RMS-
AAPG grant enabled the UGA to offer them a substantial discount on their registration fee.

Great Salt Lake attained a new record-low water-surface elevation in November 2022 (see Rowland and Freeman,
this volume, for details). The subsequent media coverage, legislative activity during the 2023 session, and local
community response - along with UGA’s efforts to produce Publication 51 - made 2023 “the year of the lake” for
many of us. [ give a final thank you to everyone who is working for a sustainable future for this vital ecosystem
through science-based decisions.

With gratitude,
Richard L. (“Rick”) Ford
2022-2023 UGA President



EDITORS’ MESSAGE

What do you think about when someone mentions Great Salt Lake? Stinky, gross, crusty, wasteland, a place to
visit once, but not to return—these are common perceptions, but did you know that Great Salt Lake:

is an important stopover point in North American for millions of migratory birds;

hosts the vast majority of wetland acreage in Utah;

contains the world’s largest accumulation of Holocene microbialites;

is the only producer of magnesium metal in North America;

is one of two places in the U.S. that produces lithium, a vital mineral for the transition to clean energy;
contributes to the “Greatest Snow on Earth” in the form of lake effect snow;

produces significant quantities of potash, which is a vital fertilizer needed to grow our food; and

2L 22 2 2 2 2 2

is the number one producer of brine shrimp cysts, which are used in aquaculture facilities worldwide.

Like most terminal saline lakes around the world, the public pays little attention when the lake is “behaving”.
During these times, scientists are quietly conducting their research, some outdoor enthusiasts are recreating on its
waters and along the shores, and industry hums along business as usual. However, every so often the lake goes
outside of “normal”. When this happens, everyone stands up and takes notice. In the mid-1980s, the lake went
outside of “normal” and reached very high levels, threating shoreline communities and infrastructure. Significant
actions were taken to tame the high-water levels, including installing massive pumps on the west side to send water
into the Bonneville desert. Through the 1990s and 2000s, the lake went back to a state of “behaving” and most
people again overlooked our finicky neighbor.

The lake is once again behaving outside of “normal”, this time with historic low lake levels. We think everyone can
agree that low lake levels pose a risk to Utah citizens in the form of dust emissions, reduced snowpack, threatened
wildlife, and impacts to industrial activity. It is in this environment of low lake level and increased attention that
the Utah Geological Association proudly releases Publication 51. This new compilation of 14 timely research
papers on Great Salt Lake and older Lake Bonneville will hopefully contribute to the new body of scientific work
that can help inform those charged with managing this unique resource.

The editors greatly appreciate the authors for being willing to share their knowledge and write such informative
papers. We would also like to thank Cheryl Wing, our fantastic and very patient graphic artist for formatting all
the papers and other materials with care and attention to detail. In addition, acknowledgement goes to the
American Association of Petroleum Geologists Rocky Mountain Section Foundation for providing funding for this
book and the associated field trip. Finally, we would like to thank the UGA and all its many volunteers for all their
hard work promoting the wonderful geology of Utah.

Michael Vanden Berg, Rick Ford, Carie Frantz, Hugh Hurlow, Kellen Gunderson, and Genevieve Atwood

UGA 51 Editors



DEDICATION

J. Wallace (“Wally”) Gwynn, Ph.D.
(May 30, 1940 - July 15, 2021)

Utah Geological Association Publication 51 is dedicated to
the career and memory of Dr. John Wallace Gwynn—Wally to
his family, friends, and colleagues. Those who had the
pleasure of working with Wally fondly remember his
infectious smile and enthusiasm, coupled with a depth of
knowledge and strong desire to help others.

Wally was born and raised in Salt Lake City, Utah, and
attended the University of Utah, where he majored in
mineralogy and geology. After completing his doctorate in
1970, Wally worked as a mineral exploration geologist for
Phelps Dodge Corporation and as a research geologist for
AMAX and Great Salt Lake Minerals. In 1975 Wally joined
the Utah Geological Survey (UGS) as a saline-minerals
geologist, a position he held for 34 years until his retirement
in 2009. In retirement Wally worked as a private consultant
on several potash projects in Utah.

Wally’s Ph.D. dissertation focused on the tar-sand resources of Uintah and Grand counties, and he continued this
work with the UGS. Wally also investigated and published reports on the oil-well brines of the Uinta and Paradox
basins, subsurface brines of the Sevier Lake area, and low-temperature geothermal resources along the Wasatch
Front. However, the bulk of Wally’s UGS career was spent investigating and publishing on the brines and mineral
resources of Great Salt Lake; he was the Survey’s Great Salt Lake expert for more than 30 years and the author of
numerous UGS publications about the Lake. In addition, Wally edited two major compilation volumes about
Great Salt Lake during his UGS career: Great Salt Lake: A Scientific, Historical and Economic Overview (Utah
Geological and Mineral Survey Bulletin 116, 1980) and Great Salt Lake: An Overview of Change (Utah
Department of Natural Resources Special Publication, 2002).

Great Salt Lake was Wally’s true scientific passion. He was
dogged in his systematic collection of geochemical data,
going out onto the lake month after month to document
the chemistry and physical properties of the Lake’s water
layers. The lake data he collected during his UGS tenure is
foundational and still in use today. During the 1980s high
stand, he was called upon by the Department of Natural
Resources to offer guidance with respect to the advisability
and consequences of the West Desert pumping project.
Wally was all about the data and very generous with his
time and expertise, serving on numerous technical
committees and responding to inquiries from state and
federal agencies, industries, and the general public. Even
in retirement Wally followed developments at the Lake. In
his interactions, Wally was a kind, patient, and softspoken
person, and in his work, he was a dedicated geoscientist
and public servant.
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ABSTRACT

The modern (Holocene-age) Great Salt Lake (GSL) and Pleistocene Lake Bonneville of the Bonneville Ba-
sin (BB) together make a geosite (GSL-BB system) of exceptional scientific, cultural, aesthetic, and societal
value. GSL is the largest saline lake in the Western Hemisphere and a sensitive recorder of climate. For mil-
lennia, this distinctive salty water body has been a dynamic and complex natural ecosystem, including an im-
portant waterway for birds and other wildlife and an archive of environmental change and history. Lake
Bonneville is a seminal part of the history of science in the United States through the work of G.K. Gilbert,
who in the 1870s and 1880s developed both critical scientific concepts (e.g., isostasy) and methods (e.g., mul-
tiple working hypotheses), which are still employed today. GSL is a major tourist attraction, an economic driv-
er, and a place of scientific exploration. Yet today, the GSL is in grave danger of near total desiccation due to a
combination of factors: human removal of waters that would normally replenish the lake, climate change, and
other environmental pressures. Over the past few decades there has been a growing international movement to
recognize and respect our geoheritage, by raising visibility and protection of high-priority geosites. The GSL-

BB system is a geoheritage site that urgently needs our protection.

GEOHERITAGE CONCEPT

An International Movement

Over several decades, a growing international ge-
oconservation movement recognizes that exceptional
geological sites need to be protected and managed as
part of our geoheritage. The Geological Society of
America Position Statement (Geological Society of
America, 2022) defines geoheritage sites as areas
with geologic features of significant scientific, educa-
tional, cultural, and/or aesthetic value. These sites are
key to advancing knowledge and support the broad
understanding of the environment, its geodiversity
and biodiversity, and the factors that influence cli-
mate change (see America’s Geoheritage II workshop
proceedings, 2021 https://nap.edu/26316). Although
biodiversity is notably visible to the public, the geo-
logic setting — its geodiversity and the convergence of
geographic to environmental conditions — commonly
form the underpinnings and context for biodiversity.
The extensive and rapidly expanding body of litera-
ture on geoheritage is too extensive to detail here
(e.g., see summaries of Brilha, 2015, 2018; Reynard
and Brilha, 2018; Brilha and others, 2018).

The United States is endowed with many sites that
embody a rich geoheritage. The U.S. and State Park
systems have had an important impact on the conser-
vation movement, but there has been growing recog-
nition for more coordinated global recognition of nat-
ural sites. Thus, geoheritage calls for global commu-
nication and cooperation, and provides the context
that covers much of the science and education related
to important geosites, while also embracing ethics,
outreach, inclusivity, protection, and management.
Geoheritage also relies on modern technology to un-
derstand and model how natural systems are impact-
ed. As Earth scientists, we understand Earth systems,
with their change and interrelationships, and feed-
backs in time and space. We must be caretakers and
advocates for GSL, as we have both the knowledge
and responsibility to help balance nature and societal
needs.

Geosite Locality

In the Basin and Range province, ancient Lake
Bonneville (Figure 1A) covered much of western
Utah during the last glacial maximum. The modern
GSL (Figs. 1B, C) is the recent version of the closed-
basin GSL-BB system, which, during the past few
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million years, has been dominated by various saline
to hypersaline lakes similar to Holocene GSL. Be-
tween 30,000 and 13,000 yr BP the lake system was
deeper and more extensive (Lake Bonneville) and
was dominated by freshwater (Figure 1D, Currey and
others, 1984). There is much interest in the GSL as
shown by the considerable literature covering more
than a century, including this volume (also see Gil-
bert, 1886, 1890; Oviatt and Shroder, 2016a). The
significant runoff that resulted from the wet winter of
2022-2023, does not significantly ameliorate the long
-term decline in water level of the GSL.

For centuries, GSL has been the largest saline
lake in the Western Hemisphere, recording a history
of change (Madsen, B.D., 1989; Gwynn, 2002a). But
now in the Anthropocene, drying of GSL (Figs. 1B,
C) and the probability of it disappearing, leaving be-
hind a bowl of toxic dust with a few pools of salty
water, has understandably raised alarm (e.g., Flavelle,
2022). With growing pressures of urbanization in
Utah, the geologic features in Antelope Island State
Park in Davis County, Utah, provides one of the few
sites left to easily access the GSL and see the context
of its history over millennia, including the cyclic rises
and falls of GSL and Lake Bonneville. This paper fo-
cuses on the broad spectrum and overview of geoher-
itage values and why it is important to protect the
GSL.

GEOHERITAGE VALUES

Cultural and Historical Value

The GSL-BB system has significant cultural as
well as historical value because of the role that the
landscape played for indigenous peoples as well as in
the subsequent exploration of the west by European
Americans. Humans have occupied the Great Basin
for thousands of years. Native American tribes that
have lived in the GSL region, and that are still an im-
portant presence, include the Western Shoshone,
Goshute, Ute, Paiute, and Washoe peoples (National
Park Service, 2015). The landscape was a vital re-
source where native people hunted and gathered for
sustenance, and the GSL watershed provided an ex-
ceptional bounty (e.g., Madsen, D.B, 1989). Today
many tribal descendants feel an important connection
to the land, particularly where open spaces retain
much of their original, natural expression.

In the 19™ century with expansion and exploration
of the west by European Americans (e.g., Stegner,
1954), early scientific studies included the documen-
tation of Lake Bonneville, based on studies of its
shorelines, deltas, and sediments by renowned Ameri-
can geologist G. K. Gilbert (1886, 1890). His careful
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studies on foot and horseback allowed him to deduce
that valley floors were previously covered by water
and the isolated mountain ranges had been islands and
peninsulas in a Pleistocene water body he named
“Lake Bonneville.” Gilbert used the Bonneville basin
to investigate the idea of isostasy (equilibrium adjust-
ments of Earth’s crust to changing distributions of
weight at the surface, in this case the growth and
eventual loss of the water load of Lake Bonneville).
Individual shorelines of Lake Bonneville vary in ele-
vation with the highest elevations occurring where the
lake was deepest (the weight of the water in the lake
depressed the underlying crust, and when the water
evaporated, the crust rebounded). This work was the
case example for Gilbert to illustrate the methodology
of multiple working hypotheses to overcome bias in
human reasoning (Gilbert, 1886). His recognition of
the dynamic equilibrium of landforms and his correla-
tion of shoreline elevations was seminal to under-
standing the complex interplay of isostasy and basin
tectonics. Gilbert identified and quantified evidence
of shoreline superelevation and effects of fetch on
shoreline elevations of GSL and Lake Bonneville. Be-
cause of Gilbert’s work, the GSL-BB system repre-
sents a seminal part of the history of science in Amer-
ica.

Gilbert used his experiences in this basin to un-
derstand distinctive shoreline barriers, terraces, and
spits, and he chronicled the causal changes in hydrol-
ogy based on rises and falls of Lake Bonneville and
the highstands of GSL during the 1870s compared to
falling levels of GSL during the 1880s. Remarkably,
Gilbert’s seminal work has been an inspiration to peo-
ple all over the world who have studied the history of
closed-basin lakes. To be able to retrace Gilbert’s
thoughts and walk in his footsteps has deep meaning
for those who value historical significance. Many
Bonneville shorelines are now being rapidly lost or
covered due to urbanization, but Antelope Island
State Park preserves near-pristine records of these an-
cient shorelines.

Scientific and Educational Value

The GSL-BB system encompasses a rich geoherit-
age (Figure 2) and contains many classic textbook ge-
ologic features and landscapes, that are significant to
both education and research. Much of the specific sci-
ence is detailed in other papers of this volume.

Geomorphology and Ice Age History
The geoheritage value of the Bonneville basin’s

prominent ice-age landforms is explained in more de-
tail in other publications (Chan and Currey 2001;
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Figure 1. The GSL-BB system. A. Location of GSL and Lake Bonneville in western Utah. B. Overview
map of GSL showing the historic average elevation, and the new 2022 historic low (Figure from Clark
and Baxter, 2023.) C. Corresponding Landsat satellite imagery of GSL elevations showing the record
high of GSL in 1986 at left vs. historic low in 2022. Al = Antelope Island. Images (Images are public
domain.) D. Known Bonneville basin lake cycles. The blue line labeled B in the main graph marks the
Bonneville deep-lake cycle. Vertical black bars represent older deep-lake cycles. The base of the main
graph is the elevation of modern GSL. Inset shows the shoreline history of Lake Bonneville (blue) and
GSL (red) with named shorelines (also see Figure 3). (Inset figure from Oviatt and Shroder, 2016a).
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Figure 2. The GSL-BB system has many geoheritage values including historical, scientific, educational,
aesthetic, economic, and societal. A. Polygonal cracks south of Gunnison Island. B. Colorful imagery at
Antelope Island. C. GSL lies at the intersection of urban and natural settings (Antelope Island looking east,
herd of antelope in the foreground). GSL is a major attraction that draws tourists. GSL enhances the quali-
ty of life in the Salt Lake Valley. Images: J. Long.



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors

Chan and others, 2003; Chan and Godsey, 2004,
2016). Since Lake Bonneville was the largest pluvial
lake in the Western Hemisphere (that is, it was caused
by climate change and an increase in effective mois-
ture in the basin and was not fed by glacial meltwa-
ter), it is a natural laboratory for study (Figure 3), bol-
stered by the well-dated shorelines that provide a pre-
cise lake hydrograph linked to Pleistocene climate
change. Study of the GSL-BB has unparalleled analog
value for many other large lake systems. The varied
character of the lake is a result of climate change in
the basin, causing the lake to range from small and
hypersaline to large and nearly fresh. Because the ba-
sin is so big and deep relative to the amount of water
that enters the system, the lake has remained hydro-
graphically closed for most of its history.

Connecting Lake Bonneville and GSL to lakes
farther back into the Pleistocene, subsurface cores
like the Burmester core (Eardley and others, 1973;
Oviatt and others, 1999), tell the story of only four
deep-lake cycles during the past 800,000 years. Lake
Bonneville was the most recent of those deep-lake cy-
cles, and the deepest because it had the benefit of in-
put from the upper Bear River and rivers in Cache
Valley, which were diverted into the basin after
50,000 yr BP. All together those four deep-lake cy-
cles took up less than 10% of the past 800,000 yr —
the rest of the time the lake was shallow, similar to
the historic GSL (Oviatt and Shroder, 2016b). Prior to
800,000 yr BP, the lake system stayed at low levels
back to about 3 million years ago. Thus, other than
the four deep-lake cycles, the history of the GSL-BB
system indicates that our modern view of GSL is typi-
cal of the past few millions of years — a shallow
hypersaline lake in a desert environment.

The combination of geomorphic and the sediment
records are valuable analogs for other large lake stud-
ies, in part because the record in the GSL-BB system
is so intact, with distinctive markers of change over
documentable spatial and temporal scales. The land-
scape expressions are also analogs to understanding
geologic processes and applying them to regions of
Mars (e.g., Chan and others, 2016).

GSL Ooids

GSL is known as the world’s largest lacustrine
carbonate depositional system (Baskin and others,
2022). Distinctive carbonate ooids (Figure 4) — coat-
ed grains formed where waves agitate the lake bottom
sediment — of GSL are long-standing world class ex-
amples. These sand-size features form when fine-
grained particles, such as brine-shrimp pellets or tiny
sand grains, become coated with successive thin, con-
centric layers of calcium-carbonate crystals (crystals
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of the mineral aragonite arranged radially outward
from the center of the ooid; e.g., Sandberg, 1975; Fig-
ure 4A). Recent work of Lincoln and others (2022)
suggests that the radial pattern is derived from recrys-
tallization. The GSL ooids contrast with other classic
examples, such as Bahamian ooids that have calcium
carbonate crystals arranged parallel to the grain coat-
ings rather than radially. Oolitic sand is commonly
cemented into beachrock (Figure 4B), which is an in-
dicator of lithification along older shorelines, with ce-
mentation aided by microbial activity (Lincoln and
others, 2022).

Microbialites

Microbialites are organo-sedimentary mounds
formed by the actions of complex microbial mats
(Burne and Moore, 1987; Lindsay and others, 2017),
and GSL has an extensive distribution in the high-
salinity water (Baskin and others, 2022; Carney and
Vanden Berg, 2022; Pedone and others, 2023). Photo-
synthesis by cyanobacteria and sulfate metabolism by
other microorganisms create conditions that precipi-
tate calcium carbonate (Burne and Moore 1987). In
addition, the extra-polymeric substance (EPS; a term
commonly used by people who study microbialites)
secreted by the cyanobacteria trap carbonate sedi-
ment, which creates a substrate on which new mats
grow toward sunlight, hence the mound shape. Some
microbialites follow older polygonal crack patterns
(Figure 4), possibly because they are texturally differ-
ent sites that might enhance biomediated growth, but
microbialites also occur as individual mound buildups
(Figure 5) up to 1.5 m high that cover as much as a
quarter of the lake floor (Chidsey and others, 2015;
Vanden Berg, 2019; Baskin and others, 2022;
Wilcock and others, 2024).

Microbialite growth is sensitive to water chemis-
try and depth (light), wave energy, substrate, and oth-
er environmental factors (Kanik and others, 2020).
Cyanobacteria-based mats represent the earliest fos-
silized life form on Earth; layered and mounded accu-
mulations of microbialites are well-preserved in car-
bonate rocks in the geologic record. The longevity
and adaptability of microbialites accounts for their
distribution on our planet in modern extreme environ-
ments, such as GSL. The study of GSL microbialites
has implications for the search for biosignatures on
Mars (Noffke, 2015; Chan and others, 2019; Gill and
others, 2023).

Mineralogy and Mirabilite

Evaporite minerals such as halite (NaCl) have a
long history of being extracted from GSL waters
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Figure 3. Shorelines of Lake Bonneville in Antelope Island State Park preserved at White Rock Bay and superim-
posed on the mountain bedrock. The landforms are a valuable record of geologic history and climate change. A.
Prominent shorelines (photo taken in 2014): S = Stansbury shoreline, B = Bonneville shoreline, P = Provo
shoreline. B. Many shorelines formed during the rising and falling phases of Lake Bonneville, here showing well-
preserved examples between the Stansbury and Provo shorelines on this hillside; GSL at far right (barely in

sight, photo taken in 2012). Images: M. Chan.

(Gwynn, 2002b). Additionally, unusual cold-water,
saline-lake minerals, such as mirabilite (hydrated so-
dium sulfate, Na,SO4*10H,0, also known as Glau-
ber’s salt), occur in spring mounds that are visible
during winter months (Figure 6). Groundwater seems to
be partially dissolving a subsurface mirabilite layer, and
then the mirabilite minerals are reprecipitated at the sur-
face where spring water emerges. Once the sodium-
sulfate-rich spring water hits the cold winter air, mira-

bilite crystals form and build up a collection of small,
mounded terraces, with beautiful crystals (Figure 6)
that are stable only in sub-freezing dry environments.
Some of the mirabilite-rich springs have colorful pools
that are being studied for the associated microbial life
(e.g., Jagniecki and others, 2021; Gill and others,
2023). These unusual mineralogies have implications
for astrobiology and understanding life in extreme en-
vironments.



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors

2024 Utah Geological Association Publication 51

Figure 4. Distinctive GSL features from the north side of Antelope Island that have
scientific value. A. Loose spheroidal oolitic sand (mostly ~ 0.2 to 0.5 mm diameter)
with scattered weathered siliciclastic granules derived from nearby bedrock expo-
sures; diagrammatic inset shows GSL radial structure of GSL ooids vs. the common
marine tangential structure exemplified in Bahama ooids. B. Cemented beachrock
composed of oolitic sand. Images from Bridger Bay, Antelope Island, M. Chan.

Ecosystem Significance

GSL is a delicately balanced ecosystem (Figure
7). The extreme conditions of GSL gives rise to a
rich biodiversity and a special set of lifeforms, includ-
ing brine shrimp and brine flies and the microorgan-
isms that feed them, which have implications for un-
derstanding life adaptations in extreme environments
(Baxter and Butler, 2020). The GSL provides im-
portant food and shelter to over 10 million migrating

birds (Sorenson and others, 2020; GSLEP, 2022), in
addition to generating billions of dollars in revenue
from tourism and the brine-shrimp industry
(Bioeconomics, 2012).

Life on Earth needs water, yet water in the GSL
watershed has been extracted and diverted for many
purposes, such as for growing alfalfa and building
housing subdivisions and supporting infrastructure.
This has significantly impacted the inflow and replen-
ishment of the lake, which has been drying and could
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Figure 5. Microbial mounds of GSL at Bridger Bay, Antelope Island State Park have important implications
for understanding early life, with applications to astrobiology. A. and B. buildups; C. and D. cyanobacteria
growth holding together oolitic sand grains, with some elongate brine-fly pupae cases. Images A, B: B. Bax-

ter. Images C, D: M. Chan.

potentially leave a basin of toxic dust that could im-
pact regional communities (Flavelle, 2022). Declining
GSL water levels threaten economic activity, public
health in adjacent communities and ecosystems of
GSL (Larsen, 2022; Great Salt Lake Strike Team re-
port, 2023). It is clear that strategies to improve water
management and increase deliveries to the lake are
critical. GSL is an extreme ecosystem of biodiversity
and geodiversity that is too important to lose.

Societal Value

There is no doubt that the GSL and the Bonneville
Basin comprise an aesthetical geoheritage landscape
that is visually appealing and that inspires a sense of
awe and wonder (Figure 8). The landscape of GSL,
enhanced by open space and the natural setting of flo-
ra and fauna, has cultural and historical roots, and im-
pacts economic development and tourism as well as
quality of life. Shrinking water levels of GSL have
put this ecosystem into a state of crisis. Diminishment

of the GSL will threaten wildlife and further degrade
Utah’s air quality.

Society needs geoheritage sites like GSL because
these sites are critical to advancing knowledge about
water, climate and environmental changes, evolution
of life, minerals and resources, and other aspects of
the nature and history of Earth (Geological Society of
America, 2022). Numerous studies show that nature
and the outdoors provide positive impacts on mental
health and cognition (e.g., Bratman and others, 2019;
Weir, 2020). GSL is an outdoor classroom that en-
hances public understanding and engagement with
science (Figure 8), while providing recreational areas
that improve quality of life, as well as economic sup-
port to local and regional communities as tourist des-
tinations and as vital mineral and water resources.

CONCLUSIONS

Drying of Pleistocene Lake Bonneville, which
ended about 13,000 years ago, left both ancient shore-
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Figure 6. Mirabilite mounds and terrace structures (A, B), with large, cm~+ scale crystals growing in cold colorful pools
(C, D - colored green by cyanobacteria) at White Rock Bay, Antelope Island State Park. These mineralogies have im-
portant implications for life in extreme environments. Winter images (2020): A-C: M. Chan. Image D: D. Eby.

lines and the modern GSL, the largest saline lake in
the Western Hemisphere. This GSL-BB system, as a
whole, is a unique and valuable geoheritage archive
of climate change and an extreme ecosystem that is
often underappreciated and is now under threat of be-
ing lost. The GSL-BB hosts world class examples of
landforms related to climate history, ooids, micro-
bialite mounds, and evaporite minerals (e.g., halite
and mirabilite). The microbialite and mirabilite fea-
tures have implications for astrobiology and under-
standing life in extreme environments. Specifically,
geoheritage sites like GSL are critical to the geosci-
ence profession, to conserve sites of geoscience im-
portance related to Earth processes, Earth history, and
history of geologic thought. These sites are the train-

ing ground for the next generation of environmental
scientists who will grapple with global societal issues
and the complexities and balance of nature. The bio-
diversity and geodiversity of GSL and the Bonneville
Basin make this a remarkable geoheritage jewel of
Utah’s west desert.
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Figure 7. GSL is a delicately balanced ecosystem. Waterfowl at Farmington Bay Wildlife Refiige on the east-
ern edge of GSL include migratory populations of Tundra Swans (4) and Phalaropes (B). C: a male GSL
brine shrimp with impressive claspers, brine shrimp produce eggs/cysts that are harvested from the lake and
sold in aquaculture shops (e.g., fish food), and they provide food for migratory birds. D: Brine-fly detritus,

including pupae cases along the beach of Bridger Bay, Antelope Island State Park. Images A, B: J. Long. C:
Bridget Dopp. D: M. Chan.
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Figure 8. GSL is an outdoor laboratory for science, enjoyment of nature, and societal quality of life. Tour-
ists and residents alike find refreshment and a sense of wonder and learning at GSL, Bridger Bay, and An-
telope Island State Park. The Stansbury shoreline is visible on the slopes of Buffalo Point in the back-
ground in A. Many people enjoy GSL (B, C) year-round. Image A: M. Chan. B, C: J. Long.
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ABSTRACT

The Great Salt Lake-Bonneville basin has contained lakes for many millions of years and has been hydro-
graphically closed for most of its history. Lakes in the lacustrine system have ranged from saline to fresh, and
from shallow to deep. Tectonics, specifically crustal extension, which began roughly 20 million years ago as
part of the formation of the Basin and Range Province, is the cause of lake-basin formation. Much of the rock
record of lakes from Miocene time is faulted and has been eroded and/or buried. Pliocene and Quaternary
lakes are better known. For much of the past ~5 Ma the basin has probably appeared similar to today, with a
shallow saline terminal lake in a dry desert surrounded by mountains. Freshwater marshes and fluvial systems
existed on the basin floor during part of the past ~5 Ma, probably were caused by the lack of inflow from the
upper Bear River during the Neogene Period and most of the Pleistocene Epoch (that river was diverted into
the basin during the Late Pleistocene), combined with a warm and dry climate. The largest deep-lake cycles
were caused by changes to a cold and wet climate, which affected the water budget of the lake system and
were correlated with periods of global glaciation.

Based on limited data, the total length of time deep lakes existed in the basin is thought to be less than 10%
of the past ~773 ka. Lake Bonneville, the most-recent of the deep-lake cycles, was probably the deepest and
largest manifestation of the lake system in the history of the basin. Named deep-lake cycles during the past
~773 ka, are Lava Creek (~620 ka), Pokes Point (~430 ka), Little VValley (~150 ka), Cutler Dam (~60 ka), and
Bonneville (~30 -13 ka).

Of the Quaternary deep-lake cycles, only Lake Bonneville is represented by lacustrine landforms, outcrops,
and cores of offshore deposits; no landforms from older deep-lake cycles exist (some may be buried under
Lake Bonneville deposits but are not visible at the surface), and pre-Bonneville lakes are represented by sedi-
ments in limited outcrops and drill holes (including a set of cores taken by A.J. Eardley in the mid 20" centu-
ry). During the past ~773 ka, deep-lake cycles were correlated with changes in the total volume of global gla-
cial ice; the available evidence indicates that prior to ~773 ka deep-lake cycles were rare.

INTRODUCTION the GSL-BB lacustrine system spent more time as a

shallow lake than as a deep lake; deep-lake versions

This paper discusses lakes of Pliocene through
Quaternary age (Figure 1) that have occupied the
Great Salt Lake-Bonneville basin (GSL-BB). The
GSL-BB is located in the eastern Basin and Range
Province and is part of the Great Basin (Figure 2). All
lakes in the GSL-BB during its long history, which
includes the past 15 or 20 million years (Ma, mega
annum; Figures 1 and 2), should be thought of as
parts of a single lacustrine system — this concept is
extrapolated from that of Atwood and others (2016),
who applied it to Lake Bonneville (LB) and post-LB
Great Salt Lake (GSL). Lake size varied over time in
response to tectonic and climatic changes; sometimes
the lake was shallow and saline to hypersaline, and
uncommonly it grew in depth, volume, and surface
area to become brackish to fresh.

An important observation emphasized in this pa-
per is that during the Pliocene and Quaternary Epochs

of the system have been relatively short lived and un-
common. A more quantitative approach to this obser-
vation is discussed below.

It is not possible to give precise definitions of
“deep lake,” and “shallow lake,” but for this paper,
“deep” lakes are regarded as being much bigger than
modern GSL. In this general sense, “deep” lakes
might range from a lake roughly the size of the Cutler
Dam (CD) lake (see below for discussions of named
lakes in the GSL-BB), roughly 60 m higher than the
average elevation of modern GSL (1280 m), to the
size of LB, almost 350 m higher than modern GSL in
the middle of the basin. “Shallow” lakes would look
similar to modern GSL, with average maximum depth
near 10 m, but might be shallower than that or several
tens of meters higher. With lake level constantly
changing in the closed basin (on time scales longer
than a few weeks), lake size is difficult to precisely
define if shorelines are not available.
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For this paper, the GSL-BB includes the sub-
basins that collectively comprise the Bonneville basin
of Late Pleistocene to modern age. The subbasins are:

age (1) the Great Salt Lake (GSL) basin, (2) the Great
(Ma Salt Lake Desert (GSLD) basin (separated from GSL
0.0117 by low divides), and (3) the Sevier basin (Figure 2).
. Major streams entering the system are the Sevier and
.6 Beaver Rivers in the Sevier basin, and the Provo/
5 Jordan, Weber, and Bear Rivers in the GSL basin
(Figure 2). All these rivers head in the high mountains
and plateaus along the eastern margin of the basin. No
major rivers flow into the GSLD basin, although a
few rivers that are ephemeral today, were probably
perennial during deep-lake episodes (streams such as
Thousand Springs Creek, Grouse Creek, and Deep
Creek [the Deep Creek that heads in eastern Nevada]
built impressive deltas into LB). An upward compo-
nent of groundwater flow (Stephens, 1974; Fitzmayer
and others, 2004), and the observation that the mud of
23 the mudflats is moist everywhere (except maybe for a
few centimeters at the surface where the wind has
dried it), indicates that the modern GSLD is a gigantic
groundwater-discharge, or evapotranspiration area (in

springs flow is concentrated).

Within the subbasins are smaller closed basins,
such as Puddle Valley and Tule Valley in the GSLD

34 basin, and Cedar Valley and Rush Valley in the GSL
basin. All these hydrographically closed basins and
subbasins exist because of Neogene and Quaternary
faulting. The Wasatch fault bounds the eastern margin
of the GSL-BB and the Great Basin (and Basin and
Range Province), and has the greatest total offset of
any fault system in the GSL-BB. The Wasatch fault
accounts for the major mountain front of the Wasatch
Range. The maximum thicknesses of Neogene and
Quaternary sediment in the GSL-BB vary from place
to place, and the sediments may be ~4 km thick, or
more, in some places (Hintze and Kowallis, 2021).
Details of the faulting history are beyond the scope of
this paper, but faulting is an important long-term con-

56 trol on the lacustrine history.

This paper summarizes what is currently known
about the lacustrine history of the GSL-BB for the
past ~5 Ma. As is typical of geologic information,
more is known about relatively recent events than
about older events. The shapes and sizes of the older

66 lacustrine basins within the GSL-BB are poorly
known because of continued tectonic deformation.

periods

E epochs

Quaternary

Pleistocene

Pliocene

Neogene
Miocene

Oligocene

Tertiary

Paleogene
Eocene

Paleocene

Figure 1. Approximate ages (in Ma) for subdivisions of

the Cenozoic Era (after Walker and others, 2018). In MIOCENE TECTONICS AND

recent interpretations, the Tertiary Period (as it was

called for many years) is now regarded as consisting of DEPOSITION

two geologic periods, the Paleogene and Neogene. The . . .

events discussed in this paper occurred during the Neo- Extension associated with the Neogene and Qua-
gene and Quaternary Periods (the Miocene, Pliocene, ternary tectonics of the Basin and Range Province, in-
Pleistocene, and Holocene Epochs). cluding the GSL-BB in the eastern part of the Prov-
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Figure 2. Map showing approximate modern drainage divides for the subbasins within the GSL-BB. Pleistocene drain-
age divides were probably similar, but drainage divides for Neogene basins are not known. The GSLD basin has less
than a meter of closure and it is separated from the GSL basin by two low thresholds, which are nearly imperceptible
on the mudflats at identical elevations (1285 m); when first discussed by Eardley and others (1957) only one threshold,
the southern one, was recognized and was called the “Desert threshold” (in some cases it is now called the “Eardley
threshold”). The approximate outline of LB (the Bonneville shoreline) is shown for reference, as are major rivers that
entered the basins from the east side. Modern lakes are labeled. Approximate locations of the Eardley cores and the
Sevier-basin cores are shown with red dots (S28 = S§28; S = Saltair; B = Burmester; K = Knolls;, W = Wendover;,
POD = Pit of Death; BR = Black Rock). The low point on the divide between the Sevier basin and the GSLD, is the
Old River Bed threshold (ORBT); flow from the Sevier basin entered the GSLD basin during the Late Pleistocene. Ma-
Jjor rivers are shown schematically with dashed lines. L = Lakeside; SLC = Salt Lake City.

3



C.G. Oviatt

ince, began roughly 20 Ma (Hintze and Kowallis,
2021). By at least 15 Ma, lake basins had begun to
form in the eastern Basin and Range Province (Patton
and Lent, 1980; Taylor and Bright, 1987; Oaks and
others, 1999; Bortz, 2002; Janecke and others, 2003;
Long and others, 2006; McClellan and Smith, 2020).
Despite ongoing tectonism and many details of the to-
pography that have changed between late Neogene
time and the present, the general configurations of
mountains and basins is probably similar now to what
it was 5 Ma ago (Hintze and Kowallis, 2021). Some
significant regional-scale changes have occurred in
the SLC-BB during the time period in question, such
as river diversions that have changed the water budg-
ets of lakes (discussed below).

The Basin and Range Province is still tectonically
extending today (WGUEP, 2016; Utah Geological
Survey, 2023). Thick accumulations of lacustrine and
associated deposits of Miocene age are exposed in
such areas as Cache Valley, Utah and Idaho (Oaks
and others, 1999; Janecke and others, 2003; McClel-
lan and Smith, 2020), and Goose Creek, ID and NV
(Perkins and others, 1995), and in many other places
within or near the modern GSL-BB. Janecke and oth-
ers (2003) present good evidence that Neogene lake
basins developed in the area now called northeastern
Utah and southeastern Idaho, many of which were as-
sociated with the evolving Bannock detachment fault
system. It is likely that multiple individual basins
were integrated into one large GSL-BB by Pleisto-
cene times in response to continuing tectonism during
the several-million-year period, but the details of the
lacustrine history are still being discovered. Although
there is no question that Miocene lakes existed in the
GSL-BB, the outlines of individual basins and the
shorelines of those old lakes are not preserved or are
covered.

The GSL-BB is large (Figure 2), but it’s not an
ocean basin — because of the huge spatial variability
in geology, biology, topography, etc., within the ba-
sin, a core taken from one point, or one outcrop, are
unlikely to contain sediments that look similar to
those in cores or outcrops several kilometers away.
One core or outcrop, although it may contain valuable
information, is not likely to record the geologic histo-
ry of the entire basin. To construct a complete geolog-
ic history of the basin, information from multiple
sources throughout the lake basin needs to be inte-
grated, a process that takes a long time and efforts by
multiple generations of scientists.

WATER BUDGET

The water budget of lakes in the GSL-BB is a fun-
damental consideration. Although precise measure-

Late Neogene and Quaternary Lacustrine History of the Great Salt Lake-Bonneville Basin

ments for many of the variables in water-budget equa-
tions for modern lakes are available, the values of im-
portant variables for older lakes can only be generally
estimated. Water budget (or balance) can be ex-
pressed in many ways, but a simple equation shows
water inflows equal to water outflows, plus-or-minus
changes in storage of water in the lake (Hutchinson,
1957).

In the case of a hydrographically closed lake, wa-
ter does not exit the system except by evaporation
(there is no river or groundwater outflow). GSL is a
closed-basin (or terminal, or endorheic) lake, so it has
no surface outflow, and groundwater outflow is as-
sumed to be zero (Arnow and Stephens, 1990). The
relationship between volume and surface area (and el-
evation) in the modern GSL-BB is nearly linear
(Wambeam, 2001). For most of its history the GSL-
BB has been hydrographically closed and short-term
changes in lake level have been correlated with
changes in climate.

TECTONICS AND PALEOCLIMATE IN
THE BONNEVILLE BASIN

The rate of tectonic deformation and sediment in-
filling compared to the water balance should be con-
sidered in tectonic basins (Bohacs and others, 2000).
If climate in a basin favors a positive water balance,
where inflows exceed outflows, a basin might appear
to be open, but if tectonic subsidence of the basin
floor is relatively rapid and the rate of sediment infill
is low the basin might remain hydrographically
closed even if inflows exceed outflows. The GSL-BB
would be classified as “underfilled” by Bohacs and
others (2000, their Figure 7; Bernau, 2022). In an un-
derfilled basin plenty of space is available for water
and sediment to accumulate, and that large volume of
unfilled space keeps the basin from overflowing. In
hydrographically closed basins, the water that re-
mains in the basin after most of it has evaporated be-
comes increasingly salty over time (Hardie and
Eugster, 1970).

Over its many-million-year history, the GSL-BB
has remained underfilled with respect to sediment,
and hydrographically closed most of the time. The
rate of tectonic deformation in the GSL-BB is great
enough that only one period is known where the basin
was hydrographically open while remaining sedimen-
tologically closed. This occurred when Late Pleisto-
cene LB was overflowing at Red Rock Pass into the
Snake River drainage basin as the Provo shoreline
formed (Gilbert, 1890). During that period (possibly
about 1000 to 3000 years in duration) climate was
cooler and wetter than today and the lake was deep.
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Neogene climate of the GSL-BB was probably
similar to that of today, although the mean annual
precipitation may have been generally lower and tem-
perature somewhat higher (Moutoux, 1995; Moutoux
and Davis, 1995, their Figures 3 and 4; Davis and
Moutoux, 1998; Davis, 2002). These paleoclimate in-
terpretations were based on pollen from samples of
cuttings from drill holes in GSL (Table 1); the dating
was not precise, but the pollen allowed for interpreta-
tions of generalized climatic conditions during the
Pliocene and Early Pleistocene time.

Quaternary climate in the GSL-BB has been
widely variable (Rhode, 2016). When deep-lake cy-
cles occurred, climate was relatively cool and wet and
during times when the lake system was shallow, cli-
mate was relatively warm and dry (Davis and
Moutoux, 1988; Rhode, 2016).

FRESH- TO BRACKISH-WATER
MARSHES ON THE BASIN FLOOR

Kowalewska and Cohen (1998), in an analysis of
ostracodes (small crustaceans, typically about 1 mm
in size) from cuttings taken from the same GSL drill
holes that yielded the pollen samples mentioned
above, found evidence of freshwater wetlands
(marshes) and fluvial environments at various loca-
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tions on the floor of the basin at different poorly dated
times during the past 5 Ma. During the Holocene, the
water of GSL has been hypersaline and has not sup-
ported ostracodes (Thompson and others, 2016), but
at the locations of the drill holes studied by Kowalew-
ska and Cohen (1998), freshwater conditions existed
at times, and at other times the same places were oc-
cupied by shallow lakes, some of which were saline.
Just the presence of freshwater ostracodes on the floor
of the GSL-BB, which are not part of deep-lake fau-
nas (Delorme, 1969; Forester, 1987), indicates hydro-
logic conditions much different than those of today.
Kowalewska and Cohen (1998) compared their
ostracode results with pollen results described by
Moutoux and Davis (1995), and they were not able to
find meaningful correlations between the ostracode
interpretations and pollen interpretations of the paleo-
climate in the GSL-BB. One possibility to help ex-
plain why marshes and/or freshwater fluvial systems
might appear low in the basin if it was hydrograph-
ically closed, is that, because of local tectonic activi-
ty, the basin floor was probably not smooth and uni-
form, but instead consisted of multiple shallow de-
pressions separated by low ridges and hills. Fresh riv-
er water could flow into some depressions (and feed
freshwater marshes and/or streams), but not into oth-
ers, which might contain shallow saline lakes. The
number and distribution of drill holes from which cut-

Figure 3. The Eardley cores. This
figure was assembled using data
from  published (Eardley and
Gvosdetsky, 1960; Eardley and oth-
ers, 1973; Williams, 1994, Oviatt
and others, 1999) and unpublished
sources (Shuey, 1971, Thompson
and Oviatt, 1995, notes from core
examinations, J. Bright, D.S. Kauf-
man, and R.M. Forester-- late ‘90s
data on ostracode faunas and ami-
no acid results for samples collect-
ed by Thompson and Oviatt).
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Figure 4. Known lakes in the GSL-BB larger than modern
GSL during the past 3 Ma. Chronologic data are from the
Burmester core for the Bonneville, Little Valley, Pokes
Point, Lava Creek, and unnamed lake cycles (Oviatt and
others, 1999; unpublished information); the age of the CD
lake cycle is from Kaufman and others (2001). The X axis
of the graph marks the approximate elevation of modern
GSL (~1280 m), and the vertical scale, which represents
the relative maximum elevations of lakes, is not shown on
the figure because insufficient information is available for
most lake cycles. Approximations of the upper elevation
limits of the CD and LV lake cycles are based on outcrops
of lacustrine sediment. The upper elevation limits of the
PP and LC lake cycles are interpreted as being similar to
that of the LV lake cycle. The elevation of the unnamed
lake cycle at about 3 Ma is unknown, but based on the
ostracode fauna in sediments of that age from the Bur-
mester core, the lake probably did not rise higher than the
CD lake cycle. B = Bonneville, CD = Cutler Dam, PP =
Pokes Point, LC = Lava Creek, u = unnamed lake cycle.

tings were obtained is not sufficient to determine if
this explanation is viable; also the available geo-
chronological control is not good enough to make re-
liable correlations between cores. In a different data
set (core GSLO0-4; Balch and others, 2005, their Fig-
ure 6), the youngest ostracode fauna from a freshwa-
ter marsh on the basin floor is on the order of ~45 ka
(kilo [1000] annum; presumably prior to the diversion
of the upper Bear River and Cache Valley tributaries
into GSL (see discussion below).

An important contributing cause of the appear-
ance of marshes and/or freshwater fluvial systems on
the basin floor involves the diversion into the GSL-
BB of the upper Bear River plus the rivers that drain
Cache Valley. These rivers contribute water and dis-
solved solids to modern GSL. The precise ages of in-
cisions of canyons along the path of the Bear River
have not been totally resolved, but it’s likely that the
incisions occurred during the Late Pleistocene.

According to Pederson and others (2016, their Ta-
ble 2.1) Oneida Narrows (Figure 2; on the topograph-
ic divide of Cache Valley) was fully incised, allowing
the upper Bear River to enter Cache Valley, based on
optically stimulated luminescence ages, after 55.0
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5.6 ka and before 48.9 + 6.9 ka (a round number near
the middle of that overlapping range is 50 ka). Prior
to the incision of Oneida Narrows, the upper Bear
River had a complicated history involving flow into
the Portneuf River (a tributary of the Snake River)
and ponding upstream from Oneida Narrows to form
Lake Thatcher (Gilbert, 1890; Bright, 1963; Pederson
and others, 2016).

Another canyon through which the upper Bear
River now flows into the GSL-BB is the Cutler nar-
rows (“gate of Bear River,” Gilbert, 1890, his Plate
XXX), where the upper Bear River plus its Cache
Valley tributaries exit Cache Valley. The exact timing
of the incision of Cutler narrows, and the mechanism
of the incision, has not been determined, but all the
incision (it’s possible the incision occurred in stages?)
probably was not completed until sometime after the
CD lake cycle (that is, after ~60 ka; Oviatt and others,
1987; Kaufman and others, 2001; Oaks and others,
2024).

The incision of Cutler narrows was traditionally
interpreted to be the result of superposition probably
combined with antecedence (Williams, 1958; Maw,
1968). The word “anteposition” was coined by Hunt
(1982) to describe situations where incision began
with superposition and continued because of tectonic
uplift across the path of the river. Williams (1958),
Maw (1968), and Hunt (1982) did not give specific
ages or directly discuss which river was superposed to
ultimately create Cutler narrows. Movement on the
Wasatch and West Cache Valley fault zones would
easily account for tectonic uplift of the Junction Hills
bedrock block across a superposed river. If the ante-
position interpretation were correct, however, the riv-
er that was superimposed across the Cutler divide
could not have been the Bear River if the upper Bear
did not incise Oneida narrows and enter Cache Valley
until about 50 ka. More work is needed on the geo-
logic history of the Cutler narrows.

Oaks and others (2018; 2024) suggested the pres-
ence of lakes in Cache Valley separate from lakes in
the GSL-BB, but the precise ages and characteristics
of those Cache Valley lakes have not been deter-
mined. This study adopts the relative age of incision
of Cutler narrows as younger than the CD lake cycle
and older than the LB lake cycle (possibly close to 30
ka, but this has not been scientifically tested).

The upper Bear River, plus the total discharge of
rivers that enter Cache Valley from the nearby moun-
tains, plus discharge from the Malad River, accounts
for about a third of the modern annual inflow to GSL
(Oviatt and others, 1987; Arnow and Stephens, 1990).
Without input from the upper Bear River plus the
Cache-Valley rivers, the river inflow to the GSL-BB
lake system would have been significantly reduced.
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Table 1. Drill holes in the Great Salt Lake and Sevier basins that contain sediments of pre-LB age.

Collection Latitude Longitude Elevation DepthofHole AgeatBottom Coreor

Drill Hole 1D Year °N) (°W) (m) (m) of Hole (Ma)  Cuttings e erence

GSL96-6 1996 41.0 112.4 1272 9 0.044 core Thompson and Oviatt, unpublished, 1995-2022; Thompson and others, 2016

GSL96-4 1996 41.0 112.5 1272 5.5 0.04 core Thompson and Oviatt, unpublished, 1995-2022

GSL00-4 2000 411 112.6 1271 120 0.280 core Schnurrenberger and others, 2001; Balch and others, 2005

C ~1980 41.0 112.4 1272 5.5 0.035 core Spencer and others, 1984; Thompson and others, 1990

AMOCO 1 ? 41.5 112.8 ? ? ? cuttings  Moutoux, 1995

AMOCO 2 ? 41.4 112.8 ? ? ? cuttings  Moutoux, 1995

AMOCO 3 ? 41.4 112.8 ? ? ? cuttings  Moutoux, 1995

AMOCO 4 ? 41.4 112.7 ? ? ? cuttings  Moutoux, 1995

AMOCO 5 ? 41.4 112.7 ? ? ? cuttings  Moutoux, 1995

AMOCO 6 ? 41.4 112.7 ? ? ? cuttings  Moutoux, 1995

AMOCO 7 ? 41.4 112.6 ? ? ? cuttings  Moutoux, 1995

AMOCO 8 ? 411 112.7 ? ? ? cuttings  Moutoux, 1995

AMOCO 9 ? 40.9 112.3 ? ? ? cuttings  Moutoux, 1995

AMOCO 10 ? 40.8 112.3 ? ? ? cuttings  Moutoux, 1995

South Rozel (J) ? 41.4 112.6 1272 ? ~5 cuttings  Moutoux, 1995; Kowalewska and Cohen, 1998; Davis, 2002

Gunnison (P) ? 41.3 112.7 1270 ? ~5 cuttings  Moutoux, 1995; Kowalewska and Cohen, 1998; Davis, 2002

Indian Cove (1) ? 41.3 112.6 1271 ? ~5 cuttings  Moutoux, 1995; Kowalewska and Cohen, 1998; Davis, 2002

Bridge ? 41.2 112.5 ? ? ? cuttings  Moutoux, 1995; Davis, 2002

Carrington Island (H) ? 41.0 112.5 2171 ? ~5 cuttings  Moutoux, 1995; Kowalewska and Cohen, 1998; Davis, 2002

Sandbar (N) ? 40.7 112.4 ? ? ~2.3 cuttings  Kowalewska and Cohen, 1998

$28 1960 409 1122 1286 294 ~0.9 core Shuey, .1971; Eardley and Gvosdetsky, 1960; Williams, 1994; Thompson and Oviatt,
unpublished, 1995

Saltair 1956 40.8 1121 1282 198 ~0.8 core Shuey, .1971; Eardley and Gvosdetsky, 1960; Williams, 1994; Thompson and Oviatt,
unpublished, 1995

Burmester 1970 40.7 1125 1285 307 ~34 core Shuey, 1971; Eardley and others, 1970; Williams, 1994; Oviatt and others, 1999;

Thompson and Oviatt, unpublished, 1995
Knolls 1960 40.7 113.3 1289 152 ~0.9 core Shuey, 1971; Williams, 1994; Thompson and Oviatt, unpublished, 1995
Shuey, 1971; Williams, 1994; Thompson and Oviatt, unpublished, 1995; Bright and

Wendover 1960 40.7 113.9 1285 171 ~1.7 core
others, 2022
Clive 2019 40.7 113.1 1307 187 ? cuttings  Stantec, unpublished, 2019; Oviatt, unpublished, 2019
Black Rock 1993 38.7 112.9 1503 273 ~3 core Thompson and others, 1995
Pit of Death 1993 39.0 113.2 1383 140 ~3.1%* core Thompson and others, 1995

*This core contains an unconformity @~140 m, below which is a ~6 Ma tephra.
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If the climate in the GSL-BB basin were dryer
than today during the late Neogene and Pleistocene
(except during deep-lake cycles), it is likely that cli-
matically induced river inflow to the GSL would have
been reduced at that time (following the logic of Bek-
ker and others, 2014, who studied tree-ring recon-
structions of late Holocene streamflow in the Weber
River and the connections with climate). Climatically
reduced inflow, combined with the lack of inflow
from the Bear and Cache-Valley rivers, would have
caused lakes in the GSL-BB to be smaller compared
to Holocene GSL, and that reduced input would likely
increase the probability of streams feeding marsh sys-
tems in isolated depressions on the basin floor.

The information reported by Balch and others
(2005) suggests that the hydrologic budget of GSL
about at 45 ka was different than it is today. The dif-
ference in budget could have been that the Bear and
Cache Valley rivers were not entering GSL 45 Kka,
and/or that climate was dryer at that time, during ma-
rine oxygen isotope stage (MIS) 3. MIS 3 was an in-
terglacial period.

It is interesting and seemingly paradoxical that a
hypersaline condition for the lake system in the GSL-
BB (such as modern GSL) probably requires the in-
flow volume to be relatively high compared to that re-
quired for freshwater marshes to appear on the basin
floor. It’s clear that a decrease in water inflow to the
lake causes lake level to decline; if inflow were to de-
crease sufficiently a hypersaline lake would cease to
exist. In 2023, the upper Bear River and Cache Valley
rivers are contributing water to GSL, and the lake is
dropping to alarmingly low levels, partly because of
the very warm and dry climate we are now experienc-
ing, but mostly because of water diversions by hu-
mans from the inflowing rivers before the water gets
to GSL (Abbott and others, 2023). If the upper Bear
River and Cache-Valley rivers were not presently en-
tering GSL, what would be the condition of the lake
in 2023?

PLIOCENE TO LATE PLEISTOCENE
DEPOSITION

Sevier basin cores

The Sevier basin (Figure 2) has been part of the
larger GSL-BB for at least the past ~3 Ma. Two sedi-
ment cores from the Sevier basin record sedimenta-
tion during the period from ~3 Ma to a few thousand
years younger than the Brunhes/Matuyama paleomag-
netic boundary (Thompson and others, 1995), current-
ly dated at 773 ka (Channell and others, 2010). These
two cores, the Black Rock and Pit of Death cores
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(Table 1; Figure 2), contain sediments of shallow
lakes and muddy (playa) depositional systems. No de-
posits of deep lakes were encountered in those cores,
an observation that is consistent with observations
from the GSL basin farther north and reinforces the
interpretation that lakes in the GSL-BB were low or
did not exist during the period from ~3 Ma to 773 ka.
The deep-lake cycle at about 3 ka in the GSL-BB
probably did not get high enough to flood into the Se-
vier basin; the elevation of the topographic divide be-
tween the GSL basin and the Sevier basin (ORBT,
Figure 2) was probably on the order of 1400 m.

Eardley cores

During the 1950s and 1960s, Armand J. Eardley,
who was a professor of geology at the University of
Utah, oversaw the drilling of four deep holes and the
acquisition of sediment cores from those drill holes.
The cores were called S28, Saltair, Burmester,
Knolls, and Wendover (Figure 2; Table 2). Eardley
and his colleague, Vasyl Gvosdetsky (University of
Utah), published a description and interpretation of
one of the cores (the Saltair core; they also comment-
ed on the S28 core; Eardley and Gvosdetsky, 1960).
R.T. Shuey, a colleague of Eardley’s at the University
of Utah, obtained funding from the National Science
Foundation (NSF) to study the paleomagnetism of the
sediments in the Eardley cores and wrote an un-
published report for NSF (Shuey, 1971). In 1973,
Eardley and a group of colleagues, published a de-
scription and interpretation of part of the Burmester
core (Eardley and others, 1973). Lister (1975) de-
scribed ostracodes from the Saltair and S28 cores.
S.K. Williams, a Ph.D. student of B.P. Nash (also at
the University of Utah and a coauthor on the Eardley
and others, 1973, paper), studied the volcanic ashes
from the cores and published important information
about the Eardley cores (Williams, 1994).

In 1995, R.S. Thompson (USGS) and C.G. Oviatt
(Kansas State University) examined the five Eardley
cores looking for evidence of deep-lake cycles based
on the presence of carbonate marl deposited in deep
lakes and deep-lake ostracode faunas. In 1999 Oviatt
and colleagues published a brief description and rein-
terpretation of the upper ~110 m of the Burmester
core (younger than the Brunhes/Matuyama geomag-
netic boundary; Oviatt and others, 1999). As part of
that work, J. Bright and D.S. Kaufman (Northern Ari-
zona University), and R.M. Forester (USGS), studied
ostracode faunas and ostracode amino acid racemiza-
tion in most of the Eardley cores, and some of that in-
formation was published in Oviatt and others (1999).
More recently J. Bright and colleagues studied amino
acid racemization in ostracodes from the Wendover
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Table 2. Information about the Eardley cores

2024 Utah Geological Association Publication 51

. approx. age
core ID PLSS! latitude® Iongitude2 elevation depth  sed. ratt: at bottom ye_a r of recovery references
(m) (m) (m/Ma) drilling
(Ma)
SW1/4, 0% in some sec-
S28 SE1/4, Sec. 40.79 112.07 1286 223 230 ~0.9 1960 tions, up to 40% Shuey (1971); Williams (1994)
28, T1IN, R2W in others
. SE1/4 Sec. 25, N o Eardley and others (1963);
Saltair TIN, R3W 40.79 112.20 1282 198 260 0.8 1956 50% Shuey (1971); Williams (1994)
3.4-2.6 Ma: Shuey (1971); Eardley and
SE1/4, Sec. 7, 90 m/Ma; o others (1973); Williams
Burmester T25, RSW 40.65 112.45 1286 306 2 6-0 Ma: 3.4 1970 90% (1994); Oviatt and others
120 m/Ma (1999)
SW1/4, Sec.
Knolls 15, T1S, 40.72 113.30 1289 152 170 0.9 1960 30% Shuey (1971); Williams (1994)
R13W
SE1/4, Sec. o )
Wendover 15, T1S, 40.74 113.87 1285 171 130 1.7 1960 >0% <120 m; Shuey (1971); Williams (1994)
R18W 15% >~120 m

!PLSS = Public Land Survey System
*datum for latitude/longitude coordinates is WGS84.
*data from Williams (1994); approximate sedimentation rates
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core (Bright and others, 2022), the only core not stud-
ied for that purpose in the 1990s. Davis (2002) pub-
lished pollen diagrams that had been constructed from
data from the Wendover and Knolls cores in the
1960s, but which had not been previously published.

The Eardley cores are now completely dried out.
They have been stored in cardboard boxes and sam-
pled multiple times by different people for different
purposes. Observations about the geologic history of
the core sites, which would have been possible when
the cores were fresh, are now difficult. The Eardley
cores are now archived at the Utah Geological Survey
Core Research Center.

The usefulness of the Eardley cores is limited be-
cause some of the core sections have crumbled. Alt-
hough drilling technology has been vastly improved
since the 1960s, the cost of drilling and the acquisi-
tion of even one new core that might build on what
has been learned from the Eardley cores, would be
huge. However, the scientific information (geologic,
biologic, paleoclimatic, etc.) that could be obtained
from a new core would be invaluable.

The following sections give summaries of pub-
lished and unpublished information and interpreta-
tions concerning the Eardley cores (Figures 3 and 4;
Tables 1 and 2). Eardley did not publish anything re-
lated to two of the cores (Knolls and Wendover). No
independent studies of the sediments or changing
depositional environments represented in the Knolls
and Wendover cores have been published.

When Bob Thompson and | examined all the
Eardley cores in 1995, we found that the core sections
had not been split and the surviving sections of the
cores were covered with dried mud from the drilling
operations. In order to examine the sediments, we had
to look at the ends or break apart dried core sections
or scrape off the mud from the surfaces. We found
this to be true for all the cores, including the Saltair
and Burmester, so it was unclear to us how Eardley
and his colleagues had observed any of the sediments
in the cores.

S28 and Saltair cores

These Saltair and S28 cores were taken near each
other (Figure 2; Tables 1 and 2). Although some im-
portant information about pre-LB lake cycles is pre-
served in these cores (Eardley and Gvosdetsky, 1960;
recognizing that interpretations of global Quaternary
history have changed considerably since the 1950s),
the amount and quality of information about the la-
custrine history of the GSL-BB the cores can provide
IS not great. Both the S28 and Saltair cores were
drilled at locations dominated by the Jordan River and
its precursors and were not suitable as complete rec-
ords of sedimentation in GSL-BB lakes.
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Deposits of the LB cycle are not present in either
the S28 or Saltair cores, and it would now be difficult
to determine whether LB sediments were not pre-
served at the coring sites or if LB sediments simply
were not recovered during the drilling operations. De-
posits of some older deep-lake cycles are present in
the cores and deposits of some deep-lake cycles are
missing. Although Lister (1975) defined some new
ostracode species based on samples from the S28 and
Saltair cores, and his descriptions of ostracodes are
excellent and useful, he did not indicate the depths of
the samples or say anything about the depositional en-
vironments of the samples he examined.

Burmester core

The Burmester core is the longest Eardley core at
306 m and covers the greatest amount of time (the age
at the base of the core is ~3.4 Ma; Williams, 1994). In
our examination of the core in 1995 we found many
buried calcic soils, some with enough soil carbonate
to whiten the core for many meters.

Eardley and others (1973; their Figure 1) showed
17 deep-lake cycles during Brunhes time based on
their work on the Burmester core, whereas Oviatt and
others (1999) found evidence in the Burmester core
for only four deep-lake cycles during the same time
period (an age of 750 ka for the Brunhes/Matuyama
geomagnetic boundary was estimated by Eardley and
others, 1973; in 2023 the age of that geomagnetic
boundary is considered to be ~773 ka [Channell and
others, 2010]). In the upper ~3 m of the Burmester
core Eardley and others (1973; their Figure 1) inter-
preted the sediments as representative of shallow to
dry lakes, overprinted by a soil, but Oviatt and others
(1999; their Figure 1) found deposits of LB in that in-
terval, including the Hansel Valley basaltic ash
(Miller and others, 2008), which was erupted during
the early transgressive phase of LB.

Recovery was good in the Burmester core (90%;
Table 2) and that core has provided ages for middle
and Late Pleistocene deep-lake cycles in the basin
(Figure 4). The approximate drilling site of the Bur-
mester core is low in the basin, but it is on land, not in
the GSL, and no deposits of shallow lakes are pre-
served in the Burmester core.

Knolls core

The LB marl is present in the Knolls core. Howev-
er, in a shallow pit about 4 km west of the approxi-
mate location of the Knolls core, only about 80 cm —
approximately the lower half — of the LB marl
(Gilbert’s, 1890, white marl) are present, and the up-
per half has been deflated (Oviatt and others, 2020). It
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is unknown how much of the LB marl is present in
the Knolls core and the section may not be complete.
Sediments of pre-LB deep-lake cycles are present
lower in the Knolls core, although it is not known if
those deep-lake stratigraphic units are truncated or
complete. Most of the core is dominated by sediments
of shallow lakes (similar to the Wendover core, de-
scribed below).

Wendover core

In the Wendover core the LB marl is completely
absent, as are deposits of pre-LB deep lakes
(unpublished observations by Thompson and Oviatt,
1995, and by Oviatt and D.L. Clark, 2019-2022;
Bright and others, 2022; Clark and others, 2023; Ber-
nau and others, 2024). Drilling recovery was not good
(Table 2), but no non-lacustrine deposits have been
observed; deposits of shallow lakes dominate the
core. The Wendover core helps demonstrate the im-
portance of deflation in the GSLD (Bernau, 2022;
Bernau and others, 2023, this volume), but does not
help with determining when deep-lake cycles oc-
curred.

The sediments in the Wendover and Knolls cores
reveal important information about the pre-LB history
of the GSL-BB. In both cores, the most common sedi-
ment types are carbonate mud (grain sizes of clay,
silt, some fine sand) and oolitic sands, where most of
the oolitic grains are rod shaped. Also present are ir-
regularly shaped carbonate lumps and gypsum grains
(both primary and secondary precipitates). Some car-
bonate mud units (not the ones dominated by rod-
shaped ooids) contain the ostracode Limnocythere
staplini, but no other ostracode species are present.

L. staplini lives in brackish water with relatively
low alkalinity. In this basin this means the lake was
less than a few tens of meters deep — if it rose higher
the water would have become diluted and other ostra-
code species would appear. The rod-shaped ooids
probably indicate the presence of brine shrimp
(Eardley, 1938); spherical ooids probably formed abi-
otically in the wave-agitation zone of a shallow saline
lake (Eardley, 1938). These sediments indicate that in
pre-LB times, lakes in the GSLD were shallow and
varied in dissolved-solid content from being saline-
enough to support brine shrimp at times (too saline
for ostracodes), to being brackish and supporting os-
tracodes at other times (but no brine shrimp). Taking
into account the poor recovery of the Wendover and
Knolls cores (Table 2), the observations suggest that
deposition in shallow lakes dominated in the GSLD
for thousands or millions of years. Although dated
shorelines of pre-LB lakes in the GSLD have not
been found (and may not exist), fluctuating lakes with
an average elevation of roughly 1300 + 10 m would
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be suitable candidates for producing this kind of sedi-
mentary record. A rise of GSL to about 1300 m today
would cause widespread flooding and destruction of
human infrastructure in the GSL part of the basin, but
from a geologic perspective 1300 m is close to the av-
erage level of GSL. While “1300 m” is an arbitrarily
chosen elevation, it’s within the possible range of ele-
vations of closed-basin lakes that periodically flooded
the GSLD during pre-B time.

This range of elevations is close to the maximum
elevation of the latest-Pleistocene Gilbert-episode
lake (~1297 m). The Gilbert-episode lake (about
12,000 years ago) formed after LB had evaporated,
and was part of GSL. In the GSLD the Gilbert-
episode lake was strongly influenced by fresh, cold
water that flowed into the GSLD from the Sevier ba-
sin along the Old River Bed (Palacios-Fest and oth-
ers, 2021; they referred to the Gilbert-episode lake as
the "Old River Bed delta lake"), but in the GSL part
of the system the same shallow lake was brackish
(Thompson and others, 2016). Similar pre-LB lakes
in the GSL-BB with elevations in the range of 1300 +
10 m should be considered part of ancestral GSL, but
it is unknown whether freshwater from the Sevier ba-
sin entered the GSLD in pre-LB times.

DISCUSSION

Figure 4 shows an estimate of the ages of known
deep-lake cycles in the GSL-BB based primarily on
data from the Eardley cores (Oviatt and others, 1999).
Figure 5 shows correlations between deep-lake cycles
in the GSL-BB and MISs (ages summarized by
Lisiecki and Raymo, 2005). Deep lakes, other than
the ones that have been documented so far, may have
risen and fallen during additional even-numbered
MISs during Brunhes time (even-numbered stages
were glaciations, odd-numbered stages were intergla-
cials), but further investigations are needed to deci-
pher details. If samples of vein-fill calcite and arago-
nite from outcrops at Lakeside were deposited during
deep-lake cycles, they may suggest deep-lake cycles
during MIS 8 and MIS 10 (D. McGee, MIT, personal
communication, 2019)( Figure 5).

It is possible to estimate the proportion of time
that deep-lake cycles occupied the GSL-BB during
the Brunhes geomagnetic Chron (730-0 ka). If each of
the four largest deep-lake cycles lasted the same
length of time as the Bonneville cycle, about 17 ka,
the total proportion of time that deep-lake cycles oc-
cupied the GSL-BB during the past 773 ka was
roughly 9%. Only one deep-lake cycle is poorly
known from the period between 3 Ma and 773 ka
(based on limited information from the Burmester
core), and, based on its ostracode fauna, the lake
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Figure 5. Marine oxygen-isotope (MIS) record, which can be interpreted as representing the relative volume of global
glacial ice (simplified from Lisiecki and Raymo 2005), and known deep-lake cycles in the GSL-BB during the past 3
Ma. The red line is a stacked record of 8"°0 in forammzfem fossils from 57 sites around the world where deep-sea cores
have been taken (Lisiecki and Raymo, 2005; values of 6'°0 in ocean water were relatively high at times when glacial ice
attained large volumes on Earth’s surface, and relatively low when ice sheets melted and the water flowed back to
ocean basins; values of 6"°0 are also correlated with water-temperature changes). Deep-lake cycles in the GSL-BB are
shown in blue with their presumed correlative MIS stage numbers—B (Bonneville) =~ MIS 2; CD (Cutler Dam) = MIS 4;

PP (Pokes Point) =~ MIS 12; LC (Lava Creek) =~ MIS 16 (Oviatt and others, 1999); the MIS stage number possibly cor-
relative with the unnamed lake cycle (“u”) about 3 Ma is unknown. Three other even-numbered stages are marked on
the figure that are likely to have been correlative with deep lakes in the GSL-BB, but deposits of those hypothetical lakes
have not been found. A possible age (very approximately 30 ka) of the diversion of the upper Bear River and Cache Val-
ley rivers into the GSL-BB, is plotted. For reference, the green line is plotted at the level on the isotope curve approxi-
mately coincident with MIS 1 (the Holocene), the pale blue line is plotted at the level on the isotope curve approximate-
ly coincident with the CD lake cycle (MIS 4); the darker blue line is plotted at the level on the MIS curve approximately
coincident with the LB cycle (MIS 2). The approximate duration of the middle Pleistocene transition (MPT; Clark and
others, 2006) is shown.

probably did not rise higher than the CD lake cycle; ty. After the MPT large Northern Hemisphere ice
deep-lake cycles account for less than 1% of that peri- sheets began to attain great elevations and had larger
od. Therefore, for over 90% of the past ~3 Ma lakes volumes than earlier ice sheets (Clark, 2012). Very
in the GSL-BB were shallow. thick Northern Hemisphere ice sheets probably affect-
Of course, if further evidence is found for deep ed global atmospheric circulation patterns and may
lakes other than the ones that have so-far been de- have been important in the growth of large lakes in
scribed for the past 3 Ma, the percentage of time dur- the Great Basin (Antevs, 1948), although it’s likely
ing which deep lakes occupied the GSL-BB would be that the influence of ice sheets on global circulation
greater than 9 %. However, environmental conditions was more complicated than that portrayed by Antevs
like what we see now (not including human influ- (Oster and others, 2015).
ences) apparently were the rule rather than the excep- The CD lake cycle and the post-LB Gilbert-
tion for at least the past 3 Ma, and probably for a episode lake are not represented by deposits in the
longer period (based on the MIS record of Lisiecki Burmester core (or in any of the Eardley cores, except
and Raymo [2005, their Figure 4], which extends possibly in the Knolls core — Figure 3), but inde-
back beyond 5 Ma). The domination of shallow lakes pendently those lakes are known to have covered the
in the GSL-BB is not surprising considering that the Burmester core site and all other Eardley-core sites.
upper Bear River and the Cache Valley rivers did not Perhaps those lake cycles were quick (fast up, fast
enter the GSL-BB until just a few tens of thousands down), and little sediment was available at the core
of years ago (Figure 5). sites; or perhaps sediment from those lakes was pre-
As shown in Figure 5, very deep lakes in the GSL sent immediately after the lake cycles but was not
-BB were uncommon prior to the Middle Pleistocene preserved. If sediments of those lake cycles do not ex-
transition (MPT; between about 1.2 Ma and 700 ka), ist in the Eardley cores, maybe other major lake cy-
which marked a change in the magnitude and fre- cles occurred in the basin but have not yet been de-
quency of Pleistocene glaciations (Clark and others, tected. Balch and others (2005) in a study of core
2006; Clark, 2012). After the MPT, global climate GSL00-4 from GSL, including lake sediments that
varied with high-amplitude 100-ka cyclicity (as seen ranged in age from the present to as old as ~280 ka
in MIS curves; Figure 5), and prior to the MPT, glob- (Table 1), did not report evidence of those short-lived
al climate varied with lower amplitude 41-ka cyclici- lake cycles. However, the spacing of the samples they
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examined averaged about 1 m (this represents an av-
erage of about 2400 years in that core). Even if sedi-
mentation was continuous in some depressions on the
floor of GSL (as at the site of GSL00-4), sampling at
~2400 years spacing may not have been close enough
to intercept lake cycles that may have lasted only cen-
turies or less. Clearly much remains to be learned
about pre-LB lakes in the GSL-BB.

Based on what we know now, it is safe to say that
the long-term appearance of the GSL-BB has been
close to what we see today, with a shallow saline lake
on the floor of the basin. LB was an anomaly, as were
other deep-lake cycles in the basin. Our historic view
of GSL (the past 170+ years) is occurring during a
drop in the ocean of geologic time. From a perspec-
tive grounded in geologic time, GSL should be
viewed as typical rather than as a “remnant” of LB.
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Evolution of Great Salt Lake’s Exposed Lakebed (1984-2023):
Variations in Sediment Composition, Water, and Vegetation from
Landsat OLI and Sentinel MSI Satellite Reflectance Data

Mark H. Radwin and Brenda B. Bowen

University of Utah, Salt Lake City, Utah, markradwin@gmail.com 10.31711/ugap.v51i.134

ABSTRACT

The Great Salt Lake has been rapidly shrinking since the highstand of the mid-1980s, creating cause for
concern in recent decades as the lake has reached historic lows. Many investigators have assessed the evolu-
tion of lake elevation, geochemistry, anthropogenic impacts, and links to climate and atmospheric processes;
however, the use of remote sensing to study the evolution of the lake has been significantly limited. Harness-
ing recent advancements in cloud-processing, specifically Google Earth Engine cloud computing, this study
utilizes over 600 Landsat TM/OLI and Sentinel MSI satellite images from 1984-2023 to present time-series
analyses of remotely sensed Great Salt Lake water area, exposed lakebed area, surface cover types, and chlo-
rophyll-a analyses paired with modelled estimates for water and exposed Iakebed area. Results show that
since the highstand of 1986- 1987 the water area has declined by 45% (~3,000 km?) and the exposed lakebed
area has increased to ~3,500 km? from ~500 km The area of unconsolidated sediments not protected by veg-
etation or halite crusts has rlsen to ~2,400 km?. Significant halite crusts are observed in the North Arm, hav-
ing a max extent of ~150 km? between 2002 and 2003, while only small extents of halite crusts are observed
for the South Arm. Vegetation is more prevalent in the Bear River Bay and South Arm, with surface area in-
creases over 400% since 1990. Gypsum is widely observed independent of halite crusts. The results highlight
multiple instances of land-use/water-management that led to observable changes in water/exposed lakebed
area and halite crust extent. This study demonstrates the important benefits of maintaining a lake elevation
above ~4,194 ft to maximize lake and halite crust area, which would help mitigate possible dust events and

maintain a broad lake extent.

INTRODUCTION

In recent years the Great Salt Lake in northern
Utah has attracted the attention of local legislators
and a global audience as the lake reached historic
lows and caused concerns for public health and the
health of the overall Great Salt Lake ecosystem. Once
part of the vast Pleistocene Lake Bonneville, the
Great Salt Lake has shrunk to the modern state from
an evaporative evolution in a closed basin with natu-
ral inputs from three major rivers (Bear, Jordan, and
Weber rivers). However, in recent centuries, anthro-
pogenic activity has considerably affected the Great
Salt Lake. This influence extends to direct physical
alterations of the lake's landscape, modifications to its
hydrology that alter water flow and distribution, the
introduction of invasive plant species, and extensive
resource extraction. In 1959 a railroad causeway was
completed, separating the lake into a North and South
Arm, which has been modified over the years with
various breaches, culverts, and berms to control flow
between the flow between the two arms (Figure 1).
Additionally, the railroad causeway, mineral operator
evaporation ponds, and other various impoundments

have significantly separated and controlled the flow
from Bear River Bay to the South Arm. With the
North Arm largely cut-off from major river inputs, it
has evolved to be much more saline and commonly
surpasses halite saturation, leading to precipitation of
lake-bottom and shoreline halite crusts as well as a
different color of water due to halophilic microorgan-
isms. The lake has been used by wildlife as a crucial
bird migratory location and anthropogenically for re-
source extraction. In the 1980s the lake rose nearly 8
ft due to an unusually heavy period of precipitation
between 1982 and 1987, but has been steadily shrink-
ing since, reaching a historic low in 2022. With the
ongoing reduction in the lake's size, there is an esca-
lating risk of moderate-to-severe dust storms associat-
ed with lakebed exposure and substantial changes in
the ecosystem, which could adversely impact bird mi-
grations. Additionally, the overall stability of the re-
gional ecosystem is becoming increasingly compro-
mised.

Many aspects of the Great Salt Lake’s evolution
are well documented. Since the mid-1800s the US
Geological Survey has been recording lake elevations
and water quality metrics, and since the mid-1900s
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Figure 1. Map of the Great Salt Lake system and surrounding localities, including boundaries for the North Arm,
South Arm, and Bear River Bay. Also defined are the boundaries of the North Arm mineral operator evaporation
pools included in analyses between 1984-1994 and the evaporation pool masked for halite analyses in the Bear
River Bay. The dashed rectangular line indicates the area captured by the Sentinel-2 MSI satellite and the base-
map is Landsat 8 OLI imagery from June 1st (south image) and 2nd (north image).

the Utah Geological Survey has been recording geo-
chemical measurements (Arnow, 1984; Gwynn, 2007,
Rupke and McDonald, 2012; Naftz and others, 2013).
In recent decades investigators have started assessing
the contributing factors to the decline of the Great
Salt Lake through water balance models, finding an-
thropogenic reduction of inflow and drought condi-
tions (precipitation/inflow) to be the leading drivers

of lake decline, with climate (evaporation) being a
secondary factor (Mohammed and Tarboton, 2012;
Wurtsbaugh and others, 2016; Wurtsbaugh and oth-
ers, 2017; Wine and others, 2019; Null and
Wurtsbaugh, 2020; Wurtsbaugh and Sima, 2022).
More recent reports have constrained the impact of
natural and human consumptive use to be responsible
for 67-73% of the Great Salt Lake water loss
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(Ahmadi and others, 2023). Other studies have ob-
served relationships between atmospheric oscillations
in the Pacific and multidecadal drought conditions
which directly affect Great Salt Lake levels, and de-
termined that although climate change will lower lake
levels through higher temperatures, evaporation, and
changes in the snowmelt cycle, those impacts will be
overshadowed by anthropogenic water withdrawal
and drought conditions (Wang and others, 2012; Mo-
hammed and Tarboton, 2012; Wine and others, 2019;
Hall and others, 2021; Ahmadi and others, 2023).
Further, climate models suggest there will be an in-
crease in precipitation with a warmer climate, but in-
creases in precipitation will be negated by a greater
increase in evaporation (Ahmadi and others, 2023).

Related to the impacts of a shrinking Great Salt
Lake, others have investigated dust sources around
the shoreline, impacts from dust events and dust-on-
snow, pollutant contamination of dust-derived-
sediments, regional land cover changes, and the at-
mospheric characteristics of dust events, all finding
Great Salt Lake sediments to be a significant dust
source in northern Utah (Hahnenberger and Nicoll,
2012; Hahnenberger and Nicoll, 2014; Skiles and oth-
ers, 2018; Perry and others, 2019; Nicoll and others,
2020; Carling and others, 2020). Although these as-
pects of the lake are well documented, the use of re-
mote sensing to document the changing Great Salt
Lake system is only limited to water-surface-
temperature, algal blooms, outdated classification
maps, and the common use of side-by-side true-color
satellite image comparisons (Hung and Wu, 2005;
Bradt and others, 2006; Crosman and Horel, 2009;
Hansen and others, 2016).

Here, multispectral remote sensing data of the
Great Salt Lake from 1984 to 2023 are used to assess
the evolution of sediment types and sediment area,
vegetation area, water area, and relative chlorophyll-a
concentrations between the North Arm, South Arm
(including the Farmington Bay), and Bear River Bay.
The NASA/USGS Landsat 5 Thematic Mapper (TM),
Landsat 8 Operational Land Imager (OLI), and Land-
sat 9 OLI, as well as the ESA Sentinel 2 A&B Multi-
Spectral Instrument (MSI) satellite platforms are cho-
sen for this study, where the Landsat imagery extends
back to the 1980’s while the Sentinel imagery extends
back to 2019 for this region. Combining these da-
tasets results in over 600 near-cloud-free satellite
scenes of the region from 1984 to 2023. Historically,
this volume of data prevented analyses due to the
sheer amount of work and processing power involved,
but has recently become feasible through automation
and cloud-processing platforms. The results will help
to understand the evolution of exposed sediments,
halite crust formation, changes in vegetation, and the
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relationships between land-use, climate, and increas-
ing sediment area. This work builds off of recent re-
mote sensing studies in the Bonneville basin which
utilized Landsat 5 TM and 8 OLI multispectral im-
agery to map halite, gypsum, and carbonate-muds
(lacustrine detritus; Bowen et al., 2017; Radwin &
Bowen, 2021).

METHODS

Data Sources and Cloud Processing

The Landsat TM/OLI and Sentinel MSI platforms
were used for this analysis as these sensors can cap-
ture the entire extent of either arm of the Great Salt
Lake and Bear River Bay during a single swath path,
have suitable spatial and spectral band wavelengths
for investigating surface features and types, theoreti-
cally allow for at least one image acquisition per
month, and have longevity with multispectral data ex-
tending back to the 1980s. The Landsat 5 TM, 8 OLLI,
and 9 OLI platforms have a spatial resolution of 30
m/pixel and seven bands (six for TM) ranging the
VSWIR spectrum (~350-2500 nm), with a revisit time
of 16 days (Table 1). The Landsat 5 platform was op-
erational from 1984 to 2012, and the Landsat 8 and 9
platforms have been operational since 2013 and 2021,
respectively. The Sentinel-2 MSI platform, operation-
al since 2015, has a spatial resolution that ranges from
10-60 m/pixel (max 20 m/pixel used in this study)
and 12 bands ranging the VSWIR spectrum (Table 1),
with a revisit time of 10 days (5-days including both
A&B satellites).

Although the Sentinel-2 platform has been active
since 2015, images for Utah were not acquired until
very late 2018. Additionally, the extent of the Senti-
nel swath fails to image the entirety of the Farming-
ton Bay region (Figure 1 - dashed white line), but this
is accounted for when comparing to Landsat observa-
tions by cropping the Landsat observations for vege-
tation to the extent of Sentinel 2 tiles. Image acquisi-
tion and processing is done in the cloud with Google
Earth Engine (GEE), implemented via the GEE Py-
thon 3 API in conjunction with the geemap python
package for interactive mapping and data export
(Amani and others, 2020; Tamiminia and others,
2020; Wu, 2020). Pre-processed, atmospherically cor-
rected Landsat Level 2 (Tier 1, Collection 2) and Sen-
tinel-2 Level-2A (harmonized) reflectance image col-
lections are defined from the base GEE collections,
which are then filtered to near-cloud-free images cov-
ering the Great Salt Lake region. Landsat 5 TM bands
are renamed to match Landsat 8 & 9 OLI specifica-
tions, and all the Landsat images are merged into the
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Evolution of Great Salt Lake’s Exposed Lakebed (1984-2023)

Table 1. Spectral band specifications for Landsat TM, OLI, and Sentinel MSI multispectral sensors.

Landsat5 TM Landsat 8 & 9 OLI Sentinel 2 MSI
Band Band Ssgztgsl Resolution  Band Band SS:‘;%:I Resolution  Band Band Sggfgsl Resolution
Number Name (nm) (m) Number Name (nm) (m) Number  Name (nm) (m)
Coastal Coastal
1 Blue  450-520 30 1 Aerosol 433-453 30 1 Aerosol 433-453 60
2 Green  520-600 30 2 Blue 450-515 30 2 Blue 458-523 10
3 Red 630-690 30 3 Green 525-600 30 3 Green 543-578 10
4 NIR 760-900 30 4 Red 630-680 30 4 Red 650-680 10
1550- Vegetation
5 SWIR 1 1750 30 5 NIR 845-885 30 5 Red Edge 698-713 20
10400- 1560- Vegetation
6 TIRS 12500 120 (30) 6 SWIR 1 1660 30 6 Red Edge 733-748 20
2080- 2100— Vegetation
7 SWIR 2 2350 30 7 SWIR 2 2300 30 7 Red Edge 773-793 20
Panchro-
8 matic 500-680 15 8 NIR 785-900 10
- 1360- Narrow
9 Cirrus 1390 30 8a NIR 855-875 20
10600- Water
10 TIRS 1 11200 100 9 Vapor 935-955 60
11500- SWIR -
11 TIRS 2 12500 100 10 Cirrus 1360-1390 60
11 SWIR 1565-1655 20
12 SWIR  2100-2280 20

same collection. Cloudy image filtering is accom-
plished using image cloud percentage metadata pro-
vided by the USGS and ESA (Drusch and others,
2012; Foga and others, 2017; Tiede and others, 2021),
where images with less than 10% of the scene cov-
ered by clouds are chosen to process for both Landsat
and Sentinel imagery. For Sentinel-2, many images
were found to have a significant percentage of bad-
pixels (no data), thus a bad-pixel filter was applied to
remove those images.

The size and swath path of Landsat imagery re-
sults in only one complete arm of the lake being im-
aged for each swath, meaning each arm of the lake is
observed on different dates. However, Sentinel-2 can
image both arms on the same date. For this reason, all
imagery results are split between North and South
Arm. The Landsat tile specifications are rows 31 and
32, and paths 38 and 39, while the Sentinel tile speci-
fications are 12TUM and 12TUL. Images with the
same date are combined to a single image, but images
without a paired same-date southern or northern

swath image are discarded as that indicates the other
scene isn’t suitable and the entire area couldn’t be ob-
served. Landsat 1 true-color images from 1972, 1974,
and 1979 are used for manual delineation of lake ex-
tent to provide a reference prior to the wet 1980’s.
Landsat 5 images from 1984 are used for manually
delineating the extent of the entire Great Salt Lake
system, also referencing recent imagery, to be used
for masking the data to a boundary and for exposed
lakebed area calculations (Figure 1). The exposed
lakebed is here defined as the area extending from the
shoreline to the imposed Great Salt Lake system
boundary (Figure 1) that encompasses lacustrine de-
rived sediments, evaporites, and vegetation.

Select mineral operator evaporation ponds within
the project-defined boundary of the Great Salt Lake
system are not included in the analyses. These areas
include the evaporation ponds to the southwest, west
and south of Stansbury Island, and to northeast in the
Bear River Bay, which were established prior to
1984, in addition to evaporation ponds to the north-
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west. However, the area of the evaporation pond to
the northwest, in the North Arm, is included in anal-
yses up until the evaporation pond was constructed in
1994. Similarly, the evaporation ponds situated in the
southern region of Bear River Bay are employed for
satellite monitoring, with the exception of halite de-
tections. This is to circumvent any false readings
caused by halite linked with mining activities. Other
evaporation ponds that exist within the study area are
not masked-out and are included in analyses, albeit
the remaining ponds are small in comparison to the
evaporation ponds removed from analyses. The size
of the North Arm evaporation pond accounts for
~7.6% of the area within the North Arm boundary
(Figure 1).

Spectral Indices

The general mineralogy of the Great Salt Lake ex-
posed lakebed sediments are similar to the sediments
in the proximal Bonneville basin (A.K.A., Great Salt
Lake Desert) as both landscapes share a provenance
(Lake Bonneville) and are connected by a spillway.
The general mineralogical suite can be simplified to
carbonate-rich lacustrine sediments, that comprise the
majority of the sediments, which are overlain or inter-
fingered with gypsum (CaSO,-2H,0) and halite
(NaCl) evaporite deposits that vary spatiotemporally.
The carbonate-rich lacustrine sediments are subse-
quently referred to as carbonate-muds, as they are
typically an intimate mixture of carbonates (including
authigenic coatings/cements/nodules, oolitic sands,
skeletal fragments, and intraclasts of calcite or arago-
nite; CaCQOyg), quartz grains (SiO;), and phyllosilicates
(clays/muds), but also may contain magnesite
(MgCOs3), mirabilite (Na;SO4-10H,0), and other less-
er-occurring but still prevalent minerals (Lines, 1979;
Pace and others, 2016; Newell and others, 2017; Per-
ry and others, 2019; Dunham and others, 2020;
Ingalls and others, 2020; Smith and others, 2020;
Jagniecki and others, 2021; Homewood and others,
2022). The grain size distribution as well as propor-
tion of mineralogical components varies spatially for
exposed carbonate-muds, but only the surface miner-
alogy type is considered here (Perry and others,
2019). Gypsum deposits are found precipitating from
springs found within the Great Salt Lake system, but
much of the gypsum within the system is likely redis-
tributed rather than actively precipitating, as the Great
Salt Lake chemistry is calcium limited and now an
MgSOQO, system (Hardie and Eugster, 1970; Jagniecki
and others, 2021). To map these three sediment type
classes, each satellite image is processed to mask out
other landcover, leaving only surficial sediments, and
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then each sediment type is differentiated using multi-
spectral indices adapted from work in the Bonneville
basin mapping similar surface types (Radwin and
Bowen, 2021). To map the extent of water and vege-
tation, which is used to isolate surficial sediments, the
Normalized Difference Water Index (NDWI) and
Normalized Difference Vegetation Index (NDVI) are
utilized (McFeeters, 1996; Gandhi and others, 2015;
Huang and others, 2021). For this study, the halite in-
dex takes the form of RED — SWIR1 / RED + SWIR1
and the index for gypsum and carbonate-muds takes
the form of SWIR1 — SWIR2 / SWIR1 + SWIR2. The
halite index exploits a significant drop in reflectance
from the RED (~650 nm) to the SWIR1 (~1600 nm)
bands observed in local halite spectra, which is not
observed for the other sediment types (Radwin and
Bowen, 2021). Likewise, the gypsum index exploits a
slight decrease in reflectance between the SWIR1
(~1600 nm) and SWIR2 (~2200 nm) bands observed
for local gypsum spectra, which is not typically ob-
served for the local intimate-mixture of carbonates,
quartz, or phyllosilicates (carbonate-muds).

All resulting images from surface type indices are
masked to the surface type of interest using image
histogram thresholds. For Landsat NDWI results, the
threshold is sensitive to sensor-type as well as radio-
metric differences between scenes, and is determined
for each image using an adapted Otsu image segmen-
tation technique, which is then offset by +0.15,
+0.175, and +0.175 for the North Arm, South Arm,
and Bear River Bay, respectively (Otsu, 1979; Ji and
others, 2009). The dynamic thresholding is noted to
drastically help the accuracy of water detection for
Landsat imagery, particularly at the water-shore inter-
face. Other index results use a static threshold for all
images, with differing values for Landsat and Sentinel
to account for differences between sensors. All static
thresholds are determined through incrementally as-
sessing how thresholds perform delineation of surface
type boundaries, with the goal of having the threshold
provide the greatest separation from background val-
ues without including background values in the re-
sults. For Landsat indices, the thresholds chosen are:
> 0.345 for halite, > 0.153 for gypsum, < 0.153 for
carbonate-muds, and > 0.105 for NDVI. For Sentinel,
the thresholds chosen are: > 0.58 for halite, > 0.3 for
gypsum, < 0.3 for carbonate-muds, > 0.185 for
NDVI, and > 0.06 for NDWI. Rather than employ a
separate index to map carbonate muds, the gypsum
index is also used where all unmasked sediments be-
low the threshold used for gypsum are classified as
carbonate-muds or other by process-of-elimination.
Dynamic thresholding for Sentinel NDWI images is
not applied as there are data-issues associated with
bad/no-data pixels that hinder the dynamic threshold



M H. Radwin and B.B. Bowen

processing for dozens of images with no apparent fix.
However, the NDW!I threshold for Sentinel appears to
be less sensitive compared to Landsat results. For
Sentinel-2 MSI gypsum, carbonates, and chlorophyll-
a indices, the 10 m/pixel input bands are resampled to
20 m/pixel to match the resolution of the SWIR
bands.

To assess relative chlorophyll-a concentrations,
the KIVU and 2BDA indices are used for Landsat and
Sentinel imagery, respectively (Gitelson and others,
2003; Buma and Lee, 2020). Different indices are
chosen as the Sentinel MSI sensor is better suited for
chlorophyll detection having red-edge bands. The Kl-
VU index takes the form of BLUE — RED / GREEN
while 2BDA takes the form of RED-EDGE-1/ RED.

Evolution of Great Salt Lake’s Exposed Lakebed (1984-2023)

Processing Workflow

All images are masked to the correct arm of the
lake system prior to processing spectral indices. A
systematic workflow is implemented to process each
surface type index, where the order of processing fol-
lows: 1) water (NDWI1), 2) vegetation (NDVI), 3) hal-
ite, 4) gypsum, and 5) carbonate-muds/other (Figure
2). It is important to note that the results of each index
are used to mask the image of the following index, to
ensure no pixels are classified twice. For example, the
input image for the halite index is masked to be ab-
sent of water (NDWI) or vegetation (NDVI) pixels
and is theoretically just surficial sediments. The order
of processing is chosen as NDWI and NDV1 are more
standard and broadly applicable spectral techniques
that can be used regardless of the surrounding geolog-

Figure 2. Workflow chart of methods used to define and process satellite imagery using Google Earth Engine Python

API
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ical/mineralogical context, while the sediment indices
rely on the isolation of surficial sediments with the
mineralogical framework found in the Great Salt
Lake and Lake Bonneville system for the intended
performance. The halite index is processed as the first
sediment index as it exploits a significant spectral
characteristic not found in the other sediments and is
believed to be the most sensitive of the mineralogical
indices used here. Thus, the order of index calculation
and image masking follows the most broad-to-limited
applicability for the chosen spectral indices and miti-
gates water or vegetation false-positives for miner-
alogical differentiations. Changing the order of
NDWI and NDVI should not have much impact, but
the order of the sediment indices matters as the gyp-
sum index can wrongly detect halite pixels as gyp-
sum. For the chlorophyll-a sensitive indices, the
NDWI results are used to isolate the data to water
pixels prior to processing.

All final index results are exported as single-band
images and all of the unmasked/output pixels are used
to determine the surface area extent of each class. Ar-
ea calculation of each class result requires the use of
GEE specific area functions to account for the projec-
tion of each pixel and calculate the geodesic area of
each unmasked pixel. Area calculations without ac-
counting for projection are greatly overestimated. All
pixel-areas of unmasked pixels for each index result
are summed together to estimate the total area of the
class. These results are stored and exported as tables
for analysis. In contrast, for the KIVU and 2BDA
chlorophyll-a indices, the mean value of all unmasked
pixels is calculated for each arm to represent the rela-
tive chlorophyll-a concentrations.

Other Data, Issues, and Error

From the index results, the exposed lakebed area
is estimated by summing the area of vegetation, hal-
ite, gypsum, and carbonate-muds/other, while the cal-
culated exposed lakebed area is estimated by subtract-
ing the water area from the total area of the respective
arm of the lake. A calculated exposed lakebed area is
also presented for true-color images before 1984,
where the water area is manually delineated and sub-
sequently subtracted from the total area. The mod-
elled exposed lakebed area is calculated by subtract-
ing the modelled water area from the total area for
each region. Erodable exposed lakebed area is calcu-
lated by summing the area of the gypsum and car-
bonate-muds/other classes, as these sediment types
are unconsolidated and potentially susceptible to eoli-
an transport. It is assumed that halite and vegetation
around the rest of the exposed lakebed aids in retrain-
ing sediments from eolian transport by adding a pro-
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tective surface (Reynolds and others, 2007). Howev-
er, it has been observed that salt crusts may also con-
tribute to dust events if enough desiccation and/or
wind occurs (Bucher and Stein, 2016).

Additional products presented derived from spec-
tral results are lake area extent boundaries
(shapefiles) from select images, as well as a historical
halite classification map derived from summing all
halite index results for the North Arm. Lake area ex-
tent shapefiles are produced using the output NDWI
rasters in ArcGIS Pro, where the rasters are converted
to shapefiles, boundaries are dissolved, and all fea-
tures except the main water body are removed. The
historical halite classification map is also produced in
ArcGIS Pro by summing all pixel-cell values for all
North Arm halite images, which effectively produces
a historical occurrence map of halite crusts across the
lakebed since 1984. The halite values were then clas-
sified by value to ten quantiles to form a decile classi-
fication map to better assess distribution patterns.
Daily precipitation data are acquired from NOAA sta-
tion USW00024127 at the Salt Lake City Internation-
al Airport, which is situated proximal to the southern
end of the lake. River discharge data for the Bear, Jor-
dan — West, Jordan — East, and Weber rivers are taken
from USGS stations 10126000, 10171000, 10170500,
and 10141000, respectively. Each station is proximal
to the lake and roughly represents the river-water in-
flux into the lake system. Yearly-running-averages of
Palmer Drought Severity Index (PDSI) data, a relative
dryness/drought indicator using temperature and pre-
cipitation data, is acquired for the Great Salt Lake re-
gion from 1982-2020 from Climate Engine using the
gridMET Drought (4km resolution) dataset. A poly-
gon is used to define the general area of the Great Salt
Lake system in Climate Engine and the mean PDSI
value of all gridded pixels within the polygon is cal-
culated then exported.

Although official cloud percentage metadata are
used to filter out cloudy scenes, it is noted that over
30 scenes show excessive amounts of clouds and are
removed from analyses. This poor performance of the
cloud detection algorithm is shared between both
Landsat and Sentinel products but is infrequent as it
occurs in only about five percent of the total amount
of images. Other issues such as snow, smoke, and
surficial-cyanobacteria-growth are observed for a
handful of images and those are also excluded from
analyses. However, over 15 other Landsat images
were excluded from analyses due to strange image ar-
tifacts, encompassing much of the water body, result-
ing in a plethora of missing pixels for some or all of
the spectral bands. In total, the observations from 80
images are excluded from analyses.

Given the constraints and limits of manually be-
ing able to differentiate surface types from multispec-
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tral satellite imagery, as well as the vast spatial and
temporal scope of the study area, one of the only error
assessments available is to assess the performance of
water-body detection with manually derived compari-
sons. Three locations around the lake are chosen for
two separate Landsat scenes, and for each region the
waterbody is manually delineated and the area is cal-
culated and compared to the area reported by NDWI
for the same locations. The magnitude of difference
between the results is used as a rough error metric, in-
dicating a difference of <1% for deep waters and dif-
ference of ~4% for shallow waters such as the Farm-
ington Bay. It is observed in many resulting images
that when the water in Farmington Bay is shallow,
NDWI has difficulty and typically underestimates the
water area. The performance of the vegetation and
halite results appear to be very robust in that there is
clear separation from background values when as-
sessing the resulting images. Additionally, it is worth
noting that both indices use a conservative threshold
and thus may slightly underestimate the total area of
these classes, as it is observed for many images that
there is a slight halo around regions of classified pix-
els with values that could be also included in the class
-of-interest as they are well-separated from back-
ground values.

A temporal model of Great Salt Lake water area is
also included as a comparator for water-body detec-
tion performance and as an additional source of data.
The model is based on a univariate spline interpola-
tion of published values for area vs elevation of the
lake, and estimates area via lake elevation data from
USGS water-station sites 10010000 and 10010100
(Robert, 2005; Robert, 2006). The modelled values
are a rough estimate as the initial resolution of the
lake area data is for every 0.5 ft of lake elevation.
However, the interpolation strongly matches the
USGS curve as the interpolation utilizes 15 break-
points (4169, 4171, 4173, 4178, 4183, 4188, 4194,
4200, 4201, 4203, 4205, 4207, 4209, 4211, and 4214
ft; Figure S1). Sources of differences between the
modelled and observed area values primarily stem
from differences in the boundaries utilized. The
USGS North Arm area data does not include the
evaporation pond to the west, which is included in
this study in analyses until 1994, and the USGS South
Arm area data includes the large evaporation pond
west of Stansbury island, which is not included in
analyses from this study and accounts for significant
differences between the model and NDWI up until the
year 2000 (when the water elevation dropped below
the level which would naturally inundate the evapora-
tion ponds). Nonetheless, the model provides a useful
comparison and shows robust agreement with the
NDWI results.

Evolution of Great Salt Lake’s Exposed Lakebed (1984-2023)

RESULTS & DISCUSSION

Water and Exposed Lakebed Area Evolution

The resulting time series data show a stark evolu-
tion in the surface area of the lake that closely follows
the trends from lake elevation data as well as the
modelled surface area (Figure 3). Annual oscillations
in lake level are observable for years with more than
about three images, as confirmed by the lake eleva-
tion and modelled data (Figure 3a). Sentinel imagery
have a much higher temporal resolution and capture
annual oscillations in greater detail. After the year
2000, the image-derived and modelled water areas
have strong agreement, where the weaker agreement
is due to the modelled area including a portion of the
South Arm salt pool areas for years prior to 2000. The
observations between the Landsat and Sentinel plat-
forms appear to agree well and show relatively little
difference.

The water surface area for both arms of the lake
increase drastically from the 1970’s into the mid
1980’s where the lake filled due to significant precipi-
tation, then slowly decreases in time with only a
handful of wet years to follow. For the Bear River
Bay, the water surface area decreased alongside fall-
ing lake levels until the early 2000’s when the mod-
elled and observed water area began to diverge. The
modelled water area suggests the Bear River Bay
should have been absent of standing water Around
2005, but the observed area indicates an anthropogen-
ically maintained water surface area between 200 and
500 km?, with an average of 300 km?. After 2005 the
Bear River Bay water surface area no longer followed
trends in lake elevation change. Since the maximum
extent of 1986-1987, which closely resembles the es-
timated mean lake area in the absence of anthropo-
genic consumption (Wurtsbaugh and others, 2017),
the total observed lake area has decreased from
~5,700 km? to ~2,590 km? during the summer
months, a loss of ~45%. When considering just the
North and South Arms, the observed lake area has de-
creased ~30% from ~3,400 km’to ~2,380 km?since
1979. The South Arm water area has responded great-
er to lake elevation change, losing >250 km”more
than the North Arm since 1986, with the drying up of
the shallow Farmington Bay being partly responsible.
During lowstands the South Arm water area is seen to
oscillate in greater amplitude compared to the North
Arm water area, which is coincident with the South
Arm being directly influenced by seasonal fluxes in
river input and association with more shallow
lakebed. However, during highstands, when the lake
arms are closer to equilibrium in elevation, the water
areas fluctuate similarly. In contrast, the water area
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Figure 3. Evolution of lake surface area (a), lake elevation (b), exposed lakebed surface area and daily precipitation
(c), monthly river discharge rate and Palmer Drought Severity Index (PDSI) (d), and lake-input depletion data (e)
(from Wurtsbaugh and others, 2017). The dashed horizontal lines on panel a) indicate the estimated natural mean
area of each arm of the lake (corresponding to ~4,207 ft lake elevation) in the absence of anthropogenic consumption
(Wurtsbaugh and others, 2017). The dashed horizontal line on panel b) indicates the 4,194 ft topographic threshold.
Also included are color bars indicating times of the anomalous wet period (light blue), west desert pumping project
(light purple), and maximum halite crust extents (light green). Error bars of -2.5% and +5% are used for lake surface
area measurements, as it is more likely to underestimate the observation than overestimate. For the South Arm, be-
tween 1995 and 2015, the error bars show -2.5% and +10% due to the shallow Farmington Bay waters. The analyses
do not include the North Arm salt pool after 1994. Arrows indicate specific events in time. The lake and exposed
lakebed surface area panels (a, c) include remotely sensed area estimates and the modelled area derived from pub-
lished surface area vs elevation calculations (Robert, 2005; Robert, 2006). Lake elevation data are from USGS water-
stations 10010000 and 10010100. Daily precipitation data are from NOAA station USW00024127 at the Salt Lake
City International Airport. Monthly river discharge rate data for the Bear, Jordan — West, Jordan — East, and Weber
rivers are from USGS water-stations 10126000, 10171000, 10170500, and 10141000, respectively. PDSI data ac-
quired from Climate Engine for the Great Salt Lake region.
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fluctuations within the Bear River Bay appear to fol-
low greater seasonal and inter-seasonal variations, as-
sociated with seasonal flow variations for the Bear
River and water-management actions.

For years with significant rains (Figure 3c), where
the water elevation has been able to rebound multiple
feet, the water area can be seen to dramatically in-
crease, typically by 500-750 km?, between the North
and South Arms. For example, the wet year of 2011
increased the lake elevation by ~4 ft and North +

Evolution of Great Salt Lake’s Exposed Lakebed (1984-2023)

South Arm area by ~670 km? (Figure 4). As the to-
pography of the lake-bottom becomes significantly
steeper below ~4,194 ft, water elevation changes be-
low this elevation have significantly less impact to
water area (Figure S1; Robert, 2005; Robert, 2006).
Starting in 2003 the mean lake elevation began to
fluctuate near 4,194 ft, which lasted until about 2020,
and whenever lake elevation is seen to drop below
~4,194 ft there are noticeably less significant changes
in water surface area. Knowing that the lake area is

Figure 4. Water boundaries of both the North and South Arms for all the major lowstands since 1986 (1995, 2005,
2011, 2016, and 2022) compared to the highstand boundary of 1986. The boundaries show the outermost boundary and
do not include interior boundaries such as the boundaries along island perimeters. The southwestern North Arm evapo-
ration pool is only included for the 1986 boundary and the Bear River Bay is not included. A lake elevation plot is inset
in the upper right as reference, with the data being from USGS water-stations 10010000 and 10010100. The basemap
is the ESRI World Hillshade map with an ESRI highway layer. The 2005 and 2011 boundaries are close to the ~4,194 ft

threshold.
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more sensitive to lake elevation above ~4,194 ft indi-
cates that lake managing efforts should aim to keep
the lake at least above ~4,194 ft to maximize the area
of the lake and sediment coverage. Ideally, when con-
sidering maximizing water area (sediment coverage),
the water elevation should be kept above ~4,200 ft so
fluctuations don’t drop near the ~4,194 ft threshold.
Maximizing sediment coverage will be increasingly
important in the future to mitigate more-significant
dust events. A recent report for policymakers deter-
mined the optimal range of lake elevation is between
4198 and 4205 ft, with a transitionary zone between
4195 and 4198 ft, based on impacts to air quality,
ecosystem, mineral production, recreation, and brine
shrimp viability (Ahmadi and others, 2023). These
proposed elevations align with the presented mini-
mum threshold of ~4194 ft, and if implemented
would result in a North + South Arm lake area of
~3,100 to ~4,700 km? roughly 700 to 2,300 km?
greater than the lake area in 2022.

Associated with the lake surface area change, the
total observed exposed Iakebed area has lncreased
~2,985 km?, from ~504 km? to ~3,489 km? over 36
years (Flgure 3c). Assessed as a simple trend, this
suggests the rate of exposed lakebed area growth has
been roughly 80 km? per year. Compared to 1979, be-
fore the significantly wet period, the exposed lakebed
area for the North and South Arms has increased
~1,000 km?, from ~1,600 km® to ~2,600 km?. Since
1986-1987 the South Arm has exposed nearly 50%
more exposed lakebed compared to the North Arm, as
the South Arm has had a stronger response to water
level dropping. However, much of this additional ex-
posed lakebed, particularly in Farmington Bay, has
been altered from a saline mudflat to a vegetated wet-
lands ecosystem with the rapid encroachment of
phragmites. Erodable exposed lakebed, exposed
lakebed without vegetation or halite crusts to entram
the sedlments has increased from ~330 km?
~2,750 km? since 1986-1987 for the total lake system
Erodable exposed lakebed increased by ~900, ~1,110,
and ~390 km? for the North Arm, South Arm, and
Bear River Bay, respectively, since 1986-1987. The
Bear River Bay has had much less of an increase in
erodable exposed lakebed due to anthropogenic
maintenance of surface waters and the smaller size of
the subsystem area. Although vegetation and halite
help to protect a sizable portion of the exposed
lakebed surface, erodable exposed lakebed has con-
sistently dominated more than 80% of the exposed
lakebed surface, except for Bear River Bay where the
average proportion of erodable lakebed surface has
been roughly 60%. A caveat associated with vegeta-
tion growth protecting the surface is that much of the
vegetation in the South Arm is due to invasive Phrag-
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mites, which consume significant amounts of water
compared to native vegetation (Kulmatiski and oth-
ers, 2011).

Precipitation and river discharge data (Figure 3c-
d) help explain major changes to water and exposed
lakebed area, where years with significant rains typi-
cally result in a much greater river discharge which
significantly increase water area and decrease ex-
posed lakebed area. However, years with higher
amounts of precipitation but no increase in river dis-
charge (i.e., 2002, 2003, and 2015), associated with
river diversion/extraction for agricultural and other
uses (Figure 3e), are seen to have little effect on the
lake/exposed lakebed area (Wurtsbaugh and others,
2017; Ahmadi and others, 2023). Thus, although pre-
cipitation directly impacts river discharge, if con-
sumption of the river waters is too great there may be
no increase in water/exposed lakebed area and per-
haps a decrease. Utilizing a yearly-running-mean of
the Palmer Drought Severity Index (PDSI) emphasiz-
es wetter and drier periods, effectively separating pe-
riods with low and high river discharge connected to
climatic cycles (Figure 3d). The PDSI values of the
mid-1980’s and late 1990°s are indicative of wetter
periods (>1), which is clear from precipitation and
river discharge data, but the mid-2010’s are indicated
to be transitional (~0) although discharge into the lake
was relatively low. In general, trends from PDSI fol-
low trends from lake elevation and area well up until
~2013, where infrequent but significant precipitation
caused the PDSI to slightly rise but the lake elevation
and area continued to decline.

Exposed Lakebed Evolution

Results from the spectral indices for vegetation,
halite, gypsum, and carbonate-muds highlight key
similarities and differences between the North Arm,
South Arm, and Bear River Bay (Figure 5). Sentinel
and Landsat surface classifications agree well, alt-
hough there are noticeable differences during 2022
where Sentinel appears to underestimate the vegeta-
tion and evaporite extent. The most significant differ-
ence between the sediments shared between the lake
regions is that the extent of evaporite formation is
magnitudes greater in the North Arm (Figure 5a-e).
Carbonate-muds comprise the majority (>75%) of the
exposed lakebed for all lake regions and vegetation is
typically the second most prevalent land cover type.
Through the temporal evolution of exposed lakebed
area, the percentage of each surface type appears to
stay relatively consistent through time, in that there
haven’t been any significant changes to the propor-
tion of sediment types as the lake has rapidly
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Figure 5. Percentage of each surface type for the North Arm (a-b), South Arm (c-d), and Bear River Bay (e) exposed
lakebed areas, split between Landsat (a, c, e) and Sentinel (b, d) observations, as well as the percentage of erodable
exposed lakebed area and detected halite area for the North and South Arms (f). The dashed line on f) indicates the

percentage of erodable exposed lakebed.

dropped. This is also observed through temporally as-
sessing the percentage of erodable exposed lakebed
(Figure 5f — dashed line) which consistently oscillates
between ~75-95% of the exposed lakebed area for the
North and South Arms. Seasonal oscillations in extent
for vegetation and evaporites coincide with wet/cold
and dry/warm seasons, as seen by the annual fluctua-
tions of exposed lakebed land cover proportions by
~5-20%. Seasonal variation in halite extent appears to
be greatest for the Bear River Bay, as there are spikes
of halite detection during the winter months when the
surface waters are at a minimum extent (Figure 5e).
However, the halite variations in the Bear River Bay
are likely overestimated by the sensor as the values
appear unreasonably high. Overall, evaporites appear
to be lesser occurring in Bear River Bay as compared
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to the North and South Arms, and minimally contrib-
utes to the Bear River Bay lakebed outside of winter
months.

Halite crust formation has been a significant part
of the evolution of the North Arm exposed lakebed
area (Figure 5a,f). Halite crust in the North Arm is
formed from either evapoconcentrating pore-waters
of surficially saturated sediments or by precipitation
of halite in the supersaturated lake waters and accu-
mulation on the lake-bottom. Spanning much of the
North Arm lake-bottom is a robust and thick (>1 ft)
halite crust, which becomes partially exposed around
the perimeter of the water when the lake recedes
(Rupke and others, 2016; Rupke and Boden, 2020).
Additionally, during the warmer months the waters
and saturated sediments on and/or near the fringe of
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the water-sediment-interface commonly reach halite
supersaturation through evapoconcentration, or are al-
ready supersaturated, and form halite crusts that vary
in extent depending on a variety of factors (Jagniecki
and others, 2021). From the satellite observations, the
greatest observed extent of halite in the North Arm is
roughly 150 km?, in contrast to the greatest observed
extent of halite in South Arm of roughly 30 km?
However, the temporal evolution of halite crust extent
in the North Arm is complex and the average extent
of halite since 1990 is ~78 km®. Seasonal fluctuations
in halite crust area can vary in magnitude but it is
common to see changes greater than 50 km? during
the wet and cold months when halite crusts dissolve
and/or when sediments wash in and mask the crust
surface.

Gypsum extent appears to be independent of hal-
ite formation, as gypsum extent is observed to vary
regardless of halite. However, gypsum extent follows
seasonal variations where the greatest extent is during
the colder and wetter months, and is most prevalent in
the North Arm, despite that active gypsum precipita-
tion of significant amounts is unlikely to occur from
lake waters. These observations may be attributed to
seasonal coverage/reworking by loose sediments or
halite crusts, detecting other hydrated sulfate rich
minerals (such as mirabilite), or annual cycles of gyp-
sum precipitation from springs or interstitial brines
(Jagniecki and others, 2021). Significant aggregates
of mirabilite, if present, are likely classified as gyp-
sum, as their mineralogy and spectral characteristics
are similar (Kokaly and others, 2017). As gypsum ob-
servations are greatest in winter when mirabilite is
known to form in the Great Salt Lake system, it is
reasonable to interpret that the observations are in-
deed incorporating detections of mirabilite, which
suggests the variations are less in part due to varia-
tions in gypsum distribution but rather variations in
the combined distributions of gypsum and mirabilite.
It is likely a significant portion of the surficial gyp-
sum at a given time is retained from previous years
due to redistribution to drier, more protected zones.
Redistributed gypsum may also be a by-product of
evaporative mining in the system. Although the South
Arm forms few halite crusts, gypsum spatiotemporal-
ly accounts for an appreciable portion of the exposed
lakebed surface, which may be a valid observation or
indicate the gypsum threshold is too low as the re-
ported amounts of gypsum are unexpectedly signifi-
cant. Observations from Bear River Bay indicate a
minimal presence of gypsum, a finding that is con-
sistent with the bay's fresher water qualities but may
also be associated with local geology, biological me-
diation, and/or hydrologic processes.

Vegetation in the Great Salt Lake system spread
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dramatically starting in the early 1990s, where vege-
tation in the South Arm and Bear Rlver Bay started
growing with rates of ~9 and ~11 km? per year, re-
spectively (Figure 6a). The areas of greatest vegeta-
tion growth are associated with the Farmington and
Bear River bays, with the Bear River Bay hosting the
most vegetation. The Bear River Bay hosts a variety
of agricultural, wetland, and floodplain vegetation
types while the Farmington Bay mainly hosts wetland
vegetation types. The greatest seasonal variations in
vegetation area are attrlbuted to Bear River Bay,
which can vary over 300 km? (up to >90%) from sum-
mer to winter, with the South Arm also showing sig-
nificant seasonal variations. In 2020 the area of vege-
tation in the Bear River Bay spiked over 500 km?,
340+ km? (>300%) greater than pre-1995 observa—
tions of vegetation area. The area of vegetation in
2022 is ~400+% greater than the area of vegetation
between 1984-1994. Vegetation in the North Arm
shows no significant growth up until around 2010,
when vegetation started growing rapidly and quadru-
pled in area in about 6 years. However, since 2019 the
extent of vegetation in the North Arm has dropped
dramatically. NDVI comparisons between Landsat
and Sentinel agree extremely well, possibly better
than any of the other indices used in this study. Over-
all, satellite observations suggest vegetation is rapidly
encroaching on the exposed lakebed of the Bear River
Bay and Farmington Bay.

Chlorophyll-a analyses represent the mean rela-
tive chlorophyll-a concentration for each arm of the
lake and shows much different temporal results for
both arms of the lake (Figure 6b-c). Although the mi-
crobiology of both arms is greatly different and that
many of the organisms don’t produce chlorophyll-a
but produce carotenoids (a different biotic pigment),
it is expected the chlorophyll-a indices should still
capture changes in pigment (Weimer and others,
2009; Roney and others, 2009; Baxter, 2018). The
North Arm shows a continual decrease in relative
chlorophyll-a concentrations through time, having the
greatest decreases between ~1992-1995 and ~2012-
2013 (Figure 6b). In contrast, the South Arm shows a
relatively consistent average chlorophyll-a concentra-
tion that fluctuates seasonally with variations in tem-
perature, nutrient flux, and turbidity (Figure 6c).

Sentinel 2BDA results, which are likely more sen-
sitive to true chlorophyll-a changes due to the inclu-
sion of a red-edge band, capture large seasonal chlo-
rophyll-a fluctuations in the South Arm that are much
greater in amplitude than changes in the North Arm.
Given that the salinity of the North Arm is much
greater than the South Arm due to a lack of inputs,
and that turbidity is much lower in the South Arm, the
biotic regime is known to be much different and ex-
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Figure 6. Evolution of vegetation area (a) for each region of the Great Salt Lake and mean relative chlorophyll-a con-
centrations for the North (b) and South (c) Arms from both Landsat and Sentinel data. The dark green line of panel a),
labeled “South Arm — Landsat (Sentinel Bounds)” shows the area of vegetation in the South Arm for Landsat data that
are clipped to the extent/boundary of the Sentinel-2 imagery for direct comparison.

plains the differences between the lake arms. Reason-
ing to explain the continual decline of chlorophyll-a
in the North Arm is that in the 1980s when the lake
filled the salinity dropped drastically, nutrient flux in-
creased, and turbidity increased all leading to condi-
tions favorable for microorganism growth. As the
North Arm has evolved to be more saline, the micro-
organism community transitioned to saline-favorable
organisms and subsequently the less halotolerant mi-
croorganisms died (Almeida-Dalmet and others,
2015; Baxter, 2018). Additionally, it has been ob-
served that the modern community of microorganisms
in the North Arm is more resistant to changes in salin-
ity and temperature than in the South Arm (Almeida-
Dalmet and others, 2015), which may explain the
slower rate of observed changes between 1995 and
2013 as well as the smaller magnitude of seasonal
changes in the North Arm. The Landsat and Sentinel
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results agree well for changes in chlorophyll-a con-
centration in the North Arm but appear inversed for
the South Arm, which may be due to environmental
noise or the limitations of the Landsat TM and OLI
sensors to observe changes in chlorophyll-a response
of the microorganisms present in the South Arm.

Evolution of Halite Crusts

Exposed halite crusts in the North Arm were non-
existent during the highstand following the mid-1980s
but started forming or becoming exposed in the early
1990s (Figure 5f). Overall, it appears halite crusts
grow in extent as lake levels recede to lowstands
(1995, 2004, 2010, 2015, and 2022) and when there is
moderate-to-significant annual variations in water
surface area (annual redistribution of saline waters to
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sediment-pore-spaces). In contrast, the halite crusts
appear to shrink during periods of wet seasons or ex-
tended exposure. Following a wet season that dis-
solved most of the halite crusts in 1998, the lake
reached a highstand in 2000 then slowly receded
where halite crusts subsequently reached a maximum
extent of ~163 km? in October 2002 and 2003. Fol-
lowing 2003 the extent of halite crusts slowly
dropped until another wet year during 2011, which
quickly diminished halite extent and was followed by
receding lake levels through 2016. Halite crusts grew
again in 2013 to extents similar between 2005-2010
but then started shrinking to the lowest extent in
roughly 20 years in 2017. Since 2017 halite crusts
have been slowly growing again, increasing in size
leading up to the lowstand of 2022, but are roughly
half the size of crusts observed between 2005-2010
and a quarter of the maximum extent.

Changes in halite crust extent are observed to par-
tially correspond to significant water management
changes. In 2012 the western culvert allowing for
flow between the South and North Arm was closed
and similarly in 2013 the eastern culvert was closed
(Figure 3b and 5f). The closure of both culverts led to
a drop in lake elevation for the North Arm of greater
than 5 ft as the North Arm no longer had any major
water input. The rapid drop in lake elevation would
have led to exposure of nearshore salt crusts that were
previously under water, which is likely responsible
for the increase in halite crust area in 2013. Subse-
quent rain and sheetflow events would have progres-
sively dissolved the exposed lake-bottom halite crust,
as seen from 2013 to 2016. In late 2016 a causeway
bridge was opened to resume flow into the North
Arm, which resulted in a rapid increase in water ele-
vation and dilution of the North Arm water salinity
(Jagniecki and others, 2021). The significant decrease
in halite extent during the early summer of 2017 is
likely due to the mixed contribution of rapid water
level increase and the influx of fresher waters. Rapid
water level rise, where the lake rose several feet over
the course of a few months, would have inundated
and/or dissolved nearshore halite crusts, and fresher
water influx undersaturated the water with respect to
halite leading to halite dissolution. Waters appear to
have reached halite saturation by late 2017 into early
2018 as halite crusts reappear (Figure 5e). These ob-
servations indicate that water management, specifical-
ly managing the flow from the South Arm to the
North Arm, has a large impact on halite crust for-
mation processes.

Aside from direct precipitation (meteoric rain and
snow), inundation, and water management, mirabilite
formation driven by cold temperatures may be partly
responsible for the decreases in halite crust extent,
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specifically for years where the winter months pro-
vided little precipitation but the halite extent dropped
significantly. Reports have identified that during the
colder months mirabilite precipitates from the North
Arm water column and effectively lowers the salinity
of the water to the point where the water becomes un-
dersaturated with respect to halite (Jagniecki and oth-
ers, 2021). This process may cause the lake water and
sediment-pore-water to dissolve halite crusts along
the shoreline during the winter months, even in the
absence of precipitation.

Spatial Distribution of Surface Types

Although the time series results provide valuable
information regarding the overall evolution of the
lake system, the classification map results help under-
stand the distribution of the surface types, which is
useful for interpreting the processes responsible for
shifts in exposed lakebed composition and cover. The
classification results for the North Arm show that dur-
ing the highstand of the 1980s when lake levels were
very high there is little exposed lakebed exposed, but
what lakebed is exposed is associated with a signifi-
cant amount of vegetation (Figure 7a). Following this
time, the lake declined rapidly into the 1990s where
significant exposed lakebed area appears with sizable
halite crusts focused on the northwest sector of the
exposed lakebed and much less vegetation (Figure
7b). The halite crusts during this period extend rough-
ly 1-4 km from the shoreline and show a close associ-
ation to proximal gypsum deposits that are likely un-
derlying much of the halite. Gypsum appears most
prevalent in the North Arm during the 1990s but also
reappears in similar extent in later years (Figure
7b,c,h). The classification maps from 2002 and 2006
show some of the greatest extents of halite, where the
map from 2002 shows halite at its near-maximum ex-
tent with crusts on average extending 5 km from the
shoreline on the western side (Figure 7d). Additional-
ly, during this period sizable crusts are observed on
the eastern side near the location of the Spiral Jetty.
Although the lake area in 2011 rebounded to near the
2002 extent, the distribution of halite crusts during
and after 2011 is dramatically less and is limited to
about 1-2 km from the shoreline (Figure 7f). This
suggests that the majority of exposed halite crusts in
the North Arm are formed as part of the lake-bottom
crust rather than evapoconcentration of saturated sedi-
ment-pore-water, and that the lake-bottom crust did-
n’t have suitable time or conditions to grow near the
2002 extent during the highstand of 2011. In 2017 the
vegetation in the North Arm is seen to grow dramati-
cally and the water area decreased, along with a thin
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Figure 7. North Arm classification maps illustrating surface type distributions during 1986 (a),
1992 (b), 1996 (c), 2002 (d), 2006 (e), 2011 (f), 2017 (g), and 2022 (h).
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extent of halite along the western perimeter of the
shoreline (Figure 7g). The 2022 classification is simi-
lar, with a further decline in water extent but perhaps
somewhat more halite distributed about the shoreline
as well as on the outside perimeter of the salt ponds to
the southwest (Figure 7h). However, the vegetation
growth observed in 2017 is absent in 2022 and there
is significantly more distributed gypsum to the north-
west.

In general, as the water elevation and water area
decreased, the halite has been focused around the
western side of the North Arm shoreline and crusts
have slowly fallen in elevation and extent alongside
the lake. It is likely that the shallow slope of the
lakebed on the western side of the North Arm has
contributed to the greater observed extents of halite
crust. A historical halite distribution map, produced
by summing all halite images in the North Arm and
classifying the image using deciles (ten quantiles),
emphasizes the lateral migration of halite crusts
through time as the areas where halite crusts repeated-
ly formed on the western side have much greater val-
ues (recurrence of detections) than the surrounding
landscape but extend nearly 10-15 km from the mod-
ern shoreline (Figure 8). Recent crusts, which rim the
water boundary, show up within the lower decile clas-
ses, reflecting less recurrent observations of halite in
those areas since 1984. Spherical-to-ellipse shaped
zones with high pixel values (>80" decile) on the
western side may be local lows that promoted halite
crust formation through ponding. Although the west-
ern side has been the predominant location for halite
crust formation, the map shows that halite crusts have
formed along the entire shoreline since initial expo-
sure in 1990. Years with the most halite appear to
correspond to years where there has been a sustained
drop from higher-to-lower water elevations exposing
the robust lake-bottom crust and/or where the water
elevation is above ~4,194 ft such that the exposed
lakebed slope is shallower. When the water levels
seasonally fluctuate above ~4,194 ft a broader area of
sediments can become saturated with saline waters,
which should result in more expansive halite crust
formation during the summer months when evapo-
concentration of sediment-pore-water can form a thin
halite crust on the surface. This effect may explain
why recent halite crusts have been much smaller than
the crusts observed between ~1995-2013, as the water
elevations have been on average below ~4,194 ft and
the seasonal water area fluctuations are much less.
Alternatively, the opening of the new causeway
breach in 2016, which allows for much greater south-
to-north flow, could be responsible for the smaller re-
cent crusts, as the waters significantly dropped in sa-
linity and have been slowly recovering. Both seem
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reasonable explanations that can occur in conjunction,
however, it appears lake-bottom crust temporally
composes the majority of exposed North Arm halite
crust. Thus, the new causeway has likely had a great-
er impact on recent halite crust formation/exposure
than changes to seasonal redistribution of saline wa-
ters to sediment-pore-spaces.

In contrast to the North Arm, classification results
for the South Arm show a much different distribution
of sediment types and vegetation. In 1986 the South
Arm was very full (Figure 9a) but decreased signifi-
cantly into the 1990s, leading to lakebed exposure
and the start of vegetation growth in the Farmington
Bay region (Figure 9b-c). Relatively little halite is ob-
served in the South Arm during the 1990s except for a
small crust and associated gypsum to the south. The
2002 and 2006 classification maps (Figure 9d-e)
show the initial decline of Farmington Bay waters and
indicate some small halite crusts to the south. In 2006
there is a significant increase in gypsum extent that
appears to be linked to the gypsum distributions
through 2017 (Figure 9e-g). The 2011 map shows a
significant increase in water and vegetation area, but
also highlights water detection issues in the shallow
and turbid Farmington Bay as some of the water area
is classified as carbonate-muds and vegetation (Figure
9f). The maps from 2017 and 2022 (Figure 9g-h)
show drastic reductions in water area for the Farming-
ton Bay alongside slight vegetative growth and a
somewhat significant halite crust to the south that is
roughly 5 km long and 2 km wide. The water eleva-
tion and area during 2022 was the lowest ever record-
ed. The 2022 classification map also shows errors for
shallow and turbid water detection as the outer lateral
sides of the water in the Farmington Bay (now in a
channel) are detected as carbonate-muds (Figure 9h).

CONCLUSIONS

This study processed over 600 reflectance satellite
images to better understand the evolution of the wa-
ter, vegetation, halite, gypsum, and carbonate-mud
land cover types in the Great Salt Lake system from
1984 to 2023. The results highlight the magnitude and
pace of changes in the system, showing that the ex-
posed lakebed area and halite crust area has respond-
ed significantly to lake elevation changes through
time. Since 1986-1987 the total lake area has de-
creased by ~45%, from ~5,700 km? to ~2,590 km?
during the summer months, where the South Arm has
decreased in greater extent than the North Arm. Like-
wise, the exposed lakebed area has increased by
~2,985 km? over 36 years and reached an area of over
~3,489 km?in 2022. The Bear River Bay followed a
natural decline in water area up until ~2000, when the
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Figure 8. Decile classification raster produced from the summation of all North Arm halite pixel cells between 1984
and 2023, showing the historical halite distribution and areas with most-or-least recurrent halite crusts. Values are
separated into ten quantiles (deciles), where the largest decile indicates the greatest summation of halite values and the
most common historical sites of halite formation. Modern halite crust locations, confined near the water boundary,
have had significantly fewer recurring observations and are classified in lower deciles. The basemap is Landsat 8 OLI
imagery from June I* (south image) and 2" (north image).

water area diverged from the natural evolution to be
anthropogenicall;/ maintained near an average surface
area of ~300 km*.

The critical elevation of ~4,194 ft, where there is
a shift in the topographic slope of the lake-bottom,
has a sizable impact on the magnitude of water/
exposed lakebed area changes and should be of im-
portance to land-managers and law makers associated
with the management of the Great Salt Lake. Above
~4,194 ft the lake responds much more significantly
to changes in elevation, such that the water area in-
creases significantly even for small changes in water
elevation. This is not only important to maintain a
healthy size of the lake but to promote evapoconen-
trative halite formation in saturated sediment-pore-
waters, as it appears halite crusts have formed in more
distributed amounts when the lake fluctuates in eleva-
tion above ~4,194 ft and effectively saturates more
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sediments with a saline brine. Furthermore, a greater
extent of lake waters promotes expanded lake-bottom
halite crust formation, which would be exposed when
lake levels recede. Years with significant river dis-
charge into the South Arm, which can sometimes be
associated to years with lower river water consump-
tion rather than higher amounts of precipitation, are
observed to rapidly and significantly increase the wa-
ter surface area, typically by 500-750 km? This sug-
gests that water conservation efforts, that would lead
to a greater annual river discharge into the Great Salt
Lake, have the potential to significantly increase the
surface area of the lake.

Halite crusts are predominantly observed in the
North Arm, where the extent of crusts has undergone
a complex evolution since the 1980°s. The maximum
extent of halite occurred between 2002 and 2003 in
the North Arm, with crusts extending over 150 km?.



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors 2024 Utah Geological Association Publication 51

Figure 9. South Arm classification maps illustrating surface type distributions during 1986 (a), 1992 (b), 1995 (c),
2002 (d), 2006 (e), 2011 (f), 2017 (g), and 2022 (h).
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Since the peak extent halite crusts have significantly
shrunk, related to changes in land-use, lake elevation,
and annual fluctuations. The most important control
over halite extent appears to be associated with the
lake-bottom crust formation/accumulation, topogra-
phy, and magnitude of seasonal fluctuations. Periods
of elevated water levels facilitate the restoration and
expansion of the lake-bottom halite crust. Subsequent
receding water levels then enable the exposure of
these crusts. Greater seasonal elevation fluctuations
and shallower topography leads to broader sediment
saturation and evapoconcentrative halite crust for-
mation. Other important controls that may have im-
pacted the extent and distribution of halite crusts is
management of the causeway, where management has
affected the salinity and water levels of the North
Arm waters. Additionally, results from this study are
consistent with recent findings in the North Arm of
forced halite dissolution by mirabilite precipitation in
cold temperatures, such that there are significant sea-
sonal variations of halite extent even for winters with
relatively little precipitation to dissolve the expansive
halite crusts.

Overall, remote sensing techniques to monitor the
Great Salt Lake system have been established in this

Evolution of Great Salt Lake’s Exposed Lakebed (1984-2023)

study and provide valuable observations that should
be used in conjunction with other monitoring cam-
paigns in the future. Future studies should utilize
ground truth missions using spectroradiometers and
drone surveys to quantify errors using these spectral
techniques as well as provide further information on
the modern land cover types. Similarly, the use of
multispectral and active-radar satellites in future stud-
ies may help differentiate vegetation types in the
Great Salt Lake system.

SUPPLEMENTAL DATA

The results of the analyses, including supple-
mental data such as a list of outlier images not used
for analyses and the NDWI thresholds for each Land-
sat image, as well as satellite imagery based videos
animating the evolution of the lake, are stored on an

online database: https://doi.org/10.5281/
zenodo.7996314 or https://zenodo.org/
record/7996314

Code utilized in this study for data retrieval
and modelling can be found on GitHub:
https://github.com/radwinskis/Great-Salt-Lake-
2023-Study-Code

Figure S1. Hypsometric data and curves for the North Arm, South Arm, and Bear River Bay as shown by
published USGS data (dots) and interpolations of the USGS data (solid lines), illustrating the changes in sur-
face area compared to changes in elevation, which is related to the topography of the lake-bottom. The
~4,194 ft threshold is easily seen where the slope of the lines change between 4190 and 4200 ft. From ~4,195
to ~4,201 ft the slope is much steeper, which indicates between these elevations the topography is much shal-
lower. The interpolated lines are formed using 15 breakpoints shown as gray vertical lines. The data and in-
terpolations show to fit very well, supporting the use of interpolation to model lake surface area.
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ABSTRACT

The United States Geological Survey (USGS) operates two long-term water-surface elevation (WSE) gag-
es on Great Salt Lake, Utah, one north of the Union Pacific Railroad causeway in the historic Little Valley
Boat Harbor (Saline gage), and one south of the causeway in the harbor at Great Salt Lake State Park (Saltair
gage). From September 28 to December 15, 2022, lake levels were too low in the harbor for the Saltair gage
to operate and WSE data was measured at the South Causeway gage, a relatively new gaging station
(installed in 2020) located immediately south of the causeway. Data collected at the South Causeway gage
were used to estimate the daily mean WSE record for the Saltair gage for the period it was shut down, pre-
serving the continuity of the 175-year WSE record that is associated with this gage. The long-standing histor-
ic low daily mean WSE measured at the Saltair gage on October 15, 1963 (4,191.35 feet, relative to the Na-
tional Geodetic Vertical Datum of 1929 (NGVD29)) was broken on July 21, 2021. Seasonal lake-level de-
clines from July 2021 to October 2021 and April 2022 to early November 2022 resulted in a new historic low
daily mean WSE of 4,188.5 feet NGVD29, measured during several days during November 2022 at the South
Causeway gage. The same value is also the new historic low daily mean WSE for the Saline gage and was
measured during several days in November and December 2022 (the previous historic low of 4,188.98 feet
NGVD29 was measured in September and October 2016 and was related to closure of two railroad causeway
culverts). USGS also operates streamgages on major surface-water inflows including the Bear River, Weber
River, Jordan River, and Surplus Canal. The combined annual discharge measured at these gages in water
years 2021 and 2022 was 0.704 and 0.743 million acre-feet, respectively, which is less than half of the com-
bined median annual discharge (1.57 million acre-feet) based on the period of record for each gage.

INTRODUCTION Systematic lake level measurements at GSL began

in 1875 as described by Gilbert (1890):
“In the year 1875, Dr. John R. Park, of Salt
Lake City, at the suggestion of Prof. Joseph Henry
of the Smithsonian Institution and with the coop-
eration of other citizens, instituted a series of ob-
servations. There was erected at the water’s edge
at Black Rock a granite block cut in the form of an
obelisk and engraved on one side with a scale of
feet and inches; and Mr. John T. Mitchell was en-
gaged to observe the water-height at intervals of a
few days.”
From 1875 to 1938, the lake level was measured
at staff gages by many different individuals and or-
ganizations at variable intervals ranging from weekly

The United States Geological Survey (USGS), in
cooperation with the Utah Department of Natural Re-
sources, operates two long-term water-surface eleva-
tion (WSE) gages on Great Salt Lake (GSL), Utah
(figure 1). USGS station 10010000 Great Salt Lake at
Saltair Boat Harbor, UT (Saltair gage) (U.S. Geologi-
cal Survey, 2023), is located about 35 miles south of
the Union Pacific Railroad Causeway (referred to as
the causeway in the rest of this document) in the har-
bor at GSL State Park. This gage is associated with a
WSE data record dating back to 1847. The record
from 1847 to 1874 was compiled by Grove Karl Gil-
bert, first Chief Geologist of the USGS, and is based

on oral reports from stockmen who had ridden horses
across sandbars to reach Antelope and Stansbury Is-
lands (Gilbert, 1890; Arnow and Stephens, 1990).
The accuracy of the early measurements does not
compare to those made with modern methods (for ex-
ample, Arnow and Stephens (1990) state that water
levels from 1847 to 1874 should be considered accu-
rate only to within 1 foot (ft)); however, this does not
detract from the scientific value of those early obser-
vations.

to monthly. Since 1939, lake levels associated with
the Saltair gage have been measured continuously
with various recorder devices operated by the USGS.
The Saltair gage has been moved several times within
GSL State Park because of storm damage, rebuilding
of the harbor dikes, high lake levels, and low lake lev-
els. From September 28 to December 15, 2022, lake
levels were too low in the harbor for the Saltair gage
to operate. During this period, WSEs south of the
causeway were obtained from USGS station
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Figure 1. Locations of selected United States Geological Survey gaging stations (U.S. Geological Survey, 2023)
at and near Great Salt Lake, Utah. Base from Maxar Imagery digital data, various scales, 2019-2022. Universal
Transverse Mercator projection, zone 12 N, North American Datum of 1983.
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10010024 GSL South Side of Causeway, 6 Miles East
of Lakeside, Utah (referred to as the South Causeway
gage in the rest of this document) (U.S. Geological
Survey, 2023), a relatively new gage installed in
2020.

The second long-term WSE gage is USGS station
10010100 Great Salt Lake near Saline, UT (Saline
gage) (U.S. Geological Survey, 2023), is in the histor-
ic Little Valley Boat Harbor on the west side of
Promontory Point, about 2.7 miles north of the cause-
way. This gage was installed in 1966, about 7 years
after the causeway was completed (figure 1). Water-
surface elevations at this gage have been measured
continuously with various recorder devices operated
by the USGS. It has only been moved once within the
harbor (in May 1996) so that the pier it was mounted
to could be removed by the owner.

The USGS also operates four long-term stream-
gages on major surface-water inflow sources to the
south part of GSL (collectively referred to as inflow
gages in this document). While these gages do not
measure all surface-water inflows to GSL (there are
several unmeasured surface-water inflows), and also
unmeasured losses or gains of water between the gag-
es and GSL, they provide important insight into GSL
WSE changes over time. These inflow gages are
USGS stations 10126000 Bear River near Corinne,
UT (Bear River gage); 10141000 Weber River near
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Plain City, UT (Weber River gage); 10171000 Jordan
River at 1700 South at Salt Lake City, UT (Jordan
River gage); and 10170500 Surplus Canal at Salt
Lake City, UT (Surplus Canal gage) (U.S. Geological
Survey. 2023) (figure 1). The Weber River gage is
among the 10 oldest streamgages in Utah and has
been active since October 1907, with some discrete-
discharge measurements starting in 1904. The other
inflow gages were installed in the 1940s.

The primary objective of this document is to sum-
marize selected data from the locations listed above
through November 2022, which includes the lowest
daily mean WSE measured at GSL. This document 1)
reports how record low WSEs at GSL were measured
and validated; 2) summarizes extended periods of
WSE and inflow gage data; 3) compares WSEs to in-
flow gage data; and 4) compares WSE and inflow
gage data to a standardized measure of drought sever-
ity in Utah.

The locations of USGS monitoring stations dis-
cussed in this document are shown in figure 1 and a
summary of parameters used in this document, in-
cluding the period of record associated with each pa-
rameter, are summarized in table 1. Data summarized
in table 1 are available via the USGS National Water
Information System (NWIS) (U.S. Geological Sur-
vey, 2023).

Table 1. U.S. Geological Survey (USGS) station name, number, and available period of record for data used in this
report. Data are available via the USGS National Water Information System (U.S. Geological Survey, 2023).

: Station . ) i
Station Name Number Parameter and units Available Period of Record
Great Salt Lake at Saltair 10010000 Daily and annual mean water- 10/15/1847 to current
Boat Harbor, Utah surface elevation above National
Geodetic Vertical Datum of 1929,
in feet
Great Salt Lake near Saline, 10010100 Daily and annual mean water- 4/15/1966 to current
Utah surface elevation above National
Geodetic Vertical Datum of 1929,
in feet
Great Salt Lake South Side 10010024 Daily mean water- surface eleva- 2/25/2020 to current
of Causeway, 6 Miles East tion above National Geodetic
of Lakeside, Utah Vertical Datum of 1929, in feet
Bear River near Corinne, 10126000 Daily and monthly mean dis- 10/1/1949 to 9/29/1957 and
Utah charge, in cubic feet per second  10/1/1963 to current (No data
9/30/1957 to 9/30/1963)
Weber River near Plain 10141000 Daily and monthly mean dis- 10/1/1907 to current
City, Utah charge, in cubic feet per second
Jordan River at 1700 South 10171000 Daily and monthly mean dis- 12/1/1942 to current
at Salt Lake City, Utah charge, in cubic feet per second
Surplus Canal at Salt Lake 10170500 Daily and monthly mean dis- 12/1/1942 to current

City, Utah

charge, in cubic feet per second
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DESCRIPTION OF STUDY AREA

Great Salt Lake is a closed-basin lake bordered on
the west by desert and on the east by the Wasatch
Range. Its abundant food and wetlands attract nearly
2 million shorebirds, including over 1.5 million
grebes (Podiscipedidae) and several million migrating
waterfowl (Wurstbaugh and others, 2017). Construc-
tion of a rock-fill causeway across GSL in 1959 creat-
ed two separate but connected parts of the lake with
different WSEs, salinities, and densities resulting
from more than 95 percent of all freshwater surface
inflow entering the lake south of the causeway
(Loving and others, 2000). The differences between
the WSEs and densities of the south and north parts of
GSL provide the potential for water (GSL water is
technically brine because it contains more than
35,000 milligrams per liter of dissolved solids; how-
ever, for simplicity, the term water is used in this doc-
ument) to flow in both directions through the cause-
way conveyances. Generally, the less-dense water
from the south part flows northward through the up-
per part of the causeway conveyances (breaches and
causeway fill) and the more-dense water from the
north part flows southward through the lower part of
the causeway conveyances (Loving and others, 2000).
Currently, the means of conveyance include the fol-
lowing: a 290 ft wide breach (often referred to as the
Lakeside breach) near the west end of the causeway
that was completed in 1984 with a bottom elevation
of 4,200 ft that was lowered to 4,193 ft relative to the
National Geodetic Vertical Datum of 1929
(NGVD29) in 2000; a relatively new 150 ft wide
breach about 4.5 miles from the west end of the
causeway that was opened on December 1, 2016, with
an adjustable berm that has a current top elevation of
4,192 ft NGVD29; and the permeability of the rock-
fill material used to construct the causeway. The 150
ft wide breach completed in 2016 replaced two cul-
verts, referred to as the east and the west culverts, that
were in service from causeway completion in 1959
until closure in November 2012 (east culvert) and De-
cember 2013 (west culvert).

METHODS

Measurement of Water-Surface Elevation

Gaging stations located on GSL are used to meas-
ure WSE. The measurement of WSE at GSL follows
USGS protocols outlined in Sauer and Turnipseed
(2010) which details the measurement of stage. In
summary, each gaging station has a network of refer-
ence points and reference marks. These reference lo-
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cations are surveyed, using a variety of techniques, to
establish an elevation relative to an assigned datum.
Once an elevation is assigned to these reference loca-
tions, a nonrecording reference gage can be estab-
lished at the gaging station. The reference gage is
used to physically measure the WSE of GSL. Once
the WSE is measured using the reference gage, a re-
cording water-level instrument can be set up to meas-
ure the WSE at a set interval relative to the reference
gage WSE reading. Currently, WSE recorders for
GSL are set up to measure every 15 minutes. Gaging
stations are visited every 1-2 months to read the WSE
from the reference gage and compare those readings
with the WSE recorder. If a difference is observed be-
tween the reference and recorded values because of
instrument drift, a correction is applied to the record-
ed data so that the WSE is accurately reported. Daily
and annual mean WSEs discussed in this report are
available via NWIS (U.S. Geological Survey, 2023).

Woater-Surface Elevation Reported Datum

Reference marks, reference gages and recording
gages are all referenced to NGVD29. NGVD29 is
similar in elevation to dynamic heights reported by
the National Geodetic Survey (NGS). Dynamic height
values are defined by an equipotential surface allow-
ing for accurate representation of hydrologic gradient
when measuring WSEs over a large geographic area
(Meyer and others, 2006). The reporting of vertical
datums using dynamic heights to accurately measure
water gradients is best documented in the establish-
ment of the International Great Lakes Datum of 1985
(Meyer and others, 2006). The equipotential surface
applied to dynamic heights provides a WSE that
flows downhill as expected. Dynamic heights for the
GSL region are most accurately reported when refer-
encing WSE to NGVDZ29. In contrast, the more com-
monly used North American Vertical Datum 1988
(NAVDSS) is influenced by gravitational models that
can cause WSEs that suggest water flowing in an up-
stream direction when a downstream gradient is
known and expected. Because of the causeway and
the dividing of GSL, it is important to accurately rep-
resent hydraulic gradient across the causeway and,
therefore, elevation should always be reported with
respect to an equipotential surface so that hydraulic
gradient can accurately be measured.

To accurately report WSEs of GSL, the stability
of the gaging station’s reference to NGVD29 is veri-
fied using a variety of survey methods. The survey
method used to verify vertical datum is determined by
the location of the three lake gaging stations. The Sal-
tair and South Causeway gaging stations are located
on earthen-fill material and have shown vertical



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors

movement in previous years related to the rising and
falling WSE of the GSL. As WSE of GSL increases,
the earthen material rises with increasing water level,
whereas when the WSE of the GSL decreases the
earthen material subsides within the lake substrate. To
maintain accurate reporting of WSE at these loca-
tions, the two sites are surveyed at the peak and the
trough of the annual hydrograph. By surveying at the
peak and the trough, WSE data are corrected based on
the annual fluctuations of GSL. In contrast, the Sa-
line gage has demonstrated vertical stability and is
surveyed annually to ensure the gage is reporting
WSE accurately. Because of the complex surveying
techniques required to verify vertical datum at GSL
gaging stations, WSE reported by the USGS GSL
gages are considered to be accurate to within +/-0.10
ft of the datum in use (Loving, 2002).

USGS Station 10010000 Great Salt Lake at Saltair
Boat Harbor, UT

To verify that this gaging station is reporting ac-
curately to NGVD29, trigonometric and differential
leveling techniques are used to carry vertical datum
from NGS vertical control point C-174 (table 2) to the
gaging station. Starting from NGS Reference Mark C-
174, a double-run spur traverse (DRST) using trigo-
nometric leveling techniques documented in Noll and
Rydlund (2020) is used to carry datum approximately
0.5 miles from the reference mark near Kennecott
Smelter to the harbor at Great Salt Lake State Park.
The level line from the DRST establishes an elevation
relative to NGVD29 to a reference mark closer to the
Saltair gaging station where differential leveling tech-
niques can be used to verify the datum of the refer-
ence gage (Kenney, 2010). If the reference gage has
moved (+/-0.05 ft) a datum correction is applied to
the WSE record of the gage to correct for movement
of the reference gage.

USGS Station 10010024 GSL South Side of Cause-
way, 6 Miles East of Lakeside, UT

To verify that this gaging station is reporting ac-
curately to NGVD29, Survey-Grade Global Naviga-
tional Satellite Systems (GNSS), trigonometric, and
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differential leveling techniques are used to verify ver-
tical datum. To begin datum verification, GNSS static
survey techniques outlined in Rydlund and others
(2012) are performed on four independent bench-
marks near the causeway. The four independent
benchmarks, documented in table 2, are occupied for
a minimum of 2 hours with all four static surveys
overlapping in time for a minimum of 1 hour. Once
the static survey is complete, a NGS Online Position-
ing User Service (OPUS) Project is performed to veri-
fy that the four independent benchmarks are stable
and to determine the elevation of the reference mark
(RM4) at the causeway bridge. Once the elevation of
RM4 is verified, the NAVD88 elevation from the
OPUS Project is converted to NGVD29 using NGS
Vertcon (National Oceanic and Atmospheric Admin-
istration, 2023a). A DRST is then performed to carry
the datum approximately 0.3 miles to an established
reference mark near the South Causeway gaging sta-
tion. The level line from the DRST establishes an ele-
vation relative to NGVD29 to a reference mark closer
to the South Causeway gaging station where differen-
tial leveling techniques can be used to verify the da-
tum of the reference gage. If the reference gage has
moved (+/-0.05 ft) a datum correction is applied to
the WSE record of the gage to correct for movement
of the reference gage.

USGS Station 10010100 Great Salt Lake near Saline,
UT

In 2009, differential leveling techniques were
used to carry NGVD29 vertical datum from NGS
Benchmark FMK-77 (table 2) to this gaging station.
The level loop was approximately 1.0 mile long and
predated the trigonometric leveling techniques used at
other GSL gaging stations. Differential levels carried
NGVD29 vertical datum to three independent bench-
marks near the Saline gaging station which have re-
mained stable as referenced in Kenney (2010). Differ-
ential levels are run annually to verify the reference
gage at the Saline gaging station. If the reference gage
has moved (+/-0.05 ft) a datum correction is applied
to the WSE record of the gage to correct for move-
ment of the reference gage.

Table 2. Benchmarks used to maintain vertical datum at U.S. Geological Survey Great Salt Lake gaging stations (U.S.

Geological Survey, 2023).

Benchmark Name Latitude Longitude  NGVD29 (ft) NAVDS8 (ft) USGS Gage
C-174 40° 43'34.00" 112°12'19.00"  4230.63 4233.87 10010000
77-FMK 41° 14'33.21" 112°29'28.95"  4231.16 423420 10010100 and 10010024
MOORE 41° 14'50.06" 112°15'33.03"  4237.63 4240.60 10010024
120-FMK 41°13'10.04" 112°51'07.35"  4223.31 4226.23 10010024
RM4 41°13'15.49" 112°45'56.49"  4216.02 4218.95 10010024
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Estimating Water-Surface Elevations for the Saltair
Gage

From September 2022 to December 2022 the har-
bor at Great Salt Lake State Park was mostly dry and
the USGS Saltair gaging station could not measure
WSE of GSL. As a result, the elevation record was
estimated for the Saltair gaging station by comparing
hydrographs with the South Causeway gage. The two
gaging stations have a nearly identical hydrograph
during calm conditions. Because of the location of the
gages in the south part of GSL, the two gages can ex-
hibit inverse hydrographs during wind-driven lake
seiches. With the South Causeway gage located on
the north end of the south part, and the Saltair gage
being located on the southern tip of the south part,
when a lake seiche occurs, one gage will have an ele-
vated WSE whereas the opposing gage will have a
suppressed WSE. Figure 2 provides a time-series
comparison of the two gages and the inverse WSE
observed during higher lake levels in May 2021. Con-
sidering the inverted relationship, when estimating
the WSE for the Saltair gage, the WSEs associated
with seiche events were estimated to account for the
high and low water levels that most likely occurred
during the storm events.

Measurement of Discharge

A streamgage is a structure that contains equip-
ment that measures and records the water level of a
stream. The water level of a stream is often referred
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to as gage height or stage, reported in feet, and is
measured using methods outlined in Sauer and Tur-
nipseed (2010). Stage is typically recorded by an in-
strument at a set interval ranging from 5 to 15
minutes. The continuous record of stage is then used
as a surrogate to compute discharge in cubic feet per
second (cfs). To compute and report discharge at a
given stage, discharge measurements are made at a
variety of stages to cover low, medium, and high flow
conditions. Discharge measurements at all stages fol-
low methods outlined in Turnipseed and Sauer
(2010). Once a range of stage and discharge measure-
ments have been made, a stage-discharge rating curve
can be developed. A rating curve is a graphical repre-
sentation of the relationship between stage and dis-
charge, with the assumption that for every stage, there
is a unique discharge. Once a stage-discharge rating
curve is established for a streamgage station, the con-
tinuously recorded stage at the streamgage can be
used to compute a continuous discharge record. The
stage-discharge method for computing discharge is
applicable to gaging stations 10141000 (Weber River
gage) and 10126000 (Bear River gage) (U.S. Geolog-
ical Survey, 2023).

The stage-discharge relationship becomes inaccu-
rate when backwater conditions occur. Backwater
conditions cause the stage-discharge relationship to
fail because the same discharge can occur at a range
in stage values due to the backwater conditions. If
backwater conditions exist at a streamgage, discharge
can be computed using an index velocity method
(Levesque and Oberg, 2012). Index velocity methods
require that, in addition to continuously measured

Figure 2. Example of seiche event impact on 15-minute interval water-surface elevations measured at USGS station
10010000 Great Salt Lake at Saltair Boat Harbor, Utah (Saltair gage), and USGS station 10010024 GSL South Side of
Causeway, 6 Miles East of Lakeside, Utah (South Causeway gage) (U.S. Geological Survey, 2023).
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stage, a velocity sensor is installed at the stream to
continuously measure water velocity at the same
measurement interval as the stage sensor (5 to 15
minutes). Discharge measurements are made over a
range in stage and velocity to develop a mathematical
relationship between measured indexed velocity and
the mean channel velocity at the streamgage. Once
this relationship is established, the measured index
velocity is used to compute a mean velocity for the
channel. The velocity is multiplied by a known cross-
sectional area (computed from the stage value and
documented channel geometry) to compute a continu-
ous discharge at the streamgage. The index velocity
method for continuous discharge is applicable to gag-
ing stations 10171000 (Jordan River gage) and
10170500 (Surplus Canal gage) (U.S. Geological Sur-
vey, 2023).

Most streamgage stations are located on natural
channels which are subject to changes over time.
These changes can be seasonally influenced or occur
over several years. Streamgage stations are visited
routinely throughout the year to verify accurate stage
data and to maintain an accurate stage-discharge or
index velocity relationship.

Annual discharge values discussed in this report
are in units millions of acre-feet (maf). These values
were computed for each inflow gage by downloading
daily mean discharge values, in cfs, from NWIS and
converting these values to daily discharge, in acre-
feet per day, followed by summing these values for
each water year of interest. Monthly mean discharge
values, in cfs, also are discussed in this report and are
available via NWIS (U.S. Geological Survey, 2023).
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DATA PRESENTATION AND
DISCUSSION

Water-Surface Elevations

Figures 3 shows the complete period of record of
daily mean WSE for the Saltair gage (a daily mean
value is the average of the recorder values logged
each day; periodic WSE observations made by indi-
viduals at GSL prior to installation of recorders are
considered daily mean values). For detailed descrip-
tions of the early record before June 1986, see Arnow
(1984) and Arnow and Stephens (1990); it is briefly
summarized below. The high stands in the 1870s and
1980s are prominent features of the early Saltair gage
record along with a succession of low stands in the
early 1900s, 1930s, and early 1960s. Seasonal varia-
tion, where lake levels increase from approximately
late autumn to late spring and decrease from approxi-
mately early summer to mid-autumn, becomes more
apparent in the record after systematic measurements
began in 1875. Seasonal variation is driven by the
balance between inflows and evaporation where lake
levels increase when inflow exceeds evaporation and
decrease when evaporation exceeds inflow (Arnow
and Stephens, 1990). Until July 2021, the record low
mean daily WSE was 4,191.35 ft, measured at the
Saltair gage on October 15, 1963. At the time of the
record low in 1963, many people thought the lake was
going to become dry and roads, railroads, wildfowl
management areas, recreational facilities, and indus-
trial installations were established on the exposed

Figure 3. Daily mean water-surface elevation at USGS station 10010000 Great Salt Lake at Saltair Boat Harbor,
Utah (Saltair gage), 1847-2022 (U.S. Geological Survey, 2023).
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lakebed (Arnow, 1984). From the low in 1963 to
1976 lake levels increased about 11 ft leading to dis-
cussions about pumping water from the lake into the
undeveloped desert west of GSL, but in 1977 lake
levels began to decline ending concerns about high
water (Arnow, 1984). From September 1982 to its
historic peak on June 3, 1986 (4,211.60 ft NGVD29),
lake levels had a net rise of about 12 ft. This period of
rapid rise culminated in $240 million in flood damag-
es and prompted completion of the Lakeside breach in
the causeway in August 1984 to help decrease the ap-
proximate +3.5 ft WSE difference between the south
and north parts of the lake. It also prompted comple-
tion of the West Desert Pumping Project in June
1987. The pumps associated with that project were
shut down on June 30, 1989, after pumping 2.2 mil-
lion acre-feet of water from GSL into the West Desert
Pond, which reduced GSL’s WSE by about 2.2 feet
(Austin, 2002).

A plot of daily mean WSEs for the Saltair and Sa-
line gages from June 1986 to November 2022 is
shown in figure 4. The difference between the WSEs
for the two gages depends on factors such as inflows,
densities of the south and north parts of GSL (which
provides the potential for GSL water to flow in both
directions through the causeway conveyances), evap-
oration, and modifications to causeway conveyances.
It is beyond the scope of this paper to discuss each of
these factors in detail; however, modifications were
made to the causeway conveyances during the periods
that are associated with observed WSE differences
(figure 4). Because almost all surface-water inflow is
to the south part of the lake, WSEs at Saltair are usu-

L
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ally higher than Saline (median value for period
shown in plot is +0.7 ft). The increased difference in
WSE between Saltair and Saline from November
1991 through January 1998 occurred during an ex-
tended period when the culverts were frequently
plugged with debris (Loving, 2002). The effective
depth of the Lakeside breach was deepened from
about 4,200 ft to 4,198 ft NGVD29 in August 1996
(Loving, 2002), which likely contributed to the subse-
quent reduction in WSE difference between Saltair
and Saline from 1996 to 1998. The increased WSE
difference from September 2014 to February 2017 is
associated with closure of the east (November 2012)
and west (December 2013) culverts. The rapid de-
crease in WSE difference from December 2016 to
June 2017 is associated with the opening of the new
breach on December 1, 2016. This breach has an ad-
justable berm on the north side of the causeway. To
help manage the salinity in the southern half of the
lake the top of the berm was raised from 4,183 to
4,187 ft NGVD29 (completed July 27, 2022) and
from 4,187 to 4,192 ft NGVD29 (completed Febru-
ary 9, 2023). The latter modification raised the top of
the berm above the WSE of the south part of the lake
at the time and contributed to the increased WSE dif-
ference after February 9, 2023.

The magnitude of seasonal fluctuations in the dai-
ly mean WSE record from 1986 to 2022 are shown in
figure 5. At Saltair, the average seasonal increase is
1.8 ft and the average seasonal decrease is 2.4 ft. The
largest seasonal lake level increase (5.1 ft) occurred
from autumn 2010 to late spring 2011. The largest
seasonal lake level decrease (3.2 ft) occurred during

Figure 4. Daily mean water-surface elevation at USGS station 10010000 Great Salt Lake at Saltair Boat Harbor, Utah
(Saltair gage), and USGS station 10010100 Great Salt Lake near Saline, Utah (Saline gage), 1985-2022 (U.S. Geologi-
cal Survey, 2023).
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spring and summer 1988 and 2018. Lake level de-
creases exceeded increases in 25 of the 36 seasonal
cycles shown. At the Saline gage, the average season-
al increase is 1.5 ft and the average seasonal decrease
is 2.1 ft. The largest seasonal lake level increase (5.5
ft) occurred from December 2016 to May 2017, after
the new 150 ft wide breach was opened restoring
open channel connection between the south and north
parts of the lake that was previously associated with
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the east and west culverts. The largest seasonal lake
level decrease (3.3 ft) occurred during spring and
summer 1988. Lake level decreases exceeded increas-
es in 22 of the 36 seasonal cycles shown in figure 5.
With seasonal decreases exceeding increases for
most years following the record high WSE in June
1986, both the north and south parts of the lake had
net WSE drops that resulted in record low WSEs in
November 2022 (figure 4). The long-standing historic

Figure 5. Seasonal water-surface elevation increase and decrease at USGS station 10010000 Great Salt Lake at Saltair
Boat Harbor, Utah (Saltair gage, top) and USGS station 10010100 Great Salt Lake near Saline, Utah (Saline gage, bot-
tom), 1986 to 2022 (U.S. Geological Survey, 2023). Seasonal increases generally occur from late fall/early winter
through the following spring/early summer. Seasonal decreases generally occur from late spring/early summer through

mid fall/early winter.
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low daily mean WSE measured at the Saltair gage on
October 16, 1963 (4,191.35 ft NGVD29) was broken
on July 21, 2021. The WSE continued to decrease un-
til October 18, 2021, when it reached a short-lived
historic low of 4,190.2 ft NGVD29. The seasonal lake
level increase from October 18, 2021, to early April
2022, was relatively low at 1.2 ft, and by July 3,
2022, the WSE dropped to 4,190.1 ft NGVD29,
breaking the short-lived historic low set less than 9
months prior. By September 28, 2022, continued sea-
sonal decrease resulted in too little water in the harbor
at Great Salt Lake State Park for the Saltair gage to
operate and it was shutdown. Water-surface elevation
data for the south part of the lake continued to be
measured at the relatively new (installed August
2020) South Causeway gage, maintaining continuity
of the 175-year WSE record that is associated with
the south part of GSL. Seasonal decreases continued
until November 3, 2022, when the South Causeway
gage recorded the new record low daily mean WSE
for the south part of the lake of 4,188.5 ft NGVD29.
Two days prior, on November 1, 2022, the Saline
gage recorded 4,188.5 ft NGVD29, which also is the
new historic low daily mean WSE for the north part
of the lake (the previous historic low of 4,188.98 ft
NGVD29 was measured in September and October
2016 and was related to closure of the two railroad
causeway culverts). Net WSE decreases from June
1986 to November 2022 for the south and north parts
of the lake were 23.1 ft and 22.7 ft, respectively.

By late November 2022, the south part of the lake
began its seasonal increase (figure 4). The Saltair
gage was restarted on December 15, 2022, and, as of
May 4, 2023, the south part had risen to 4,192.6 ft
NGVD29, a 4.1 ft increase. The north part of the lake
did not start increasing until late December 2022 and,
as of May 4, 2023, it had risen to 4,189.3 ft NGVD?29,
a 0.8 ft increase. The WSE of the south part of the
lake reached 4,192.1 ft NGVD29 on April 17, 2023,
exceeding the top of the berm at the new breach al-
lowing for south to north flow (on May 3, 2023,
USGS measured south to north discharge of 129 cfs).
With a significant snowpack remaining in the Bear,
Weber, and Jordan River basins, south to north flows
were expected to continue until evaporation exceeds
inflows and lake levels begin their seasonal decrease.

Streamflow and Great Salt Lake Water Sur-
face Elevation

Annual discharge for water years 1985 to 2022 for
each inflow gage are shown in figure 6. Also includ-
ed in figure 6 are the median annual discharge values
for each inflow gage. The median annual discharge
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values are based on the period or record associated
with each gage (table 2). The Bear River gage has the
highest median annual discharge (0.958 maf), fol-
lowed by the Weber River gage (0.343 maf), Surplus
Canal gage (0.170 maf), and Jordan River gage
(0.101 maf). Relatively high flow years in the mid-
1980s, late 1990s, 2011 and 2017; and relatively low
flow years in the late 1980s, early 1990s, mid-2010s,
and early 2020s are apparent in the data for the Bear
River, Weber River, and Surplus Canal gages (note
that a significant amount of flow in the Jordan River
is diverted to the Surplus Canal). Of the 36 years of
annual discharge record shown for each gage, the
Bear River gage had 12 years where annual discharge
exceeded its median annual discharge, the Weber
River gage had 10 years, the Surplus Canal gage had
21 years, and the Jordan River gage had 12 years.
Annual discharge measured at the inflow gages
and annual mean WSE measured at the Saltair gage
for water years 1985 to 2022 are shown in figure 7.
Annual mean WSE is related to annual discharge as
consecutive years of relatively high flows from 1985-
1987, 1995-1999, 2005-2006, and 2011-2012 con-
tributed to annual mean WSE increases. Consecutive
years of relatively low flows from 1988-1994, 2001-

2004, 2013-2016, and 2021-2022 contributed to an-
nual mean WSE decreases. During water years 2021
and 2022, when new record low WSEs were meas-
ured at GSL, combined annual discharge values were
0.704 and 0.743 maf, which are less than half of the
median combined annual discharge of 1.57 maf
(indicated by the horizontal dashed line in figure 7).

To put the WSE and discharge records into con-
text with broader climatological conditions, monthly
Palmer Drought Severity Index (PDSI) values for
Utah (National Oceanic and Atmospheric Administra-
tion, 2023b), monthly mean WSE at Saltair, and com-
bined monthly mean discharge for inflow gages, in
cfs, are plotted in figure 8. The PDSI uses precipita-
tion and temperature data to evaluate moisture supply
and demand using a simple water balance model. A
PDSI value of greater than 4 represents very wet con-
ditions, while a PDSI less than -4 represents an ex-
treme drought. Extended periods of negative PDSI
values from November 1988 to November 1992, Oc-
tober 1999 to August 2004, November 2006 to No-
vember 2009, November 2011 to August 2016, and
August 2019 to October 2022 correspond to net WSE
declines and lower monthly mean discharge. These
periods of extended negative PDSI are offset by rela-
tively few periods of extended positive PDSI values
and increased monthly mean WSE and higher com-
bined monthly mean discharge.
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Figure 6. Annual discharge measured at USGS inflow gages, water years 1985-2022 (U.S. Geological Survey, 2023).
The median annual discharge for the period of record associated with each gage is indicated with a dashed line. The y-
axis scale, discharge in millions of acre-feet, is customized for each gage.
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Figure 7. Annual discharge for USGS inflow gages and annual mean water surface elevation at USGS station
10010000 Great Salt Lake at Saltair Boat Harbor, Utah (Saltair gage), water years 1985-2022 (U.S. Geological Sur-
vey, 2023). The combined median annual discharge for all four gages, based on the period of record for each gage, is

indicated by the horizontal dashed line.

CONCLUSIONS

A new historic low daily mean WSE of 4,188.5 ft
NGVD29 was measured during November 2022 at
gages north and south of the GSL causeway. From
September 28 to December 15, 2022, there was too
little water in the harbor at Great Salt Lake State Park
for the Saltair gage to operate and the new historic
low daily mean WSE for the south part of the lake
was measured at a relatively new gage located just
south of the causeway (South Causeway gage). Data
collected at the South Causeway gage were used to
estimate the daily mean WSE record for the Saltair
gage for the period it was shut down, preserving the
continuity of the 175-year WSE record that is associ-
ated with this gage.

Many factors, including direct precipitation,
groundwater inflow, West Desert Pumping Project
withdrawals (1987-1989), evaporation, and surface-
water inflow contribute to the water balance and thus

12

WSE of GSL. In this document, data were presented
only for a portion of the surface-water inflow budget
as measured by four long-term streamgages. For wa-
ter years 1985 to 2022, trends in Saltair gage WSEs
correspond to trends in combined annual discharge
measured at the four streamgages, and both WSE and
combined monthly mean discharge correspond to
trends in PDSI values for Utah. This basic observa-
tion is true when the data records are examined back
to 1950 when concurrent monitoring began at all sites
(Cordova and Angeroth, 2012). For detailed analyses
of GSL WSE variation and climate, see Wang and
others (2010) and Mann and others (1995). The im-
pact of upstream diversions from surface water inflow
sources to GSL is beyond the scope of this document;
however, Wurtsbaugh and others (2017) estimated
that 11 ft of GSL WSE decrease from 1847 to 2016
can be attributed to consumptive use and related
changes to evaporation. Detailed monitoring of
GSL’s water budget may support quantification of the
complex interplay between drought cycles, consump-
tive use, and WSEs.
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Figure 8. Monthly mean water-surface elevation at USGS station 10010000 Great Salt Lake at Saltair Boat Harbor,
Utah (Saltair gage, top), and combined monthly mean discharge for USGS inflow gages (bottom) (U.S. Geological
Survey, 2023), compared to the monthly Palmer Drought Severity Index for Utah (indicated by light gray bars), Janu-
ary 1985 to December 2022 (National Oceanic and Atmospheric Administration, 2023b).

Any use of trade, firm, or product names is for de-
scriptive purposes only and does not imply endorse-
ment by the U.S. Government.
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ABSTRACT

The elevation of Great Salt Lake has fallen to historic lows in recent years, exposing once submerged mi-
crobialites along the lake’s shores. Although prior studies have attempted to map microbialite locations, this
has proved challenging, with mapped microbialite areas limited to accessible shoreline locations or via indi-
rect sonographic evidence. Meanwhile, the importance of Great Salt Lake’s microbialites to the lake’s food
chain has made quantifying the extent of microbialites exposed versus submerged at different lake elevations
critical to lake management decisions. Low lake levels combined with seasonal high-water clarity have ena-
bled microbialite reefs to be spotted in aerial and satellite imagery, even in deeper areas of the lake. In this
study, satellite images were used to identify and map microbialite reef areas in Great Salt Lake and along its
dry shores. In the south arm, submerged microbialites were easily recognized as dark green reefs against a
light-colored benthic background (primarily ooid sand). Stationary microbialite mounds were distinguished
from rip-up clasts or other dark-colored mobile material by comparing potential microbialite regions across
several high-visibility timepoints. In this way, we identified 649 km? (251 mi?) of putative microbialite reef
area: 288 km? (111 mi’) in the north arm, 360 km? (139 mi?) in the south arm, of which 375 km? (145 mi?)
was mapped at a high degree of confidence. We also produced geospatial shapefiles of these areas. This map,
combined with currently available lake bathymetric data, permits the estimation of the extent of microbialite
reef exposed vs. submerged in various parts of the lake at different lake elevations. At the end of fall 2022,
when lake level dipped to 1276.7 masl (4188.5 ft-asl) in elevation, we estimate that ~40% of the south arm
microbialite reef area was exposed.

INTRODUCTION ity (which promotes CO, degassing), and high levels
of microbial activity produce conditions that approach
Microbialites cover substantial portions of the or exceed aragonite saturation in much of the lake,

Great Salt Lake benthos. and host microbial commu- deszpite relatively low lake water concentrations of
s + - .

nities are believed to be important to the Great Salt Ca”™ and CO; (Pace and others, 2016; Ingalls and

Lake ecosystem. Models of the lake’s ecosystem, others, 2020; Bouton and others, 2020). These factors

therefore, must necessarily incorporate estimates of ~ have made Great Salt Lake (as well as its predeces-

microbialite extent (Belovsky and others, 2011; Bar-  SOTS) a “carbonate factory,” with carbonates making

rett, 2020), which need refining, particularly in the up a major portion of lake sediments, especially since

face of recent lake level decline and microbialite ex- ~ the draining of Pleistocene Lake Bonneville (Jones
posure. and others, 2009; Vennin and others, 2019). Car-

bonate deposits blanket the modern bed of the lake,

. o and include organic-rich carbonate mud, oolitic sand,
Microbialites in Modern Great Salt Lake and microbialite reefs (Eardley, 1938; Chidsey and
others, 2015; Vanden Berg, 2019; Ingalls and others,

Great Salt Lake is the largest saline lake in the 2020; Bouton and others, 2020; Baskin and others,
western hemisphere. Unlike other terminal lakes in  2022).

the Basin and Range of the western United States, Microbialites are ‘“organosedimentary deposits
which tend to be alkaline, Great Salt Lake is a Na-Mg  formed from interaction between benthic microbial
-Cl-SO4-dominated system with relatively low levels  communities...and  detrital or chemical sedi-
of alkalinity (Domagalski and others, 1989; Jones and  ment” (Burne and Moore, 1987). They are typically
others, 2009). High rates of Ca®" and HCO5 delivery, formed by processes of trapping and binding by mi-
slightly alkaline surface waters, the lake’s hypersalin-  ¢robial mats (for example, Frantz and others, 2015),
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induction of mineral precipitation via metabolic activ-
ities of microbial communities (for example, Dupraz
and others, 2009), and/or inorganic calcification (for
example, Shen and others, 2022). An aside on termi-
nology: the term “bioherm,” ostensibly coined by
Cumings and Shrock (1928), broadly refers to any
reeflike mound built by living organisms.
“Microbialite,” meanwhile, refers to a sedimentary
rock built at least in part by the activities of microor-
ganisms (Burne and Moore, 1987). Thus,
“microbialite reef” is subtly different from

Use of Remote Imagery to Map Microbialite Distribution at Great Salt Lake

“bioherm,” indicating that microorganisms are in-
volved in the construction of the reefs, but also ac-
knowledging potential abiogenic contributions.

Great Salt Lake’s microbialites were first docu-
mented by Eardley (1938) in his seminal tome de-
scribing the lake’s chemistry and sediments, describ-
ing in detail the "extensive calcareous bioherms" that
were visible during a period of relatively low lake el-
evation in the mid-1930s (Figure 1). He noted their
dense mats (periphyton), dominated by the cyanobac-
terium Aphanothece packardii (now identified as Eu-

Figure 1. A) Modern Great Salt Lake south arm surface elevations as measured at USGS water monitoring locations
1001000 and 10010024. Green shaded areas indicate 1 ft elevation bands below 4200 ft-asl where microbialites were
mapped (this study), with shade indicating the total percentage of microbialites that would be submerged at that lake ele-
vation. B) Lake Bonneville-Great Salt Lake hydrograph (black line) showing ages and elevations of dated microbialite
materials from Bouton and others, 2016a (light green circles) and Newell and others, 2017 (dark green circles). Hydro-
graph prior to 13 ka modeled after Oviatt, 2015. Hydrograph after 13 ka modeled after Oviatt and others, 2021, with the
dark gray horizontal bar indicating the uncertainty in lake elevation during the Great Salt Lake phase.
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halothece spp.; Lindsay and others, 2019; Frantz and
others, 2023), and attributed their formation to micro-
bially-mediated carbonate precipitation.

Even lower lake elevations in the early 1960s af-
forded a second look at the lake’s microbialites. Ca-
rozzi (1962) examined their morphological variability
and spatial distribution and linked their occurrence to
underlying topographic highs. Halley (1976) de-
scribed in detail the high variability in their internal
structure, with laminated and unlaminated microfab-
rics existing within different portions of single micro-
bialites (hence, “microbialite” vs. a more descriptive
term such as thrombolite or stromatolites). He also
noted a general lack of relationship between the living
periphyton and observed calcified microstructure and
microfossils, notably remarking that, “the organisms
on the surface of the Great Salt Lake algal mounds
are probably not those which are responsible for the
internal structure.”

By the late 1960s, the lake’s microbialites were
once again submerged by a rise in lake level and all
but forgotten until they reappeared in the early 2010s
during the period of prolonged lake level fall after the
19861987 lake highstand. This ushered in a new era
of Great Salt Lake microbialite research in which the
microbialites were investigated as contributors to the
lake ecosystem (Wurtsbaugh, 2009; Belovsky and
others, 2011; Wurtsbaugh and others, 2011) and as
geobiologic curiosities (Pedone and Folk, 1996;
Baskin, 2014; Pace and others, 2016; Lindsay and
others, 2017). Interest in the structures was further en-
hanced by the discovery of the microbialite-
associated pre-salt petroleum deposits of offshore
Brazil in the mid-2000s, with interest in Great Salt
Lake as a potential modern analog environment
(Chidsey and others, 2015; Vanden Berg, 2019). Re-
cent studies utilized new techniques and technology,
including advanced microscopy (Pace and others,
2016), molecular biology (Lindsay and others, 2017),
geospatial and marine acoustic technology (Baskin,
2014; Baskin and others, 2022), and drone imagery
(Vanden Berg, 2019).

While the bulk of academic focus on the lake’s
microbialites (including that of this paper) has been
on the extensive reefs that are submerged during
“normal” levels of the modern lake, i.e., those below
about 1280 meters above sea level (masl; 4200 feet
above sea level, or ft-asl), microbialites and other pu-
tative microbial carbonates are also found in discrete
locations at higher elevations, associated with earlier
phases of the lake system (Chidsey and others, 2015;
Vennin and others, 2019; Homewood and others,
2022). However, in the remainder of this paper, we
use “microbialites” to refer only to the reef-forming
deposits below 1280 masl (4200 ft-asl) in Great Salt
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Lake and its recently exposed shores.

The mega- and macrostructure (Shapiro, 2000) of
Great Salt Lake’s microbialites includes roughly cir-
cular domes ranging in size from ~15-300 cm in di-
ameter, rings of the same scale with collapsed interi-
ors, linear ridges up to several meters long, and
mounds that outline the cracks of 30—75 m desicca-
tion polygons at the lake margin (Vanden Berg, 2019)
(Figure 2). The morphological diversity of the micro-
bialites is presumably influenced by physical factors
including substrate, bathymetry, tectonics, and hydro-
dynamics. Correlations between these physical factors
and microbialite growth suggest that microbialites
tend to grow on underlying raised substrate (Eardley,
1938; Chidsey and others, 2015; Bouton and others,
2016b; Bouton and others, 2016a; Vennin and others,
2019; Vanden Berg, 2019; Kanik and others, 2020;
Baskin and others, 2022). At the mesoscale, the inte-
rior composition of the microbialites includes primar-
ily clotted aragonite (posited to be of direct microbial
origin (Pace et al, 2016; Vanden Berg, 2019), as well
as trapped and cemented ooids, Artemia (brine
shrimp) pellets, and some allochthonous grains
(Chidsey and others, 2015). Many microbialites also
include poorly-defined, laminated stromatolitic fab-
rics as a minor interior component. Thus, the term mi-
crobialite since the structures comprise a mix of fab-
ric types, instead of using more specific terms such as
stromatolite, thrombolite, or leolite.

Radiocarbon (**C) dating of both solid carbonate
and trapped organic material has yielded ages for mi-
crobialite material of 12.7-2.7 ka (Figure 1A) (Bou-
ton and others, 2016b; Bouton and others, 2016a;
Newell and others, 2017). The reservoir effect in the
modern lake appears to be on the order of several
hundred years (Bowen and others, 2019; Paradis and
others, 2023), however, it may have been greater in
the past (Bowen and others, 2019), and carbonate for-
mation in close association with groundwater may in-
corporate a reservoir effect of over 5000 years
(Homewood and others, 2022). Thus, there is a rather
high degree of uncertainty in microbialite radiocarbon
ages. Notwithstanding, to date, no modern ages have
been measured from microbialite material, although
dating is limited to only six microbialites from two
locations at the northwest shore of Antelope Island,
and none targeted periphyton-rich outer zones where
modern carbonate precipitation appears to be happen-
ing (for example, Pace and others, 2016). It also ap-
pears that microbialites form over thousands of years,
with a range from 7.6-12.7 cal ka measured from or-
ganic material extracted from four zones within a sin-
gle microbialite (Newell and others, 2017). This co-
vers a period when the surface elevation of Great Salt
Lake is poorly constrained within a rough range of
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Figure 2. Photographs of microbialites in and around Great Salt Lake. (A—B) Microbialites that grew at the boundaries of desiccation polygons at Promontory
Point, north arm. Note the bright/light surface color (photosynthetic microbial mats are absent) of partially submerged microbialites in halite-saturated north
arm water. (C—D) Microbialite reef at Ladyfinger Point on Antelope Island, showing transition from living periphyton to desiccated bright forms, (D) healthy
mat and brine fly pupae visible on the surface of a collected microbialite sample; sample is roughly 14 cm across. (E-F) Microbialites at Bridger Bay off Ante-
lope Island, showing (F) collapsed centers; area shown is roughly 1 m across. (G—-H) Microbialite reef at Buffalo Point on Antelope Island, showing both ex-
posed and partially-eroded structures, as well as (H) submerged structures with a dark, photosynthetic periphyton; area shown is roughly 0.8 m across. (I-J)
Large and elongate microbialites off of Stansbury Island, with thrombolitic crust. Partially eroded crust visible in (J); area shown is roughly 1 m across. Loca-
tions where each set of photographs were taken are shown as markers on the map in Fig. 8.
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1271-1285 masl (4170-4216 ft-asl) (Oviatt and oth-
ers, 2021) (Figure 1A).

Regardless of their age and origin, microbialites
play an important role in the modern Great Salt Lake.
The exposure of vast expanses of microbialites with
historically low lake elevation levels is threatening
their preservation and keystone function in the Great
Salt Lake ecosystem. Great Salt Lake comprises dis-
tinct habitat types ranging from fresh— to brackish-
water estuaries and wetlands where rivers enter the
lake, to expansive mudflats and playas, to the hyper-
saline open water of Gunnison Bay (the north arm)
and the south arm of Great Salt Lake. Great Salt Lake
has historically supported a simple but hemispherical-
ly important ecosystem (Figure 3). Ten million birds
rely on the lake, including 90% of the world’s Eared
Grebes (Podiceps nigricollis), two species of Phala-
ropes (Phalaropus lobatus and Phalaropus tricolor),
and large nesting colonies of American White Peli-
cans (Pelecanus erythrorhynchos) and California
Gulls (Larus californicus) (Conover and Bell, 2020).
The lake also supports an economically important
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brine shrimp cyst-harvesting industry, which supports
global aquaculture (Marden and others, 2020). Great
Salt Lake’s microbialites are a critical feature that
supports this extreme ecosystem. Microbialites, the
lithified structures, are distinct from microbialite pe-
riphyton communities, which, in Great Salt Lake, are
robust, productive, and diverse microbial communi-
ties that blanket microbialite surfaces (Pace and oth-
ers, 2016; Lindsay and others, 2017; Kanik and oth-
ers, 2020; Ingalls and others, 2020). Microbialite pe-
riphyton communities are conservatively estimated to
be responsible for 30% of the lake’s primary produc-
tivity (Wurtsbaugh and others, 2011; Anderson and
others, 2020; unpublished data by B. Baxter and oth-
ers, 2023), the remainder is attributed to planktonic
algae. The significance of microbialites is as an-
chored, solid substrates with substantial relief above
the surrounding sediment in the Great Salt Lake ben-
thos, providing islands of stability in otherwise mo-
bile sediment where robust mats of photosynthetic
microbes can develop. Microbialites can contribute
biomass to pelagic zones via sloughing, wave action,

Figure 3. A simplified Great Salt Lake food web illustrating the im-
portance of the lake’s microbialites and associated periphyton, which
feed brine fly larvae and the occasional brine shrimp, which in turn
feed higher trophic levels of the ecosystem. Modified from Frantz and
others (2023) (Licensed under CC4.0 and used with permission).
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and/or bioturbation (Maclntyre and Melack, 1995;
Barrett, 2020; Marden and others, 2020). Brine
shrimp (Artemia franciscana) are filter feeders that
prefer pelagic microalgae for nutrition, however, they
will also graze on microbialite periphyton in shallow
waters (Caudell and Conover, 2006; Lindsay and oth-
ers, 2019; Brown and others, 2022). Indeed, stable
isotope and gut content DNA evidence suggests that
brine shrimp feed on microbialite surface communi-
ties during summer months (Barrett, 2020; Marden
and others, 2020), presumably because the shrimp re-
duce the planktonic phytoplankton concentrations be-
low the level at which they can efficiently feed (Be-
lovsky and others, 2011), necessitating a supplemen-
tary food source.

Microbialites are also a critical part of the brine
fly (Ephydra spp.) lifecycle, which depend on micro-
bialites for habitat and food (Collins, 1980; Caudell
and Conover, 2006; Belovsky and others, 2011;
Wurtsbaugh and others, 2011; Conover and Bell,
2020; Brown and others, 2022), and are a critical nu-
tritional source for both shorebirds and pelagic birds
at Great Salt Lake (Conover and Bell, 2020; Sorensen
and others, 2020). The overwhelming majority of
brine flies appear to pupate on submerged micro-
bialites (Collins, 1980; Wurtsbaugh, 2009), again, be-
cause they offer a stable benthic substrate. Hatched
brine fly larvae then feed primarily on microbialite
periphyton communities (Collins, 1980; Barrett,
2020). In shore areas where submerged microbialites
are nearby and salinity levels do not exceed 20%
(which may be an upper survival limit for micro-
bialite primary producers; Lindsay and others, 2019),
the dense clouds of hatched brine flies in late summer
are remarkable; walking through a microbialite reef
disturbs innumerable thousands of flies that rise from
the surface of microbialites and ponded water in
swarms.

Lake ecosystem models (for example, those de-
scribed by Belovsky and others, 2011; Barrett, 2020)
require accurate estimates of microbialite extent and
relationships between lake elevation and the propor-
tion of submerged vs. exposed microbialites.

Lake Level Fall and Exposure of the Lake’s
Microbialites

Great Salt Lake elevation levels have dropped to
historic lows in recent years, the result of mega-
drought and overuse of water in the upstream water-
shed (Null and Wurtsbaugh, 2020), with profound
consequences to the lake ecosystem. Avian nesting
grounds that were previously protected from preda-
tion as islands have become connected to outer lake
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shores, disrupting bird populations (Kijowski and oth-
ers, 2020; Sorensen and others, 2020). Increases in
lake salinity have produced conditions that exceed
levels at which keystone members of the ecosystem
optimally survive and reproduce (Baxter and Butler,
2020; Great Salt Lake Salinity Advisory Committee,
2021). In addition, low elevation and consequent
shoreline shift has exposed hundreds of kilometers of
microbialite reefs, subjecting them—and their ecolog-
ically-important periphyton communities—to desic-
cation, negating their ecosystem function.

Recent work by Frantz and others (2023) provid-
ed some hope in the face of current mass microbialite
exposure, showing that exposed and desiccated mi-
crobialites can regain some of their periphyton com-
munity in relatively short order once re-submerged in
healthy lake water. However, their study was limited
to a brief period of recovery, well before thick, car-
bonate-rich mats began to reappear (which could take
years to decades). Their results also indicated that re-
covery is limited as lake level continues to fall and sa-
linity continues to rise. In addition, they noted results
that hint that individual microbialite areas harbor dis-
tinct strains of Euhalothece, the primary microbialite
phototroph; losing areas of reef may therefore disrupt
natural microbial diversity and could make the lake’s
microbialite-supported ecosystem less resilient to fu-
ture change. Furthermore, they showed that subaerial-
ly exposed microbialites are rapidly weathered. Ex-
tended periods of exposure could reduce the height of
microbialite reefs (and raise the surrounding sedi-
ment), diminishing their value as habitat for periphy-
ton and brine fly larvae, even if lake levels rebound.

Mapping Great Salt Lake’s Microbialites

The current threat to the lake’s microbialites with
lake level fall, and consequent long-term impacts on
the lake ecosystem, mean that management of Great
Salt Lake and its watershed requires a quantitative un-
derstanding of how different lake elevations affect
microbialite exposure. This in turn depends on accu-
rate maps of microbialite reef extent in Great Salt
Lake, as well as refined relationships between lake
bathymetry and microbialite exposure. Additionally,
low lake levels and the exposure of the lake’s micro-
bialites has presented new hazards for navigation of
watercraft on the lake. Accurate mapping of micro-
bialite extent also has scientific value, as illustrated
by several recent publications that have linked micro-
bialite locations and extent to topographic features,
faults, tectonics, wave energy, depth bands, and
groundwater availability (Bouton and others, 2016b;
Bouton and others, 2016a; Vanden Berg, 2019;
Baskin and others, 2022).
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The first map of microbialite extent was from
Eardley (1938), who took advantage of a period of
relatively low lake level in the mid-1930s to map
them roughly from shore, as well as observing them
at depths up to 1 m during “considerable travel” via a
boat, the appropriately named Hydrographer, near the
shores of the lake and in transects between the lake’s
islands. His paper includes both site and aerial photo-
graphs at various locations around the lake shore. Im-
portantly, he also noted that cores from previously
conducted engineering studies indicated prior periods
of microbialite formation in the lake in areas different
from where he had observed them. He used a planim-
eter and his map to determme a rough microbialite
reef area of 398 km? (154 mi®) within the lake (Figure
4). Due to limited mapping technology and limited
field observations, Eardley’s map largely missed mi-
crobialite reefs on the western side of the lake, as well
as deeper-water areas, whereas extents on the east
side of the north arm are overestimated. Overall,
Eardley underestimated the extent of Great Salt Lake
microbialites.

For his 2014 Ph.D. dissertation, Baskin (Baskin,
2014) produced the first major update to Eardley’s
map, utilizing single-beam sound-velocity soundings
obtained during his work producing digital bathymet-
ric surveys of the lake with the United States Geolog-
ical Survey (USGS) (Baskin and Allen, 2005; Baskin
and Turner, 2006). His method for identifying micro-
bialites involved a calculation of rugosity from the
sounding data that was truthed in select high-rugosity
areas using dual-frequency 2D side scan sonar, swept-
frequency Chirp sub bottom profiles, and videogra-
phy (when lake visibility permitted), as well as in situ
sampling in known microbialite locations. The ex-
tents identified in his dissertation were then updated
and refined with the publication of Baskin and others
(2022). ThlS newer pubhcatlon identified an area of
~1000 km? (~390 mi’) of putative microbialite reef,
Wlth >700 km (270 mi’) in the south arm and >300
km? (~120 mi?) in the north arm (Figure 4), nearly tri-
pling the extent mapped by Eardley (1938). In his the-
sis, Baskin also noted the effect of the railroad cause-
way, completed in 1959, that bisected the lake and cut
off the north arm from most of the lake’s freshwater
input, causing it to become rapidly salt-saturated and
killing off the Fuhalothece-based periphyton on north
arm microbialites (this was also noted by Post, 1977,
and verified with DNA sequencing by Lindsay and
others, 2017). Although extensive, Baskin’s map was
largely based on indirect data; due to time and re-
source constraints he was only able to verify the pres-
ence of benthic microbialites in limited areas of his
reported mapped extent.
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Vanden Berg (2019) produced an alternative map
of microbialite extent using Google Earth imagery
and limited field mappi ng, yielding a microbialite reef
aerial extent of 680 km“. However, the map and ex-
tent estimates were limited by the availability of clear
-water imagery and stated the need for further field
verification.

Bouton and others (2020) further amended micro-
bialite extent estimates by merging the Eardley
(1938) and Baskin (2014) maps and adding additional
refinement based on limited remote imagery of west-
ern Antelope Island from Bouton and others (2016a)
yielding an expanded (and overestlmated) rnlcro-
bialite reef aerial extent of 1261 km? (487 mi’). In
sum, maps of microbialite reef extent in the literature
to date have given conflicting and highly variable re-
sults (Figure 4).

Recent low lake elevations and increasing resolu-
tion of satellite and aerial imagery have made micro-
bialite mapping via remote imaging more powerful
and accurate than ever before. Water column visibil-
ity in the lake varies greatly with season, biological
activity, and weather, however, during clear-water pe-
riods the Secchi disk depth typically exceeds 3 m (10
ft), making the lake bottom visible from aerial view in
all but the deepest portions of the lake (Belovsky and
others, 2011). Microbialites are visible to depths in
excess of 4 m (13 ft) in some high-visibility images, a
fact that several studies have utilized to identify ex-
tents of microbialites against the lake bed (Bouton
and others, 2016a; Vanden Berg, 2019). Advantages
of using remote imagery over field-based mapping in-
clude the ability to quickly map large regions across
the full extent of the lake (vs. transects or areas only
accessible from shore), and that dry, shallow-water,
and deep microbialites can all be mapped using the
same method.

The varied estimates of microbialite extent from
prior literature (Table 1) adds a large element of un-
certainty to estimates of overall microbialite produc-
tivity, microbialite exposure, and other factors influ-
encing the management of Great Salt Lake. Thus, our
study attempted to improve on previous estimates by
(1) mapping microbialites using satellite imagery,
taking advantage of historic low lake level and im-
proved spatial and temporal resolution of available
images, (2) confirming (or refuting) the presence of
suspected microbialite areas from prior mapping ef-
forts via aerial imagery and field checks, and (3) gen-
erating shapefiles of microbialite reef extent that can
be used in quantitative estimates of microbialite ex-
tent and exposure. Here, we present our results, which
include the most detailed map of Great Salt Lake mi-
crobialite extent to date and a model of microbialite
exposure at different lake elevations.
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Figure 4. Comparison of previously published microbialite reef extent maps for Great Salt Lake with our mapped reef extent. (A) Microbialite reef areas
mapped by Eardley (1938, in purple), Baskin and others (2022, in blue), and this study (yellow), highlighting areas of overlap and major differences. (B) Quan-
tified comparison of mapped reef areas in the three studies. Darker vs. lighter colors in the plot for this study indicate regions of high vs. low confidence.



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors

2024 Utah Geological Association Publication 51

Table 1. Summary of prior attempts to map lakebed microbialites in Great Salt Lake. Where given, reported values
are non-italicized while values inferred from traced shapefiles are italicized.

Mapped microbialite
extent (km?)

Reference Method Shortcomings and uncertainties
South North
Arm Arm Total
Eardley, 1938 Field verification from shore and Limited to primarily nearshore areas 117 160 277
by boat confirmed in the field, missed areas 260
of deeper microbialite reef and areas
in the western portions of the lake
Baskin and others, 2022 Rugosity from acoustic sound-  Indirect measure with limited field 700 300 1000
ings during bathymetric surveys, confirmation 654 446 1099
partially confirmed in the field
Vanden Berg, 2019 Remote imagery Limited image availability, limited 56 92 147
field verification
Bouton and others, 2020  Merged prior maps with addi-  Inherited uncertainties from prior 1261
tional areas from remote image- work, assumed variable regions were
ry reported in Bouton and oth- due to burial vs. rip-up clasts
ers, 2016a
This study (high confidence) Remote imagery Limited field verification, some deep- 288 360 648

water areas could not be mapped

METHODS

Mapping Microbialites Using
Satellite Imagery

Data Acquisition

Positive identification of microbialites through the
application of remote sensing required high-
resolution imagery with sufficient temporal resolution
to permit analysis of areas of interest during favorable
periods (i.e., periods without obscuring cloud cover,
with low lake elevations, and with good water clari-
ty). Imagery was collected through Esri’s World Im-
agery Wayback (EWIW) archive. EWIW is a digital
archive of published world imagery since 2014 that is
stored as layer files that can be downloaded or viewed
online through ArcGIS’s living atlas. The current ex-
tent of the Great Salt Lake covers over 4000 km’
within the Great Salt Lake basin (within the quad 40.6
—41.8°N, 111.8-113.2°W). Imagery for the region is
collected via multiple satellite constellations at differ-
ent temporal sequences that are location-dependent.
North and south arms of Great Salt Lake required sets
of time series imagery that often come from different
capture dates (Table 2). EWIW acquires imagery via
Landsat, USDA NAIP, TerraColor, Digital Globe,
GeoEye IKONOS and AeroGRID at 0.6—-15 m spatial
resolution depending on location and provider.

Dates were selected to provide optimal below-
water visibility, with favorable atmospheric condi-
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tions (especially low cloud cover), clear water periods
(during the absence of water turbulence or algal
blooms), and relatively low lake levels (permitting
visibility in deeper areas of the lake), allowing good
visual records of changing microbialite reef exposure
(Figure 5). The analysis over multiple time points was
vital for distinguishing loose debris from true reef, as
illustrated in Figure 6. Google Earth Pro (GEP) was
also utilized to compare and contrast visible reef
zones with EWIW imagery. GEP utilizes Landsat and
Copernicus satellite constellations for imagery collec-
tion. Dates of available archival GEP imagery vary;
imagery from 2016-2022 provided the best clarity for
positive or negative identification of microbialites.
Imagery in GEP varies based on location and scale,
with each view of lake locations utilizing several re-
mote sensing sources and acquisition dates.
High-resolution historical imagery was collected
from EWIW and downloaded as layer files. Once im-
ported into ArcGIS Pro, each layer file was used for
side-by-side comparison of microbialite structures.
This side-by-side analysis of archived EWIW and
GEP imagery was used to digitize areas that could be
positively identified as reef zones via remote sensing.

Identification and Mapping

To develop criteria for microbialite reef identifi-
cation, we first compared characteristics of known
reef zones (from field studies by the authors) to our
remote sensing imagery (Figure 7). We identified
three reliable patterns for identifying microbialites in
remote imagery.
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Table 2. Summary of remote imagery utilized for this study. Image Capture Date is the date satellite images were cap-
tured, while World Imagery Date is a date of availability in ArcGIS for the set of images.

Image Capture Date World Imagery Date Location Provider Resolution (m) Accuracy (m)

2014-06-29 2015-07-08 South Arm NAIP 1 6
2014-08-31 2015-07-08 North Arm NAIP 1 6
2016-06-26 2017-05-03 South Arm NAIP 1 6
2016-07-15 2017-05-03 North Arm NAIP 1 6
2016-05-07 2018-01-08 North Arm Digital Globe 0.5 10.2
2013-08-29 2018-01-08 South Arm Digital Globe 0.5 10.2
2022-05-07 2022-11-02 South Arm Maxar (GEO1) 0.46 5
2021-10-15 2022-11-02 North Arm Maxar (WV02) 0.5 5
2021-04-08 2022-12-14 South Arm Maxar (GEO1) 0.46 5
2021-10-15 2022-12-14 North Arm Maxar (WV02) 0.5 5

Figure 5. Comparison of satellite images of a specific location at northern Antelope Island (41.06°, -112.26°) using differ-
ent image dates. In all images, the thin, white dashed line shows the area outlined as microbialite reef in this study. (4) Mi-
crobialite reef can be seen as a dark green submerged region in June 2014 (Esvi World Imagery Wayback). (B) In May
2016, visibility of the reef was limited due to poor water clarity and higher lake elevation (Esri World Imagery Wayback).
(C) In September 2018, part of the visible reef was obscured due to image distortion and resolution issues (Google Earth
Pro). (D) Waves on the lake in May 2020 obscure the reef (Google Earth Pro). (E) Waves and light reflection again ob-
scure parts of the reef, with image stitching artifacts obscuring other portions (Esvi World Imagery Wayback). (F) Exposed

microbialite reef appear as bright/light regions during low lake level in May 2022 (Esri World Imagery Wayback).

First, “healthy,” submerged microbialites appear
dark green in remote imagery and stand out against
the brighter carbonate sediment background (Figs. 7A
& 7D). In some instances of dark green submerged
substrate, microbialite reefs were indistinguishable
from loose microbialite debris (Figure 6) in single im-
ages; for such regions, we compared images from at
least three different dates to look for evidence of mo-
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bility, with only stationary features mapped as reef.

Second, as lake levels fall, microbialites become
exposed and “bleach” (Frantz and others, 2023), caus-
ing exposed reef areas to appear bright in partially-
exposed reef areas. Our second identified pattern was
that of white reef areas (bleached microbialites) with
patterned high-relief mounds (for example, Figs. 7C
& D).
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Figure 6. Examples of mobile debris. (A) Field photograph of loose carbonaceous microbial mat debris between actual
microbialite mounds at Buffalo Point in August 2021. (B) Google Earth Pro remote image showing a dark green region
of potential microbialite reef in the southwest arm of the lake (40.983°, -112.709°) on 2019-08-17, and (C) Google Earth
Pro remote image of the same location on 2015-06-27 showing shifted mobile debris. Scale bars in (B) and (C) are both
1 km.

Figure 7. Examples of field-verified microbialite reef areas identified from remote imagery in the south arm of Great
Salt Lake. (4) Dark green submerged microbialites and bright bleached megapolygons indicate the presence of micro-
bialites in a nearshore area in the south arm of the lake (41.073°, -112.573°). (B) Submerged desiccated microbialite-
edged polygons in the north arm of the lake (41.249°, -112.533°). (C) Bright exposed and desiccated microbialites stand
out against green lake water at a site near the Antelope Island marina (41.064°, -112.237°). (D) Partially submerged
microbialites between Buffalo Point and White Rock Bay (41.033°, -112.275°). Scale bar in all images is 100 m. Image
locations are shown as markers on the map in Fig. 8. Images from Google Earth Pro.

Finally, microbialites tend to form on the perime- level.

ters of “megapolygons”—polygonal structures rough- In some areas, particularly north and northwest of
ly 30-75 meters in diameter (Vanden Berg, 2019) Hat Island (112.586°W 41.071°N), we identified
(Figs. 7A & 7B). Thus, megapolygons are our third broad regions of megapolygons (some quite faint) at
identified pattern. In contrast, zones of smaller desic- elevations above 4195 ft-asl, however, we excluded
cation—related polygons, averaging only 4-9 meters, these from our map due to lack of field verification
are present along shoreline areas at higher elevation and their anomalously high elevations; if micro-
and are not associated with microbialites (Vanden bialites are found associated with these megapoly-
Berg, 2019). These smaller polygons can be ephemer- gons, they might belong to an older generation.

al, appearing and disappearing with changes in lake Regions positively identified as containing micro-
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bialite reefs were mapped in ESRI’s ArcGIS Pro.
Separate feature classes were created for the north
and south arms and were digitized using ArcGIS Pro
by tracing shapes over downloaded imagery. Feature
classes as well as bathymetric layers were imported
and projected as UTM NADS83 zone 12N to minimize
distortion and maximize location accuracy. Areas
were initially digitized in large zones before being re-
fined to greater resolution in a second stage of pro-
cessing.

Comparison to Prior Work

Areas mapped by prior studies were given extra
attention in our analysis, with maps by Eardley
(1938), Vanden Berg (2019), Bouton and others
(2020), and Baskin and others (2022) providing a
framework for the mapping efforts described in this
study (Figure 4). Some regions identified as reef
zones by Baskin and others (2022) were not able to be
conclusively analyzed using remote imagery due to
their occurrence in deeper areas of the lake. We in-
cluded some of these regions from Baskin in our map
as low-confidence regions.

Field Verification

Many identified reef sites were confirmed with
field verification, particularly in accessible shoreline
areas (Figure 8); these regions are denoted as high-
confidence regions in our map. The western shores of
the lake are difficult to access due in part to military
restrictions and private land ownership, thus most
sites on the west side of the lake have not been field
verified. Identified reef sites not yet confirmed with
field verification are denoted as low-confidence re-
gions except for those associated with megapolygons,
which were classified as high-confidence even in the
absence of field verification.

Lake Elevation-Exposure Model

In order to develop a model of microbialite expo-
sure at different lake elevations, we used shapefiles
for the mapped microbialites and determined overlap
with lake bathymetry shapefiles (1 ft intervals) im-
ported from Baskin and Allen (2005) and Baskin and
Turner (2006). However, caution should be exercised
when using the historical bathymetry data, especially
in the nearshore environment: modern observations
during extreme low lake level indicate that these con-
tours are significantly incorrect in several nearshore
environments around the lake. Inaccuracies in the
bathymetric data will create inaccuracies in the expo-

12

Use of Remote Imagery to Map Microbialite Distribution at Great Salt Lake

sure models presented in this study, but currently this
is the only published bathymetric data available. Mi-
crobialite reef area shapes were combined in distinct
layers for the north vs. south arm of the lake, since
the two arms can have independent water surface ele-
vation levels and can be managed separately for eco-
system function. Digitized microbialite reef zones
were split based on bathymetric data. These clipped
zones were used to identify areas of exposure as lake
levels decline.

Areas of mapped microbialite reef at elevations
above bathymetric lines were considered exposed at
that lake elevation, whereas areas of microbialite reef
at or below bathymetric lines were considered sub-
merged. The curve fit least-squares function in the
scipy.optimize python package (Virtanen and others,
2020) was used to generate logistic regression models
parameterized to fit the area vs. bathymetry elevation
values for each arm of the lake using the least squares
method.

RESULTS

Microbialite Reef Extent

Our remote imagery-based mappin% of micro-
bialite extent indicates 360 km* (139 mi®) of micro-
bialite reef between 1271.6 and 1280.5 masl (4172—
4201 ft-asl) in the south arm of Great Salt Lake, of
which 45% are high-confidence regions. In the north
arm of the lake, we mapped 288 km” (111 mi®) of mi-
crobialite reef in the same elevation band, of which
74% are high-confidence regions confirmed with field
observation (Figure 8). The distributions of mapped
microbialites by elevation were similar in the north
and south arms (Figure S1), although our mapped re-
gion in the north arm was limited by limited field ver-
ification, poor water visibility, and image resolution.

Our mapped extent was somewhat similar with
the Baskin and others (2022) map, with several im-
portant differences. First, we were able to map micro-
bialites in exposed shore environments that were in-
accessible by boat and therefore unable to be mapped
sonographically by Baskin, thus, our map extends to
higher elevations than the Baskin and others (2022)
map (for example, bottom left of Figure 9C). Second,
in some regions, areas mapped by Baskin extended
deeper into the lake than what we found, for example,
on the western shore of the lake (Figure 9B-C).
Third, our map is more spatially refined (Figure 9E).
Also, some regions mapped by Baskin were exposed
as dry shoreline in recent years, with no apparent mi-
crobialites present (for example, Figure 9D).

Most (95%) of the microbialites that we mapped
lie in an elevation band between 1274.0 and 1278.6
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Figure 8. Mapped extent of microbialites in Great Salt Lake (this study) showing regions of high confidence of
microbialite occurrence (areas confirmed with field verification or presence of megapolygons) and regions
mapped at low confidence of microbialite occurrence (areas of apparent microbialite reef in remote imagery).
Stars indicate areas where field verification of microbialite reef existence (or non-existence) was verified. Tri-
angles mark the approximate locations of photograph sets shown in Fig. 2. Circles mark the locations of re-
mote imagery shown in Fig. 7. Basemap imagery provided by Earthstar Geographics.
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Figure 9. Example detail areas where mapped microbialite extents in this study differed significantly from Baskin and
others (2022). (A) Mapped microbialite extents in Baskin (blue) vs. this study (yellow) showing areas of detail (B—E).
(B) Region along the northeastern lakeshore mapped as having microbialites by Baskin where we were unable to find
evidence of microbialites in remote imagery or via field checks. Base image from Maxar 2015-07-08. (C) Area along
the western shore of the lake where we identified a region of higher elevation microbialites visible in remote imagery
but unmapped by Baskin. The Baskin map also extends into deeper water than we were able to confirm. Base image
from Maxar 2015-04-27; mid-image color changes is an imagery artifact. (D) Area at the southwestern shore of the
lake where the Baskin map includes microbialites where we only observed regions of mobile clasts. Base image from
Maxar 2021-10-16. (E) Region off the northwest shore of Antelope Island where high-resolution imagery from Esri
World Imagery Wayback and Google Earth Pro allowed for more precise mapping of microbialite reef zones in our
study relative to the Baskin map. Base image from Maxar/Earthstar Geographics 2022-05-08. White scale bars in are-
as of detail (B—E) are all 1 km.

masl (4180—4195 ft-asl) (Figure 10). Several notable DISCUSSION
deeper-water outlier areas are bounded by active Qua-
ternary fault zones (Figure S2).

Refined Map of Microbialite Reef Extent for

Elevation-Exposure Model Great Salt Lake
Our findings for microbialite exposure at different Our remote imagery-based map of microbialite
lake elevations are summarized in Table 3 and Figs. extent yielded an extent of microbialites between the
11-12. lower and upper bounds of prior work (Figure 4): at

Fitting a logistic regression line (Equation 1) us- both low and high confidence levels, we mapped sig-
ing the least-squares method to the lake elevation nificantly more microbialite area than Eardley (1938),
(elev, in masl or ft-asp vs. microbialite exposure data but substantially less than what was mapped by
(in km? or mi®) gave r* values > 0.995 for all models Baskin and others (2022).

(Figure 12). Because it relied on limited field observation and
rough mapping tools available at the time, the Eardley
Equation 1: (1938) map represents an understandable underesti-

mate of microbialite extent. Meanwhile, the Baskin
and others (2022) map covered the entire lakebed in

In Equation 1, is the area (in km” or mi®) of relatively high resolution, however, by relying on in-
microbialites exposed at a given lake elevation (elev, direct measurements of lake-bottom rugosity, it could

in masl), where L’ k’ X0, and b are model parameters have overestimated true microbialite extent. In gen-
defined in Table 4. eral, our map refines the spatial extent of reefs identi-

fied by Baskin: 86% of our mapped regions were also
mapped by Baskin, for both our high and low confi-
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Figure 10. Histograms of microbialite reef area identified at high and low confidence in different 1 ft
elevation bands (labels show the lower bound of the band). (A) North arm (NA). (B) South arm (SA4). (C)
Both arms.

15



L. Wilcock, C.M. Frantz, and M.D. Vanden Berg Use of Remote Imagery to Map Microbialite Distribution at Great Salt Lake

Table 3. Mapped microbialite reef area in different elevation bands, and area of microbialite exposure when lake level reaches the lower elevation bound.

Area of mapped microbialite reef (km2) Total area exposed at lower elevation bound (km2)
Elevation band High confidence Low confidence High confidence All mapped (high + low conf.)

(ft-asl) North Arm South Arm North Arm South Arm North Arm South Arm Whole lake North Arm South Arm  Whole lake
4172 — 4173 0.00 0.01 0.00 0.79 212.0 162.6 374.6 288.45 360.4 648.8
4173 - 4174 0.00 0.00 0.00 0.03 212.0 162.6 374.6 288.45 359.6 648.0
4174 - 4175 0.00 0.02 0.00 1.06 212.0 162.6 374.6 288.45 359.5 648.0
4175 - 4176 0.01 0.01 0.00 2.90 212.0 162.5 374.6 288.45 358.4 646.9
4176 — 4177 0.04 0.06 0.00 1.80 212.0 162.5 374.5 288.43 355.5 644.0
4177 — 4178 0.09 0.08 0.00 2.04 212.0 162.5 374.4 288.39 353.7 642.1
4178 — 4179 0.09 0.15 0.00 5.55 2119 162.4 374.3 288.30 351.6 639.9
4179 - 4180 0.15 1.17 0.00 9.65 211.8 162.2 374.0 288.21 345.9 634.1
4180 — 4181 0.59 1.81 0.01 10.07 211.6 161.1 372.7 288.07 335.0 623.1
4181 - 4182 6.33 4.35 0.01 12.28 211.1 159.3 370.3 287.47 323.2 610.6
4182 — 4183 7.30 1.45 0.82 14.94 204.7 154.9 359.6 281.12 306.5 587.6
4183 - 4184 9.36 7.41 1.16 15.21 197.4 153.5 350.9 273.00 290.1 563.1
4184 — 4185 16.90 3.66 3.78 14.49 188.1 146.0 334.1 262.48 267.5 530.0
4185 — 4186 14.32 14.12 5.30 12.67 171.2 142.4 3135 241.80 249.4 491.2
4186 — 4187 15.62 11.27 6.19 9.90 156.8 128.3 285.1 222.18 222.6 444.8
4187 — 4188 13.67 29.04 6.05 9.06 141.2 117.0 258.2 200.37 201.4 401.8
4188 — 4189 12.73 20.46 6.09 10.36 127.5 88.0 215.5 180.64 163.3 344.0
4189 - 4190 13.99 20.04 8.26 12.43 114.8 67.5 182.3 161.82 132.5 294.3
4190 - 4191 14.65 11.45 8.91 12.21 100.8 47.5 148.3 139.58 100.0 239.6
4191 - 4192 23.07 10.32 9.15 12.43 86.2 36.0 122.2 116.02 76.4 192.4
4192 - 4193 23.11 10.01 8.31 16.06 63.1 25.7 88.8 83.80 53.6 137.4
4193 - 4194 21.04 6.50 5.52 7.30 40.0 15.7 55.7 52.38 27.5 79.9
4194 - 4195 14.96 5.71 4.63 4.28 19.0 9.2 28.1 25.82 13.7 39.5
4195 - 4196 2.91 0.71 2.15 0.24 4.0 3.5 7.5 6.22 3.7 10.0
4196 — 4197 0.77 2.19 0.07 0.03 1.1 2.8 3.8 1.16 2.8 4.0
4197 — 4198 0.25 0.54 0.00 0.00 0.3 0.6 0.9 0.32 0.6 0.9
4198 — 4199 0.07 0.00 0.00 0.00 0.1 0.0 0.1 0.07 0.0 0.1
4199 - 4200 0.00 0.01 0.00 0.00 0.0 0.0 0.0 0.00 0.0 0.0
4200 - 4201 0.00 0.01 0.00 0.00 0.0 0.0 0.0 0.00 0.0 0.0
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Figure 11. Map of microbialite reef areas (this study) correlated with lake bathymetry, highlighting the areas of
microbialite reef exposed at different lake surface elevations (in ft-asl). Basemap imagery provided by Earthstar
Geographics.
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Figure 12. Relationship between lake elevation and total cumulative microbialite exposure in Great Salt
Lake. Data points for each elevation band that we mapped are shown as points along with corresponding
logistic regression best-fit lines. Shaded areas represent the range of standard error for the regression mod-
els. The dashed vertical line marks the lake elevation at the autumn 2022 minimum (4188.5 ft-asl). (A) Micro-
bialites mapped in the north arm of Great Salt Lake at high (light) and high+low (dark) confidence. (B) Mi-
crobialites mapped in the south arm of Great Salt Lake at high (light) and high~+low (dark) confidence. (C)
Values for the whole lake, with mapped microbialites at high (light) and high+low (dark) confidence.
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Table 4. Logistic regression model results for microbialite exposure area at different lake elevations. To azd in the use
of models for management, values are presented for use of both metrlc units (masl for lake elevation, km’ for area of
exposed microbialites) and imperial units (fi-asl for lake elevation, mi’ for area of exposed microbialites).

Logistic regression model parameters - metric units

Logistic regression model parameters - imperial units

(masl, km?) (ft-asl, mi?)
Arm  Confidence r? L k Xo b L k Xo b
North
Arm high 0.9954 229+ 6 1.14+ 0.07 1277.0+ 0.1 -14+ 5 88+ 2 0.35+ 0.02 4189.6+ 0.2 54+ 1.8
North
Arm high+low 0.9967 308t 6 1.23+ 0.06 1277.0+ 0.1 -16+ 5 119+ 2 0.38+ 0.02 4189.8+ 0.2 -6.3+ 1.9
South
Arm high 0.9992 163+ 1 1.71+ 0.04 1276.7+ 0.0 0+ 1 63+ O 0.52+ 0.01 4188.5+ 0.1 -0.1+ 04
South
Arm high+low 0.9988 376+ 5 1.12+ 0.04 1276.4+ 0.0 -14+ 3 145+ 2 0.34+ 0.01 41875+ 0.1 55+ 1.2
Whole
lake high 0.9988 390+ 4 1.32+ 0.04 1276.8+ 0.0 -12+ 3 151+ 2 0.40+ 0.01 4189.1+ 0.1 4.7+ 13
Whole -
lake high+low 0.9986 684+ 9 1.14+ 0.04 1276.7+ 0.0 31+ 7 264+ 4 0.35+ 0.01 4188.6+ 0.1 120+ 2.6

dence maps. However, Baskin mapped ~350 km’
(135 mi?) more microbialite areas than we could con-
firm, largely in deep-water areas of the lake. There
are several key differences between our map and the
Baskin map that warrant future field verification.
First, our technique allowed for mapping of micro-
bialites in shore environments that were not navigable
and therefore unmapped by Baskin, for example, in
an area north of Lakeside where we identified desic-
cation megapolygons (Figure 9B). Second, areas
mapped by Baskin frequently extended deeper into
the lake than our remote imagery-based approach per-
mitted, for example, on the western shore of the lake,
and in the area between Antelope Island and Fremont
Island (Figs. 4, 9B—C). We did not include these
deeper-area regions of putative reef mapped by
Baskin in our map or elevation-exposure model, how-
ever, we cannot rule out that they exist. Also, our map
only accounts for consistently unburied microbialites,
which are more likely to contribute to lake productivi-
ty than intermittently buried microbialites, which
could have been included in the Baskin and others
(2022) map. Heavily eroded microbialites may also
have been missed by our map.

Lake Elevation and Microbialite Exposure

During the autumn 2022 historic lake lowstand of
1276.7 masl (4188.5 ft-asl), we estimate (from micro-
bialites mapped at both hlgh and low confidence in
this study) that >294 km? (114 mi%, or >45%) of the
lake’s microbialites were exposed, >133 km? (51 mi®)
in the south arm (>37% exposure), and 162 km? (63
mi?) in the north arm (>56% exposure). Microbialites
in the lake’s north arm no longer support a robust mi-
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crobialite surface community because of the arm’s
high salinity levels (Lindsay and others, 2019), thus,
their exposure or submergence likely does not have
much influence on the support of higher tropic levels
in the Great Salt Lake food web. In the south arm, re-
cent evidence suggests that microbialite photosynthet-
ic (periphyton) communities can survive months of
subaerial exposure, and that re-submerged micro-
bialites appear to be rapidly recolonized by lake water
microorganisms (Frantz and others, 2023). However,
subaerially exposed microbialites cannot contribute to
the benthic or planktonic food chains in the lake. Ad-
ditionally, areas of microbialites that experienced fre-
quent exposure in the past half century never fully re-
developed a healthy periphyton (marked by thick ge-
latinous mats) even when re-submerged for periods of
several seasons to years, indicating that the damage
caused by prolonged exposure is long-lasting. It is al-
so important to note that microbialites in the hyper-
saline north arm of the lake also lack the robust mats
of primary producers that are present in “healthy” mi
crobialites (Lindsay and others, 2017); this is one of
the reasons we clearly separate our maps of north vs.
south arm microbialites. Finally, exposed micro-
bialites are subjected to rapid weathering, and it could
take decades or even centuries for the raised mounds
that represent stable oases in an otherwise shifting
lake benthos to re-form. Thus, the consequences of
long-term subaerial exposure of the lake’s micro-
bialites are profoundly concerning for the lake eco-
system.

Even in the short term, there are ecosystem conse-
quences of microbialite exposure. If microbialite pe-
riphyton communities conservatively represent 30%
of primary production in Great Salt Lake, the expo-
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sure of ~ 40% of them in the lake’s south arm may
have equated to a > 10% reduction in overall lake pri-
mary production in summer 2022 compared to
“healthy” lake elevations (when microbialites are ful-
ly submerged). If one assumes that the bulk of micro-
bialite-supported primary productivity occurs in rela-
tively shallow water (i.e., the year-round photic
zone), it is possible that the relative aerial extent of
microbialites that occupy this zone has been relatively
stable over the past several years of lake level fall,
however, further lake level decline would substantial-
ly decrease the area of productive microbialites. Also
significant to the ecosystem is the substantial de-
crease in Ephydra pupa anchor sites that occurs when
microbialites become subaerially exposed.

The greatest change in submerged microbialites
occurs between 1275.6 and 1278.0 masl (41854193
ft-asl; Figure 12) because of the large expanses and
high density of microbialites in this zone (Figure 10).
The lower bound for the lake elevation target range
for management of 1279.5 masl (4198 ft-asl) (Utah
DNR Forestry, 2013) ensures that nearly all of the
lake’s microbialites are submerged. At 1278 masl
(4193 ft-asl), 88% are submerged, while at 1275.6
masl (4185 ft-asl), only 24% remain submerged. Ad-
ditionally, at lake elevation levels below ~1277 masl
(4190 ft-asl), microbialite community health becomes
threatened not only by exposure, but by salinity. At
salinity levels above 15%, the primary productivity of
FEuhalothece—and, thus, microbialite-associated
productivity—declines (Lindsay and others, 2019);
this corresponds to a lake elevation of roughly 1277
masl (4191 ft-asl). Thus, due both to microbialite ex-
posure and high salinity levels, elevations above 1277
masl (4191 ft-asl) should be a minimum for lake man-
agement with respect to microbialite-supported eco-
system survival, whereas elevations above 1278.6
masl (4195 ft-asl) keep nearly all of the lake’s micro-
bialites submerged.

Limitations of this Study

Although we believe our map is a significant im-
provement over previously published maps of micro-
bialite extent, it has several limitations and caveats.

First, our map is limited to visible reef areas. In
regions where remote imagery is low resolution, we
were unable to confidently map microbialites. We
were also unable to conclusively confirm or refute
microbialite reef areas in deep-water portions of the
lake (generally, below 1275 masl, or 4183 ft-asl, alt-
hough this varied somewhat by remote imagery avail-
able), where water obscures reflected light. These
deep- water portlons of the lake represent an area of
1800 km? (~700 mi?) and include 232 km?* (90 mi®) of
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microbialite reef mapped by Baskin and others
(2022); we cannot rule out the existence of micro-
bialites above surrounding lake sediment at depths
below 1275 masl (4183 ft-asl), but we were only able
to conﬁrm the probable existence of microbialites in
53 km?” (20 mi®) of that area based on remote imagery
and the methods of our study. This could account for
some, but not all discrepancies between the Baskin
map and ours. This caveat to our study could be rem-
edied with a comprehensive field verification cam-
paign. Deep-water areas may need to be verified by
divers. Our study could also be used to help refine
Baskin’s benthic rugosity-based mapping algorithm
(Baskin, 2005).

Second, we excluded regions of reef that were not
consistently visible in remote imagery. We did this to
exclude areas of shifting microbialite debris/rip-up
clasts. However, the change in visibility could also be
due to shifting ooid sands covering up and then re-
exposing areas of active reef (as noted by Bouton and
others, 2016). These regions of reef could still, when
exposed contribute to prlmary production in the lake.
Roughly 59 km* (23 mi’) of the lakebed we analyzed
in this study comprised regions of variable brightness,
i.e., either mobile clasts or varied exposure/covering
by surrounding sediment, and it was not possible to
distinguish mobile clasts from shifting sediment ob-
scuring true reef areas.

Third, our model of microbialite exposure vs. lake
elevation is based on the bathymetry of Baskin and
Allen (2005) and Baskin and Turner (2006), which
was limited spatially to 1-km transects in the naviga-
ble portions of the lake (Baskin, 2005; Baskin, 2006).
Thus, the bathymetry, especially in the elevation band
of 1276.5-1278.6 masl (4188—4195 ft-asl), which
corresponds to one of the greatest expanses of micro-
bialite reef (Figure 10), is poorly constrained, limiting
the accuracy of our model. Bathymetry in this band
can be improved with detailed lidar mapping, work
that is currently being explored and, we hope, done
more extensively in the near future.

Finally, prolonged subaerial exposure of the
lake’s microbialites results in their rapid weathering
(Frantz and others, 2023), thus, microbialite extents at
higher elevation bands are subject to change
(decrease) during periods of low lake elevation. Addi-
tional research is required to quantify and model rates
of microbialite weathering.

SUMMARY

We mapped 649 km® (251 mi®) of microbialite
reef in Great Salt Lake by leveraging low lake levels

and recent availability of high- resolutron remote im-
agery. Of that, 375 km? (145 mi®) were either field-
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verified or were identified as megapolygons, which
are linked to microbialites in Great Salt Lake (Vanden
Berg, 2019). We believe that our map of microbialite
extents refines previously published maps. We have
also produced shapefiles of microbialite extent at dif-
ferent lake elevations (Supplemental Materials). Our
model of microbialite exposure vs. lake elevation can
be used to inform Great Salt Lake management:
1278.6 masl (4195 ft-asl) should be considered as a
critical minimum lake elevation (with the understand-
ing that higher lake levels provide greater protection)
with respect to microbialites; at this depth, 98% of the
lake’s microbialites are submerged. During the histor-
ic lowstand in autumn 2022 of 1276.7 masl (4188.5 ft
-asl), we estimate that >37% of the microbialites in
the south arm of the lake were subaerially exposed,
representing substantial damage to benthic primary
productivity (which was likely already threatened by
high salinity levels) and Ephydra larva habitat.

ACKNOWLEDGEMENTS

LW was supported by NSF RISE #1801760 to
Elizabeth Balgord. CF was supported by NSF EAR
#1826869. MVB was supported by the Utah Geologi-
cal Survey.

We thank Ryan Frazier and Michael Hernandez
for their extensive help with GIS aspects of this pro-
ject, and several reviewers for detailed and helpful
comments on a prior version of this manuscript.

REFERENCES

Anderson, N.L., Barrett, K.L., Jones, S.E., and Belov-
sky, G.E., 2020, Impact of abiotic factors on mi-
crobialite growth (Great Salt Lake, Utah, USA): a
tank experiment: Hydrobiologia, v. 847, no. 9, p.
2113-2122, doi: 10.1007/s10750-020-04235-9.

Barrett, K.L., 2020, Microbialite communities and
food web linkages in Great Salt Lake: Notre
Dame, University of Notre Dame, Ph.D. Disserta-
tion, 195 p.

Baskin, R., 2005, Calculation of area and volume for
the south part of Great Salt Lake, Utah: USGS
Open-File Report 2005-1327, 7 p.

Baskin, R.L., 2006, Calculation of area and volume
for the north part of Great Salt Lake, Utah: USGS
Open-File Report 20061359, 6 p.

Baskin, R.L., 2014, Occurrence and Spatial Distribu-
tion of Microbial Bioherms in Great Salt Lake,
Utah: Salt Lake City, University of Utah, Ph.D.
Dissertation, 203 p.

Baskin, R.L., and Allen, D.V., 2005, Bathymetric
map of the south part of Great Salt Lake, Utah,

21

2024 Utah Geological Association Publication 51

2005: U.S. Geological Survey Scientific Investi-
gations map 2894, scale 1:24,000.

Baskin, R.L., Della Porta, G., and Wright, V.P., 2022,
Characteristics and controls on the distribution of
sublittoral microbial bioherms in Great Salt Lake,
Utah: Implications for understanding microbialite
development: The Depositional Record, v. 8, no.
1, p. 3966, doi: 10.1002/dep2.159.

Baskin, R.L., and Turner, J., 2006, Bathymetric Map
of the North Part of Great Salt Lake, Utah, 2006:
U.S. Geological Survey Scientific Investigations
Map 2954, scale 1:24,000.

Baxter, B.K., and Butler, J.K. (Eds.), 2020, Great Salt
Lake Biology: A Terminal Lake in a Time of
Change: Cham, Springer International Publishing,
527 p., doi: 10.1007/978-3-030-40352-2.

Belovsky, G.E., Stephens, D., Perschon, C., Birdsey,
P., Paul, D., Naftz, D., Baskin, R., Larson, C.,
Mellison, C., Luft, J., Mosley, R., Mahon, H., Van
Leeuwen, J., and Allen, D.V., 2011, The Great
Salt Lake Ecosystem (Utah, USA): long term data
and a structural equation approach: Ecosphere, v.
2, no. 3, p. 1-40, doi: 10.1890/ES10-00091.1.

Bouton, A., Vennin, E., Amiotte-Suchet, P., Thoma-
zo, C., Sizun, J., Virgone, A., Gaucher, E.C., and
Visscher, P.T., 2020, Prediction of the calcium
carbonate budget in a sedimentary basin: A
“source-to-sink” approach applied to Great Salt
Lake, Utah, USA: Basin Research, v. 32, no. 5, p.
1005-1034, doi: 10.1111/bre.12412.

Bouton, A., Vennin, E., Boulle, J., Pace, A., Bouril-
lot, R., Thomazo, C., Brayard, A., Désaubliaux,
G., Goslar, T., Yokoyama, Y., Dupraz, C., and
Visscher, P.T., 2016a, Linking the distribution of
microbial deposits from the Great Salt Lake
(Utah, USA) to tectonic and climatic processes:
Biogeosciences, v. 13, p. 5511-5526, doi:
10.5194/bg-13-5511-2016.

Bouton, A., Vennin, E., Mulder, T., Pace, A., Bouril-
lot, R., Thomazo, C., Brayard, A., Goslar, T.,
Buoncristiani, J.-F., Désaubliaux, G., and
Visscher, P.T., 2016b, Enhanced development of
lacustrine microbialites on gravity flow deposits,
Great Salt Lake, Utah, USA: Sedimentary Geolo-
gy, v. 341, »p. 1-12, doi: 10.1016/
j.sedgeo.2016.05.004.

Bowen, G.J., Nielson, K.E., and Eglinton, T.I., 2019,
Multi-Substrate Radiocarbon Data Constrain De-
trital and Reservoir Effects in Holocene Sedi-
ments of the Great Salt Lake, Utah: Radiocarbon,
v. 61, no. 4, p. 905-926, doi: 10.1017/
RDC.2019.62.

Brown, P.D., Craine, J.M., Richards, D., Chapman,
A., and Marden, B., 2022, DNA metabarcoding of
the phytoplankton of Great Salt Lake’s Gilbert



L. Wilcock, C.M. Frantz, and M.D. Vanden Berg

Bay: Spatiotemporal assemblage changes and
comparisons to microscopy: Journal of Great
Lakes Research, v. 48, no. 1, p. 110-124, doi:
10.1016/j.jglr.2021.10.016.

Burne, R.V., and Moore, L.S., 1987, Microbialites:
Organosedimentary Deposits of Benthic Microbi-
al Communities: PALAIOS, v. 2, no. 3, p. 241—
254., doi: 10.2307/3514674.

Carozzi, A.V., 1962, Observations on Algal Bio-
stromes in the Great Salt Lake, Utah: The Journal
of Geology, v. 70, no. 2, p. 246-252, doi:
10.1086/626814.

Caudell, J.N., and Conover, M.R., 2006, Energy con-
tent and digestibility of brine shrimp (Artemia
franciscana) and other prey items of eared grebes
(Podiceps nigricollis) on the Great Salt Lake,
Utah: Biological Conservation, v. 130, no. 2, p.
251-254, doi: 10.1016/j.biocon.2005.12.018.

Chidsey, T.C., Vanden Berg, M.D., and Eby, D.E.,
2015, Petrography and characterization of micro-
bial carbonates and associated facies from modern
Great Salt Lake and Uinta Basin’s Eocene Green
River Formation in Utah, USA: Geological Socie-
ty, London, Special Publications, v. 418, no. 1, p.
261-286, doi: 10.1144/SP418.6.

Collins, N., 1980, Population ecology of Ephydra ci-
nerea Jones (Diptera: Ephydridae), the only ben-
thic metazoan of the Great Salt Lake, U.S.A.: Hy-
drobiologia, v. 68, no. 2, p. 99-112, doi: 10.1007/
BF00019696.

Conover, M.R., and Bell, M.E., 2020, Importance of
Great Salt Lake to Pelagic Birds: Eared Grebes,
Phalaropes, Gulls, Ducks, and White Pelicans, in
Baxter, B.K., and Butler, J.K., editors, Great Salt
Lake Biology: A Terminal Lake in a Time of
Change: Cham, Springer International Publishing,
p. 239-262, doi: 10.1007/978-3-030-40352-2 8.

Cumings, E.R., and Shrock, R.R., 1928, Niagaran
Coral Reefs of Indiana and Adjacent States and
Their Stratigraphic Relations: GSA Bulletin, v.
39, no. 2, p. 579-620, doi: 10.1130/GSAB-39-
579.

Domagalski, J.L., Orem, W.H., and Eugster, H.P.,
1989, Organic geochemistry and brine composi-
tion in Great Salt, Mono, and Walker Lakes: Geo-
chimica et Cosmochimica Acta, v. 53, no. 11, p.
2857-2872.

Dupraz, C., Reid, R.P., Braissant, O., Decho, A.W.,
Norman, R.S., and Visscher, P.T., 2009, Process-
es of carbonate precipitation in modern microbial
mats: Earth-Science Reviews, v. 96, no. 3, p. 141—
162, doi: 10.1016/j.earscirev.2008.10.005.

Eardley, A.J., 1938, Sediments of Great Salt Lake,
Utah: AAPG Bulletin, v. 22, no. 10, p. 1305—
1411.

22

Use of Remote Imagery to Map Microbialite Distribution at Great Salt Lake

Frantz, C.M., Gibby, C., Nilson, R., Stern, C.J., Ngu-
yen, M., Ellsworth, C., Dolan, H., Sihapanya, A.,
Aeschlimann, J., and Baxter, B.K., 2023, Desicca-
tion of ecosystem-critical microbialites in the
shrinking Great Salt Lake, Utah (USA): PLOS
Water, v. 2, no. 9, ¢1000100, doi: 10.1371/
journal.pwat.0000100.

Frantz, C.M., Petryshyn, V.A., and Corsetti, F.A.,
2015, Grain trapping by filamentous cyanobacte-
rial and algal mats: implications for stromatolite
microfabrics through time: Geobiology, v. 13, no.
5, p. 409423, doi: 10.1111/gbi.12145.

Great Salt Lake Salinity Advisory Committee, 2021,
Great Salt Lake Salinity Matrix 2021: Utah Divi-
sion of Forestry, Fire & State Lands, 1 p.

Halley, R.B., 1976, Textural variation within Great
Salt Lake algal mounds, in Walter, M.R., editor,
Stromatolites: Elsevier Developments in Sedi-
mentology, p. 435-445.

Hart, 1., Jones, K.B., Brunelle, A., DeGraffenried, J.,
Oviatt, C.G.J., Nash, B., Duke, D., and Young,
D.C., 2022, Building a master chronology for the
western lake Bonneville basin with stratigraphic
and elemental data from multiple sites, USA: Ra-
diocarbon, v. 64, no. 1, p. 69-85, doi: 10.1017/
RDC.2022.3.

Homewood, P., Mettraux, M., Vanden Berg, M.,
Foubert, A., Neumann, R., Newell, D., and At-
wood, G., 2022, Onshore groundwater spring car-
bonate mounds to lacustrine microbialites, the
perplexing record of a transitional Great Salt Lake
carbonate shoreline at Lakeside, Utah: The Depo-
sitional Record, v. 8, no. 1, p. 9-38, doi: 10.1002/
dep2.148.

Ingalls, M., Frantz, C.M., Snell, K.E., and Trower,
E.J., 2020, Carbonate facies-specific stable iso-
tope data record climate, hydrology, and microbi-
al communities in Great Salt Lake, UT: Geobiolo-
gy, v. 18, no. 5, p. 566-593, doi: 10.1111/
gbi.12386.

Jones, B.F., Naftz, D.L., Spencer, R.J., and Oviatt,
C.G., 2009, Geochemical Evolution of Great Salt
Lake, Utah, USA: Aquatic Geochemistry, v. 15,
no. 1-2, p. 95-121, doi: 10.1007/s10498-008-
9047-y.

Kanik, M., Munro-Ehrlich, M., Fernandes-Martins,
M.C., Payne, D., Gianoulias, K., Keller, L., Ku-
backi, A., Lindsay, M.R., Baxter, B.K., Vanden
Berg, M.D., Colman, D.R., and Boyd, E.S., 2020,
Unexpected Abundance and Diversity of Photo-
trophs in Mats from Morphologically Variable
Microbialites in Great Salt Lake, Utah (H. Atomi,
Ed.): Applied and Environmental Microbiology,
v. 86, no. 10, p. e00165-20, doi: 10.1128/
AEM.00165-20.



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors

Kijowski, A.M., Neill, J., Wickline, A., Swift, J., But-
ler, J.K., Kimberly, D.A., Van Leeuwen, J., Luft,
J., and Stone, K., 2020, American white pelicans
of Gunnison Island, Great Salt Lake, Utah, in
Baxter, B.K., and Butler, J.K., editors, Great Salt
Lake Biology: A Terminal Lake in a Time of
Change: Cham, Springer International Publishing,
p. 311-344, doi: 10.1007/978-3-030-40352-2_10.

Lindsay, M.R., Anderson, C., Fox, N., Scofield, G.,
Allen, J., Anderson, E., Bueter, L., Poudel, S.,
Sutherland, K., Munson-McGee, J.H., Van Nos-
trand, J.D., Zhou, J., Spear, J.R., Baxter, B.K,,
and others, 2017, Microbialite response to an an-
thropogenic salinity gradient in Great Salt Lake,
Utah: Geobiology, v. 15, no. 1, p. 131-145, doi:
10.1111/gbi.12201.

Lindsay, M.R., Johnston, R.E., Baxter, B.K., and
Boyd, E.S., 2019, Effects of salinity on micro-
bialite-associated production in Great Salt Lake,
Utah: Ecology, v. 100, no. 3, doi: 10.1002/
ecy.2611.

Maclntyre, S., and Melack, J.M., 1995, Vertical and
horizontal transport in lakes: Linking littoral, ben-
thic, and pelagic habitats: Journal of the North
American Benthological Society, v. 14, no. 4, p.
599-615, doi: 10.2307/1467544.

Marden, B., Brown, P., and Bosteels, T., 2020, Great
Salt Lake Artemia: Ecosystem functions and ser-
vices with a global reach, in Baxter, B.K., and
Butler, J.K., editors, Great Salt Lake Biology: A
Terminal Lake in a Time of Change: Cham,
Springer International Publishing, p. 175-237,
doi: 10.1007/978-3-030-40352-2 7.

Newell, D.L., Jensen, J.L., Frantz, C.M., and Vanden
Berg, M. D 2017 Great Salt Lake (Utah) Micro-
bialite 5 C ) 18 0, and & "> N Record Fluctua-
tions in Lake Biogeochemistry Since the Late
Pleistocene: Geochemistry, Geophysics, Geosys-
tems, v. 18, no. 10, p. 3631-3645, doi:
10.1002/2017GC007078.

Null, S.E., and Wurtsbaugh, W.A., 2020, Water de-
velopment, consumptive water uses, and Great
Salt Lake, in Baxter, B.K., and Butler, J.K., edi-
tors, Great Salt Lake Biology: A Terminal Lake in
a Time of Change: Cham, Springer International

Publishing, p. 1-21, doi: 10.1007/978-3-030-
40352-2 1.

Oviatt, C.G., 2015, Chronology of Lake Bonneville,
30,000 to 10,000 yr B.P.: Quaternary Science Re-
views, v. 110, p. 166-171, doi: http:/
linkinghub.elsevier.com/retrieve/
pii/0277379114005071.

Oviatt, C.G., Atwood, G., and Thompson, R.S., 2021,
History of Great Salt Lake Utah, USA: smce the

2024 Utah Geological Association Publication 51

Finkelstein, D.B., Park Boush, L., and Pla-Pueyo,
S., editors, Limnogeology: Progress, Challenges
and Opportunities : A Tribute to Elizabeth Gier-
lowski-Kordesch: Cham, Springer International
Publishing Syntheses in Limnogeology, p. 233—
271, doi: 10.1007/978-3-030-66576-0_8.

Pace, A., Bourillot, R., Bouton, A., Vennin, E., Ga-
laup, S., Bundeleva, 1., Patrier, P., Dupraz, C.,
Thomazo, C., Sansjoftre, P., Yokoyama, Y., Fran-
ceschi, M., Anguy, Y., Pigot, L., and others, 2016,
Microbial and diagenetic steps leading to the min-
eralisation of Great Salt Lake microbialites: Sci-
entific Reports, v. 6, no. 1, p. 31495, doi:
10.1038/srep31495.

Paradis, O.P., Corsetti, F.A., Bardsley, A., Hammond,
D.E., Berelson, W., Xu, X., Walker, J., and Celes-
tian, A., 2023, Radiocarbon chronology/growth
rates of ooids from Great Salt Lake, Utah, in
Vanden Berg, M.D., Ford, R., Frantz, C., Hurlow,
H., Gunderson, K., and Atwood, G. (eds.), Great
Salt Lake and the Bonneville Basin: Geologic
History and Anthropocene Issues: Utah Geologi-

cal Association Publication 51, p.
[PLACEHOLDER PENDING INFO FROM
VOLUME].

Pedone, V.A., and Folk, R.L., 1996, Formation of
aragonite cement by nannobacteria in the Great
Salt Lake, Utah: Geology, v. 24, no. 8, p. 763-
765, doi: 10.1130/0091-7613(1996)
024<0763:FOACBN>2.3.CO;2.

Post, F.J., 1977, The microbial ecology of the Great
Salt Lake: Microbial Ecology, v. 3, no. 2, p. 143—
165, doi: 10.1007/BF02010403.

Shapiro, R.S., 2000, A comment on the systematic
confusion of thrombolites: Palaios, v. 15, p. 166—
169.

Shen, Y., Suarez-Gonzalez, P., and Reitner, J., 2022,
Contrasting modes of carbonate precipitation in a
hypersaline microbial mat and their influence on
biomarker preservation (Kiritimati, Central Pacif-
ic): Minerals, v. 12, no. 2, p. 267-297, doi:
10.3390/min12020267.

Sorensen, E.D., Hoven, H.M., and Neill, J., 2020,
Great Salt Lake Shorebirds,their habitats, and
food base, in Baxter, B.K., and Butler, J.K., edi-
tors, Great Salt Lake Biology: A Terminal Lake in
a Time of Change: Cham, Springer International
Publishing, p. 263-309, doi: 10.1007/978-3-030-
40352-2 9.

Utah DNR Forestry, 2013, Great Salt Lake compre-
hensive management plan: Utah Department of
Natural Resources Division of Forestry, Fire &
State Lands Record of Decision 13-0315-1, 391

p-
termination of lake Bonnevﬂle in Rosen, M.R., Vanden Berg, M.D., 2019, Domes, Rings, Ridges,

23


https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
http://linkinghub.elsevier.com/retrieve/pii/0277379114005071
http://linkinghub.elsevier.com/retrieve/pii/0277379114005071
http://linkinghub.elsevier.com/retrieve/pii/0277379114005071
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx
https://www.zotero.org/google-docs/?w9ogRx

L. Wilcock, C.M. Frantz, and M.D. Vanden Berg Use of Remote Imagery to Map Microbialite Distribution at Great Salt Lake

and Polygons: Characteristics of microbialites
from Utah’s Great Salt Lake (L. Birgenheier & H.
Harper, Eds.): The Sedimentary Record, v. 17, no.
1, p. 4-10, doi: 10.2110/sedred.2019.1.4.

Vennin, E., Bouton, A., Bourillot, R., Pace, A.,
Roche, A., Brayard, A., Thomazo, C., Virgone,
A., Gaucher, E.C., Desaubliaux, G., and Visscher,
P.T., 2019, The lacustrine microbial carbonate
factory of the successive Lake Bonneville and
Great Salt Lake, Utah, USA (A. Brasier, Ed.):
Sedimentology, v. 66, no. 1, p. 165-204, doi:
10.1111/sed.12499.

Virtanen, P., Gommers, R., Oliphant, T.E., Haber-
land, M., Reddy, T., Cournapeau, D., Burovski,
E., Peterson, P., Weckesser, W., Bright, J., van
der Walt, S. J., Brett, M., Wilson, J., Millman, K.
J., Mayorov, N., Nelson, A. R. J., Jones, E., Kern,
R., Larson, E., Carey, C. J., Polat, 1., Feng, Y.,
Moore, E. W., VanderPlas, J., Laxalde, D.,
Perktold, J., Cimrman, R., Henriksen, 1., Quintero,
E. A., Harris, C. R., Archibald, A. M., Ribeiro, A.
H., Pedregosa, F., van Mulbregt, P., and SciPy 1.0
Contributors, 2020, SciPy 1.0: Fundamental Algo-
rithms for Scientific Computing in Python: Nature
Methods, v. 17, no. 3, p. 261-272.

Wurtsbaugh, W.A., 2009, Biostromes, brine flies,
birds, and the bioaccumulation of selenium in
Great Salt Lake, Utah: Saline lakes around the
world: unique systems with unique values. Natu-
ral Resources and Environmental Issues, vol XV,
v. 15, p. 1-15.

Waurtsbaugh, W.A., Gardberg, J., and Izdepski, C.,
2011, Biostrome communities and mercury and
selenium bioaccumulation in the Great Salt Lake
(Utah, USA): Science of The Total Environment,
v. 409, no. 20, p. 44254434, doi: 10.1016/
j.scitotenv.2011.07.027.

24



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors 2024 Utah Geological Association Publication 51

SUPPLEMENTARY INFORMATION

Mapped microbialite area shapefiles, data tables, Python code used for analysis, and supplemental fig-
ures are available at Open Science Framework: https://osf.io/uf9yg/.
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ABSTRACT
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Ooids (calcium carbonate coated grains) are common in carbonate environments throughout geologic
time, but the mechanism by which they form remains unclear. In particular, the rate of ooid growth remains
elusive in all but a few modern marine environments. In order to investigate the rate of ooid growth in a non-
marine setting, we used *C to date ooids from Great Salt Lake, Utah, a well-known site of aragonitic 0oids.
Bulk ooids obtained from the northern shore of Antelope Island and the northeast shore of Great Salt Lake
near Spiral Jett}/ were sieved into different size fractions and produced mean ages ranging between 2728+15
and 4373+20 'C yr BP. Larger ooids were older than smaller ooids, implying that larger ooids grew in the
environment for a longer duration, with the caveat that bulk age dating integrates the growth history of an
ooid. To better resolve growth history, ooids from the coarse fraction were sequentially dissolved, and *C
ages were obtained for each dissolution step to create a time series of ooid growth. The results of the sequen-
tial dating indicate that the coarse Great Salt Lake ooid growth began between 5800-6600 + 60 *“C yr BP
while their outer cortices are nearly modern. Sequentially dated ooids from the South Arm of Great Salt Lake
at Antelope Island record a nearly linear growth history (~ 10-15 um/kyr), whereas ooids from Spiral Jetty
record somewhat faster growth between ~6000 and 4000 years ago (0.03 — 0.06 um/yr) followed by a 10x
slower growth history for the remainder of their lifespan (0.003 — 0.008 pum/yr). The lifespan of Great Salt
Lake aragonitic ooids is two to six times longer than those from modern marine environments, and thus pro-
vides a unique end member for understanding the mechanisms behind ooid formation. The ooid age range
indicates that geochemical parameters measured from bulk ooid dissolution integrates over ~6000 years and
thus does not represent a geochemical snapshot in time, as some previous studies have suggested.

INTRODUCTION been successfully used for the step-wise dating of ma-

rine ooids from the Bahamas (Beaupré and others,

Ooids are small (generally <2 mm) laminated, 2015; Duguid and others, 2010), Australia (Beaupré

coated grains, with a calcium carbonate cortex sur-
rounding a nucleus. Ooids are ubiquitous in the geo-
logic record in marine and lacustrine settings, and as
accretionary structures, may serve as repositories of
high resolution aqueous evolution, preserving both bi-
ogeochemical (Diaz and others, 2015, 2013; Sum-
mons and others, 2013) and isotopic (Duguid and oth-
ers, 2010) information. Despite their ubiquity, ooid
formation remains enigmatic. Both abiogenic and bio-
genic modes of formation have been proposed (Diaz
and others, 2013, 2015, 2017; O’Reilly and others,
2017; Pacton and others, 2012; Summons and others,
2013), and the rate of ooid accretion remains elusive
for the majority of ooid occurrences. Without a better
understanding of how rapidly ooids form, their utility
as paleoenvironmental indicators is hindered and the
question of biogenicity remains unclear.

Radiocarbon (**C; half-life = 5730 + 40 yr) has

and others, 2015; James and others, 2004), and Ha-
waii gHearty and others, 2010). Regardless of loca-
tion, **C ages decrease from the ooid nuclei toward
their outer surfaces with the exception of a **C anom-
aly of unknown origin in ooids from Highborne Cay,
Bahamas (Beaupré and others, 2015). Using the radi-
ocarbon chronology, Beaupré and others (2015) ar-
gued “modern” marine ooid net growth rates were
slow and relatively constant, with mean lifespans
ranging from 800 + 135 to 1470 + 280 *C years and
growth rates ranging from 0.36 + 0.03 to 2.2 = 0.3 ng
C-CaCOs/ooid-year. However, calculated net growth
rates from these radiocarbon dating experiments on
ooids are likely underestimating gross carbonate pre-
cipitation due to abrasion, as lab experiments have
shown growth can be four orders of magnitude faster
than radiocarbon net growth rates (Trower and others,
2017).

The Great Salt Lake (GSL) in Utah provides a
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unique opportunity to assess the net growth rate of ra-
dial aragonitic ooids that texturally resemble many
ancient ooids, both marine and lacustrine (Figure 1).
In addition to their utility in understanding radial ooid
formation, GSL ooids may be targets for understand-
ing the history of GSL, which as a terminal lake with
no outflow, is particularly sensitive to climatic shifts.
The GSL has also been subjected to environmental al-
teration by human activity. Especially notable is the
partitioning of the lake by a railroad causeway con-
structed in 1959, which created a northern and south-
ern salinity contrast. However, like marine ooids, the
utility of lacustrine ooids in reconstructing paleoenvi-
ronmental changes is dependent on their placement

Radiocarbon Chronology Rates of Ooids

within a proper temporal framework. The aim of this
study is to use **C as a chronometer to sequentially
date ooids from Great Salt Lake, and thus constrain
modern ooid formation in this setting and provide
necessary chronological context so that their potential
as paleoenvironmental indicators may be explored.

Great Salt Lake

Great Salt Lake Environmental Setting

Great Salt Lake (GSL) is a terminal lake in north-
ern Utah with circumneutral pH. GSL represents the
present phase (since 11.5 ka BP) that resulted from

Figure 1. Examples of ancient and modern ooid microfabrics. A) Neoproterozoic tangential ooids from the Beck
Springs formation. B) Radial ooids from the Neoproterozoic Johnnie formation. C) Modern ooids from Joulter’s Cay,
Bahamas display tangential concentric laminae that are characteristic of many modern marine ooids. D) Modern ooids
from Great Salt Lake, Utah have a primary radial crystal orientation.
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the transition of the larger and deeper Lake Bonne-
ville (30-11.5 ka BP) to a shallow, hypersaline lake
(Oviatt and others, 1992; Oviatt and others, 2015).
The Holocene shallow lake interval of Great Salt
Lake is accompanied by a shift to aragonite precipita-
tion, which is in agreement with the Mg?"/Ca?" ratios
of the lake water (Spencer 1985). The north arm of
GSL is currently separated from the south arm by a
rock-fill railroad causeway that was constructed in
1959. Because the three rivers that feed the lake
(Bear, Jordan, and Weber rivers) enter the south arm,
the north arm water is more saline (28%, at or above
saturation for halite) than the south arm, which has a
salinity of approximately 15% (Rupke and Macdon-
ald, 2012; Stephens, 1990; USGS, 2023). The cause-
way was breached in 2016 to restore the flow be-
tween the north and south arms, but the berm in the
bottom of the breach was raised by 4 feet in July 2022
help reduce north-to-south water flow but still allow
water to flow from south to north. (Utah DNR, 2022).

Great Salt Lake Ooids

Ooids are found as shoreline deposits around the
entirety of GSL (Baskin, 2014; Eardley, 1938). Eard-
ley (1938) described the predominantly radial texture
of the GSL ooid cortices, inferred ooid cortices were
calcitic, and suggested that their radial texture was the
result of recrystallization. The assumption of calcitic
mineralogy in GSL ooids prevailed until Kahle
(1974) demonstrated that GSL ooids are in fact arago-
nite and their cortical fabric is depositional. However,
Kahle (1974) concluded aragonite-aragonite inversion
had taken place. Sandberg (1975) confirmed the arag-
onitic mineralogy of GSL ooids, demonstrated that
the radial aragonite fabric is depositional, and found
no evidence that aragonite-aragonite inversion had
taken place. Subsequently, Reitner (1999) suggested
that organic matrices on the surface of GSL ooids
could be important in the mineralization of the arago-
nite, and Lincoln et al. (2022) implicated sulfate re-
ducing bacteria in the precipitation of Mg-silicates as-
sociated with some GSL ooids, and hypothesized
some of the aragonite could be secondary vs. primary.
Trower and others (2020) developed an approach to
understand the unique cortical history of Great Salt
Lake ooids, noting that the grains within the same de-
posit likely record similar histories, but found differ-
ences between populations of ooids across various lo-
calities in GSL. With respect to the age of the GSL
ooids, (Mcguire, 2014) attempted serial dissolution of
unsorted ooids from 15 cm water depth in the modern
south arm of GSL that resulted in *C ages from
2024+36 yr BP (outermost composite sample) to
8144+29 yr BP (innermost composite sample), indi-
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cating that the ooids were quite old relative to modern
marine examples, but the coarse sampling resolution
could not discern whether modern precipitation took
place. As part of a large-scale survey of the tufa-like
carbonate mounds that many refer to as
“microbialites”, Bouton and others (2016) measured
the bulk **C age of unsorted GSL ooids from the
shoreline of the south arm of the lake. Their results
yielded a composite ooid **C age of 3300 yr BP.
Thus, while some constraints regarding the age of the
ooids exist, many questions remain.

METHODS

Sample Collection

Ooids were collected at the sediment-water inter-
face in less than 10 cm water depth from Bridger Bay
on Antelope Island and near Spiral Jetty in March
2014 (Figure 2). Samples were rinsed with deionized
water, dried in an oven at 50°C, and sieved to parti-
tion the ooids into discrete size fractions (125-250
pm, 250-355 pum, 355-500 pm). Ooid masses from
each size fraction were normalized by mass to estab-
lish a grain size distribution (Figure 3). Unfiltered
lake water was sampled from the shore of the north-
ern tip of Antelope Island in the south arm of GSL
and the beach at Spiral Jetty in the north arm of GSL
in September 2016 for dissolved inorganic carbon **C
analysis. Unfiltered river and well water were sam-
pled in May 2017 from Bear, Jordan, and Weber riv-
ers as well as a well in Ogden, Utah (Weber State
University). At each site, one liter of water was col-
lected in 1000ml size glass bottles (Fisher #06-414-8)
which had been previously rinsed three times with de-
ionized water, soaked in 10% HCI, and rinsed three
more times with deionized water. The bottles were
field rinsed three times before water was sampled
with no head space and immediately poisoned with
100 pl of saturated HQCl, in the field to preclude later
biologic activity.

Raman Spectroscopy

Raman spectra of GSL ooids were obtained using
a Horiba XploRa+ micro-Raman spectrometer. Speci-
mens were measured using an incident wavelength of
532 nm, laser slits of 200 pum, 1800 gr/mm diffraction
grating, a 100x (0.9 NA) objective. Laser spot size
was approximately 2 micrometers in diameter, and
the laser power measured at the sample was approxi-
mately 87 (+/- 3) UW. Data were collected on indi-
vidual grain mount ooids that were polished and thin-
sectioned. Hyperspectral mapping was collected with
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Figure 2. Map of Great Salt Lake, modified from
Currey and others, 1984. QOoid samples were
collected from the sediment water interface
from: Spiral Jetty in the north arm of GSL, and
Bridger Bay on Antelope Island in the south arm
of GSL. Scale bar equals Skm.

Figure 3. Presence of organic matter (blue) within an ooid from the north arm (A) and south arm (B) of Great Salt Lake
acquired from Raman spectroscopy. Only the central grain was scanned in each image. A survey of 30 ooids was carried
out to confirm the distribution of organic matter within ooid cortices (SI Table 2). Scale bars equal 100 um. Organic
matter is distributed within peloidal nucleus (4) and throughout carbonate cortex (A and B).
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0.1-sec exposure averaged over three acquisitions us-
ing an 8 um x 8 um mapping grid. These spectral ac-
quisition parameters were determined by trial and er-
ror to maximize signal-to-noise and keep acquisition
time to less than 24 hours for most maps. After col-
lecting hyperspectral maps, principal component anal-
ysis was performed to find those unique spectra repre-
senting the total variability within each ooid. The to-
tal number of components found for all ooids was
aragonite, organic material, burned organic material
(burned by the laser), pigment (carotenoid), quartz, K
-feldspar, and epoxy (SI Figure 1). Microplastics
were found but were exceedingly rare within the
ooids. Once components were identified for each
ooid, heat maps were generated by least squares fit-
ting to every spectrum in the map (in some cases,
these were >80,000 spectra per map). The least
squares fitting does provide an approximate percent-
age of each component in the spectra; however, these
values often have very high errors. Therefore, the
heat maps were treated as the presence or absence of
each component and were not used for absolute abun-
dances.

Massive organic material has a characteristic Ra-
man signal and strong luminescence with the 532 nm
laser. These patterns were compared to known organ-
ic materials from pigmented crustacea after digestion
by red-ear slider turtles (Clause 2021). The result is
intense luminescence from the organic-rich parts of
the sample, and therefore no individual organic mole-
cule could be identified except for the carotenoids.
The carotenoids were all found in spectra with organ-
ic luminescence. Attempts to collect data with a 785
nm laser resulted in very poor signal-to-noise ratio,
and it was determined that large maps could not be
collected in a reasonable time frame (< 24 hrs), even
though the background luminescence intensity was
lower. Burned organic material has characteristic D
and G bands common for soot, char, and organic ma-
terials with high thermal maturity.

Dissolved Inorganic Carbon “C Age

Lake, river, and well water samples were prepared
using the headspace-extraction method (Gao and oth-
ers, 2014). All radiocarbon results have been correct-
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ed for isotopic fractionation according to the conven-
tions of Stuiver and Polach (1977), with §'°C values
measured on prepared graphite using the AMS spec-
trometer. These may differ from 8°C of the original
material, if fractionation occurred during sample
graphitization of the AMS measurement, and thus, the
d13C values reported herein were measured on water
dissolved inorganic carbon (DIC) directly using Gas
Bench coupled with IRMS (Finnigan Delta Plus).

Bulk Inorganic and Organic Carbon
Ooid "*C Ages

Total organic and inorganic C was extracted from
each sieved ooid sample (125-250 pm, 250-355 um,
355-500 pum) and an unsorted ooid sample. The ex-
tracted organic and inorganic carbon was analyzed for
YC at the Keck Carbon Cycle Accelerator Mass Spec-
trometer (KCCAMYS) facility at the University of Cal-
ifornia, Irvine (Beverly and others, 2010; Southon
and others, 2004). Details regarding methodology for
the bulk organic and inorganic carbon extractions
may be found in the supplementary information (S|
Table 1).

Sequential Ooid Acidification

To assemble an ooid chronology, we measured
the “C ages of fractions of CO, collected during se-
quential acid addition to sieved ooids (355-500 pm)
from Spiral Jetty and Antelope Island. Ooids (~50g)
and 150ml of deionized water (DIW) were placed in a
reaction vessel constructed from a 500ml graduated
round media storage bottle (VWR cat. # 89000-238)
and a suspended magnetic stir rod (S, Figure 2). The
reaction vessel was purged with N, that was scrubbed
with Ascarite-1l1 while a stir bar spun at 700 rpm to
drive off any dissolved CO, in the water for a total of
30 minutes. The sample was acidified by injecting 60
ml of 3.3M HCI at a flow rate (acid) of 10ml/min.
Gas was shunted for the first 5 seconds of acidifica-
tion to off-gas any residual N, before collecting the
sample in Tedlar bags which had been rinsed with ul-
tra-high purity (UHP) helium scrubbed with Ascarite-
I1. Gas was collected in 3 Tedlar bags per each acidi-

Table 1. 14C and 613C composition of Weber, Bear, and Jordan rivers as well as well water sampled in Ogden, Utah.
Dissolved inorganic carbon (DIC) is reported in millimolar (mM). Water was treated with HgCI2.

Water fraction %c age DIC
Source Latitude Longitude &82C(%:) * Modern + AY™C(%) + (yrBP) * (mM)
Well 41.192175 -111.93894 -15.5 0.1 0.8377 0.0014 -169.1 14 1425 15 6.6
Weber River 41.218295 -111.987708 -10.2 0.1 0.9332 0.0015 -74.3 15 555 15 3.2
Bear River 41.545895 -112.095349 -8.4 0.1 0.8348 0.0016 -1719 1.6 1450 20 4.1
Jordan River 40.771568 -111.975878 -9.7 0.1 0.8416 0.0014 -165.2 14 1385 15 4.1
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fication step. The first Tedlar bag collected gas for the
first 30 ml of acid added, the second Tedlar bag col-
lected gas during the second 30 ml acid addition,
while the third Tedlar bag collected remaining CO,
that evolved after all 60 ml acid had been added and
was left to sit for 3 minutes before pulling it off the
vessel. Four discrete acidification steps were per-
formed, with a subsample of 5-10 ooids removed
from the acidification vessel between each. The sub-
sample of ooids was examined using a Hitachi TM-
1000 environmental scanning electron microscope
(SEM) to confirm dissolution was occurring from the
outside to the inside (SI, Figure 3). Between acidifica-
tions, ooids were rinsed three times with deionized
water (DIW) and dried overnight. The reaction vessel
and its components were rinsed in 10% HCI and dried
between each acidification. The DIW in the reaction
vessel was replaced, and the reaction vessel was
purged for 30 minutes with ascarite-scrubbed N, to
remove any atmospheric carbon. The acidification
procedure, using 60 ml of 3.3 M HCI, DIW rinse, acid
wash, and 30-minute purge, was repeated for each
acidification (four times total). Following the final
acidification, the remaining nuclei were rinsed three
times with DIW, dried overnight, and reserved for *C
analysis of the organic carbon fraction. Some calcium
carbonate remained on the oolitic nuclei at the end of
the experiment to ensure ancient carbonate nuclei
were not dissolved which might skew the oldest inor-
ganic carbon age.

“C Analysis

For *C analysis, gas samples from the sequential
leach were cryogenically purified through a dry ice/
ethanol trap and collected in a liquid nitrogen trap.
Residuals from ooid dissolution of bulk ooids and
from the sequential leach were combusted at 900°C
for 3 hours to obtain CO,. All purified CO, samples
were graphitized using a sealed-tube zinc reduction
method (Xu and others, 2007). Graphite was pressed
into aluminum target holders and analyzed for *C at
the Keck Carbon Cycle Accelerator Mass Spectrome-
ter (KCCAMS) facility at the University of Califor-
nia, Irvine (Beverly and others, 2010; Southon and
others, 2004). Data were normalized to oxalic acid
standard OX1 and background corrected using radio-
carbon-dead reference carbonates acidified in the
same reaction vessel. A modern CSTD standard (an
in-house coral standard from Ellen Druffel, with a
fraction modern value of 0.9445 £ 0.0018 (1o stdev,
n=262) was also processed by the acidification and
measured for quality control (Gao and others, 2014).
C data are presented according to the conventions
presented in Stuiver and Polach, 1977. Non-calibrated
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ages (given in year before present, or YBP) are pre-
sented in this paper to be consistent with ages report-
ed in the literature.

RESULTS

“C Analyses in the Great Salt Lake

The radiocarbon ages of the surface water that en-
ters Great Salt Lake (Bear, Jordan, and Weber Rivers)
and water from a groundwater well in Ogden, Utah
were measured in May 2017. The *C ages of the We-
ber River, Bear River, and Jordan River are 555£15
yr BP, 1450+20 yr BP, and 138515 yr BP, respec-
tively (Table 1). Water sampled from a groundwater
well on Weber State University campus in Ogden, UT
produced a **C age of 1425+15 yr BP.

Bulk Ooid *C Results

Bulk unsorted and sieved ooids from each site
yield inorganic and organic *C ages that represent the
average of a mix of older and younger carbon in the
samples, and thus do not represent a unique age for
the ooids. However, bulk ages can help bracket the
general age of the ooids and provide some indication
of their antiquity. In general, bulk ooid carbonate
analyses produced ages that ranged from 2728+15
(Spiral Jetty) to 437320 yr BP (Spiral Jetty), where-
as bulk organics produced slightly younger ages, be-
tween 1935+15 (Antelope Island) and 420015 yr BP
(Spiral Jetty) (Table 2). Smaller ooids have younger
average **C ages, which is reflected in both inorganic
and organic carbon. Total organic carbon of bulk
ooids from both sites varies from 0.43% to 1.34%j;
however, ooids from the north arm of GSL have more
than double the organic carbon of south arm ooids
(Table 2). Raman spectroscopy of ooid cross sections

Table 2. Inorganic and organic "*C ages from bulk ooids.

Inorganic OrganicC % Total
C Age Age Organic
(**c yr BP) (**Cyr BP) Carbon

Grain Size

(nm)
Spiral Jetty - North Arm

Locality

Unsorted 3872115 3490115 1.34
355-500 4373120 4200+15 1.3
250-355 3759+15 3520+20 0.97
125-250 2728+15 2335%15 1.19
Antelope Isl -- South Arm
Unsorted 3556115 2175120 0.46
355-500 3947+15 2680+20 0.43
250-355 3834+15 2250+15 0.48
125-250 3158+15 1935+15 0.55
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shows that organic matter is distributed both in the
micritic nuclei of ooids (when the nuclei are peloids)
and incorporated throughout the carbonate cortices
(Figure 3, SI Figure 1). Grain size analysis reveals
both north and south arm ooids are skewed toward
finer grain sizes which contain more organic C in the
nuclei proportionally, between 63 and 355 pum. North
arm ooids are less dominated by the 63 — 355 pm size
class (45%), than southern arm ooids (73%) (Figure
4),

Serial "*C Ooid Record

1C ages of CO, that was released during acidifi-
cation of 355 — 500 um diameter ooids from Spiral
Jetty increased in a non-linear manner from an age of
66015 yr BP in the first layer dissolved to 5830+60
yr BP in the last layer dissolved. The *C ages of
ooids from Antelope Island increased linearly from
460+20 yr to 660060 yr BP (SI Table 1)
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(uncorrected for reservoir effect). **C ages of organic
matter combusted from the nuclei remaining at the
end of the experiment were 5975+15 and 6210£20 yr
BP for Spiral Jetty and Antelope Island ooids, respec-
tively.

As dissolution progresses and ooids become
smaller, each successive sample taken represents a
thicker width of ooid cortex dissolved (assuming the
mass dissolved from each acid addition is constant),
thus homogenizing the **C over a larger range of radi-
al cortex depths. To account for this, ages were inte-
grated over ooid cortices ranging from 355 — 500 um
in diameter assuming they had a spherical geometry
and constant net growth (preC|p|tat|on - abrasion)
(Figure 5A, 5B) usmg V = 4/3 * 1 r*, where V is vol-
ume and r is radius in micrometers. To summarize,
our experiments indicate that 355-500 um ooids from
GSL began precipitating around 5830-6600 + 60 *C
years BP with a continuous chronology to near mod-
ern ages (when corrected for reservoir effect). Organ-
ic carbon extracted from the nuclei material left at the

Figure 4. Grain size distribution of Great Salt Lake ooids sampled from the north and south arms of the lake. Qoids
from both arms of the lake are dominated by finer sized ooids (63 — 355 um), though south arm ooids are more heavily

skewed toward fine grain sizes.
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Figure 5. Inorganic '*C chronologies from north arm ooids (A) and south arm ooids (B) were integrated over
ooid cortical ranges of 355-500 um in diameter (represented by shaded region), assuming spherical geometry
and constant net growth. '*C ages from organic carbon (dotted line) from remaining ooid nuclei were 5975+15
and 6210+20 yr for north arm (4) and south arm (B) ooids respectively.
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end of the experiment yield nearly contemporaneous
ages with the oldest inorganic carbon samples, lend-
ing credence to the presumed onset of ooid formation
by our methods. The average ooid age extracted from
the sequential dissolution yields mean ages of 3737 yr
BP and 3277 yr BP for North and South arm ooids
(355 — 500 pm diameter), respectively.

DISCUSSION

It is important to consider the behavior of *C in
the GSL, as the “C age of lacustrine carbonates may
be subject to a “reservoir effect”, whereby lakes can
accumulate old dissolved inorganic carbon over time.
Lakes acquire some of this carbon from inflowing
water that travels over ancient limestones that reside
in their catchment, causing their dissolved inorganic
carbon pool to have an apparent age that would be
older than the atmospheric value. Any calcium car-
bonate that precipitates from that lake water would
record an apparently older *C age than coeval atmos-
pheric **C. Our analyses reveal that reservoir effects
represent the largest source of uncertainty in our data.
Surface water enters the lake via three rivers: Bear,
Jordan, and Weber, all of which enter the south arm
of GSL. Our results show that these river waters and
water from a well in Ogden, Utah (representing
groundwater) deliver ancient inorganic carbon to the
lake. The continuous exchange of CO, between the
lake water and the atmosphere reduces the age of the
lake water reservoir, and thus the reservoir age at any
given time is a reflection of the water balance of the
inputs of ancient DIC, lake surface area (exchange of
CO,), DIC removal, and the existing reservoir age.
Two anthropogenic changes may have influenced the
lake reservoir age in contrasting ways. The causeway
has reduced the north arm surface area by a factor of
two, reducing the rate of atmospheric exchange in this
region proportionally. However, bomb testing has in-
creased *C/*?C in the atmosphere by an average of
50% during the past 50 years. Because those two ef-
fects may largely negate one another, we assume the
modern south arm reservoir effect of 295+ 20 yr BP is
likely more representative of pre-causeway homoge-
neous lake conditions and therefore more applicable
to this dataset. There remains uncertainty in how the
reservoir age may have varied through the past 6000
years. Paired U-Th and “C ages from lacustrine cave
carbonates suggest the reservoir effect for Lake
Bonneville (from 25 to 13 ka) was 200 years or less
(McGee and others, 2012), which agrees with previ-
ous estimates of Lake Bonneville’s reservoir effect
(Oviatt and others, 1992). However, Bowen and oth-
ers (2019) suggest reservoir ages for much of the Hol-
ocene may exceed 1000 years, and they estimate that
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the reservoir age decreased substantially from >1200
years to <500 years during the late Holocene.

Bulk inorganic **C ages from sieved ooids reveal
that smaller ooids are younger than larger ooids
(Table 2). The younger average bulk **C ages of finer
sized ooids may be attributed to a more recent onset
in formation and implies that an ooid factory has been
active in Great Salt Lake since ~6000 YBP. There-
fore, ooid size in the GSL would appear to scale with
age rather than some later physical sorting mecha-
nism indicating that ooids have been growing in GSL
over at least the past several thousand years at these
localities. The grain size distribution is skewed to-
ward finer grain sizes in both arms of the lake, which
is also suggestive of an active ooid factory when
combined with bulk ooid age data (Table 2, Figure 4).
Bulk ooid ages also indicate that the Great Salt Lake
ooids are significantly older than the modern marine
ooids from Carbla Beach, Australia and the Bahamas
(Beaupré and others, 2015; Duguid and others, 2010).
However, some significant caveats require explora-
tion while interpreting bulk **C ages. Bulk ooid ages
do not allow for the differentiation between relic
ooids that formed thousands of years ago versus mod-
ern ooid formation if the population of ooids in a size
class is a mixture of material of different ages. In ad-
dition, Raman spectroscopy demonstrates that organic
carbon is not exclusively found in peloidal nuclei but
is also incorporated throughout the ooid cortex. Thus,
bulk ooid organic carbon ages represent a mixture of
organic carbon from Artemia pellet nuclei and young-
er organic carbon incorporated at various points in the
growth of the aragonitic cortex. Ooids from the north-
ern arm of GSL have older bulk organic carbon ages
(Table 2) for each size fraction, including unsorted
ooids. Because the total organic carbon content in
north arm ooids is twice that of south arm ooids and
the bulk organic carbon ages are older, we expect this
age disparity is attributed to a higher occurrence of
ooids with organic-rich brine shrimp pellet nuclei in
the north arm of the lake. Petrographic investigation
of 100 ooids in thin section from the northern and
southern arm of GSL confirm this hypothesis, with
83% pellet nuclei in the north compared to 56% pellet
nuclei in the south (SI Figure 4). The distribution of
organic matter throughout ooid cortices coupled with
the need to resolve a chronology from the carbonate
fraction, highlight both the problems with interpreting
bulk age data from ooids and the need for serial disso-
lution.

Our serial dissolution experiments present a chro-
nology from modern lacustrine ooids that demonstrate
the ancient onset of ooid formation over ~6,000 years
ago. Once corrected for reservoir effect, the youngest
inorganic carbon ages suggest ooids continued to
form, apparently up to the present. We hypothesize
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ooid formation may still be occurring, as any modern
14C would be homogenized with slightly older **C in
our youngest sample. The **C,,, from Antelope Island
ooids is slightly younger than the oldest inorganic
carbon sample, and this may be attributed to 1) resid-
ual organics of younger origin, 2) partial leaching of
ancient carbonate material in the center of the ooids,
and/or 3) a reservoir effect yielding inorganic carbon
which is apparently older by hundreds of years.

The age of the onset of ooid growth from the
north and south arm of GSL is similar, as indicated by
the oldest inorganic and organic carbon ages of ooids,
but the growth curve of their chronologies varies. For
example, the south arm ooids appear to have a near-
constant growth rate (between ~0.01 — 0.015 pum/yr)
within the resolution of the data and assumptions. In
contrast, the growth of the north arm ooids appears to
have been initially more rapid (~0.03 — 0.06 pum/yr)
and then slowed somewhat throughout their growth
history (0.003 — 0.008 um/yr). The differences in
slope (Figure 5) may be attributed to local site-
specific variations affecting carbonate precipitation or
abrasion in each part of the lake, or assumptions made
when calculating dissolution depth (i.e., constant net
growth rate, spherical geometry). To determine
whether the assumption of spherical geometry in age
integration is responsible for the difference in the
slope of the ooid growth curves, we integrated the ag-
es over assumed ellipsoidal ooid geometries. The re-
sulting slope differences were exacerbated when we
assumed 100% ellipsoidal geometry (SI Figure 5),
suggesting that there are likely other effects
(environmental, geochemical, or physical) during the
ooid growth history causing their differences in slope.
It is intriguing that the north arm ooids fit the predic-
tion that ooid growth should be rapid at first and then
slow as they reach hydrologic equilibrium and spend
more time as bedload versus suspended load (Trower
and others, 2017) but coevally, the south arm ooids
display a linear growth trend. The prevailing wind di-
rection at GSL is from the SE (Western Regional Cli-
mate Center, 2023). Because of the locations of the
samples (Figure 1), the north arm site should receive
stronger wave action than the south arm site, resulting
in greater abrasion and slower growth as the grain
grows in size. The grain size data (Fig. 4), seem to
support this, as coarse grained ooids may have been
selectively concentrated by stronger wave energy at
the northern site.

Comparison to Marine Ooid Chronologies

The GSL ooid growth histories raise some unex-
pected questions with respect to how ooids form in
the GSL and thus how ooids grow in general. The
lifespan of 355-500 um radial ooids from Great Salt
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Lake is between two and six times longer than most
modern marine ooids from the Bahamas Archipelago
and Australia (Beaupré and others, 2015; Duguid and
others, 2010). The ooids are very old compared to
modern marine examples, yet sequential dating re-
veals they experienced continuous net growth for
over 6000 years while existing within the GSL envi-
ronment. Trower and others (2017) note that the bal-
ance of precipitation versus abrasion are key compo-
nents in the formation of ooids. On the one hand, the
GSL has a very different chemical environment ver-
sus the marine settings. For example, in marine set-
tings where ooids grow, the seasonal water tempera-
ture variations are low, whereas the Great Salt Lake
experiences comparatively large temperature fluctua-
tions (SI Figure 6). Paradis 2019 showed that the sol-
ubility of aragonite decreases as temperature increas-
es and CO, escapes to the atmosphere, thus the favor-
able window for aragonite precipitation in the GSL
may only exist over a short window in the summer
when the lake water is significantly warmer, whereas
marine settings are likely to be supersaturated with re-
spect to aragonite year-round. Additionally, we ex-
pect abrasion is less intense in the GSL than in marine
systems as GSL is a significantly lower energy envi-
ronment than marine examples. Finally, the much
lower Ca**/Mg* in GSL (0.03, Jones and others,
2009) compared to the ocean (0.2) may slow growth
rates.

It is unclear how the balance between abrasion
and precipitation should be reconciled given how
slowly net ooid growth appears to be in the GSL sys-
tem. Do they experience rapid growth then signifi-
cant abrasion on a yearly basis, thus accounting for
such a slow net growth rate, or do they simply grow
very slowly? Growth could also be episodic in re-
sponse to variations in salinity driven by rainfall vari-
ations on decadal (or longer) time scales. Petrograph-
ic investigation reveals what appear to be relatively
delicate aragonite crystals that we speculate would
not survive intense abrasion, supporting the premise
that that perhaps the GSL ooids simply grow very
slowly. Furthermore, how might the radial fabric af-
fect or indicate growth rate versus the tangential fab-
ric in modern marine ooids? Could the low Ca*¥
Mg*? in GSL facilitate growth at the tips of crystals
extending into the solution? Interestingly, Lincoln et
al. (2022) hypothesized that the large ray-like arago-
nite crystals common in GSL ooid cortices may repre-
sent a replacement of a precursor Mg-silicate (that is,
not a primary phase, but one formed later vs. adja-
cent, subjacent, or superjacent aragonite). We note
that the **C chronologies of all sampled ooids are co-
herent (inside/older-outside/younger from initiation of
growth to termination for the sequentially dated
ooids, with the **C organic dates of the nuclei corrob-
orating the initiation of ooid growth, as well as larg-



M.D. Vanden Berg, R. Ford, C. Frantz, H. Hurlow, K. Gunderson, G. Atwood, editors

older-smaller/younger for the bulk dated ooid). While
our work cannot comment on the paragenetic se-
quence of the ooid fabrics, the coherence of '*C ages
is unexpected if secondary replacement of aragonite
was widespread. Future work, including finer scale
sequential dating, may help resolve the unanswered
questions surrounding the GSL ooids.

Ooids and the History of the Great Salt Lake

During ooid growth, the north and south arms of
Great Salt Lake would have been in communication
with one another as part of one large body of water
(rather than two arms separated by a railway), thus
the generally similar chronologies for onset of ooid
growth from each arm of the lake ~6000 years ago
a};rees with the lake’s history. Furthermore, 10,000
"C yr BP marks the end of the Gilbert episode of
Great Salt Lake, where the lake experienced a brief
15m transgression during which the lake had fresh-
ened enough to support ostracods and possibly fish
(Broughton and others, 2000; Oviatt and others,
2015). After the Gilbert episode, GSL regressed to
average historic GSL levels (near 1280 m) and brine
shrimp cysts and pellets appeared in lake sediment
cores (Oviatt and others, 2015). It is thought that
Great Salt Lake did not transgress higher than modern
lake levels during early parts of the Holocene (11.5-
10.2 cal ka BP; 10-9 "™C ka BP), but little is known
about the remainder of Holocene lake level because
Holocene sediments on the floor of GSL have been
largely reworked (Oviatt and others, 2015). On one
hand, a bulk chemical analysis of ooids would repre-
sent an homogenized signal over ~6000 years and
provides one outlook for the duration of aquatic histo-
ry that ooids may represent, with relevance to other
systems where ooids are analyzed as paleoenviron-
mental indicators. On the other hand, sequential dis-
solution of the ooids preserved in GSL ooids has the
potential to resolve some of the finer scale lake level
variations in GSL during the last ~6,000 years and
potentially longer given that §"°C and §'*O are coupled
in this closed-basin system, and §"0O can correlate
with lake level (e.g., Talbot 1990).

CONCLUSIONS

The high-resolution '*C chronology of GSL ooids
demonstrates that: "*C is a robust tool for dating ooids
in GSL, and GSL ooids have a lifespan between two
and six times longer than modern marine ooids. The
long ooid lifespan confirms the need to temporally re-
solve accretionary structures like ooids before inter-
preting bulk geochemical data. The '*C ages obtained
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from organics in ooid nuclei corroborate the
timeframe of onset of aragonite precipitation. Addi-
tionally, Raman spectroscopy coupled with '*C ages
from bulk unsorted and sieved ooids shed light on the
importance of sequentially derived chronologies due
to the fact that bulk ages underestimate the maximum
age of ooids by thousands of *C years. This study
highlights the disparity in net growth rate, lifespan,
and seasonality in precipitation between radial ooids
from Great Salt Lake and modern marine ooids.
Ooids from different parts of the lake show differing
growth histories, perhaps reflecting localized varia-
tions in wave energy due to prevailing wind direction
or other local environmental conditions. Lastly, the
>6000 year chronology captured in GSL ooids high-
lights the caution needed in utilizing these accretion-
ary sediments in a bulk geochemical analysis as ooids
are repositories of thousands of years of environmen-
tal change.
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