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Toxic elements in benthic
lacustrine sediments of Utah's
Great Salt Lake following a
historic low in elevation
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‘Department of Biological Sciences, University of Utah, Salt Lake City, UT, United States, 2Department
of Earth and Environmental Sciences, Weber State University, Ogden, UT, United States, *Department
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Terminal lakes (without outflow) retain elements and compounds that reach
them through fluvial, point source or atmospheric deposition. If the lake
sediment is exposed, some of these chemicals could become toxic dust
particulates. The Great Salt Lake (GSL) in Utah is a terminal lake that
experienced record-low lake elevation in 2021-22, exposing vast areas of
playa. Here, we used inductively coupled plasma mass spectrometry to analyze
the environmental chemistry of GSL shallow sediment during historic lows in
spring, summer, and fall of 2021. Contaminants at the subsurface interface are
most able to influence diffusion into the water column and uptake by benthic
biota. We focused our analysis on copper, thallium, arsenic, mercury, lead, and
zinc, which have been historically deposited in this region and are toxic when at
high concentrations. We compared records of regional mining activity to
understand the current contamination and assess relevant spatial and temporal
gradients. We also used two different extraction methods (EPA 3050b and
NH4AcO at pH=7) that can distinguish “environmentally available” vs. tightly
associated and less available fractions. We observed consistent concentration
of copper across sites indicating a larger relative impact of atmospheric
deposition, with some evidence indicating further impacts of point sources.
Arsenic, on the other hand, is maintained at high levels in submerged sediments
and is likely geologically- and fluvially- derived. Thallium and mercury fluctuate
seasonally and correlate with lake elevation. Lead and zinc levels are relatively
low in GSL sites compared with freshwater input sites, indicating the deep brine
layer may sequester these heavy metals, preventing their release into the water
column. Overall, the concentrations of most metals in GSL sediments have
declined from historic highs. However, each contaminant has distinct sources,
seasonality, mobility and transmission. Complete recovery (if possible) may
require many more decades and individual remediation strategies.
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Introduction

Lake sediments — especially in terminal (endorheic) basins — are
a repository for environmental and anthropogenic contaminants
(1-5). Heavy metals are among the most problematic pollutants due
to their persistence, toxicity, and bioaccumulation. Their origin in
bodies of water may be natural (from geological events such as
volcanic eruptions, or natural weathering of bedrock) or
anthropogenic (from industry, urbanization, agriculture,
aquaculture, tourism, etc.) (5-12). The dominant sources of heavy
metals differ at the continental scale. In Africa, the dominant source
of heavy metals is bedrock weathering, while in Asia and Europe the
main source is domestic wastewaters. In North America, mining
and industry account for the majority of heavy metal contamination
in the environment (13). Since lacustrine sediments act as major
sinks for heavy metals in water environments, their concentrations
are often measured to assess exposure, and can be used to identify
spatial and temporal human impacts on local, regional, and global
scales (14, 15).

The Great Salt Lake (GSL) in Utah, USA is the largest inland
body of water in the western US and serves as a model ecosystem for
other saline environments (Figure 1). The GSL is historically fed by
three rivers (the Weber, Jordan, and Bear) that provide ~2/3 of its
annual inflow and originate in the nearby Uinta Mountain Range.
This inflow carries 1-2 million tons of salts and other dissolved
minerals annually (16). As a terminal lake with no outlet, the GSL
retains the elements and compounds that reach it. In 1986, the total
dissolved mineral accumulation in the GSL basin was four to five
billion tons (16). The major ions that are found in GSL are sodium
(34.4% dry weight), chloride (58.3%), sulfate (2.9%), potassium
(2.2%), magnesium (1.6%), and calcium (0.6%) (17). Some of it is
useful and can be mined as a commodity. For instance, the
production of table salt and potash from brines dates from the
19th century, while magnesium production on a large scale began in
1971 (18). On the other hand, the lack of surface outflow can also
lead to toxic levels of metals in waters and sediments (19).

The GSL watershed covers a vast swath of land encompassing
almost 70,000 km” that spans four states and four drainage basins
(20), and its ecosystem receives industrial, urban, mining, and
agricultural discharge from a growing population exceeding two
million people in 2019 (US Census 2020). Metal concentrations
were low in the sediment record prior to the onset of mining in 1860
but began increasing - particularly lead, zinc, and copper - in the
late 1800s, with peaks in the mid-1950s concomitant with heavy
mining and smelting activities (21). The 1963 U.S. Clean Air Act,
reduction in mining activity beginning in the 1970s and 1980s, and
improved pollution control technologies have contributed to a
decline in surface metal concentrations by two to five fold since
the 1960s (21). Yet, mitigating active contributions to the lake does
not necessarily affect legacy sediments. If the lakebed is exposed, the
accumulated metals in sediment could be picked up by wind to
create toxic dust storms (22).

Due to the shallow shoreline of the GSL, small changes in
elevation lead to large changes in exposed lakebed sediment.
Consumptive water uses in the watershed have lowered the lake’s
elevation by 3.4 m, reduced its volume by 64%, and decreased its area
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by 51% (23), leading to over 750 square miles of newly exposed
lakebed (22). Dust plumes originating from exposed lakebed from the
GSL between 2016 and 2018 had a significant impact on local air
quality and contained heavy metals that might pose a threat to human
health (22). Additionally, reports on the metal isotopic composition
indicate large-scale contributions of dust flux from the dry lakebed of
the GSL to the surrounding areas, including the Wasatch Front, the
Uinta Mountains, and the Wasatch Mountains (24, 25). Thus, it is
important to document the abundance of toxic chemicals in lakebed
sediment, especially during times of peak exposure.

Conventionally, sediments serve as a record of accumulation or
depletion across decades or centuries, as represented by depth of
sediment cores analyzed using dating techniques like *'°Pb. Here,
we use inductively coupled plasma mass spectrometry (ICP-MS) to
profile metal concentrations in benthic surface sediments from
Gilbert Bay within the south arm of the GSL over the course of a
single year — 2021 — a year during which the lake reached historic
lows of water elevation (Supplementary Figure S1). We sampled at
higher temporal resolution than is conventionally considered in
order to evaluate any possible seasonal fluctuations. As well, we
consider and compare distinct geochemical methods (namely EPA
3050b and NH,AcO at pH=7), which each address different
questions in terms of bioavailability (and thus potential toxicity)
and comparability to previous works on GSL sediments. In all, we
provide an update on the geochemical composition of submerged
sediments in a critical but endangered lake habitat.

Results & discussion

We studied surface sediment from six sites along the south arm
of the GSL and one of its tributaries, the Weber River, during spring,
summer, and fall of 2021. We used different methods of extraction
depending on the element or compound: 1) NH;AcO pH=7 and 2)
EPA 3050b method. The former method uses the chemical solution
ammonium acetate at pH 7 (26) to represent the pH of the
extracellular lung fluid of the human respiratory system during
inhalation bioaccessibility tests (27). This buffer also targets plant-
available metals and can be used as a proxy for bioavailability. The
latter method is a standardized geochemical method that uses
strong acids to dissolve almost all elements that could become
available in sediments, sludges, and soils (28). Thus, the extraction
methods employed in this study address different questions about
the bioavailability of metals in our sediment samples. We focused
our analysis on elements that have been previously measured
during higher water levels (21) and are known to have high
toxicity above certain levels, including copper (Cu), thallium (TI),
arsenic (As), mercury (Hg), lead (Pb), and zinc (Zn).

Copper levels remain elevated in the Great
Salt Lake region via
atmospheric deposition

Pre-industrial “background” levels of sediment copper
concentrations are 11 pg/g dry mass, which rose to 500 ug/g by
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the 1950s due to mining activity (21). The most recent report of
exposed sediments from 2019 described average GSL PM,,
(particles with a diameter of 10 pum or less, small enough to pass
through the throat and nose and enter the lungs) soil abundance of
64 mg/kg, which is 2.6x enriched compared to the average
abundance of Cu in the Earth’s crust (22). We found that the
level of copper in GSL benthic sediment in 2021 is still elevated;
although there is a large variance, every site had samples that
exceeded the background level of copper concentrations. Notably,
six samples also exceeded the threshold effect concentration (TEC,
below which harmful effects are unlikely to be observed) for copper
of 32 ug/g dry (Figure 2A) (29).

When considering data from both extraction methods
combined, we found a consistent level of copper in submerged
sediment across all six sites (Figure 2A; Supplementary Table S1,
ANOVA, Chi Sq =7.7739,df =5, p = 0.17), and Great Salt Lake sites
compared with freshwater sites (Wilcoxon rank sum test, z =
0.7189, p = 0.2361), as well as across seasons (Figure 2B;
Supplementary Table S1, ANOVA, Chi Sq = 0.3265, df = 2, p =
0.85), which ranged from 0.3 to 70.1 ug/g. The consistency of
elevated copper in submerged sediments across all six sites
(Figure 2A) suggests atmospheric transport of copper may
dominate in this system, as opposed to fluvial transport of
contaminants via rivers. Interestingly however, the concentrations
differed significantly between methods, with consistently higher
values measured by EPA 3050b (Figure 2A, Wilcoxon rank sum
test, z = 7.8160, p = 2.727e-15). As expected, the values from EPA
3050b are closer to concentrations found in dust using total
digestion (22) and comparable to concentrations from Antelope
Island surface sediments (21). When we consider extracted
fractions from EPA 3050b data separately, our results pick up
significant differences in copper concentrations by site with the
southernmost site 6 (on the northern end of Antelope Island)
having the highest concentration (Figure 2A; Supplementary
Table S1). This geographic pattern is consistent with spatial
patterns found by Perry et al.,, (22) that may reflect closer
proximity to Kennecott Utah Copper tailings pile on the south
shore of the lake.

Altogether, when viewed holistically our results show that
shallow subsurface sediment in GSL continues to have above
background copper concentrations. However, comparing the two
different extraction methods reveals that bioavailable copper is at
relatively low levels and appears to be distributed atmospherically.
Meanwhile, the higher levels of copper, which have a geographic
bias, are not readily available because they are only observed with
the EPA 3050b method.

Thallium levels are low but fluctuate
seasonally in GSL sediments

Thallium is a highly toxic metal that is naturally found in its
oxidized states TI" and TI*" in trace amounts in the air, water, and
soil. General sources of thallium to the environment include fossil
fuel combustion, electronics industry, cement industry, and waste
incineration. Much of the observed thallium in Salt Lake valley dust
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traps can be attributed to direct particulate pollution from copper
mining, concentrating, and/or smelting activities (30). Although
historically used to make electronics and rat poison, thallium is no
longer produced in the US, as it can be fatal from a dose of more
than 1.5 mg per 1 kg body mass (31). Our samples range from
0.0023 to 1.3262 ug/g, with one sample exceeding the
environmentally safe limit of 1 pg/g (31) (Figure 3). If we
consider the two extraction methods separately, we uncover some
differences in thallium concentration by site, where site 4 is high in
the carbonate fraction and site 6 is high in the bioavailable fraction
of thallium (Supplementary Table S1).

Our values for thallium in submerged GSL sediments largely
correspond to recent investigations of thallium in unsubmerged
sediment (22). However, our temporal sampling uncovered
significant seasonal differences in thallium that largely correspond
to lake elevation levels; i.e., highest in spring (Supplementary Figure
S1, Supplementary Table S1). Interestingly, this trend is followed by
higher levels of bioavailable thallium in the summer. One possibility
is that GSL collects additional thallium in the spring due to the
influx of fresh snowmelt from mountains. Altogether, we observed
relatively low - but fluctuating - levels of thallium in GSL sediment.
Thallium does not break down in the environment and even traces
of the metal can pose major health concerns, thus its levels should
continue to be monitored, particularly as lake levels change.

Arsenic is maintained at high levels in
Great Salt Lake benthic sediment

Background levels of arsenic in GSL sediments from Gilbert Bay
were ~13 pg/g and began increasing in the late 1800s, reaching 25 - 50
pg/g during the second half of the past century (21). Unlike the
progression of most metals in this lake, concentrations of arsenic have
not declined in recent history (21). Our measured arsenic
concentrations ranged from 0.18 to 118.89 ug/g, and these levels are
largely coincident with other recent studies examining unsubmerged
sediment (22), except for two samples at site 6 with especially high
arsenic concentrations of 96.25 and 118.89 pg/g. These surpassed the
TEC of arsenic (9.79 pg/g) by more than 1000% (29) (Figure 4). In
fact, 60.0% of samples collected within Gilbert Bay exceeded the TEC
of arsenic and 27.3% of samples exceeded the Probable Effects
Concentration (PEC) of arsenic (33.0 pg/g), indicating likely
harmful effects from arsenic in the GSL ecosystem (29) (Figure 4).
The EPA3050b method yielded higher values than neutral pH
extraction methods, especially in sites in the south arm (Wilcoxon
rank sum test, z = 4.112, p = 1.962e-5), suggesting that not all the
arsenic within the GSL is environmentally available. Nevertheless, the
two exceptionally high samples were measured using neutral pH
extraction methods and a proxy for bioavailable fractions.

Interestingly, arsenic concentrations within Gilbert Bay were
consistently higher than in freshwater and brackish sites (Figure 4A,
Wilcoxon rank sum test, z = 5.908, p = 1.734e-9). All but one
sample collected at freshwater and brackish sites were under
background levels, whereas all but one sample from GSL sites
measured with the EPA3050b method were above background
levels. The difference between river input and lakebed sediment
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FIGURE 1

Our six sampling sites near (1-3) and in (4-6) the Great Salt Lake spanned a range of salinity levels and varying distances from industrial sources of
pollution, indicated with black unfilled circles. Two Kennecott Utah Copper tailings ponds, named Dike (KCCO05, 1338m, 40.7439°N, -112.0858°F)
and Center Tailings (KCC13, 1353m, 40.7488°N, -112.1281°E) are denoted with a gray-filled circle. Samples were collected in spring, summer, and fall
of 2021. Average salinity measurements per site are shown and labeled with their respective sites. Distinct colors denote site and are used in all

figures in this manuscript. Lake topographies depict NASA SRTM2 v.2 data from 2007 and UGRC LiDAR data from 2016. Figure adapted from Jung et
al. (49).

suggests that retention of fluvial-derived As-bearing particulates is ~ West and Southwest (32), and has accumulated in low-elevation
the main source of arsenic in the lake. The arsenic in this region is  basins over time (33). Mining activity (roasting, smelting) and acid
generally thought to be geologically sourced from ancient volcanic ~ mine drainage can leach additional arsenic and result in locally
rocks. Therefore, it is high in many rivers and lakes across much of  higher concentrations (33).
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FIGURE 2

Copper levels remain elevated in the Salt Lake region. Copper concentrations (A) across sampling sites, colored by the site from which the soil was
collected, and (B) across three seasons in 2021, using two extraction methods. Each datum represents measurements from a single dried benthic
sediment sample. Unfilled points represent sediment samples analyzed with the EPA 3050b method, while filled points show samples analyzed with
NH4AcO pH = 7, a proxy for bioavailability. Diamonds indicate means; whiskers indicate standard error; and violin plots indicate distribution of data
(A) per site and (B) per extraction method, per season. Means not sharing any letter are significantly different by a post-hoc test at the 5% level of
significance. The dry mass background level (11 pg/g dry mass) (21) is shown with a dotted horizontal line, while the threshold effects concentration
(TEC = 31.6 pg/g, below which harmful effects are unlikely to be observed) is shown with a dashed horizonal line and probable effect concentration
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(PEC = 149 pg/g, above which harmful effects are likely to be observed) of copper in soil is not exceeded (29).

Total mercury in submerged sediments
peaked during low lake elevation

Mercury is a toxic heavy metal and global environmental
pollutant of major concern (34-37). Mercury exists in nature in
three different forms, namely as elemental or metallic mercury Hg
(0)/Hg’, divalent or mercuric mercury Hg(II)/Hg*", and
organomercury compounds such as monomethylmercury
(MeHg). Herein, we measured total mercury, including inorganic,
methyl, and elemental mercury forms. Our data indicate that total

mercury levels from benthic soil samples were lower than the TEC
(0.18 ug/g) (29) and mostly (with the exception of one sample)
within the background historic level of mercury concentrations (0.1
pg/g) (21) in Gilbert Bay (Figure 5). All our study sites had similar
levels of mercury (Figure 5A, % = 9.814, p = 0.0807), although there
were notable high-concentration outliers in sites 4-6. Nevertheless,
the consistency of average concentrations suggests that much of the
mercury in GSL originates from a global mercury pool and
atmospheric deposition rather than a particular point source or
through fluvial transport.
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T T
summer fall
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Thallium levels approach concentrations of environmental concern. Thallium concentrations (A) across sampling sites, colored by the site from

which soil was collected

, and (B) across three seasons in 2021, using two extraction methods. Each datum represents measurements from a single

dried benthic sediment sample. Unfilled points represent sediment samples analyzed with the EPA 3050b method, while filled points show samples
analyzed with NH4,AcO pH=7, a proxy for bioavailability. Diamonds indicate means; whiskers indicate standard error; and violin plots indicate
distribution of data (A) per site and (B) per extraction method, per season. Means not sharing any letter are significantly different by a post-hoc test
at the 5% level of significance. The environmentally safe limit for Thallium concentrations in sediments (31) is denoted by a horizonal dashed line.
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Arsenic levels remain high in Great Salt Lake benthic soils. Arsenic concentrations (A) across sampling sites, colored by the site from which soil was
collected, and (B) across three seasons in 2021, using two extraction methods. Each datum represents measurements from a single dried benthic
sediment sample. Unfilled points represent sediment samples analyzed with the EPA 3050b method, while filled points show samples analyzed with
NH4AcO pH=7, a proxy for bioavailability. Diamonds indicate means; whiskers indicate standard error; and violin plots indicate distribution of data (A)
per site and (B) per extraction method, per season. Means not sharing any letter are significantly different by a post-hoc test at the 5% level of
significance. The dry mass background level (13 pg/g dry mass) (21) is shown with a dotted horizontal line, while the threshold effects concentration
(TEC = 9.79 pg/g, below which harmful effects are unlikely to be observed) and probable effect concentration (PEC = 33.0 ug/g, above which
harmful effects are likely to be observed) of arsenic in soil are shown with a dashed horizonal line (29).

Lower lake levels typically correlate with lower mercury
concentrations in sediment cores (38). Therefore, we were
surprised to find a significant increase of mercury in the fall,
which coincided with the lowest lake elevation in 2021 (4190.44
ft) (x* = 232.78, p < 2.2e-16, Figure 5B; Supplementary Figure S1).
It's tempting to speculate that this high level is a result of the
extreme record low lake elevation that pushed the ecosystem passed
historical patterns, but at the moment the reason behind this
seasonal increase remains unknown.

Lead & zinc are potentially sequestered in
the deep brine layer

Lead and zinc share similar chronologies. Both had historically
low background concentrations of 7 (Pb) and 45 (Zn) pg/g, but after
the railroad was completed in 1869 and mining of both minerals
became the goal of a commercial operation, levels increased well above
background. The subsequent decrease in sediments deposited since
the mid-1970s is likely due to cessation of smelting, the temporary halt
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FIGURE 5

Season in 2021

Trends in mercury concentrations are highly seasonal. Mercury concentrations (A) across sampling sites, colored by the site from which soil was
collected, and (B) across three seasons in 2021, using two extraction methods. Each datum represents measurements from a single dried benthic
sediment sample using the NH4AcO pH=7 extraction method, a proxy for bioavailability. Diamonds indicate means; whiskers indicate standard error;
and violin plots indicate distribution of data (A) per site and (B) per extraction method, per season.
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at the Kennecott mine in 1985, and emissions controls after mining
resumed in 1987 (Bill Johnson, personal communication).

For most sediments in our study, the EPA 3050b is 10 to 20
times larger than the NH,AcO pH=7 method (Figure 6, Pb: z = 4.28,
p = 9.2e-6, Zn: z = 7.29, p = 1.6e-13). For the most contaminated
samples, however, both methods give similar results, indicating that
the lead and zinc is bioavailable in those sites. Lead levels are in line
with recent findings from exposed sediments from the lakebed (22),
but zinc levels are largely below what was observed (average 133 pg/
g vs. average 31 ug/g herein), which is likely due to the Perry et al.
(22) values being from total digestion.

Overall, we observed that several sediment samples were above
background concentration levels. Six out of 92 GSL samples (6.52%)
surpass the TEC for lead contamination in soil, and 30 samples
(32.61%) exceed background levels (Figures 6A, B), while 12 samples
(13.04%) exceed background levels for zinc (Figures 6C, D). Both lead
and zinc were found in elevated levels in Weber River waters in 1999

10.3389/fs0il.2024.1445792

to 2000, and researchers implicated mining in the area (39). Herein
we found that there was less lead in GSL samples (median 9 ug/g,
mean 14 pg/g) than in freshwater input samples (median 40 ug/g,
mean 63 ug/g; z = 6.32, p = 1.338e-10), and similarly less zinc in GSL
samples (median 14 pg/g, mean 31 pg/g) than in freshwater input
samples (median 49 pg/g, mean 62 pg/g; z = 3.888, p = 5.052¢-05). It’s
possible that the deep brine layer in the GSL may sequester these
toxins when they reach the lake, preventing their release into
shallower layers of the lake (Figures 6A, C).

Materials and methods

Sites and sampling

From each of the six sites we performed ICP-MS on
approximately three samples across each season (spring, summer
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FIGURE 6

Lead and zinc are potentially sequestered in the deep brine layer. Lead concentrations (A) across sampling sites, colored by the site from which soil
was collected, and (B) across three seasons in 2021, using two extraction methods and shown on a log scale. Zinc concentrations (C) across
sampling sites, colored by the site from which soil was collected, and (D) across three seasons in 2021, using two extraction methods. Unfilled points
represent sediment samples analyzed with the EPA 3050b method, while filled points show samples analyzed with NH,AcO pH=7, a proxy for
bioavailability. Diamonds indicate means; whiskers indicate standard error; and violin plots indicate distribution of data (A, C) per site and (B, D) per
extraction method, per season. Means not sharing any letter are significantly different by a post-hoc test at the 5% level of significance. The average
background or historic level of each metal is shown with a dotted horizontal line (21), while the threshold effects concentration (TEC = 35.8 pg/g,
below which harmful effects are unlikely to be observed) and probable effects concentration (PEC = 128 pg/g, above which harmful effects are likely

to be observed) of lead in soil are shown with a dashed horizonal line (29).
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and fall, except site 5 spring, of which we only analyzed two
samples, and site 4 and 5 fall, of which we analyzed four
samples), providing a total of 55 samples. As input, we used 400-
600 mL of shallow (<10 cm) sediment near the water interface, as its
metals most readily diffuse into the water column and are the most
likely to become toxic dust if exposed. Moreover, metals from
surface sediment are more likely to be taken up by photosynthetic
microorganisms that are important primary producers in the lake.
Sediment samples were collected from six sites of varying salinities
in and around the GSL (Figure 1) during three seasons between
May and October of 2021, encompassing a period when the lake
was experiencing historic lows in elevation (Supplementary Figure
S1). Site 1 (41°13°2.0°N, 112°09°38.8”W) and Site 2 (41°13’18.5"N,
112°12°03.4”W) were freshwater sites along the Weber River, one of
the three rivers flowing into the GSL. Site 3 (41°10°08.4”N, 112°
11'27.5”W) was a transition zone with intermediate salinity very
near the Weber River input into the GSL. Site 4 (41°07°51.0”N, 112°
18’21.0°W) was at the southern tip of Fremont Island within the
GSL, while Site 5 (41°07°3”N, 112°16’10”W) was a coastal area at the
edge of the receding lake, and Site 6 (41°03’18”N, 112°15’18"W) was
along the beach at Bridger Bay on the northwestern end of Antelope
Island. To collect shallow submerged sediments, we used a shovel or
PVC pipe cupped at one end by hand. Since the lake was too saline
to use a motor, we were limited by how far we could paddle, bike, or
hike in a single day. Sea kayaks were used as transport between
islands in the Spring and Fall to sample from positions not
reachable on foot or by bike. Sediment samples were returned to
the lab, stored wet in plastic containers at 15°C, and processed over
the following week. Sediments were dried for 48 h at greater than
100°C and sieved through a 2 mm plastic mesh to remove coarse
plant material and rock fragments.

Determination of extractable elements at
pH =7

Dry sediments were leached with 1 M NH,AcO (as known as
NH,CH;CO, or ammonium acetate) buffer at pH = 7 for the
determination of the bioavailable fractions of Cu, Zn, As, Hg, Tl and
Pb (26). Since this leaching method with ammonium acetate
displaces exchangeable cations on clay and organic matter,
typically in agricultural soils, it is typically associated with the
estimation of plant-available base cations, i.e. those available to
roots and environmentally available in sediments. However, it is a
softer digestion method compared to the total digestion method
employed by Perry et al. (22), which may account for the relatively
low values found in our submerged sediments compared to that
found in their unsubmerged dust. About 100 mg of sediments were
mixed with ~5 g buffer using a vortex and left for 24 h with
occasional stirring. After centrifuging at 5000 rpm for 10 min, a
0.100 mL aliquot of the supernatant was diluted with 2.4% HNOj; to
10.0 mL; 10 ppb indium (In) was added as internal standard and
mixed in a polystyrene tube. Determination of Na, Mg, K, Ca, P,
Mn, Fe, Cu, Zn, As, Hg, Tl and Pb in this solution was performed
using a triple quadrupole inductively coupled plasma mass
spectrometer (ICP-MS, Agilent 8900, Santa Clara, California,
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USA) at the ICP-MS lab of the Department of Geology
and Geophysics, University of Utah (https://earth.utah.edu/
research_facilities/earth-core-facility/icp-ms.php). The total
dilution factor was around 5000, making the Na concentration
introduced in the ICPMS a maximum of 20 pug/mL for any of the
sediments studied. *’Na, **Mg, **Mn, “Cu, ***Hg, ***T1 and *°*Pb
were measured with He flowing at 2 mL/min in the collision cell;
*¥K, **Ca and *°Fe were measured using 1 mL/min H, in the
collision cell; *'P, °°Zn and "°As were measured using 4 mL/min O,
in the collision cell. An external calibration curve was prepared
from 1,000 mg/L single-element standards (Inorganic Ventures,
Christiansburg, VA, USA) with maximum concentrations of 0.04,
0.2, 0.04, 0.002 and 0.02 pg/mL for Cu, Zn, As, Tl and Pb
respectively. A second calibration curve was prepared for P and
Hg, with maximum concentrations of 10 and 0.003 pug/mL
respectively. Diluted samples, calibration solutions and blanks
were added 10 ng/mL in as internal standard and run in the ICP-
MS using a dual-pass quartz spray chamber; PTFE nebulizer and
dual-syringe introduction system (Teledyne, AVX 71000), platinum
cones and sapphire injector in a platinum-shielded quartz torch.
Limit of determinations (LoD) for each element were calculated as
three times the standard deviation of the blanks, multiplied by the
total dilution factor used for samples (~5,000). Standard reference
material 1643f (Trace Elements in Water, National Institute of
Standards and Technology, Gaithersburg, MD, US) was run with
calibration curve and samples (one standard every 10 samples) at a
dilution of 1:20, reproducing certified values for Cu, Zn, As, Tl and
Pb within 5%. An in-house P standard solution prepared
gravimetrically from high-purity KH,PO, (Suprapur, Millipore-
Sigma) with a concentration of 4 pg/mL, was run with P
calibration curve and samples, reproducing the calculated value
within 5%. The ICP-MS instrument is in a filtered air positive
pressure lab and sample handling and dilutions were performed in
laminar flow benches and using calibrated pipettors (Eppendorf
Reference, Hamburg, Germany). All chemicals used were trace
metal grade quality. Solution and dilution factors were used to
calculate the concentration reported for each extracted element, in
units of micrograms per g (pg/g) of sediment.

Determination of extractable elements
using EPA method 3050b

Sediments were also treated with a strong acid under oxidative
conditions as another standard method for extracting
environmentally available elements. For this purpose, EPA
Method 3050b (28) was scaled down for a homogenized sediment
sample size of ~100 mg, which was mixed with 1 mL of 35% HNOj;
in a PTFE closed vial and refluxed in a hot block at 95°C for 15 min.
Subsequent additions of 0.5 mL concentrated HNO; and heating
cycles were performed until evolution of brown fumes ceased. In a
second step, the room temperature acid digest was treated with
several 0.5 mL aliquots of 20% H,O, until no more reaction was
observed. These digests were then transferred into an acid leached
centrifuge tube and diluted to 10 mL. This solution was then
analyzed for elemental concentration of Cu, Zn, As, Hg, Tl and
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Pb using the same way procedure as described above. Since all
carbonate and most clay oxides are digested with the strong acids
used by EPA3050b, we expect the concentrations found using this
method to be closer to the ones found in Perry et al. (22) compared
with the NH,AcO pH=7 method described above. On a separate
study (22), the ICP-MS lab of the Department of Geology and
Geophysics, University of Utah, obtained good agreement between
the values obtained using total digestion of PM, 5 dust with ICP-MS
detection and the ones obtained using X-ray fluorescence (XRF).

Statistics

To evaluate the statistical differences in element content in
water and sediments from different sites and seasons, we performed
ANOVAs using generalized linear models with site and season as
categorical variables and Tukey post-hoc tests. All differences were
tested for significance at p < 0.05. All statistical tests were carried out
in the R statistical environment (version 4.1.2, R Development Core
Team 2019, http://www.r-project.org) in RStudio (version 1.4.869,
RStudio Team 2019).

Conclusion

The Great Salt Lake in northern Utah is a terminal lake without
outflow; hence when water evaporates it concentrates elements and
compounds from montane runoff, atmospheric deposition, and
anthropogenic sources of pollution. Given that the GSL is also
shallow, small changes in lake water elevation can lead to large
changes in the surface area of exposed lakebed. Metals in the lakebed
can be transported with dust, a potential problem for neighboring
ecosystems, human health, and even the region’s snowpack (40, 41).

To better understand the health risks of exposed lakebed
sediment, we measured metal concentrations in shallow benthic
zones of the GSL during a record low year of lake elevation
(Supplementary Figure S1). We also compared these values to
sediment in an upstream river (Weber) that feeds into the GSL, and
used two different extraction methods to distinguish between
bioavailable and (largely) unavailable contaminants. Our analysis
revealed both expected and surprising results. First, the
concentrations of most metals in the GSL’s sediments have declined
relative to historic highs. However, copper, thallium, and arsenic levels
remain elevated, which is consistent with other recent studies (21, 22).
Copper was relatively consistent across sample areas, indicating
atmospheric deposition. In contrast, arsenic exhibited significantly
higher concentrations in Gilbert Bay sites 4 and 6. This spatial
difference might reflect accumulation in south arm benthic
sediment from fluvial transmission or proximity to point sources of
contamination (especially site 6). Meanwhile, lead and zinc were
higher in the Weber River sites compared to sites in the south arm.

The different patterns between metals may reflect differences in
mobility. The major environmental reduced form of arsenic,
oxoanion AsO;> arsenite/As(IIl), does not interact readily with
minerals and is therefore highly mobile in groundwater (42). The
other dominant environmental form of arsenic, arsenate/As(V), is
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charged and relatively immobile. The lower concentration of total
arsenic in the Weber River input indicates that as arsenic travels
through this delta it is in the reduced mobile form of As(III), either
as H,AsO; or H3AsO;, depending on pH. Meanwhile, higher lead
and zinc concentrations in the Weber River suggest that they are
comparatively immobile, which is consistent with their propensity
to sorb to fine particulate sediment that is present at these sites (43,
44). However, we note that we did not directly measure mobility
rates in this study, which is required to confirm these hypotheses.

Several studies have shown that the GSL’s deep brine layer is
prone to mixing. An estimated 40% of the deep brine layer is
entrained into the shallow brine layer annually (45). Limited mixing
also occurred between the deep and shallow brine layers of the lake
during strong wind events (46). Temporary culvert closures in 2013
and 2023, which blocked water flow between the north and south
arms, can also lead to the destratification and disappearance of the
deep brine layer in the south arm. The dissolution of the
monimolimnion into the epilimnion coincided with dramatic
mercury loss from deep waters and downstream effects on biota
(47, 48). If indeed lead and zinc are sequestered, our results suggest
that we should continue to monitor their levels as natural and
anthropogenic disturbances to the brine layer could lead to
their release.

Finally, total mercury exhibited a stark increase in
concentration during the nadir of lake elevation (Supplementary
Figure S1), which is opposite historical trends in the GSL (38). It’s
unclear what caused the increase in mercury in the Fall, but it may
be insightful to explore whether a tipping point was reached for
benthic organisms that metabolize or uptake mercury.

In summary, these data, along with others, indicate 1)
regulatory strategies are helping to reduce toxic elements in
surface sediment, 2) the source of contamination depends on the
metal, and 3) several questions remain unanswered concerning
sequestration by the deep brine layer and how low elevation/high
salinity impacts the distribution of metals in the GSL system. As
water-policy strategies are implemented in the coming years and
lake elevation waxes and wanes it will be important to continue to
monitor metal levels to see how they are affected.
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