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Key Points:

o Glycerol dialkyl glycerol tetraethers produced by bacteria and archaea can
detect Holocene limnological changes at Great Salt Lake.

e Based on the Archaeol-Caldarchaeol Ecometric salinity index, Great Salt
Lake has remained hypersaline from 7.2 ka to present.

e« A 5.5 ka step shift in several proxies is likely correlated to a regional
decrease in aridity during the mid-late Holocene transition.

Abstract

Great Salt Lake (UT) is a hypersaline terminal lake in the US Great Basin,
and the remnant of the late glacial Lake Bonneville. Holocene hydroclimate
variations cannot be interpreted from the shoreline record, but instead can be
investigated by proxies archived in the sediments. GLAD1-GSL00-1B was cored
in 2000 and recently dated by radiocarbon for the Holocene section with the top
11 m representing ~7 ka to present. Sediment samples every 30 cm (~220 years)
were studied for the full suite of microbial membrane lipids, including those
responsive to temperature and salinity. The ACE index detects the increase in
lipids of halophilic archaea, relative to generalists, as salinity increases. We find
Holocene ACE values ranged from 81-98, which suggests persistent hypersalinity
with <50 g/L variability across 7.2 kyr. The temperature proxy, MBT .,
yields values similar to modern mean annual air temperature for months above
freezing (MAF = 15.7°C) over the last 5.5 kyr. Several GDGT metrics show a
step shift at 5.5 ka before which temperature estimates are unreliable due to the
shift in lake ecology and likely shallow depth. The step change in lake conditions
at 5.5 ka and additional variations within the late Holocene are compared to
regional climate records. We find evidence for a dry mid-Holocene in GSL,
corroborating other records.
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Great Salt Lake in Utah is the remnant of a much larger lake and is currently at
a historically low level. We study a lake sediment core, collected in 2000 from the
floor of Great Salt Lake, and recently dated. We take new samples from the core
and measure them for molecules made by microbes, whether living in the lake
or washed in from the surrounding soils. We reconstruct lake conditions during
the last 7,000 years and assess whether lake level fluctuated during that time.
Over the past 7,200 years, we find evidence that the lake was shallower from
7,200 to 5,500 years ago, but has been relatively stable until the modifications
of the lake in the 20" Century and the current drying trend.

1. Introduction

Modern day Great Salt Lake (GSL) is a remnant of the Pleistocene freshwater
paleolake, Lake Bonneville. Lake Bonneville began rising at ~30 cal ka BP,
reaching its maximum size (~52,000 km?) at ~18 cal ka BP and forming the
Bonneville shoreline (Oviatt et al., 2021). Afterwards, continued downcutting
at the outflow point eventually caused rapid overflow during the Bonneville
flood, dropping lake levels by 100 m. This was followed by a regressive phase
where evaporation caused the lake to reach modern GSL levels by ~13 cal ka
BP. Except for a brief 15 m rise at 12 cal ka BP (locally known as the Gilbert
Episode), GSL levels have probably remained steady at around 1,280 masl (m
above sea level) during the Holocene (Oviatt et al., 2021).

Yet, there have been climate fluctuations within the Holocene. In the early
Holocene (~11 to ~8 cal ka BP), parts of the southwestern US experienced a wet
interval resulting in lake high stands at Tulare Lake (CA) (Blunt and Negrini,
2015) and Lake Elsinore (CA) (Kirby et al., 2007). Owens Lake (CA) is less
consistent, with low lake levels reconstructed prior to 9 cal ka BP (Bacon et
al., 2020; Benson et al., 2002). Further inland, Lehman Caves (NV) speleothem
records indicate wet conditions during the early Holocene (Steponaitis et al.,
2015), but records from Leviathan Cave (NV) (Lachniet et al., 2020) suggest a
warm and arid early Holocene in the Bonneville Basin, with no detected human
settlements (Goebel et al., 2021).

In the middle Holocene (~8 to ~4 cal ka BP) much of western interior North
America experienced dry conditions. Lake low stands or desiccation occurred
at Owens Lake (Bacon et al., 2020; Benson et al., 2002), Lake Tahoe (CA/NV)
(Benson et al., 2002), Pyramid Lake (NV) (Benson et al., 2002), six Midwestern
lakes west of the Great Lakes (Shuman et al., 2002), and in five small sub-alpine
lakes (WY, CO) in the Rocky Mountains (Shuman and Serravezza, 2017). Arid
conditions were also recorded at Lehman Caves (Steponaitis et al., 2015) and
Leviathan Cave (Lachniet et al., 2020).

The late Holocene (~4 ka to present) was cooler and wetter than the middle
Holocene, but with oscillations between droughts and pluvials. From ~4.5 to
~3 cal ka BP, high stands were recorded at Owens Lake (Bacon et al., 2020;
Benson et al., 2002), Walker Lake (NV) (Benson et al., 1991), Pyramid Lake
(NV) (Briggs et al., 2005), Winnemucca Lake (NV) (Briggs et al., 2005), Mono



Lake (CA) (Stine, 1990), Silver Lake (CA) (Enzel et al., 1989), and several
small Rocky Mountains lakes (Shuman and Serravezza, 2017). There seems to
be evidence of the Late Holocene Dry Period (2.8-1.85 cal ka BP) proposed by
Mensing et al. (2013) with lake low stands at Mono Lake (Stine, 1990), Walker
Lake (Adams, 2007; Benson et al., 1991), Zaca Lake (CA) (Kirby et al., 2014),
and Bear Lake (UT/ID) (Moser and Kimball, 2009).

While the shift between the wet early Holocene and dry middle Holocene has
been linked to the decrease in summer insolation (Bird and Kirby, 2006; Kirby
et al., 2007; Lachniet et al., 2020) and the decline of the Laurentide Ice Sheet
(LIS) (Shuman et al., 2002; Shuman et al., 2006; Steponaitis et al., 2015), there
is additional variability besides the long term trend. However, understanding
of Holocene variability is hampered by apparent spatial differences, varied re-
sponses between different proxies, and/or insufficient age control, leaving uncer-
tainty in the comparisons between archives (Oviatt et al., 2015).

Continuous geochemical records from sediment cores have potential to recon-
struct Holocene climate when shoreline records are lacking. In the hypersaline
GSL, salinity is of primary interest for limnological reconstructions. Archaeol
and caldarchaeol concentrations are used to calculate the Archaeol-Caldarchaeol
Ecometric (ACE), originally developed to track the contrasting salinity of ma-
rine, hypersaline, estuarine, and freshwater environments (Turich and Free-
man, 2011). Archaeol is a diphytanyl glycerol diether primarily produced by
halophilic Furyarchaeota (Dawson et al., 2012; Macalady et al., 2004; Teix-
idor et al., 1993), and caldarchaeol is an isoprenoid glycerol dialkyl glycerol
tetraether (isoGDGT) produced by Crenarchaeota, Thaumarchaeota, and some
Euryarchaeota (Schouten et al., 2013). An increase in salinity leads to an in-
crease in ACE values, reflecting the shift from a cosmopolitan archaeal commu-
nity to a halophilic community. The ACE index has been tested in modern
sediments in lakes of varying salinities (He et al., 2020; Wang et al., 2013) and
used for past hydroclimate reconstructions at Lake Elsinore (CA) and Searles
Lake (CA) (Feakins et al., 2019; Peaple et al., 2022). Other isoGDGT com-
pounds can reveal aspects of paleolimnology and past archaeal productivity.

Branched GDGTs (brGDGTs), biomarkers produced by bacteria, have also been
widely applied to lacustrine sediments including for temperature reconstruc-
tions (e.g. Martinez-Sosa et al., 2021). A recent calibration study on subalpine
(>2,700 masl) Rocky Mountain lakes of varying depth found complications with
the brGDGT temperature proxy related to lake depth and stratification (Ste-
fanescu et al., 2021). They found shallow lakes (<7 m) were well mixed in sum-
mer whereas deeper lakes remained stratified with cold bottom waters. At-depth
production of brGDGTs appeared to explain correlations with lake bottom wa-
ter temperatures, fixing the temperature signals in deep lakes, whereas shallower
lakes recorded local air temperatures (Stefanescu et al., 2021). In contrast, GSL
is a lower elevation (1,280 masl), hypersaline lake with density controlled primar-
ily by salinity rather than temperature. GSL has fluctuated between 7.6 m and
13.7 m deep over the historical record (1847-present) (Belovsky et al., 2011) and



lake levels may have been even lower during the more arid times of the Holocene.
Therefore, lake level fluctuations may influence the brGDGT signal, although
the limnological and ecological patterns are unlikely to match those of the high
elevation freshwater lake calibration of Stefanescu et al. (2021). Beyond lake
level fluctuations, other concerns are that the high salinity environment of GSL
may create complications with application of the existing calibrations (Martinez-
Sosa et al., 2021).

Here, we use biomarkers to study Holocene paleoenvironments at GSL, targeting
iso- and brGDGTs. We test now widely used proxies on an extreme environ-
ment and track climate change and limnological conditions in GSL throughout
the middle to late Holocene. In August 2022, GSL lake levels were at a surface
elevation of 1,277 m, 3 m below the historic average of 1,280 m (Ramirez, 2022).
Current trends of drought in the region and diversion of inflowing rivers for
human consumption (Wurtsbaugh et al., 2017) are projected to lead to further
declines in lake levels in the coming decades. The decreasing areal extent of
GSL is leaving infrastructure at abandoned shorelines leading to reduced access
for tourism and recreation. There are growing concerns over health effects as-
sociated with exposed lakebed dust (Null and Wurtsbaugh, 2020; Perry et al.,
2019). In the lake, the increase in salinity will alter ecosystems, which currently
provide habitats for migratory shore and water birds (Jewell, 2021; Sorensen et
al., 2020). Changing salinities and lake access will also affect existing resource
extraction, in particular the brine shrimp cyst and mineral extraction industries
(Naftz, 2017; Wurtsbaugh et al., 2017). Here, we seek to reconstruct a 7 kyr
hydroclimate history of GSL to better understand the natural range of variabil-
ity within the Holocene climate state and provide a longer context for current
drying trends.

1. Study location

Great Salt Lake (GSL) is a hypersaline terminal lake located in Utah in the
eastern part of the United States’ Great Basin (Figure 1). At the lake’s his-
toric mean elevation of 1,280 masl, the lake is more than 10 m deep across
the central part of the basin and averages 5.5 m deep (Belovsky et al., 2011;
Shope and Angeroth, 2015). In 2000, the Global Lakes Drilling (GLAD) initia-
tive drilled four sites to a total of 120 m below lake floor reaching back to the
boundary of oxygen isotope stages 6 and 7 (~175 ka) (Dinter et al., 2000). The
original study reported density, magnetic susceptibility, minerology, inorganic
carbon, and organic carbon from the recovered cores (Dinter et al., 2000). Re-
cently the Holocene sedimentary section in the upper 11 m of GLAD1-GSL00-1B
(41.094°N, 112.365°W, 8.4 m water depth) was dated using radiocarbon (Bowen
et al., 2019). The Holocene sedimentary sequence is the target for the biomarker
reconstructions here.
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Figure 1. Maps showing a) the Great Salt Lake (GSL) core site of GLADI-
GSL00-1B and the Lake Bonneville shoreline (top right), and b) the locations
of regional comparison records.

The lake water balance includes inflow from rivers (66%), precipitation (31%),
and groundwater (3%) and leaves by evaporation from the closed basin (Jones et
al., 2009). Instrumental records from 1966 to present indicate 7 m of fluctuation
in lake levels (Rupke and McDonald, 2012; United States Geological Survey,
2022b) due to the changing water balance. During the high stand of the last
glacial maximum/Heinrich Stadial 1 (HS1), GSL occupied a much greater areal
extent, up to ~52,000 km?, forming the freshwater Lake Bonneville (Baxter et al.,
2005; Oviatt et al., 2021). The drier climate since then has led to the formation
of the Bonneville Salt Flats (west of the present-day GSL) and a reduction of
the lake size to <10% of its former extent.

Riverine inflow to the GSL primarily comes from the Bear (32.5 & 34.4 m?/s),
Jordan (3.5 £ 1.2 m3/s), and Weber Rivers (8.1 £ 15.9 m?/s; all reported as
2000-2020 annual mean discharge). The Bear River records low discharge (2-
5 m3/s) in the dry summer months from July to September, with flow rising



consistently during the fall to a plateau of 20-50 m?3 /s in January and February.
Peak flows occur in March to April, reaching >50 m?3/s, and then drop back
down to 2-5 m3/s by June (United States Geological Survey, 2022a).

The modern GSL is separated into a northern and southern section by a railroad
causeway built in 1959. As rivers exclusively flow into the South Arm of GSL,
salinities there today are 120-180 g/L, whereas the North Arm has salinities of
290-340 g/L and a permanent halite bottom crust (data for 2010-2021, Jagniecki
et al., 2021; Rupke and McDonald, 2012). Salinity is heterogeneous around the
shallow lake margins with freshwater influence near river inflows and evaporative
enrichment along other margins. At times, a halocline has been measured in
depth profiles in the south arm, but at present the lake is not stratified (Rupke
and McDonald, 2012). Since the North Arm resembles a restricted evaporation
pond, South Am conditions are likely representative of the pre-causeway GSL
(Belovsky et al., 2011).

1. Age model

Bowen et al. (2019) measured the radiocarbon of various materials (including
brine shrimp cysts, algal mats, n-alkanes, carbonate, total organic carbon, and
terrestrial macrofossils) from the GSL sediment core GLADI1-GSL00-1B and
formulated a radiocarbon age model based upon the cysts only (n = 15 dates).
While some components are older (carbonates) or younger (charcoal), we are
interested in all the organics that formed in the lake waters as age control for
the lake biomarker-based record. In addition to cysts, the short chain n-alkanes,
algal mats, and total organic carbon (TOC) all appear to form in lake waters.
Thus, these additional age constraints are used to inform a revised age model
here (n = 27 dates, Figure 2a), which is modestly different from the prior age
model (Figure 2b). The revised age model produces older ages ( 300 years)
between 5.5 and 3 ka (Figure 2c).
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Figure 2. Age model based on all lake organic carbon radiocarbon dates
(Bowen et al., 2019) from the GLAD core using the Bayesian R package BA-
CON (Blaauw and Christen, 2011). a) Calibrated radiocarbon age probability
distribution functions (blue), age model median (red line) and uncertainty (gray
shading), b) comparison between all lake organic radiocarbon dates (used in this
study) and the cyst-only model presented by (Bowen et al., 2019), and ¢) their
difference. The biomarker transition at 5.5 ka in the all-lake OC model is ~200
years older than in the cyst-only model.

1. Materials and methods
(a) Lipid extraction

We subsampled sediment core GLAD1-GSL00-1B at 30 c¢m intervals (approx-
imately every 220 yrs) with each sample spanning ~1 cm (integrating ~7 yr)
and samples were stored frozen at —20°C until analysis. Sediment samples



(~10 g) were freeze-dried then homogenized with a mortar and pestle. To-
tal lipid extracts (TLE) were obtained for each sample by immersion in 9:1
dichloromethane (DCM):methanol (MeOH) at 100°C and 1,500 psi for 15 min
using Dionex ASE 350 Accelerated Solvent Extraction at the University of South-
ern California.

1. GDGT quantification

TLEs were dissolved in 99:1 hexane:isopropanol and filtered through 0.45 m
PTFE (polytetrafluoroethylene) filters. Archaeol, isoGDGTs, and brGDGTs
were separated using an Agilent 1260 High-Performance Liquid Chromatograph
(HPLC) coupled to an Agilent 6120 Mass Spectrometer following the meth-
ods of Hopmans et al. (2016) and quantified by comparison to a C,4 internal
standard at the University of Arizona (Huguet et al., 2006). We compare the
raw concentrations of summed branched and summed isoprenoidal compounds
(XisoGDGT and ¥brGDGT) in ng/g sediment, to assess the productivity of
each compound class. Here, we also include 7-methyl isomers (isomers with
methyl groups bonded in the C, position) in the ¥brGDGT calculations due to
their high abundance in this hypersaline environment (Wang et al., 2021).

The ACE index, a paleosalinity proxy, was calculated using the following equa-
tion from Turich and Freeman (2011):

ACE = archaco) x 100 (1)

archaeol+caldarchaeol

ACE indicates the proportion of GDGTs produced by halophilic Archaea and
is applicable only in hypersaline environments. Note that caldarchaeol is also
referred to as iSOGDGT-0 or simply as GDGT-0. ACE values were converted
to salinity according to the calibration of Turich and Freeman (2011), which
was developed using surface sediments and suspended particulate matter from
marine, hypersaline, estuarine and freshwater localities across a range of 0-250
g/L, where:

ACE = 0.35 x salinity — 5.4 (2)

The MBT 5, index, a brGDGT temperature proxy, was calculated according
to De Jonge et al. (2014a):

/ _ Ta+Ib+Ic
MBT 5Me = Ta+Ib+Ict+Ila+IIb+IIc+IIIa (3)

where I-IIT indicates the number of methyl groups (4-6), and a-c the number
of cyclopentane rings (0-2). While MBT g, is most frequently used as an
indicator for temperature, recent work by Martinez-Sosa et al. (2021) and
Wang et al. (2021) found evidence that salinity, particularly hypersalinity, may
bias temperature estimates. We convert the MBT g);, values to mean annual
temperature for months above freezing (MAF) using BayMBT,,, the Bayesian
calibration of Crampton-Flood et al. (2020) available for both global surface
soils and lake sediments. Martinez-Sosa et al. (2021) suggested that alkaline,
saline lakes may receive greater GDGT input from surrounding soils than from
in lake production. Thus, we test both the soil and lake calibrations here.



The CBT index is used as a pH indicator and was also calculated following the
equation of De Jonge et al. (2014a):

r_ Ic+ITa +II6 +1Ic +ITIa’ +111b +111c
CBT" = log,, ( Tat+ITa+1I1a (4)

where denotes structural isomers with methyl groups bonded in the C4 rather
than Cy position. We calculated pH values using the global soils and lakes
calibrations of Raberg et al. (2022):

CBT' = 0.50 x soil pH — 3.65 (5)
CBT = 0.23 x lake pH — 1.98 (6)

As the CBT formulation in Raberg et al. (2022) included a negative sign,
both calibration equations were adjusted to maintain the positive formulation
of CBT (equation 4) as originally defined by De Jonge et al. (2014a).

The IRy index is the ratio of 6-methyl brGDGT isomers to the sum of 5- and
6-methyl brGDGT isomers, calculated according to De Jonge et al. (2014b):

IR, _ Ua +116 +11¢ +111a  +111b +111¢ (7)
6Me ™ [TatITb+IIc+ITTa+IT1Ib+ITTc+I1a’ +116 +11¢ +11Ta" +11T6 +111c
The fractional cyclization (fC) index shows the proportion of brGDGTs with
cyclopentane rings and is calculated according to Martinez-Sosa and Tierney
(2019):
S+ (e+X (b)) 22 (<)

Y@+ O+ (0% (67)+2 (<)
The branched and isoprenoidal tetraether (BIT) index measures the proportion

of branched to isoprenoidal inputs, with the isoprenoidal inputs represented only
by crenarchaeol. BIT is calculated using the equation of Hopmans et al. (2004):

fe=

x 0.5 (8)

BIT — — latllatild 4 IITat1Ia 9)
- 7
cren+Ia+ITa+IIa’ +I1ITa+1I11a

However, BIT is limited in environments where crenarchaeol is a minor con-
stituent; in such cases it may be more useful to compare the summed branched
and isoprenoidal compounds using the ratio R, /b

_ SbrGDGT
Ri/b ~ TisoGDGT+2brGDGT (10)

BIT was originally developed as a measure of terrestrial GDGT input to marine
environments, but recent work by Xiao et al. (2016) introduced the XIITa/>IIa
ratio as a measure solely of brGDGT sourcing without including crenarchaeol:

_ IIlat1lla
SIITa/SIla= Hatllls (1))

Martin et al. (2020) and Ramos-Roman et al. (2022) later extended this to
lacustrine environments and included the 7-methyl isomers (denoted by ):

_ IIIa+11Ia +111a
EII[G/EIIG, = m (12)



The proportion of GDGT-0 has previously been used to detect methanogenic
archaea, which produce large quantities of GDGT-0 (Blaga et al., 2009; Damste
et al., 2012; Inglis et al., 2015; Naeher et al., 2014). Although previous formu-
lations normalize to crenarchaeol, the low abundance of this compound in GSL
makes this ill-constrained. Thus, we report the fraction of GDGT-0 as:

_ _GDGT-
fGDGT-0 = 2210 (13)

The ring index (RI) is the weighted average number of rings in the suite of
measured isoGDGTs calculated using the equations of Zhang et al. (2016):

RIupte = 0[GDGT-0] + 1 [GDGT-1] + 2 [GDGT-2] + 3 [GDGT-3] + 4 [cren] +
4[cren’] (14)

where brackets indicate the concentration of an isoGDGT out of the sum of all
isoGDGTs:

[GDGT-0] + [GDGT-1] + [GDGT-2] + [GDGT-3] + [cren] + [cren’] =1 (15)

RI is used to detect non-thermal influences on the TEXg4 index, when used
as a sea surface temperature (SST) proxy or for lake temperature reconstruc-
tions. Under solely thermal influences, the TEXgq and RI of a sample follow a
predictable trend, denoted Rl;gx (equation not shown here). Plotting off this
trend line indicates non-thermal influences on the TEXgq index such as anaer-
obic oxidation of methane or terrestrial inputs. As this is the case at GSL, we
do not use TEXg4 as a temperature proxy in GSL.

1. Results
(a) GDGTs

We measure the individual isoGDGT and brGDGT abundances along with ar-
chaeol abundance (data available at NOAA; So et al., 2022). IsoGDGTs are
dominated by isoGDGT-0 or caldarchaeol (Figure 3a) and we show the distri-
bution of the remaining isoGDGTs (Figure 3b). XisoGDGT and ¥brGDGT
were similar in magnitude (Figure 3c). YisoGDGT values had a mean of 168
ng/g (1 = 56 ng/g) and ¥brGDGT values had a mean of 117 ng/g (1 = 39
ng/g). Only 5 out of the 35 samples had XbrGDGT exceeding ZisoGDGT (by

<30 ng/g).
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¢) IRgpes d) fC, ) f{GDGT-0, and f) X11la/XITa. We see evidence for a step
change in limnology at 5.5 ka, the portion of the record prior to the step change
is highlighted (yellow shading).

The salinity proxy the Archaeol and Caldarchaeol Ecometric (ACE) remained
relatively invariant throughout the record with a mean of 90.5 (1 = 3.7) from 7.2
ka to present (Figure 4a). The temperature proxy the MBT 5, index averaged
0.62 (1 = 0.10) from 7.2 ka to present (Figure 4c). MBT ;). showed a step
shift at 5.5 ka, from a mean of 0.49 (1 = 0.05) prior to the shift to a mean
of 0.67 (1 = 0.05) after. Temperature interpretations will be discussed later
as many GDGT ratios show a step shift that corresponds to that in MBT gy,
(Figure 4). CBT values were relatively invariant, averaging -0.01 (1 = 0.08)
across the record (Figure S1c). IR, values averaged 0.66 (1 = 0.04) from 7.2
ka to present, but with a noticeable step change at 5.5 ka similar to MBT g,
(Figure 4b). Prior to 5.5 ka, IRgy, values averaged 0.61 (1 = 0.02) and after,
the average increased to 0.69 (1 = 0.03). The fC index averaged 0.17 (1 =
0.05) from the start of the record at 7.2 ka to present. fC also featured a step
shift at 5.5 ka coinciding with those of the IR and MBT 5., averaging 0.23 (1
= 0.02) before the shift and 0.15 (1 = 0.03) after (Figure 4d). The XIIIa/XIIa
ratio including 7-methyl isomers remained constant over 7.2 kyr (Figure 4f),
averaging 0.84 (1 = 0.13). However, when 7-methyl isomers are excluded, a
step shift at 5.5 ka is seen, with XIIla/¥Ila averaging 0.64 (1 = 0.08) pre-shift
and 0.38 (1 = 0.06) post-shift. {GDGT-0 was high with a mean of 0.89 (1 =
0.04) for the whole study period. Similar to IRgye, MBT 5y, and fC, {GDGT-0
also saw a step change at 5.5 ka with the average being 0.93 (1 = 0.03) before
and 0.87 (1 = 0.03) afterwards (Figure 4e).

Additional indices are relatively invariant (shown in the supplementary informa-
tion). The BIT index was high (>0.90 for all samples) and varied little across
7.2 ka to present (Figure S1f), with a mean of 0.95 (1 = 0.02). R;,, aver-
aged 0.41 (1 = 0.08) across 7.2 ka, indicating archaeal isoGDGTs to generally
be more abundant than bacterial brGDGTs. The Rl remains relatively
constant throughout the record (Figure S1j), averaging 0.23 (1 = 0.07).

1. Discussion
(a) GSL Holocene paleosalinity

Measured ACE values for the Holocene GSL interpreted with the calibration of
Turich and Freeman (2011) indicate a mean salinity of 274 g/L (1 = 11 g/L)
with <50 g/L of variability for the whole record. Thus, from 7.2 ka to present,
we find GSL to be hypersaline and salinity to be relatively invariant (Figure
5). The low variability (<50 g/L) is likely related to applying the proxy at the
upper limits of the ACE index, with all samples having ACE values >80 (almost
all archaeol with little caldarchaeol) and limited sensitivity to variations at high
salinity. In the longer GLAD core that includes Pleistocene pluvials, the ACE
proxy could be applied to study a larger range of salinities. However, in the
Holocene hypersaline terminal lake system, we approach the upper limit of the
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Figure 5. Variation in ACE values for the GLAD1-GSL00-1B core 7.2 ka
record. a) ACE variations in the Holocene GSL. b) Adjusted y axis scale showing
detailed variations in the Holocene GSL record. Arrow indicates direction of
salinity increase.

Modern lake measurements indicate the North Arm brine is over 300 g/L, and
the South Arm brine is close to 140 g/L (the latter being more reflective of the
GSL prior to causeway separation). Historical measurements (data for 1966-
2020, Rupke and McDonald, 2012) indicate the salinity range of surface samples
and depth profiles in the North Arm is 250-340 g/L and the South Arm is 100-
220 g/L. Although the available ACE calibration (Turich and Freeman, 2011)
suggests salinities in the range of 248-295 g/L during the mid to late Holocene,
these estimates appear too high, as this is higher than the modern and histori-
cal measurements for the South Arm, with such values found only in the North
Arm today. Absolute salinities are approximations at present given the limited
datasets for calibration and the lack of laboratory quantification standards for
each of the analytes. Turich and Freeman (2011) noted that HPLC-MS measure-
ments made in different laboratories have differential ionization of archaeol and
caldarchaeol. Given the present lack of robust quantification and comparability,
we interpret the ACE index as a qualitative indicator of salinity. In addition to
relative response factors, the different ecologies of different aquatic communities
and their limited calibration each affect the quantitative interpretation of the
proxy at present. We can rule out low caldarchaeol relative response factors
based on analyses with the same instrument conditions in other sedimentary
archives across the full range of the ACE index (Feakins et al., 2019; Peaple et
al., 2021). In the Holocene GSL, measured ACE values of 80-100 may indicate
limited microbial ecology variability or a loss of sensitivity to salinity variations
near the index maximum.
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We can also test the ACE salinity proxy through comparison to other evidence
for hypersalinity. Bowen et al. (2019) found brine shrimp cysts throughout the
entire core section. In modern GSL, brine shrimp are abundant in the south arm
and previous studies have identified the optimum salinity range for these shrimp
to be 120-160 g/L, below which brine shrimp are limited by predation and above
which by physiological stress (Great Salt Lake Salinity Advisory Committee,
2021). Though the occurrence of cysts may suggest mid-late Holocene GSL
salinities of 120-160 g/L, another possibility is for cysts to be transported from
elsewhere in the lake. In present day, brine shrimp cysts are found in the North
Arm, where no brine shrimp can survive, likely wind-blown from the South Arm.
Thus, the presence of cysts may only indicate that some parts of the lake had
salinities tolerated by brine shrimp.

Overall, both ACE values and brine shrimp cyst presence indicate GSL hy-
persalinity over the past 7.2 kyr. However, we consider the reconstructions
semi-quantitative using existing ACE calibrations. The limited variability de-
tected by ACE and the apparent mismatch between the ACE and brine shrimp
cyst salinity estimates suggests a need for additional calibration to discern the
sensitivity to extreme salinity for the ACE proxy in this setting.

1. MBT 5y, temperature record

Using the BayMBT,, lake calibration, MAF averaged 18°C (1 = 3°C) through-
out the record, with a mean of 15°C (1 = 2 °C) before 5.5 ka and 20°C (1 = 2
°C) after (Figure 6). Lower MAF estimates resulted from the soil calibration,
averaging 14°C (1 = 3°C) throughout the record, 10°C (1 = 2°C) before 5.5
ka, and 15°C (1 = 2°C) after 5.5 ka. After the step change at 5.5 ka, the
soil-based calibration yields MAF estimates that closely match those of present-
day Salt Lake City (15.7°C; National Centers for Environmental Information,
2022), whereas the lake-based calibration yielded temperatures that were on av-
erage 4°C too warm. A warm bias for saline lakes had previously been reported
from the global lakes calibration dataset including nearby Mono Lake, Califor-
nia (Martinez-Sosa et al., 2021). In hypersaline, alkaline lakes, autochthonous
production of brGDGTs may be low and allochthonous contributions from sur-
rounding soils may dominate, making the soil calibration appropriate (Martinez-
Sosa et al., 2021). Here, we find evidence in the Holocene GSL to corroborate
this suggestion, particularly in the last 5.5 kyr, where the soil calibration yields
near-modern MAF estimates.

Reconstructed temperatures increased by 5°C at 5.5 ka (Figure 6). Temper-
atures reconstructed by the soil calibration before 5.5 ka were cooler than ex-
pected when compared against modern temperatures. Previous climate records
suggest the mid-Holocene to be a warm, arid period rather than a cool one (see
Section 5.4). Having this knowledge along with the step shift we see at 5.5
ka in several GDGT indices (see Section 5.3), it is more likely that changes
in GSL limnology at 5.5 ka affected the MBT 5. proxy, whether through a
step change in the ecological community or in the limnological conditions rather
than a MAF shift of this magnitude during the Holocene. Therefore, we do not
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interpret the derived temperatures for 7.2-5.5 ka (Figure 6, yellow shading).
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Figure 6. GSL temperature records calculated using the BayMBT, lake (blue)
and soil (red) calibrations of Crampton-Flood et al. (2020) are shown along
with one standard deviation uncertainty (light red envelope for soil calibration
temperatures, dashed blue lines for lake calibration temperatures). The black
line indicates the Salt Lake City mean annual air temperature for months above
freezing (MAF). Yellow shading indicates different limnological conditions which
likely affected the MBT 5y, proxy.

1. Limnology shift at 5.5 ka

Although the ACE index may be relatively insensitive to limnological change
in the last 7.2 kyr given the hypersalinity of the lake, other biomarker indices
show evident changes. Several GDGT proxies indicate shifts in limnological
conditions at 5.5 ka (MBT gpe, IRgMe, fC, fGDGT-0, and X1ITa/X¥1la) (Figure
4). We see an increase in MBT gy, values at 5.5 ka (Figure 4b). As MBT g,
is a paleotemperature proxy, these values alone would indicate increased tem-
peratures. The increase in IRg);, at this time means a proportional increase in
6-methyl brGDGT isomers (Figure 4c). Greater proportions of 6-methyl iso-
mers have been linked to higher pH (De Jonge et al., 2014a; Raberg et al., 2021;
Raberg et al., 2022), comparatively more aquatic production than soil produc-
tion (De Jonge et al., 2014b; Kirkels et al., 2020), lower soil water content (Dang
et al., 2016), and/or higher conductivity (Raberg et al., 2021). A decrease in
fC is a decrease in the proportions of cyclized brGDGTs (Figure 4d). Less
cyclization of brGDGTs have been linked to lower pH/conductivity (Raberg et
al., 2021), and/or comparatively more soil production (Kirkels et al., 2020). An
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increase in f{GDGT-0 indicates a proportional increase in methanogenic archaea
(Blaga et al., 2009; Damste et al., 2012; Inglis et al., 2015; Naeher et al., 2014)
(Figure 4e). We also see a step increase at 5.5 ka in XIITa/¥ITa values when
7-methyl isomers are excluded (Figure 4f). Lower XIIIa/>IIa values indicates
a lower proportion of brGDGTs with six methyl groups compared to those with
five methyl groups and has been linked to increased soil inputs to lacustrine
environments (Martin et al., 2020; Ramos-Roman et al., 2022). However, when
7-methyl isomers are accounted for, the XIITa/>Ila ratio remains relatively con-
stant. Principal component analysis (PCA) of GSL samples further supports a
shift in lake conditions at 5.5 ka with samples pre- and post-5.5 ka plotting in
separate clusters (Figure S2a).

MBT 5, values are low prior to this shift and, using the soil calibration, yield
unrealistically cold temperatures (Figure 6). Lake production of brGDGTs
has a ‘colder’ distribution than soils (Martinez-Sosa et al., 2021), thus a shift
to in situ aquatic production might explain the observed pattern. The values
pre-5.5 ka may instead represent more in situ lake production of brGDGTs
during the middle Holocene, making it more appropriate to use the lake cali-
bration. This is further supported by lake calibration temperatures matching
more closely to modern Salt Lake City temperatures during this time. This can
occur if lower lake levels prior to 5.5 ka combined with arid conditions restricted
river inflows that would have brought soil-produced brGDGTs to GSL. Mixed
brGDGT sourcing is possible for Holocene GSL based on its distributions of
tetra-, penta-, and hexamethylated brGDGTs (Ramos-Roman et al., 2022; Rus-
sell et al., 2018) falling between those of global lakes and soils (Figure S3,
S4), although neither pre- nor post-5.5 ka distributions can be unambiguously
ascribed to a purely lake-like or soil-like signal compared to large global datasets
(Figure S2b, S4). The PCA analysis shows that GSL has an extreme brGDGT
distribution compared to global distributions, especially prior to 5.5 ka (Figure
S2b).

Across the 5.5 ka transition, IRy, and fC increase and decrease respectively
(Figure 4c, 4d). pH estimated using the soil calibration of Raberg et al. (2022)
averaged 7.2 (1 = 0.02) and using the lake calibration averaged 8.6 (1 = 0.03).
Both calibrations yield near-constant pH values throughout the whole record
meaning shifts in IRgy;, and fC are likely not due to changes in pH. Pre-5.5 ka,
higher fC could indicate higher conductivity which may reflect higher temper-
ature and/or higher salinity, both of which align with middle Holocene aridity
(see Section 5.4). Lower IRy, values are harder to reconcile as they would
suggest lower conductivity, opposite that of fC. Aside from conductivity, low
IR4p\e may otherwise indicate higher soil water content and/or a greater influx
of organic material produced in soils. However, these factors seem secondary
to pH and conductivity as controls of IRg,. Additionally, an interpretation of
high soil water content or soil production would contrast with both MBT gy,
patterns, which show greater in situ lake production pre-5.5 ka, and regional
climate records, which highlight mid-Holocene aridity. We consider the well-
studied and better-constrained MBT 4, index and the abundance of records
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showing aridity at this time to be more reliable indicators of lake conditions than
the relatively new IRgy;, index. Due to the large number of factors with poten-
tial to influence IRy, at this site, we do not interpret the exact environmental
implications of the IRgy, step change.

fGDGT-0 reflects the amount of methanogens in the archaeal community (Blaga
et al., 2009; Damste et al., 2012; Inglis et al., 2015; Naeher et al., 2014). High
fGDGT-0 values (>0.80) throughout the whole record suggest low bottom water
oxygen to be a feature of Holocene GSL, but relatively higher values in the mid-
Holocene (~0.95) suggest more methanogens and lower oxygen concentrations
at this time compared to the late Holocene (~0.85) (Figure 4e). Such a change
may be attributed to increased lake stratification before 5.5 ka.

The decrease in X1ITa/YIIa values with the exclusion of 7-methyl isomers would
suggest greater soil input after 5.5 ka, agreeing with MBT ;,,, trends (Figure
4f). Throughout the 7.2 kyr record, the quantity of 7-methyl isomers is com-
parable to or exceeds their 5- and 6-methyl counterparts, resulting in invariant
YIITa/>11a when these isomers are included. Wang et al. (2021) reported high
abundances of 7-methyl isomers in hypersaline lakes and low amounts in fresh-
water lakes. The high abundance of 7-methyl isomers at hypersaline GSL may
explain the trends in the different formulations of XIIla/YIla (Figure 4f). It
is likely that 7-methyl brGDGTs are produced within the hypersaline lake and
their high abundance obscures the signal of source change reflected in XI1Ta/>11a
values when these isomers are excluded.

The coincident step shift in five GDGT indices (MBT gy, IRgMe, C, f{GDGT-0,
and XIITa/Y1la) (Figure 4) suggests a change in brGDGT sourcing, lake levels,
and lake chemistry marked by a change in both the bacterial and archaeal com-
munities. Specifically, we see a shallower, possibly slightly more saline/warmer,
less oxygenated /more stratified lake before 5.5 ka. Post-5.5 ka, GSL levels likely
rise, soil productivity exceeds in situ lake productivity, and oxygen concentra-
tions in bottom waters increase.

1. Comparison to regional climate
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Figure 7. Regional paleoclimate reconstructions compilation, showing a) GSL
ACE salinity (this study); b) GSL f{GDGT-0 record (this study); ¢) Lehman
Caves (NV) Mg/Ca record (Steponaitis et al., 2015); d) Leviathan Cave (NV)
13C record (Lachniet et al., 2020), e) precipitation index of midlatitude western
North America with high values indicating greater precipitation (Routson et al.,
2022), f) percent of Great Basin lakes with low lake levels (Steponaitis et al.,
2015); f) aridity index for the southwestern US with high values indicating arid
conditions (Lachniet et al., 2020).

We compare select GSL biomarker records for salinity and methanogens, a mea-
sure of lake level and stratification (Figure 7a, b) to previously published cli-
mate records across the western US. We find evidence for low lake levels, with
stratified limnology and high methanogen activity, in GSL between 7.2 to 5.5
ka (yellow shading, Figure 7b). Similarly, in Lehman Caves (NV) located 260
km southwest of GSL, a decrease in speleothem Mg/Ca shows increased aridity
at ~8 ka (Steponaitis et al., 2015) (Figure 7c). In nearby Leviathan Cave (NV)
180 km southwest of GSL, a decrease in '3C values at ~4 ka is interpreted as an
increase in effective moisture (Lachniet et al., 2020) (Figure 7d). Collectively,
these cave records bracket a mid-Holocene arid period from around 8-4 ka. A
proxy synthesis and reanalysis effort across western North America (Routson
et al., 2022) identifies a mid-latitude moisture increase in this region after 6
ka (Figure 7e). Preceding this moisture increase, we observe low lake levels
in many Great Basin lakes (Steponaitis et al., 2015) (Figure 7f) as well as at
small lakes in the Midwest (Shuman et al., 2002) and in the sub-alpine region of
the Rocky Mountains (Shuman and Serravezza, 2017). A compilation of south-
western US climate records by Lachniet et al. (2020) also found peak aridity
at 7.5 ka (Figure 7g). Thus, it seems likely that widespread mid-Holocene
aridity in mid-latitude western North America contributed to a shallower GSL
recorded from the start of this record at 7.2 ka to 5.5 ka, with a shift to wetter
conditions represented locally at 5.5 ka.

Most of the precipitation in the Great Basin falls during the winter with mois-
ture delivered by westerlies from the Pacific, and a much smaller fraction falls
during the summer as part of the North American Monsoon (NAM) with mois-
ture from the Gulf of California and eastern Pacific (Lachniet et al., 2020).
Moisture from the Gulf of Mexico can also contribute to the NAM, but this
rarely reaches the Great Basin (Jana et al., 2018). Changes in the incursion
of the NAM and the position of westerlies over western North America have
been inferred from the reanalysis of a large network of proxy data (Routson
et al., 2022). They identified a strong NAM that peaked at 7 ka, coincident
with weakened /northward-deflected westerlies. The latter could explain the dry
mid-Holocene in the mid-latitudes, including at GSL from 7.2 to 5.5 ka, as it
would have decreased delivery of Pacific moisture. Following this, in the late
Holocene, a reduction in the NAM and more zonal westerly flow, resulted in
wetter conditions in western North America including at GSL.

Routson et al. (2022) suggested that these changes in circulation were linked
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to meridional temperature gradients. Changes in broad scale atmospheric cir-
culation and Pacific SSTs due to high summer insolation and Laurentide ice
sheet (LIS) collapse have previously been connected to Holocene shifts in the
precipitation regime over the western US. Summer northern hemisphere insola-
tion peaked in the Early Holocene ~11-10 ka and has steadily decreased up to
the present (Lachniet et al., 2020). In the same time period, the LIS rapidly
declined from 10-8 ka (Shuman et al., 2002), mostly having disappeared by ~7
ka (Peltier et al., 2015). Steponaitis et al. (2015) attributed the onset of mid-
Holocene aridity in the Great Basin at ~8 ka to a northward displacement of
winter storm tracks after the collapse of the remnant LIS. In contrast, Lachniet
et al. (2020) suggested summer insolation to be the primary driver of regional
climate variation. They find a connection between southwestern US drought and
increased SSTs in the western tropical Pacific (WTP), warmth in the Arctic, and
low Arctic sea ice, these phenomena being caused by high summer insolation.
Both Steponaitis et al. (2015) and Lachniet et al. (2020) also suggest that a
La Nifia-like configuration of the tropical Pacific (a response to orbital forcing
(Brierley et al., 2020)) may have contributed to regional aridity.

Changes in summer insolation and the LIS have also been linked to hydroclimate
changes in other regions of the US. Lake and pollen records indicate a moist to
dry transition in the Midwest, and a dry to moist transition in the northeast
and southeast between 9 and 8 ka, attributed to the collapse of the LIS Hudson
Bay Dome and the subsequent proportional increase in the influence of summer
insolation (Shuman et al., 2002). In the northeast, plant wax isotopes show an
increased ratio of summer to winter precipitation after 8 ka, as the LIS glacial
anticyclone previously prevented northward transport of subtropical moisture
during the summer (Shuman et al., 2006). From ~9-7 ka, lakes in California, the
Great Basin, and the Rocky Mountains declined while those in western Canada
rose. These trends reversed by ~5.7 ka, possibly due to the decline in summer
insolation after the LIS melted (Shuman and Serravezza, 2017). Similarly, be-
tween 5.7-5.2 ka, lakes across central and eastern mid-latitude North America
show an increase in effective moisture, which terminated mid-Holocene aridity
and coincided with the end of the Holocene temperature maximum in this region
(Shuman and Marsicek, 2016). A global compilation of Holocene temperature
proxies (“Temperature 12K”) including their age model uncertainties, places
the central estimate for mid-Holocene warmth around 6.45 ka within a range of
7.65-4.95 ka (Kaufman et al., 2020).

Model studies also suggest similar patterns of mid-Holocene aridity driven by
large scale climatic processes. Diffenbaugh et al. (2006) found insolation to be
the primary driver of North American midcontinent aridity and model efforts
by Shin et al. (2006) suggested persistent La Nina-like Pacific SST patterns (i.e.
warm western tropical Pacific, cool eastern tropical Pacific). Bhattacharya et al.
(2018) found both models and proxy records from the Gulf of California region
indicate a weakened NAM during the last glacial and NAM strengthening as
the LIS retreated and westerly storm tracks, which previously mixed in cold,
dry air that weakened the NAM, were displaced /weakened. While the LIS had
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largely disappeared by the middle Holocene, PMIP4-CMIP6 simulations still
show enhanced seasonality and stronger monsoons in the northern hemisphere
compared to preindustrial times (Brierley et al., 2020). The model dynamics
support the proxy evidence for a strong NAM and weakened westerlies in the
middle Holocene, leaving dry conditions in mid-latitude western North America
(Routson et al., 2022). In the late Holocene, once NAM weakened, the more
zonal westerlies (Routson et al., 2022) may have increased the moisture flux
to the GSL region, resulting in the more mesic conditions experienced until
recently.

1. Conclusions

We reconstructed a Holocene paleoclimate record for GSL using GDGT
biomarker analyses of lacustrine sediments from the GLADI1-GSLO00-1B sedi-
ment core spanning 7.2 ka to the present. Hypersaline conditions existed in
GSL throughout the record with <50 g/L of variability, based on the ACE
salinity proxy. However, Holocene GSL is near the upper limit of the ACE
index (>80). Thus, sensitivity to increased salinity is inherently limited.
Previous studies have indicated problems with applying the ACE index in
brackish lakes (<34 g/L) at the lower limit of the proxy (Turich and Freeman,
2011). Here, we identify that in hypersaline systems, like modern Great Salt
Lake we approach the upper limit of the index (ACE >80) although brine
shrimp cysts in the core suggests parts of the lake remained in the 120-160
g/L range, below the theoretical upper limit of the proxy. Although relatively
invariant in the mid to late Holocene, the ACE index may identify freshening
of GSL during Pleistocene pluvials, and thus merits further testing on the
longer sedimentary record of GSL and other western North American lakes.

When interpreting the MBT 5, temperature proxy, we find the BayMBT,
soil calibration yielded MAF estimates consistent with modern Salt Lake City
MAF from 5.5 ka to the present. This finding is consistent with other hyper-
saline lakes where soil inputs may dominate over lacustrine bacterial production
(Martinez-Sosa et al., 2021). Several other GDGT proxies (IR, fC, {GDGT-0,
YIITa/¥1Ia) also indicate a step shift in limnological conditions at 5.5 ka. From
7.2 to 5.5 ka, we interpret a shallower, possibly warmer /saltier lake with poorly
oxygenated bottom waters. Temperature estimates using the soil calibration are
unreasonably low for this dry period and this could indicate a slowdown in river
supply of soil-derived brGDGTs. During this time, GSL may have received pro-
portionally more aquatic brGDGT production, and the lake calibration yields
temperature estimates similar to modern MAF. This record from GSL adds to
other regional evidence for dry conditions during the mid-Holocene, from the
start of the record to 5.5 ka. Based on this biomarker record, mid-Holocene
lake conditions did not recur in the late Holocene. However, in the present day,
GSL is drying and shifting away from its late Holocene state and approaching
conditions resembling that of the mid-Holocene.

The Holocene record from this and previous studies (Spencer et al., 1984; Balch
et al., 2005; Bowen et al., 2019) shows that low lake levels and hypersaline
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conditions existed at GSL over the last 7.2 ka, most notably between 7.2 and 5.5
ka, which further documents the long-term record of perennial hypersaline lake
conditions at GSL. Such conditions were achieved by the balance between direct
precipitation and river inflow (mostly from snowmelt) and evaporation. That
balance has been disrupted during the extreme decline in lake level of 7 m over
the last 36 years (0.2 m/yr), from 1986 to 2022, which has reduced the surface
from 8550 km? to 2460 km? (Utah Department of Natural Resources, 2022).
Such rates of lake level decline are driven first by human water usage and second
by climate change (Wurtsbaugh et al., 2017). The record of relatively stable
conditions at GSL over the last 7.2 kyr reported here offers new baseline data
on pre-anthropogenic conditions at GSL against which modern and predicted
future lake conditions can be compared.
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