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1. INTRODUCTION
1.1 Northern California’s hydroclimate during the last glacial period

Northern California’s current hydroclimate undergoes extreme fluctuations between severe
droughts and floods (Swain et al., 2018; Zamora-Reyes et al., 2022). Precipitation in Northern
California is highly seasonal, with most rainfall occurring during cooler months in the form of
winter storms (Dettinger et al., 2011). Some of these winter storms come in the form of
atmospheric rivers, which are long, narrow corridors of concentrated moisture that can traverse
significant distances and carry substantial amounts of water (Siirila-Woodburn et al., 2023).
Climate predictions suggest that under a globally warmer climate, precipitation extremes will
become more frequent and intense, as warmer air can hold more water vapor (Allan & Soden,
2008; Polade et al., 2017). Less frequent and more intense rainfall heightens California’s
dependence on seasonal winter precipitation and amplifies the threat of drought as precipitation
becomes less evenly distributed throughout the year (Gonzales et al., 2019; Michaelis et al.,
2022). It remains unclear how increased precipitation volatility will affect California’s
hydroclimate in the forthcoming decades (Gershunov et al., 2019; Cheng & Liu, 2022; Zhang &
Gillies, 2022).

The paleoclimate record provides key insights into past climatic behaviors of a region
over different timescales and climate states (Tierney et al., 2020). Secondary mineral deposits in
caves, known as speleothems, offer one archive for paleoclimate information from low and
middle-latitude terrestrial environments. Speleothems serve as excellent paleo-archives of
hydroclimate due to their precise chronological control, high resolution, and continuous growth
(Fairchild & Treble, 2009; Tremaine et al., 2011; Fairchild & Baker, 2012). Speleothems are
typically composed of calcium carbonate and precipitate from drip water, which contains the
chemical signatures of the climate above the cave (Fairchild et al., 2006; White, 2019).
Specifically, stable isotope ratios (e.g. $'%0, §'3C) and trace-element-to-calcium ratios (e.g.
Mg/Ca, P/Ca, Sr/Ca) preserved in speleothems have traditionally been used to discern changes in
paleoclimate conditions, such as surface temperatures, rainfall amounts, and moisture sources
(McDermott et al., 2001; Treble et al., 2003).

Abrupt climatic transitions during the last glacial period (~14,000 — 74,000 years BP)
have been recorded in speleothems from the Western U.S. (Asmerom et al., 2010; Wagner et al.,
2010; Oster et al., 2015; Lachniet et al., 2016). Other paleoclimatic proxies, such as lake levels,
pollen, and organic biomarkers, have also noted hydroclimatic shifts during the last glacial
period (Benson et al., 2013; Feakins et al., 2019). Specifically, abrupt hydroclimatic changes can
be seen by the growth and decline of pluvial lakes, presence or absence of specific tree and shrub
species preserved in sediment cores, and by the number of carbon rings preserved in fossil lipids
(Peaple et al., 2022; Hudson et al., 2023; Bhattacharya et al., 2024). The paleoclimate record
from the Western U.S. suggests that the region is sensitive to global climate perturbations that
occur in the high latitudes on millennial to centennial timescales.

Climatic shifts captured by the paleoclimate record are not spatially consistent across the
Western US, however, as many paleoclimate proxies from the Great Basin and Southwest



suggest different precipitation responses to global climate shifts when compared to paleo-records
from the Pacific Northwest. This difference between the Pacific Northwest versus the Southwest
suggests a hydroclimate dipole pattern exists across the Western U.S., recorded by differing
regional hydroclimate behavior to distally driven climatic events of the last glacial period (Oster
et al., 2015; Hudson et al., 2019). Today, hydroclimatic response in the Western U.S. exhibits a
similar dipole pattern in response to variations in the El Nifio Southern Oscillation (ENSO) and
the Pacific Decadal Oscillation (PDO) (Wise, 2010). The transition between the north and south
regions of the dipole patternis centered around 40-42°N latitude. Locations within this transition
zone do not display a strong correlation one way or the other between modern winter
precipitation and ENSO or the PDO (Figure 1). There is evidence that this dipole pattern
persisted throughout millennial-scale climate oscillations of the last glacial and deglaciation,
making the region of Northern California that sits at this latitude unique for studying changing
hydroclimatic patterns recorded in the paleoclimate record (Oster et al., 2015; Hudson et al.,
2019; Oster et al., 2020).
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Figure 1. Western United States map. Shading represents correlation coefficients between June-
November Southern Oscillation Index (SOI) and cool season precipitation from 1926-2007. Red
shading negative correlation to SOI and blue shading indicates positive correlation to SOI.
Continental divide shown by bolded black line. Lake Shasta Caverns (LSC) location indicated by
star. Moisture source and direction indicated by arrows (Oster et al., 2020). Locations of other
proxies in this study given by white circles. Location names: Pyramid Lake (PL; Benson et al.,
2013), Lake Elsinore (LE; Kirby et al., 2018), Cave of the Bells (COB; Wagner et al., 2010), Fort
Stanton (FS; Asmerom et al., 2010). Figure modified from Wise 2010.




1.2 Lake Shasta Caverns

Lake Shasta Caverns (LSC) is located at 40.8043°N, 122.3040°W and 725 meters above sea
level. LSC is approximately 32 km north of Redding, California and situated within the modern-
day precipitation dipole transition zone. The average yearly rainfall in Redding, CA is
approximately 879 mm (U.S. Climate Data). The site is characterized by high precipitation
seasonality with 90% of this annual precipitation falling during the cool season (October-May).
Summers (June-September) are hot and dry with little rainfall. At LSC, the annual average high
temperature is 24 °C and the annual average low temperature is 9.7 °C, with an average annual
temperature of 16.8 °C (U.S. Climate Data). Natural drip water flow in the cave increases in the
winter and almost ceases in the summer (~1-2 drips/min). Much of the precipitation that falls at
LSC today is sourced from winter storms originating in the North-Pacific and Central-Pacific, as
indicated by modern 8'30 values of rainfall and HYSPLIT back-trajectory analysis (Oster et al.,
2020).

LSC is located on the eastern side of the McCloud arm of Shasta Lake. The McCloud
limestone is Early Permian in age, ranges in thickness from ~30m to ~800m, and crops out in a
north-south orientation in the Shasta Lake region. It mainly consists of bedded calcarenite with a
microcrystalline or sparry calcite matrix, but it is silicified and dolomitized in some regions
(Demirmen and Harbaugh, 1965). Generally, the McCloud Limestone is distinct from the
underlying Baird Formation that is characterized by tuffaceous rocks, sandstones, and shales.
Sills and dikes of mafic quartz diorite of uneven thicknesses intrude the McCloud limestone in
several locations (Demirmen and Harbaugh, 1965). There are three large cave systems developed
in the McCloud Limestone (LSC, Potter Creek, and Samwel Cave), with LSC being the largest
and most complex.

Two stalagmites, LSC2 and LSC3, were found previously broken within LSC and collected
in 2006. LSC3 was found in the Thompson Room and LSC2 was found in the Cathedral Room
(Figure 2). LSC3 is ~17.3 cm tall and LSC2 is ~12 cm tall. Both stalagmites are composed of
calcite. LSC3 contains a variety of calcitic fabrics, including regions of dense translucent calcite,
thin white calcite bands (~Imm), and thin brown detritus-rich bands. LSC2 contains dense,
nonlaminated calcite that is either clear/white or stained brown, possibly by organic acids. There
are no visible growth hiatuses in the LSC2 or LSC3 speleothems (Figure 3).

LSC2 and LSC3 were dated using 2*°Th/U dating techniques as described in Oster et al.
(2020). LSC2 grew between 18,440 + 610 and 31,530 + 330 years BP and LSC3 grew between
14,240 + 300 and 35,830 + 380 years BP. Present will be given as 1950 for all further ages
discussed in this study. Stable oxygen (8'%0) and carbon (8'*C) isotope records as well as records
of trace element to calcium ratios (Mg/Ca, Sr/Ca, Ba/Ca, P/Ca) were previously published in
Oster et al., (2020). The 8'*0 and 6'*C records for LSC2 and LSC3 overlap between ~21,200
and 27,600 years BP and trace element records overlap between ~18,000 and 24,000 years BP.
Stalagmite LSC2 grew most rapidly (0.028 mm/year) between ~22,700 and 21,000 years BP and
more slowly (0.010 mm/year) prior to ~22,700 years BP. LSC3 grew more rapidly (0.017
mm/year) between ~36,000 and 29,000 years BP, more slowly (0.0027 mm/year) between
~29,000 to 18,200 years BP, and more rapidly again (0.076 mm/year) between ~18,200 and
14,200 years BP.
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Figure 3. LSC3 stalagmite (A) and LSC2 stalagmite (B). LSC3 is cut in half and stable
isotope sampling track is visible. LSC2 is cut in a quarter with an additional slab along the
growth axis. Photos by Jessica Oster.

1.3 Previous climate proxy interpretations from LSC stalagmites

Multi-proxy comparisons from stalagmites LSC2 and LSC3 suggests that Lake Shasta
Caverns experienced changes in moisture source and precipitation amount in response to
millennial-scale climate changes between 14,000 and 36,000 years BP (Oster et al., 2020).
Notably LSC stalagmites capture regional climate responses to Dansgaard-Oeschger (DO)
events, the Last Glacial Maximum (LGM), and Heinrich Stadials (HS). Given the limited
number of high-resolution paleoclimatic records from northern California that span the late-
Pleistocene, speleothems from LSC have helped to elucidate changing hydroclimatic dynamics
prior to the relatively stable Holocene.

DO events, which are clearly recognized from Greenland ice core §'30 records, are
characterized by abrupt temperature increases within a few decades (or less) to warm
interstadials, followed by gradual cooling over several centuries to cool stadials (Dansgaard et
al., 1993). The Greenland NGRIP ice core record shows 25 DO events during Marine Isotope
Stage 3 (MIS3; ~29,000 — 57,000 years BP) and Marine Isotope Stage 2 (MIS2; ~14,000 —
29,000 years BP), time intervals that are partially captured in LSC speleothems. DO events are
likely triggered by changes in the strength and structure of the Atlantic Meridional Overturning
Circulation (AMOC), which plays an important role in regulating Earth’s climate by
redistributing heat from low to high latitudes and it can also influence the temperatures,
precipitation patterns, and storm track behaviors across North America (Zhang, 2008). Changes



in AMOC can arise from freshwater inputs, changes in atmospheric circulation, and variations in
solar radiation (Rahmstorf, 2003; McManus et al., 2004). Several paleoclimate records, including
stalagmite and lake sediment records, from the Western U.S. capture millennial-scale variability
coincident with DO events that suggest climate teleconnections between the Western U.S. and
high northern latitudes (Asmerom et al., 2010; Wagner et al., 2010; Reheis et al., 2012). In the
LSC stalagmites, variations in 8'°C and 8'80 suggest that DO interstadials were associated with
relatively wet conditions in northern California with precipitation likely sourced from the North
Pacific.

The LGM in the Western U.S. can be characterized by extensive alpine glaciation, lower
snowlines, changes in vegetation patterns, and alterations in hydrological regimes (Munroe et al.,
2006; Lachniet, 2009; Jimenez-Moreno et al., 2010; Leonard et al., 2023). Broadly, the
paleoclimate records from the southwestern US suggest a wetter than modern climate during the
LGM, while records from the Pacific Northwest, closer to the Laurentide Ice Sheet suggest a
drier climate (Oster et al., 2015; Oster and Ibarra, 2019). Paleoclimate model-proxy comparisons
have attributed these LGM precipitation changes in western North America to a southward-
shifted and weakening Aleutian low-pressure system along with a strengthening of the North
Pacific high-pressure system during the winter months (Oster et al., 2015). Recent modeling
efforts imply that the hydroclimatic behavior of the Western U.S. during the LGM can be
attributed to a combination of greater precipitation efficiency, reduced evaporation due to a
cooler climate, and a southward-shifted extratropical storm-track in the North Pacific (Tabor et
al., 2021). At LSC, stalagmite §'3C and 8'®0O suggest a drier LGM climate with a greater portion
of precipitation sourced from the Central Pacific, as given by relatively less negative §'0 values
(Oster et al., 2020).

Heinrich Stadials are periods of abrupt cooling and increased iceberg discharge to the North
Atlantic Ocean, causing an influx of cold freshwater (Heinrich, 1988; Hemming, 2004). This
influx of freshwater causes a reduction in ocean salinity, which can slow AMOC, leading to
reduced transport of warm water in the North Atlantic (McManus et al., 2004). Evidence of
Heinrich Stadials includes increased amounts of ice-rafted debris preserved in North Atlantic
marine sediment cores (Bond et al., 1992; Dansgaard et al., 1993; Elliot et al., 2001). Western
U.S. paleoclimate records also indicate a climate response to Heinrich Stadials, in particular HS1
(~15,000 — 18,000 years BP). Pluvial lake records suggest that the region received greater
precipitation due to enhanced Pacific Hadley circulation during HS1 (Benson et al., 2013;
Munroe & Laabs, 2013; Ibarra et al., 2014; Barth et al., 2016; McGee et al., 2018; Feakins et al.,
2019). HS1 has been separated into two phases, HS1a (16,300 — 18,000 years BP) and HS1b
(15,000 — 16,300 years BP), to describe distinct intervals of climate response in western North
America (Broecker et al., 2009; Hudson et al., 2019). Consistent with other regional records,
LSC stalagmite 6'*C and §'%0 suggest overall wetter conditions at LSC during HS1.

1.4 Prior calcite precipitation and speleothem proxy records

Traditional speleothem proxies have provided valuable climatic information for LSC that are
consistent with regional paleoclimatic records from the Western U.S. (Oster et al., 2020).
However, each of these proxies (8'%0, §'3C, and trace element ratios) can be sensitive to multiple
climatic and environmental factors, making their signals complex and difficult to interpret.
Specifically, speleothem 8'%0 values are often influenced by temperature, moisture source, type



of precipitation (i.e. rain, snow), and distance from the ocean (i.e. the continental effect)
(Lachniet, 2009). Factors that influence speleothem 8'*C signatures can include the type and
density of vegetation above the cave, soil respiration rates, and water infiltration rate into the
cave (Fohlmeisteretal., 2020). Trace element signatures can be influenced by water availability
above the cave site and water movement in the local environment (Fairchild et al., 2006). The
cave environment can impact all of these traditional speleothem proxy signatures through the
degree of degassing in the epikarst, cave ventilation, atmospheric pCO; levels, and prior calcite
precipitation (PCP) along the seepage flow path (Fairchild et al., 2006; Deininger et al., 2021).

PCP is a process occurring within the epikarst and on the cave ceiling that involves the
degassing of CO, and precipitation of calcium carbonate along the water flow path or on the cave
ceiling prior to formation of the stalagmite or collection of drip water (Fairchild et al., 2000).
This process starts with infiltrating meteoric water that has dissolved CO; from the soil zone,
leaching calcium from limestone bedrock, and transporting it through the karst to the cave. As
the fluid traverses the karst system, it often encounters pockets of air with lower pCO; than that
of the soil gas with which the water equilibrated, prompting degassing of CO, and subsequent
calcium carbonate precipitation (Fairchild et al., 2000; Fairchild & Treble, 2009).

Several factors can influence the degree of PCP along the water flow path, including the
amount of rainwater infiltration, the length of the flow path in the epikarst above the drip site,
and the degree of cave ventilation, which can influence the pCO, of the cave air (Fairchild et al.,
2006). Reduced PCP occurs when water is rapidly flowing through the cave system because
there is less time available for degassing and precipitation (Cruz et al., 2007). Conversely,
enhanced PCP occurs when there is more time for degassing and precipitation due to small
amounts of water moving through the karst. Analysis of calcium isotope ratios preserved in
speleothems can determine periods of enhanced and reduced PCP activity, thus allowing for the
reconstruction of wet and dry hydroclimatic conditions above the cave site.

The 8'3C and trace elemental ratios speleothem proxies are thought to be influenced by
PCP. During calcite precipitation, CO, is degassed, and this degassing process preferentially
favors the lighter carbon isotope, 2C, and subsequently enriches the solution in the heavier
carbon isotope, '*C. This makes the §'3C signature of dissolved inorganic carbon (DIC) in the
remaining solution more positive, which is then reflected by more positive 8'°C signatures in a
speleothem that precipitates from that DIC reservoir (Fairchild et al., 2006). In paleoclimatic
interpretations, during wetter periods, increased rainfall leads to less degassing of CO, and
reduced PCP, thus lowering the 8'3C values that precipitate as carbonate in speleothems. PCP can
also lead to the partitioning of trace elements between water and calcite, specifically for trace
elements with partition coefficients in calcite that are less than unity such as Sr, Ba, and Mg
(Sinclair et al., 2012). This follows a Rayleigh fractionation model as trace element to calcium
ratios become progressively enriched from a solution precipitating calcite, and the subsequently
precipitated calcite becomes co-enriched in the associated trace element (Johnson et al., 2006;
Fairchild & Treble, 2009; Sinclair et al., 2012). Therefore, trace element ratios such as Sr/Ca,
Ba/Ca, and Mg/Ca often serve as proxies for PCP.



Unlike these proxy signatures, which are sensitive to multiple influences, calcium isotope
ratios (8*¥4°Ca) preserved in stalagmites are uniquely sensitive to the process of PCP. During
calcite precipitation, the lighter isotope (*°Ca) preferentially enters the solid phase, whereas the
heavier isotope (**Ca) is preferentially carried through the drip water (Gussone et al., 2005;
Fantle & Tipper, 2014; Griffith et al., 2020). Therefore, changes in calcium isotope ratios reflect
changes in the amount of PCP experienced by the drip water before precipitating into

speleothems (Owen et al., 2016; Figure 4).
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Figure 4. Schematic demonstrating the process of prior calcite
precipitation (PCP) under relatively drier (less rainfall) and wetter
(more rainfall) conditions. Adapted from Owen et al. 2016.




1.5 Speleothem Calcium Isotopes

To develop a new, uniquely PCP-sensitive proxy record for LSC and therefore to investigate
the multiple influences that affect traditional speleothem proxies, I analyze the §**Ca of
speleothems LSC2 and LSC3. Owen et al. (2016) first used speleothem calcium isotope ratios to
determine paleo-rainfall amounts recorded by a stalagmite from Heshang Cave, China that
covers the 8.2 kyr event interval (Owen et al., 2016). This work was built upon by Li et al.
(2018) who analyzed 6**Ca variability from a separate Heshang Cave stalagmite that grew until
the 21° century. To validate the §**Ca proxy, they compared §**Ca values of this modern
stalagmite with precipitation amounts from a nearby weather station, demonstrating the proxy’s
effectiveness at recording rainfall variations on decadal timescales (Li et al., 2018). Magiera et
al. (2019) used Ca isotopes to characterize monsoon precipitation dynamics at Mawmluh Cave in
Northeast India and estimated dynamic changes in PCP during Termination II (~130,000 -
134,000 years BP) and Marine Isotope Stage Se (~120,000 -130,000 years BP). Similarly, de Wet
et al. (2021) produced the first record of speleothem §**Ca from the western U.S. using a
stalagmite from White Moon Cave in coastal California, which also spanned the 8.2 kyr event.
By comparing this record with modern multi-year droughts and wet intervals, they found that the
magnitude of rainfall variability leading up to the event exceeds that of California today. More
recently, calcium isotopes preserved in a speleothem from Dharamjali Cave, India indicate that
differences in summer and winter rainfall coincide with the 4.2 kyr event and align with changes
in the Indus Civilization’s subsistence strategies (Giesche et al., 2023).

Speleothem calcium isotopes have been used to develop a greater understanding of the §'3C
proxy since it is often challenging to interpret. Lechleitner et al. (2021) used §**Ca information
preserved in speleothems spanning the deglacial in Western Europe to produce forward models
that remove the effects of PCP and bedrock dissolution from 8'3C records. Furthermore, Stoll et
al. (2023) combined §**Ca data with other trace element PCP proxies to further understand soil
respirationrates on glacial to interglacial timescales. Speleothem §**Ca data has also been paired
with dissolved organic carbon proxies preserved in a sediment core from proximal cave sites in
New Zealand to elucidate paleo-hydroclimatic signals captured during the Holocene Climatic
Optimum (~9,500 — 12,500 years BP; Pearson et al., 2024).

To date, 5**Ca records serve as one of the most direct speleothem proxies for determining
paleo-hydroclimatic conditions. However, many speleothem §**Ca studies have focused on the
Holocene (Owen et al., 2016; Li et al., 2018; de Wet et al., 2021; Giesche et al., 2023; Pearson et
al., 2024). There are no 8**Ca records that span the end of MIS3 and very few span MIS2, which
captures important climatic shifts such as DO events and Heinrich Stadials. Furthermore, none of
these studies have attempted to replicate the §**Ca record among coeval speleothems, which is an
important standard for validating speleothem proxies. I present the first coeval 5**Ca records
from two stalagmites in Northern California that grew from ~ 14,000 — 36,000 years BP and
contemporaneously span HS2, DO2, and the onset of the LGM.



1.6 Rayleigh fractionation model for PCP

As speleothem 8**Ca is uniquely sensitive to PCP, it is possible to quantify the amount of
PCP that has occurred for any given stalagmite §**Ca value using transfer functions that describe
the evolution of Ca isotopes during PCP as a Rayleigh fractionation process. This requires
investigating calcium isotope systematics within the modern cave system in order to
parameterize a Rayleigh fractionation model. This model is used to estimate the fraction of the
original dissolved calcium that remains in solution at the time of drip water collection or
speleothem deposition (the f'value). Thus, this f value indicates how much PCP has occurred
along the flow path (Owen et al., 2016).

To calculate f, an alpha value (@caco, jaripwater) Must be determined, which is the equilibrium
calcium isotope fractionation factor between calcite and water. This can be calculated as:

1,000+ 6CaCO3

[1] aCaCO3/dripwater -

1,000+ 5dripwater

which estimates the fractionation between calcite and water (@caco, dripwater) based on the 5*Ca
measurement for modern calcite (8¢q4c0,), taken from calcite grown on artificial substrates (glass
plates) placed within the cave and collected drip water (Sgripwater)-

The fractionation factor is then used with the measured stalagmite §**Ca to calculate the f
value following a Rayleigh distillation process. An fvalue of 1 indicates that no calcium was
removed from the solution by PCP, whereas an f value of 0 indicates all calcium was removed by
PCP. The f value can be described as:

2] f=Ce
R To @
. . . . . 8ca .
where 75 is the Ca isotope ratio of the modern calcite or stalagmite (73 = 160333 + 1), rg is the
calcium isotope ratio of the hostrock, which is assumed to be the initial §**Ca composition of the
Shostrock

drip water (ry = + 1), and a is the calcium isotope fractionation factor, as defined in

1000
equation [1] (@¢acos jaripwater)- The magnitude of PCP can then be determined for each measured

8**Ca value for stalagmites or modern calcite in the LSC environment (Figure 5).
1.7 Research Questions

Calcium isotopes have only recently been investigated as a paleoclimate proxy in
speleothems, which is why their utility as a recorder of paleorainfall prompts further
investigation. In this study, I address the following questions:

1. How do the calcium isotope records compare between two coeval LSC speleothems
(LSC2 and LSC3)?

2. How do the calcium isotope records from stalagmites LSC2 and LSC3 compare with
other proxies from the same speleothems? Can they be used to elucidate non-PCP
controls within these other proxies?
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3. How do the LSC calcium isotope records compare with regional paleoclimate proxy
records from the Western U.S. and what can we learn about climate change in this region
over the last glacial period?

1 O o)
f= (=)@ —° 0 0
[I*?HU 6 ﬂ{.'{tlglfd—driizzuate.rr

Ca Source
771 (host rock)

4 / | / I

' ' o | Drip-
o | water |
Glass Plate Calcite | %

Speleothem Calcite ||

Figure 5. Schematic showing the inputs for **Ca Rayleigh fractionation model describing a
cave system. The amount of Ca remaining in solution (f value) is based on measured
speleothem 6*Ca, the §**Ca of the Ca source (host rock), and a site-specific fractionation factor
(o). Modified from de Wet (MS thesis).
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2 METHODS
2.1 Calcium isotope analysis of speleothems

Stalagmites LSC2 and LSC3 were previously dated using 2**Th/U methods and analyzed
for trace to element to calcium ratios, and stable §'%0 and §'3C (Oster et al., 2020). For this
study, a total of 68 carbonate samples were analyzed for calcium isotope ratios (LSC3 n = 49;
LSC2 n=19). Samples for Ca isotope analysis were chosen from a suite of micromilled powders
previously collected at 100 pm spatial resolution, but not analyzed for §'*0 and 8'*C. Ca samples
were selected to cover intervals of noted variability in measured §'*0 and 8'*C across known
global climate transitions (Oster et al. 2020). Using a Sherline micromill, eighteen new sample
powders were milled from a section of LSC3 that grew between ~~18,000 and 30,000 years BP,
spanning Heinrich Stadials 2 and 3 (HS2, HS3), Dansgaard-Oeschger interstadials 2 through 4
(DO2, DO3, DO4), and the LGM. Three new samples were milled from a section of LSC2
spanning the LGM.

To prepare each sample, ~17.5 pg of powder was weighed using a Sartorius Cubis MSA
micro-balance and placed in a Teflon vial cleaned with 10% ACS reagent grade nitric acid and
ultrapure 18.2 MQ water. The samples were then purified in preparation for cation exchange
column chemistry. To do this, each sample was dissolved in 200 uL of concentrated OPTIMA
HCI and spiked with 60 pL of a *Ca-**Ca double-spike to achieve a target spike-to-sample ratio
of 0.428 following Lehn et al. (2013). Samples were sonicated for 10 minutes to ensure complete
mixing, then dried down and redissolved in 75 pL of 1.5M OPTIMA HCI.

Dissolved samples were processed through an ion exchange column procedure that uses 1
mL MCI Gel CKOS8P resin to separate Ca ions kinetically (Griffith et al. 2008; Wogsland, 2020).
Resin-filled columns were washed with 3 mL of 6M OPTIMA HCI and 3 mL ultra-pure Milli-Q
water. Columns were conditioned with 3 mL 1.5M OPTIMA HCI and adjusted accordingly to
ensure each column contained 1 mL of resin before pipetting samples directly onto the resin.
Teflon vials that contained each sample were rinsed twice with 250 uL of 1.5M OPTIMA HCl
and loaded onto the columns to ensure complete sample loading. The columns were rinsed with
6.5 mL of 1.5M OPTIMA HCI with a Ca fraction volume of 4.5 mL collected for Ca isotope
analysis in the middle of the rinses. To minimize organic phases from the MCI gel resin affecting
the Ca fractions, 0.5 mL of H,O, was added to each sample, refluxed on a hotplate for ~ 8 hours,
and dried down in preparation for analysis by Thermal Ionization Mass Spectrometry (TIMS) at
The Ohio State University (OSU).

At OSU, samples were dissolved in 2 pL of 1.5 or 1.8N distilled HCIl and 1 pL splits were
loaded onto outgassed tantalum single filaments. After each split dried down, 1.25 pL of 3.2N
ultrapure phosphoric acid was loaded onto the filament and dried down for 10 minutes. The
filaments were slowly heated to 1.2 A and the current was held at this position for one minute.
The current was then slowly increased to 2.4 A and shut off immediately once the target current
was reached. Fifteen samples were analyzed per TIMS run, with three analyses of international
reference material SRM NIST 915a, two analyses of international reference material SRM NIST
915b, and one sample prepped with SRM NIST 915b to validate the column preparation process.
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Data are presented in §*#°Ca notation relative to the bulk silicate earth (BSE) standard and
values are relative to NIST 915a and NIST 915b. The average external 26 over the analysis
period at OSU on NIST 915a was 0.07% and 0.06% on NIST 915b.

2.2 Calcium isotope analysis of modern water and carbonates

This work builds upon four years of calcium isotope monitoring data collected by the
Oster Lab at LSC which is also summarized in de Wet et al., (in review). Glass plates were
etched at Vanderbilt University on a Buehler EcoMet polishing wheel by moving the plates
across a spinning 45 um grit polishing surface while water flowed. These prepared glass plates
were installed beneath drip sites to provide a substrate for modern calcite precipitation. The
amount of time in which plates were left under drip sites ranges from 3 — 18 months. After plate
collection, all precipitated calcite was gently scraped off with a sterile scalpel and homogenized.
Water samples were collected instantaneously during seasonal fieldwork trips and filtered
through 0.2-micron sterile filters into 50 mL LDPE vials for 6**Ca analyses. Drip waters were
acidified with concentrated trace metal grade HNOj to a final concentration of ~3% HNO3
within 48 hours of collection. Modern drip waters were collected from three sites within the
Discovery Room of LSC (A, B, and C), the Cathedral Room, and the Fire Room from June 2018
to December 2022. Modern plate calcite was collected from two sites within the Discovery
Room of LSC (A, C) and the Fire Room between February 2019 and December 2022. Host rock
samples were collected from the surface and within LSC and host rock powders were drilled
from fresh surfaces for 6**Ca analyses. For drip water and NIST standard 915b samples, 7 uL of
liquid was dried down during sample preparation. All monitoring samples (plate calcites, host
rocks, drip waters, and NIST915b standards) went through the same cation exchange column
process and analytical procedures as the speleothem calcite samples.

2.3 Statistical Analysis

To investigate correlations between the new LSC calcium isotope records and previously
published proxy records from the same stalagmites, I determined spearman p correlations using
the psych package in R. The LSC3 8'*C and 8'%0 records (n = 838) were downsampled to the
resolution of the §**Ca record (n = 49). For LSC2, the 8'*C and §'®0 records (n = 187) were also
downsampled to the resolution of the §**Ca record (n = 19). This was accomplished by choosing
stable isotope samples that were closest to the 6**Ca sample analyzed based on the age models
previously developed for LSC2 and LSC3 (Oster et al., 2020). The temporal resolution for the
LSC3 and LSC2 stable isotope records are ~26 years and ~35 years, respectively (Oster et al.,
2020). The average 6**Ca isotope record temporal resolution is ~457 years for LSC3 and ~333
years for LSC2. The temporal resolution ranges from 61 years to 1,101 years for LSC3 and 40
years to 1,099 years for LSC2. For the trace element to calcium ratios, 150 trace element to
calcium ratios were averaged for fast-growing areas of the stalagmites, whereas 50 trace-
element-to-calcium ratios were averaged for the slow-growing portions for each §**Ca age
analyzed. This resulted in 36 years averaged during the fast-growing periods and 145 years
averaged during the slow-growing periods.
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3 RESULTS
3.1 Calcium isotope ratios in the modern cave system

Results for calcium isotope analysis of host rocks, modern calcite, and drip water are
presented in de Wet et al., (in review). The ranges of 6**Ca variability for components of the
modern LSC system (drip water, plate calcite, and host rocks) and stalagmites (LSC2 speleothem
and LSC3 speleothem) are shown in Figure 6. Drip water §**Ca values range from -0.36%o to -
0.18%o BSE with an average of -0.29%o BSE (n = 14). The **Ca of modern plate calcite ranges
from -0.78%o to -0.59%0 BSE with an average of -0.68%o BSE (n = 10). Host rock §**Ca values
range from -0.41%o to -0.31%o0 BSE with an average of -0.37%o0 BSE (n = 4). The average
external 2¢ standard deviation on the standard NIST915b over the analysis period for the modern
cave system samples was 0.097%o0 BSE.

Values for @caco, jaripwater Were determined using equation [1] with measured drip water and

modern calcite §**Ca from LSC. I used paired modern calcite and drip water data from the
Discovery Room (sites A and C) and the Fire Room to calculate @cqco, aripwater » T€SUltINg in a
value 0f 0.9996. This @¢aco, /dripwater Value was used in equation [2] to determine the fraction of
Ca remaining in solution (f) for each individual drip, plate, and measured stalagmite §**Ca value
(Figure 7). A value of 0.999635 was calculated for r,, based on the averaged §**Ca values
measured among the four host rock samples (-0.37%o = 0.05%0 BSE), and used in f value
calculations for both speleothems and the monitoring dataset. A comparison between the §**Ca
values, fvalues, and ages of the speleothem samples is shown in Figure 8. Host rock 6**Ca
measurements can be found in Table 1, monitoring 5**Ca measurements and calculated f values

can be found in Table 2, and speleothem **Ca f values and associated data can be found in Table
3.

For all monitoring measurements, most f values fall below 1, indicating that LSC currently
experiences PCP following a Rayleigh distillation model. The f values calculated for drip water
and modern plate calcite range from 0.63 to 1.06, suggesting that 63% to 100% of calcite
remains in solution in the modern LSC environment. Two calculated f values from the plate
calcite §**Ca measurements are greater than 1 (values of 1.03 and 1.06) in the monitoring
dataset. The calculated f values above 1 suggest that there was more calcium in solution when the
speleothems precipitated than in the initial solution, which is not physically possible. Therefore,
values calculated above one are interpreted as intervals of no PCP occurrence. Howe ver, host
rock variance could account for monitoring f value calculations that are greater than 1 (see
Discussion 4.2).
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Figure 6. Range of variability of 3**Ca (%o BSE) measurements for the modern LSC system
(drip water, plate calcite, host rock) and stalagmites (LSC2 speleothem, LSC3 speleothem).
Range (min, max) for each variable: drip water (-0.41, -0.18), plate calcite (-0.78, -0.59), host
rock (-0.41, -0.31), LSC2 speleothem (-1.02, -0.58), LSC3 speleothem (-1.08, -0.44). The
number of measurements (n) for each monitoring variable: drip (n) = 17, plate (n) = 10, host
rock (n) = 4. Error bars representing 2SD from 915b standard for speleothems and host rocks
= 0.06 and monitoring data = 0.097.
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Approximately 0-37% and 0-56% of Ca removal via PCP occurred over the monitoring
interval and stalagmite records, respectively.
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Figure 8. Comparison of LSC3 (dark red) and LSC2 (red) §**Ca records (left y-axis). Error
bars represent 2SD from 915b standard (= 0.06). Associated f-values plotted on right y-axis.
Horizontal bar at f value = 1 represents PCP threshold.

3.2 LSC stalagmite calcium isotope records

Speleothem §**Ca values from stalagmite LSC3 range from -1.08%o to -0.44%0 BSE with an
average of -0.72%o0 BSE (n = 49). Speleothem **Ca values from LSC2 record a slightly more
limited range of variability, varying between -1.02%o and -0.58%o0 BSE, but a similar average of -
0.73%o0 BSE (n=19). The average external 2¢ standard deviation on the standard NIST915b over
the analysis period for the stalagmite measurements was 0.06%o0 BSE. Overall, the LSC2 and
LSC3 §*Ca records show similar changes for the periods in which they overlap, despite their
differing temporal resolutions. LSC3 has a broader range of variability, but LSC2 shows greater
variability over the time in which the speleothems grew together (~21,000 — 27,000 years BP).

The LSC3 6*Ca record displays variations that are coincident within dating uncertainties
(~200 to ~600 years in LSC record (Oster et al., 2020); ~300 to ~600 years in Greenland NGRIP
record (Wolff et al., 2010)) with DO interstadial events 2 — 7, Heinrich Stadials 1 — 3, and the
LGM as defined in global paleoclimate proxy records. At the onset of DO7 (~35,200 years BP),
8*Ca values become relatively more negative, with the most negative value during DO7
recorded as -0.72%o0 BSE. Then, during the middle of DO7 (~34,960 years BP), a relatively less
negative 5**Ca value is recorded (-0.44%o0 BSE). A difference of 0.28%o BSE is captured during
DO7 in the LSC3 §*Ca record. DO6 shows a similar patternin which a relatively negative §**Ca
value is captured near the beginning of the event (-0.78%o0 BSE; ~33,700 years BP) followed by a
relatively less negative 6**Ca value in succession (-0.51%o BSE; ~33,500 years BP), displaying a
difference of 0.27%o0 BSE. DOS displays the most extreme oscillation from a relatively negative
8*4Ca value (-0.99%o0 BSE; ~32,700 years BP) at the start of the event to a much less negative
8*Ca value (-0.56%0 BSE; ~31,600 years BP) after the duration of the event. This difference of
0.43%o BSE is the most pronounced DO-oscillation captured in the LSC3 §**Ca record.
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DO interstadials 2 — 4 are shorter-lived (approximately 100 — 300 years in the NGRIP record)
and resolved by fewer 3**Ca measurements in the LSC3 record. The LSC3 record also has a
slower growth rate during MIS2 (~0.0027 mm/year), which encompasses DO events 2 - 4.
During DO4 (~28,800 years BP) the LSC3 stalagmite displays a 6**Ca value of -0.82%0 BSE
which is more negative than surrounding values. During DO3 (~27,800 years BP) the LSC3
stalagmite displays a relatively less negative 5**Ca value (-0.62%o BSE) followed by a shift a
slightly more negative value (-0.68%o0 BSE). During DO2, the LSC3 stalagmite displays a value
of -0.78%o BSE that is the result of a negative shift in **Ca and is sustained leading into DO2.
The DO2 interval is also represented in the LSC2 record where it is characterized by a
pronounced shift to more negative §**Ca (-1.02%o BSE).

The LSC3 record displays shifts in §**Ca that are concurrent with Heinrich Stadials. LSC3
8**Ca values fall sharply from the LGM to the start of HS1, decreasing from a local maximum of
-0.49%0 BSE at ~20,315 years BP to a minimum of -1.08%o BSE at ~17,265 years BP. LSC3
5**Ca values are low for the first part of HS1a (~16,300 -18,000 years BP), but increase to -
0.82%o BSE by the beginning of HS1b (~16,300 years BP). In the LSC3 record, the §**Ca value
captured before the onset of HS3 (~29,722 to ~30,425 years BP) is relatively less negative (-
0.64%o0 BSE) but decreases during the event (-0.82%o0 BSE). In both stalagmites, a similar pattern
is observed during HS2 (~23,315 to ~24,330 years BP) in which a higher 6**Ca value is captured
before the onset of the stadial (LSC2: -0.68%0 BSE, LSC3: -0.59%0 BSE) followed by relatively
more negative §**Ca values following the event (LSC2: -1.02%0 BSE; LSC3: -0.78%0 BSE). One
8*Ca value is measured during HS2 among both stalagmites (LSC2: -0.72%o BSE).

The LSC3 §*Ca record covers the LGM (~19,000 — 22,000 years BP), while the LSC2
speleothem only records its onset (~21,300 — 22,000 years BP). Both stalagmites display
relatively high §**Ca values at the beginning of the LGM (LSC3: -0.62%0 BSE, LSC2 average: -
0.75%o BSE), though the higher resolution LSC2 record demonstrates rapid centennial -scale
oscillations (ranging from -0.66%o BSE to -0.90%o BSE). LSC3 **Ca peaks at -0.49%o BSE in
the middle of the LGM interval (~20,300 years BP), displaying one of the least negative 5**Ca
values of the LSC **Ca record.

The &**Ca records correlate to varying degrees with the stable isotope records previously
developed from speleothems LSC2 and LSC3 (Table 4). The **Ca record strongly correlates
with the 8!3C record in both LSC2 and LSC3 (LSC2 spearman p: 0.66; LSC3 spearman p: 0.75).
The 8*Ca record strongly correlates with the 380 record in LSC2 (p = 0.77) and moderately
correlates with the 380 record in LSC3 (p = 0.46). The correlations between these records are
statistically significant (p < 0.05), suggesting that PCP, which is uniquely recorded by §**Ca
isotopes, influences both the §'*C and 6'30 records. The spearman p correlations between the
5*Ca records and the trace element records (i.e. Mg/Ca, P/Ca, Sr/Ca, Ba/Ca) are weakly
correlated and not statistically significant (Table 4).

The fvalues from speleothem LSC3 range from 0.44 to 2.20, meaning that 44% to 100% of
Ca remained in solution during LSC3 stalagmite formation. The f'values from LSC2 range from
0.63 to 1.89, therefore 63% to 100% of Ca remained in solution when LSC2 precipitated. Since
the calculated f values above 1 suggest that there was more calcium in solution when the
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speleothems precipitated than in the initial solution, they are considered intervals of no PCP
occurrence and further discussed in section 4.2.

4 DISCUSSION
4.1 LSC $**Ca record interpretations

The stalagmite §**Ca records offer new insights into climate changes in northern California
during the late-Pleistocene. LSC §**Ca values generally decrease at the beginning or just prior to
the beginning of DO interstadials, which coincide with increases in Greenland ice core 8'*0
values that indicate warming. These decreased stalagmite 3**Ca values are indicative of reduced
PCP and therefore enhanced precipitation at LSC during DO interstadials. In the LSC §**Ca
record, DO event 2 and DO events 4-7 indicate a transition from wetter interstadials to drier
stadials during these events.

DO3 (27,730 £ 416 years BP onset; Wolff et al., 2010) may be an exception to this wet-DO
interstadial behavior because the event is characterized by a decrease in LSC3 §**Ca, indicating a
transition from a drier interstadial to a wetter stadial. The uncertainty on the 2*°Th/U age for
LSC3 is ~500 years (27,350 £ 520 years BP; Oster et al., 2020) and the age uncertainty
associated with the NGRIP age model at this time is ~400 years. This suggests that DO3 in the
LSC record may simply be offset from the NGRIP record due to uncertainty in the age model.

DO3 may be represented by the more negative 6**Ca values that occur at ~27,300 years BP in the
LSC3 record.

The LSC stalagmite **Ca records suggest differing responses of northern California
hydroclimate during Heinrich Stadials 1 — 3. LSC3 calcium isotopes indicate overall wetter
conditions throughout the duration of HS1. However, both stalagmites suggest relatively dry
conditions during HS2 and HS3 (timing of HS2 and HS3 based on the Chinese speleothem
record from Cheng et al., 2016). HS1a is clearly separated from HS1b by a shift to less negative
5**Ca values around ~16,000 ka BP, indicating brief, relatively drier conditions around this time.
HS2 (~23,800 years BP onset) and HS3 (~29,100 years BP onset) display relatively less negative
8**Ca values at their onsets, indicating more PCP and thus more arid conditions, but then
transition to more negative 3**Ca values toward their conclusions, suggesting less PCP and
wetter conditions. During the LGM (19,000 — 22,000 years BP), the LSC §**Ca record displays
less negative §**Ca values, indicative of enhanced PCP and overall increased aridity during this
time at LSC.

Speleothems LSC2 and LSC3 both capture HS2, DO2, and the beginning of the LGM as
defined by the Greenland NGRIP ice core record (Figure 9). During HS2, both records show a
transition from less negative to more negative 8**Ca values, indicating that LSC experienced less
precipitation at the HS2 onset and gradually received more precipitation throughout the duration
of this stadial. The LSC2 record displays relatively more negative §**Ca during DO2, aligning
with the interstadial portion of the event, and shifts to less negative 6**Ca values by the end of
the event, indicating a transition from wet conditions at its onset to drier conditions toward its
conclusion. The LSC3 §**Ca record stays relatively consistent during DO2 and records 6**Ca
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values that are less negative than LSC2, but still indicates a transition to overall wetter conditions
that are more gradual or muted.

At the start of the LGM (~21,800 years BP), both stalagmites record increased amounts of
PCP and hence drier conditions, as given by the average 5**Ca values recorded in LSC2 and
LSC3. The LSC2 record is faster growing and therefore of higher resolution and captures more
variability than the LSC3 record at the LGM onset. The reproducibility captured in the LSC
8**Ca records suggests that the §**Ca proxy can be used to reliably infer past climatic and
environmental changes, which can illuminate long-term climatic variability recorded in
speleothems from LSC.

4.2 Rayleigh model and 6**Ca fractionation considerations

Speleothem growth in LSC is likely biased toward the cool season (October — March) since
most rainfall at LSC occurs during these months, reflected by quick infiltration and increased
drip rates in the cave. The degree of cave air ventilation can also play an important role in
modulating PCP and calcite precipitation within a cave by altering cave air pCO, (Banner et al.,
2007). Cave air pCO, measured in the winters and the summers at five locations within LSC
between 2018 and 2024 ranges from 331 to 711 ppm and shows no clear pattern of variation with
season or spatially within the cave (Oster et al., 2020). As the cave contains artificial entrances
and receives tour groups, we cannot straightforwardly extrapolate modern cave air pCO; to the
past. However, it is likely that the cave was less ventilated before the artificial entrances were put
in place.

Experiments have identified a dependence of the calcium isotope fractionation factor on
mineral growth rate, finding that a 10-fold increase in growth rate increases 5**42Ca by 0.22%o at
25°C (Tang et al., 2008). Owen et al. (2016) suggested that a 360-fold increase in growth rate
would be needed to explain §**Ca variability in Heshang Cave, China. At White Moon Cave, de
Wet et al. (2021) determined that the consistent crystal fabric and rate of growth of <0.1
mm/year indicated that stalagmite 3**Ca was not impacted by growth rate influence on the
isotope fractionation factor. For LSC3, the fastest growth rate of 0.076 mm/year is also less than
0.1 mm/year and can be considered a slow growing speleothem when compared to other cave
systems with relatively fast-growing speleothems (0.1-0.4 mm/year; Vieten & Hernandez, 2021).
The range of growth rates for the LSC speleothems are relatively small: 0.010 — 0.028 mm/year
for LSC2 and 0.0027 — 0.076 mm/year for LSC3. This suggests that growth rate should not
meaningfully contribute to the measured variability in stalagmite §**Ca values. In addition,
although the growth rates of LSC2 and LSC3 differ, they display similar mean §**Ca values
(LSC2: -0.73%0 BSE, LSC3: -0.72%o BSE).
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Figure 9. LSC time series. From top to bottom: §**Ca for LSC3 (dark red) and LSC2 (red) with
error bars representing 2SD from 915b standard (=0.06) and black horizontal line representing f
value = 1; §'3C for LSC3 (dark blue) and LSC2 (blue); 6'30 for LSC3 (dark green) and LSC2
(green); Mg/Ca for LSC3 (dark orange) and LSC2 (orange); P/Ca for LSC3 (dark pink) and
LSC2 (pink); Sr/Ca for LSC3 (dark purple) and LSC2 (purple); Ba/Ca for LSC3 (brown) and
LSC2 (yellow); NGRIP ice core record shown in black (Wolff et al., 2010). Heinrich (HS)
Events are shown in pink, the Last Glacial Maximum is shown in blue, and Dansgaard-Oeschger
(DO) Events 2-7 are shown in green. Timing based on the NGRIP record.

The calculated f'values greater than 1, as displayed in both speleothem records, indicate
that, at these times, Ca was likely not being removed from the seepage waters due to PCP. An 1
value > 1 is not physically possible since it implies that more calcium would have to be in
solution at the time of speleothem precipitation than the initial solution resulting from dissolution
of the limestone host rock. A possible explanation for /' values > 1 could be related to our
characterization of the host-rock §**Ca, since calculated f values will vary depending on this
value. The host rock ryused in this study is an average of 6**Ca values from four host rock
samples collected from the surface and within LSC (-0.37%0 BSE). However, when the cave-
wide o (0.9996) and the minimum LSC host rock §**Ca value of -0.41%o BSE is considered, the
calculated f'values for all drip water and modern plate calcite samples are less than 1 (ranging
from 0.56 to 0.94). However, speleothem fvalues still range considerably above 1 when the
cave-wide a and minimum LSC host rock value is used (LSC3 fvalues: 0.40 to 1.97; LSC2 f
values: 0.56 to 1.69), though they are lower than when the average host rock value is used. When
the maximum host rock 5**Ca value of -0.31%o BSE is considered with the cave-wide o (0.9996),
monitoring f value calculations range greater than 1 (0.72 to 1.20). Speleothem f values range
much greater than 1 when this host rock value is considered as well (LSC3 f'values: 0.50 to 2.52;
LSC2 fvalues: 0.72 to 2.17). Thus, varying the range of measured r, within the measured host
rock values affects the calculated f values by approximately +0.12, representing approximately
12% more or less PCP. However, this measured range of ry is insufficient to explain the highest
calculated speleothem £ values, suggesting that the host rock §**Ca signature may not be fully
characterized.

Extremely fast infiltration into the cave during winter precipitation events may also
contribute to the high f'values. Rapidly infiltrating water may not allow adequate time for PCP to
occur, suggesting that calcium isotopes cannot accurately capture periods of extreme rainfall. If
this is the case, calcium isotopes may have a potential precipitation threshold that affects their
utility as a rainfall proxy. Li et al. (2018) identified a strong correlation between speleothem
8*Ca and decadal-scale periods of aridity at Heshang Cave, China for a stalagmite that grew
from 1881-2001 AD. To fully understand the relationship between rainfall, PCP, and speleothem
5**Ca on longer time scales, cave monitoring efforts need to include a broad range of rainfall
amounts, which may require long-term monitoring in order to properly calibrate cave monitoring
5**Ca data to speleothem §**Ca records. Further study is needed to properly understand f value
calculations greater than 1 from 3**Ca measurements preserved in speleothems, as speleothems

22




could have recorded precipitation dynamics that were more extreme than those captured during
the monitoring interval.

4.3 Comparison with other LSC proxies

Although their temporal resolutions differ, the §**Ca records of both LSC2 and LSC3
share similarities with the corresponding stalagmite 8'3C and 8'®O records. Specifically, the
8**Ca record captures shifts from wetter conditions at DO interstadial onsets to drier conditions
throughout DO Events 2 — 7, with the possible exception of DO3. The LSC3 §'3C record shows
changes during DO interstadials 2 — 7 as well, with shifts to more negative 8'*C values during
these northern hemisphere warm periods, indicative of reduced PCP or enhanced soil respiration
above the cave (Oster et al., 2020). The close correspondence between the §'*C records for both
stalagmites and the 8**Ca records suggests that PCP strongly influences the stalagmite '3C
signature (LSC3 p: 0.75, LSC2 p: 0.66). These shifts in §'°C and 6**Ca records during DO
interstadials are therefore both indicative of increased rainfall above the cave. The LSC3 §'%0
record does not display the same magnitude or rate of change during DO events, however, more
gradual shifts to relatively more negative 8'%0 values suggest enhanced contribution of moisture
from the North Pacific versus the Central Pacific when compared to other climatic periods in the
record, such as the LGM (Oster et al., 2020). The §'%0 of both stalagmites shows moderate to
strong correlations with the 3**Ca records, which suggests that PCP may be influencing the
speleothem 8'30 signal as well (LSC3 p: 0.46, LSC2 p: 0.77). The impact of PCP on §'%0 signals
has only recently started to be explored, and removing the effects of PCP from the &'*0 record
via comparison with PCP-sensitive proxy records shows promise as a method for distinguishing
local signals from regional ones in speleothem records (Deininger et al., 2021; Skiba &
Fohlmeister, 2023; Wolf et al., 2023).

During Heinrich Stadial 1, the §**Ca record mirrors the 8'*C record in that the event starts
with relatively low 8'3C values, indicating wetter conditions. Like §**Ca, stalagmite §'3C values
increase from HS1a to HS1b close to 16,000 years BP. This pattern is broadly followed in the
8'80 record during HS1 by a shift from relatively more negative to less negative values
separating HS1a from HS1b, suggesting an increase in Central Pacific moisture (Oster et al.,
2020), and/or increased influence of PCP on the §'30 signature. Overall, HS1, and especially
HS1a, appears to be uniquely wet when compared with HS2 and HS3, which have a much
shorter duration. Heinrich Stadials 2 and 3 each display a transition from less negative to more
negative isotopic values in all the LSC isotope records, but age uncertainties and proximities to
DO events 2 and 4 make it difficult to definitively interpret these events as relatively wet or dry.
However, based on the current age model and record resolutions, the transition to more negative
8*Ca, 6'3C, and 8'%0 values throughout both events suggests that HS2 and HS3 start drier, get
progressively wetter, and gradually receive a greater contribution of North Pacific moisture
(Figure 9).

During the LGM, the §**Ca and 8'C records indicate overall arid conditions and the §'%0
record suggests enhanced moisture from the Central Pacific, given by the relatively less negative
8'80 values captured (Figure 9). However, based on comparison with the §**Ca record, the §'30
record may also be influenced by PCP during the LGM. The LSC2 §**Ca record displays the
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same oscillating behavior as shown in the §'*0 and 8'3C records during the onset of the LGM.
The LSC3 §*Ca record displays a local maximum in the middle of the LGM at ~20,500 years
BP, indicating enhanced PCP and drier conditions. At the same time, the '3C record displays a
local minimum suggesting that an environmental process besides PCP was influencing the §'3C
record at this time. A more negative 8'>C value could be attributed to an increase in soil
respiration or organic matter decomposition or a change in host rock dissolution. Stalagmite
Mg/Ca also increases at this time and may reflect enhanced contribution from soils or dolomite
dissolution within the LSC host rock during the LGM (Oster et al., 2020).

The trace element ratios preserved in LSC2 and LSC3 do not share similarities with the
corresponding §**Ca records, as given by the low and insignificant spearman correlations (Table
4). Like the speleothem results, drip water and modern plate calcite §**Ca do not show
significant correlations with trace element ratios Mg/Ca, Sr/Ca, or Ba/Ca, suggesting that PCP is
not a shared control between these proxies (de Wet et al. (in review)). For the drip water and
plate calcite, Mg/Ca and Sr/Ca do not plot along the theoretical PCP slope described in Sinclair
et al. (2012). Likewise, the LSC speleothem Mg/Ca and Sr/Ca do not plot along the theoretical
PCP line, indicating these are not direct proxies for PCP at this cave site. The spearman
correlations between the LSC §**Ca, 8'3C, and §'%0 records suggest that the 6'3C and §'%0
signals are influenced by PCP, whereas the trace elemental ratio records do not serve as clear
proxies for PCP at LSC.

4.4 Comparison with Western U.S. Paleoclimate Proxies

The LSC isotope records exhibit long-term climatic trends and abrupt oscillations that are
consistent with other Western U.S paleoclimate records (Figure 10). The LSC proxy records
display shifts that align in timing with DO interstadials 2 — 7, suggesting an overall wetter
climate at LSC during these warm intervals in Greenland. DO events have also been recognized
in several other Western U.S. paleoclimate records. For example, the Fort Stanton speleothem
8'80 record from New Mexico displays peaks that align with the DO-interstadials between
11,000 - 56,000 years BP (Figure 10). Asmerom et al. (2010) interpret the less negative §'*0
excursions associated with DO interstadials to reflect a smaller contribution of winter, Pacific-
dominated moisture and greater contribution of moisture from the Gulf of Mexico and Gulf of
California, causing drier winter conditions during DO Events. The Cave of the Bells speleothem
record from Arizona also notes drier conditions during DO interstadials (Wagner et al. 2010).
Both sites are in the southwest and record differing seasonal balances of rainfall between the
North American Monsoon, originating in the Gulf of Mexico, and Pacific-dominated winter
precipitation brought by the westerlies. Thus, our proxy records at LSC indicate the opposite
hydroclimate response in northern California when compared to the southwestern U.S. This is
consistent with LSC’s location and suggests that it sits on the opposite side of the transition zone
between the north and south hydroclimate regimes during DO events. The §'®0 record preserved
in core PLCO08-1 from Pyramid Lake, NV has also been interpreted to suggest that DO
interstadials are overall wetter at this site, as given by lower 8'30 values associated with
increasing lake levels (Benson et al., 2013). This evidence points to wetter DO interstadials in
the Northwest and northern Great Basin and overall drier DO events in the southwest.
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Several of the previously discussed records span Heinrich Stadials as well. Heinrich
Stadial 1 is unique compared to other Heinrich events given by its overall enhanced
precipitation, as recorded in many Western U.S. proxy records (Oster et al., 2023). In the Fort
Stanton and Cave of the Bells §'30 records, HS1 can be interpreted as overall wet, with evidence
of slight drying around the transition from HS1a to HS1b. The Cave of the Bells record displays
wet conditions, although the LGM was wetter than HS1 in this record. The Lake Elsinore runoff
record from southern California shows higher percentages of sand during HS1, indicating greater
river discharge and precipitation-related runoff (such as rainfall from intense and/or long storms)
(Kirby et al., 2018). These records support an overall wetter HS1 in the Western U.S., consistent
with proxy records from LSC.

Heinrich events 2 and 3 appear to start drier and transition to wetter conditions toward the
terminations of these events in the LSC records. HS2 is briefly captured in Pyramid Lake record
and displays relatively shallower lake conditions. HS3 is captured in the Fort Stanton, Lake
Elsinore, and Pyramid Lake records. Fort Stanton and Pyramid Lake display overall drier
conditions during HS3, whereas Lake Elsinore records a large spike in sand, indicative of
increased runoft and wetter conditions. Both events are brief, however, and these responses are
inconsistent across the region. Increased temporal resolution of proxy records during HS2 and/or
HS3 could enable more precise paleoclimatic determinations for the Western U.S. during these
cool stadials.

The LGM is overall more arid at LSC, in contrast to records from the southwest such as
the Fort Stanton and Cave of the Bells speleothem 8'%0 records, which display wetter conditions
during the LGM (Asmerom et al., 2010; Wagner et al., 2010). At Lake Elsinore, the LGM does
not appear to be as wet as HS1, based on relatively lower percentages of sand between 19,000 —
22,000 years BP. These results are consistent with previous observations based on proxy
compilations of an overall drier northwest and wetter southwest during the LGM as compared to
the Holocene (Oster et al., 2015; Oster and Ibarra, 2019).

The LSC &*Ca records produced in this study support many of the conclusions discussed
in Oster et al. (2020) regarding hydroclimatic behavior during Heinrich Events, Dansgaard-
Oeschger Events, and the LGM. Thus, these results are consistent with the wet/dry dipole pattern
noted in western U.S. precipitation relationships with both modern and paleoclimate forcings,
suggesting that they behaved similarly during the LGM and DO interstadial events. Agreement
among all proxies during HS1, and in particular HS1a, indicates that the dipole’s transition zone
was shifted northward, allowing for wetter conditions throughout much of the Western U.S.
More speleothem records from LSC may help discern the brief precipitation dynamics captured
during HS2 and HS3.
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Figure 10. A) Western U.S. map with dipole zone shaded in gray. Location names are abbreviated
and shown by blue circles. LSC is marked by a star. B) Western U.S. proxy time series. From top to
bottom: LSC §**Ca records (red; this study), LSC 8'*C records (blue; Oster et al., 2020), LSC §'%0
records (green; Oster et al., 2020), Cave of the Bells §'0 record (light green; Wagner et al., 2010),
Fort Stanton §'%0 record (purple; Asmerom et al., 2010), Pyramid Lake 8'%0 record (red; Benson et
al., 2013), Lake Elsinore % sand runoff (pink; Kirby et al., 2018), and NGRIP record (black; Wolff
et al., 2010). Pink shading highlights Heinrich (HS) Events, blue shading highlights the LGM, and
green shading highlights Dansgaard-Oeschger (DO) Events. Dashed black line separates HS1a
from HS1b.

5 CONCLUSIONS

The variability captured by the 6**Ca records from two LSC stalagmites suggests that
calcium isotopes are a useful proxy for deciphering paleoclimatic information preserved in
speleothems from the Western United States. This study presents the first coeval speleothem
8**Ca records, which were used to elucidate stable isotope signals that are often challenging to
interpret. Specifically, spearman p correlations between the LSC §**Ca, §'3C, and 8'30 records
suggests that the 8'3C and 8'%0 signals are influenced by PCP at LSC. The &'3C signal is
commonly inferred to be influenced by PCP, but its influence on the §'®O signature has only
recently been explored. Given the lack of correlation between trace element proxies in both the
speleothem and monitoring **Ca data, the reliability of trace elements as proxies for PCP should
be carefully considered and interpreted for each cave system.

The coeval LSC §**Ca records agreed in their overall climate interpretations of a
relatively drier HS2, wetter DO interstadial 2, and drier LGM, especially when compared to the
very wet conditions recorded in the LSC3 §**Ca record during HS1 and DO interstadials 5 — 7.
Climatic interpretations from the LSC §**Ca records agree with the trends captured in the §'3C
and 'O records, which suggest wetter conditions during DO interstadials 2 — 7 and Heinrich
Event 1, and drier conditions during the LGM and Heinrich Events 2 and 3. LSC2 recorded
greater 6**Ca variation during the period in which it overlaps with the LSC3 record, possibly
representing differences in water supply availability between the two speleothem sites. The
reproducibility between the two speleothem **Ca records, however, indicates that the same
climatic signals and environmental influences likely impacted both LSC stalagmites,
strengthening speleothem §*Ca as a reliable proxy for discerning paleo-hydroclimate.

As Ca isotopes are understood to be a distinct proxy for PCP, I developed a Rayleigh
fractionation model that allowed me to estimate relative amounts of PCP preserved in
speleothems from LSC. Monitoring data from LSC was used to constrain the modern cave
environment and f'values were calculated that range from ~0.5 to ~2.5 in the LSC2 and LSC3
speleothems. The f'values > 1 occurred most often during wet periods, such as HS1 and during
DO interstadials, suggesting that Ca isotopes may serve as a better proxy for aridity and may not
be able to capture differences between extreme wet intervals. Further research is needed to
properly characterize host rock variability and accurately capture precipitation extremes during
monitoring intervals that are representative of past hydroclimatic regimes for the Rayleigh
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fractionation model. The §**Ca proxy can be used in future work to decipher traditional stable
isotope signals preserved in stalagmites and it can also help us improve our understanding of
paleo-precipitation shifts and climate variability recorded in speleothems.
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APPENDIX A. Tables presenting LSC host rock, monitoring, speleothem, and correlation

values.
Table 1. Host rock 8**Ca measurements.

Sample Name 6%Ca (%o BSE) | 8*Ca (%0 915a) | 6*Ca 2SD 6%Ca 2SD

(rel. 915a) (rel. 915b)
LSC limestone -0.31 0.72 0.07 0.10
LSC_limestone_B -0.33 0.70 0.07 0.10
LSC_limestone_crystal_room -0.41 0.62 0.07 0.10
LSC_limestone_near_exit -0.41 0.62 0.07 0.10

Table 2. Monitoring §**Ca measurements and f value calculations.

Sample Name type 8%Ca (%0 BSE) Calculated f value

Disc. Rm. A plate plate -0.66 0.7847
Fire Rm. plate plate -0.61 0.6916
Disc. Rm. A plate plate -0.61 0.6916
Disc. Rm. C plate plate -0.77 1.0361
Fire Rm. plate plate -0.59 0.6575
Disc. Rm. A plate plate -0.73 0.9365
Disc. Rm. C plate plate -0.73 0.9365
Fire Rm. plate plate -0.67 0.8048
Disc. Rm. A plate plate -0.78 1.0626
Fire Rm. plate plate -0.63 0.7274
Disc Rm A drip drip -0.27 0.7967
Disc Rm C drip drip -0.36 1.0000
Fire Rm drip drip -0.32 0.9039
Disc Rm A drip drip -0.18 0.6347
Disc Rm A drip drip -0.25 0.7575
Disc Rm C drip drip -0.24 0.7386
Fire Rm drip drip -0.3 0.8594
Disc Rm A drip drip -0.33 0.9270
Disc Rm C drip drip -0.31 0.8814
Fire Rm drip drip -0.26 0.7768
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Table 3. Speleothem §**Ca measurements and £ value calculations with associated depths, ages,
and age uncertainties. Age uncertainties were generated using COPRA (Breitenbach et al., 2012)
and are based on depths, 22°Th/U ages provided in Oster et al. (2020), and 3**Ca values
associated with each Ca sample analyzed in this study.

Sample Name | Type | Depth | Approximate Age 8%Ca (%o Calculated f
(mm) | Age (years BP) Uncertainty | BSE) value
26 (+ years
BP)

LSC3_0006a Isc3 2.46 14268 402 -0.7 0.8502
LSC3_0187a Isc3 20.54 14748 319 -0.88 1.3339
LSC3_0264a Isc3 28.11 15260 653 -0.88 1.3339
LSC3_0320a Isc3 33.72 15755 937 -0.82 1.1479
LSC3 0364a Isc3 38.14 16237 822 -0.82 1.1479
LSC3_0403a Isc3 41.92 16759 728 -0.93 1.5117
LSC3_0438a Isc3 45.31 17264 689 -1.08 2.2003
LSC3 _0464a Isc3 48.2 17754 657 -1.05 2.0411
LSC3 0488a Isc3 50.71 18214 592 -1.03 1.9415
LSC3 _0512a Isc3 53.26 18746 485 -0.89 1.3677
LSC3_0530b Isc3 55.05 19214 398 -0.77 1.0130
LSC3_0560a Isc3 58.46 20315 320 -0.49 0.5028
LSC3_0574a Isc3 59.84 20827 500 -0.65 0.7503
LSC3 0596a Isc3 62.31 21808 913 -0.62 0.6960
LSC3_0608a Isc3 63.52 22311 860 -0.73 0.9165
LSC3_0620a Isc3 64.74 22829 817 -0.78 1.0386
LSC3_0631a Isc3 65.86 23315 803 -0.78 1.0386
LSC3_0655a Isc3 68.21 24328 879 -0.59 0.6457
LSC3 0679 Isc3 70.64 25359 1015 -0.57 0.6142
LSC3_0703a Isc3 73.1 26340 1108 -0.64 0.7317
LSC3 0716a Isc3 74.32 26817 1084 -0.67 0.7888
LSC3_0730a Isc3 75.73 27319 1014 -0.68 0.8087
LSC3 0743a Isc3 77.05 27805 847 -0.62 0.6960
LSC3_0769a Isc3 79.75 28833 661 -0.82 1.1479
LSC3_079%a Isc3 82.21 29335 712 -0.64 0.7317
LSC3_0828a Isc3 85.64 29839 695 -0.63 0.7136
LSC3 _0868a Isc3 89.62 30336 702 -0.8 1.0919
LSC3 0916a Isc3 94.44 30827 796 -0.62 0.6960
LSC3_0980a Isc3 100.85 31312 919 -0.74 0.9397
LSC3 1032a Isc3 106.14 31600 915 -0.56 0.5990
LSC3_1064a Isc3 109.23 31739 874 -0.62 0.6960
LSC3 1198a Isc3 122.62 32244 800 -0.77 1.0130
LSC3 1293a Isc3 132.12 32565 559 -0.75 0.9635
LSC3_1337a Isc3 136.53 32733 522 -0.99 1.7566
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LSC3_1387a Isc3 141.52 32957 505 -0.85 1.2374
LSC3_1417a Isc3 144.53 33104 531 -0.86 1.2688
LSC3_1445a Isc3 147.24 33240 577 -0.7 0.8502
LSC3_1490a Isc3 151.73 33505 681 -0.51 0.5286
LSC3_1516a Isc3 154.32 33694 699 -0.78 1.0386
LSC3_1522a Isc3 154.91 33757 703 -0.57 0.6142
LSC3_1564a Isc3 159.15 34159 665 -0.6 0.6620
LSC3_1571a Isc3 159.83 34220 657 -0.65 0.7503
LSC3_1589a Isc3 161.67 34422 623 -0.57 0.6142
LSC3_1600a Isc3 162.71 34751 597 -0.44 0.4437
LSC3_1619a Isc3 164.63 34773 577 -0.6 0.6620
LSC3_1655a Isc3 168.23 35236 585 -0.72 0.8938
LSC3_1684a Isc3 171.12 35664 668 -0.65 0.7503
LSC3_1690a Isc3 171.74 35729 691 -0.56 0.5990
LSC3_1727a Isc3 175.46 36246 892 -0.71 0.8718
LSC2_1-84 Isc2 18.4 21301 163 -0.71 0.8718
LSC2_2-05 Isc2 20.5 21352 176 -0.81 1.1196
LSC2_2-83 Isc2 28.3 21511 243 -0.76 0.9879
LSC2A-22 Isc2 33.11 21636 272 -0.66 0.7693
LSC2A_40 Isc2 36.73 21722 287 -0.73 0.9165
LSC2A-62 Isc2 41.24 21831 328 -0.67 0.7888
LSC2A-78 Isc2 44.52 21919 364 -0.9 1.4023
LSC2B-18 Isc2 50.87 22122 445 -0.64 0.7317
LSC2B_24 Isc2 51.94 22162 454 -0.84 1.2069
LSC2B_34 Isc2 54.44 22275 462 -0.7 0.8502
LSC2B-50 Isc2 58.04 22457 454 -0.64 0.7317
LSC2B-72 Isc2 61.56 22890 259 -0.8 1.0919
LSC2B-96 Isc2 65.88 23363 432 -1.02 1.8935
LSC2B-125 Isc2 71.65 23777 631 -0.72 0.8938
LSC2C-2 Isc2 82.25 24374 835 -0.68 0.8087
LSC2C-14 Isc2 85.29 24580 929 -0.84 1.2069
LSC2C-42 Isc2 92.37 25190 1177 -0.61 0.6788
LSC2C-64 Isc2 97.93 26201 1122 -0.58 0.6297
LSC2C-76 Isc2 100.97 27300 657 -0.61 0.6788

Table 4. Spearman p correlations between 6**Ca and LSC proxies. Green shading indicates
strong positive correlation.

80 |8C | Mg/Ca |P/Ca |Sr/iCa |Ba/Ca
LSC3 6**Ca (%o BSE) 046| 0.75 0.21 0.04 0.04 -0.11
LSC2 6**Ca (%o BSE) 0.77]| 0.66 0.13| -0.28 -0.1 0.09
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