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Abstract

Speleothem oxygen isotope (5'0) records provide key insight into the rate and timing of terrestrial paleoclimate changes
during the late Quaternary. However, it can be difficult to deconvolve the 8'%0 signal into individual components, which
include processes related to moisture source, moisture transport, temperature, precipitation amount, infiltration, and the cave
environment. We developed a framework that uses triple oxygen isotope distributions in speleothems to refine interpretations
of 8'%0 speleothem records. This framework identifies the influence of dominant processes on 8'30 values through time by
their characteristic (although not necessarily unique) trends in A’'’O vs. 80 space, where A’'70 = §''"0 - 0.5285''%0
and 8O = In(8*0O + 1). Following Guo and Zhou (2019a), we expect that ‘cave kinetic’ processes (e.g., fast degassing at
the drip site, prior calcite precipitation) will drive positive trends between &30 and A’!”O. In contrast, we can identify hydro-
logic processes from near-horizontal trends that reflect Rayleigh-type meteoric water processes and negative trends driven by
changes in evaporation processes at the moisture source region or at the cave site, mineralization temperature, and seasonality
in precipitation/infiltration amount. We applied this framework to four western USA speleothems from Cave of the Bells
(Arizona), Leviathan Cave (Nevada), and Lehman Caves (Nevada). The Cave of the Bells and Leviathan data have near-
horizontal to negative trends indicating 8'%0 variability was driven largely by changes in Rayleigh distillation of atmospheric
moisture and moisture source conditions, supporting prior interpretations. We analyzed two Lehman Caves records because
they were likely influenced by non-equilibrium processes and the data show weak to moderate negative trends. For sample
LMC-12b, chosen for its extreme 7.5%c 3'30 range, the trend is statistically distinct from the near-horizontal Rayleigh-
process trend and most consistent with changes in local evaporation intensity and infiltration seasonality as primary drivers.
None of these records displays a positive covariation slope between &0 and A’'70, suggesting limited variability in cave
kinetic processes through time or unknown limitations to the kinetic model of Guo and Zhou (2019a). Additionally, recon-
structed formation waters for all sites fall near the A’'7O vs. §'%0 Local Meteoric Water Line, a correlation we suggest as a
novel test of the absolute magnitude of isotopic offset due to cave kinetic processes. More broadly, our framework adds con-
text to the only other study of carbonate speleothem triple oxygen isotope composition (Sha et al., 2020). We find that positive
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to negative A’'70 vs. §'%0 trends likely exist in speleothem data that may reasonably be expected from regional climate pro-
cesses and that, combined with other proxy data, triple oxygen isotope data will be useful in constraining interpretations of

6] 8Ospeleothem records.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
1.1. Triple oxygen isotope background and previous work

Speleothems are commonly used as archives for past
changes in Earth’s hydrologic cycle because they are suita-
ble for precise U-series dating and their oxygen isotope
composition is related to hydrologic processes (Lachniet,
2009; Cheng et al., 2012; Wong & Breecker, 2015). They
provide high-resolution paleoclimate records that have
been instrumental in elucidating the rate and timing of
the terrestrial response to late Quaternary climate change
(Wang et al., 2001; Wagner et al., 2010; Lachniet et al.,
2014; Wang et al., 2017). Traditionally, the use of oxygen
isotopes in paleoclimate reconstruction has relied on the
relative abundance of %0 to '°0 in a sample, which can
be expressed in “delta notation” as:

5180 — Rsample 1 (1)
Rstandard

where Roumpre a0d Ryandara Tepresent the *O/ 160 ratios of
sample and standards (here, x = 18). The differences
between Ryumpre and  Ryapdaa are small  for mass-
dependent processes occurring at Earth’s surface, so their
ratio is always close to unity and d-values are generally mul-
tiplied by 10° for convenience (per mil notation,%o).

Although variability in SISOspeleo[hem is generally under-
stood to relate to hydrologic change, identifying the
mechanisms of change and their magnitude is not always
straightforward. This is because 61805peleo[hem responds to
the primary BlsOprecipitaﬁon signal, which is itself a function
of processes like precipitation seasonality, precipitation
intensity, moisture source region, and temperature
(Dansgaard, 1964). Patterns of similar magnitude and
direction can be produced by different processes, which
has resulted in contested interpretations for some records.
Additional complexity results from local soil and epikarst
processes that affect the 8'80 of infiltrating waters and
SISOSpelemhem. These include mixing, evaporation, biologi-
cal processes, prior calcite precipitation along the infiltra-
tion path, and changes to the cave environment (e.g.,
temperature, drip interval, soil/cave CO, concentration,
wind speed, relative humidity, mineral formation rate, drip
height) (Spotl et al., 2005; Mickler et al., 2006; Baldini et
al., 2008; Scholz et al., 2009; Dreybrodt and Scholz, 2011;
Deininger et al., 2012; Mattey et al., 2016; Deininger and
Scholz, 2019; Hansen et al., 2019).

Thus, while SISOSpeleothem variability may be generally
understood to relate to climate change, it can be difficult
to demonstrate which process, or processes, created the sig-
nal. Attempts to better constrain SISOSpelemhem interpreta-

tions add more information to the system by using, for
example, fluid inclusions (McGarry et al., 2004; Affolter
et al., 2019), elemental chemistry (Fairchild et al., 2000;
Fairchild and Treble, 2009; Steponaitis et al., 2015), trace
isotope chemistry (e.g., Richards & Dorale, 2003;
Frumkin & Stein, 2004; Musgrove & Banner, 2004; Zhou
et al., 2005; Oster et al., 2010; Wong & Banner, 2010)
and “‘clumped” isotope geochemistry (Affek et al., 2008;
Daéron et al., 2011; Wainer et al., 2011; Kulge and Affek,
2012; Affek et al., 2014; Affek and Zaarur, 2014). Triple
oxygen isotope (A’'’0) analyses provide additional infor-
mation to better constrain 5lgospelemhem interpretation
(Sha et al., 2020). The A’'’O value, which incorporates
information from a sample’s '%0/'°0 and '"0/'®O compo-
sition, is the '"O-excess occurring at a given 8'%0 value rela-
tive to a reference slope (Fig. 1):

A0 =350 = 2, x 80 (2)

where ‘““delta-prime” notation is defined as:

W0=m<&mm) 3)

standard

The natural log transformation used in the delta-prime
notation, as compared to traditional delta notation, is
required because at the level of precision used to calculate
A0 values, the non-linearity of three-isotope mass depen-
dent fractionation is an important consideration (e.g.,
Miller 2002; Luz and Barkan, 2010; Aron et al., 2021).
The slope of the preferred reference line, 4, is commonly
taken as the trend of the global meteoric water line
(GMWL), 0.528, and we follow this convention (Luz and
Barkan, 2010; Sharp et al., 2018; Aron et al., 2021; Sharp
and Wostbrock, 2021). Variability in A0 is much smaller
than that of 8'%0, so we multiply values by 10° for conve-
nience (per meg notation, where 1 per meg = 0.001%o).
Within this framework, the three-isotope fractionation
exponent (6) relates the fractionation factors for the system
as (Mook, 2000):

ln(”/léaafb)
a—b — 11’1(18/160(‘1717) (4)

where o, is the fractionation factor between two phases
exchanging isotopes (i.e., R,/Ry). The values of 1 and 0
are mathematically equivalent, but we reserve 6 for simple
processes like isotope fractionation between two phases
and A for a regression through a dataset that results from
multiple processes.

Triple oxygen isotope data are valuable because they
directly inform the interpretation of widely employed
3'%0 records. The information added by considering
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Fig. 1. Schematic diagrams showing relationships among 8D, 8'70, 8'30, and A’'’O during evaporation. (a) In 8D vs. 8'%0 space, a water
initially on the Global Meteoric Water Line (GMWL; slope &8) evolves away from it during evaporation and d-excess becomes more
negative. (b) In 870 vs. &80 space (triple oxygen isotope space), a water initially on the GMWL (slope ~0.528) evolves away from it during
evaporation. (c) The same scenario in (b) represented in A’'7O vs. §''®0 space. Evaporation leads to water with lower A’'’O than the parent

water.

A0 data (via 870 and §''30 data) is analogous to how
combining 3D and §'%0 allows for more detailed inquiry,
via the d-excess parameter (d-excess = 8D — 8 x §'%0), than
with one isotope system alone (Fig. 1) (e.g., Dansgaard,
1964; Frolich et al., 2002; Landais et al., 2010; Welker,
2012; Pfahl and Sodemann, 2014; Schoenemann and
Steig, 2016; Zongxing et al., 2016; Diitsch et al., 2017;
Ampuero et al., 2020; Bershaw et al., 2020; Aron et al.,
2021). This is particularly useful for minerals, like carbo-
nates, that preserve information about ancient hydrologic
processes but do not contain hydrogen isotopes needed to
calculate d-excess (although see, e.g., Affolter et al., 2015).
Additionally, theoretical calculations, laboratory experi-
ments, and natural experiments suggest that 0 is weakly
temperature-sensitive and A’'’O has different responses to
hydrologic change than 8'30 (resulting from, e.g., evapora-
tion, Rayleigh distillation, and calcite formation kinetic
effects; Criss, 1999; Barkan and Luz, 2007; Cao and Liu,
2011; Surma et al., 2015; Gésquez et al., 2017, 2018;
Hayles et al.,, 2018; Guo and Zhou, 2019a; Guo and
Zhou, 2019b; Passey and Ji, 2019; Wostbrock et al.,
2020a; Schauble and Young, 2021; Voigt et al., 2021). With
relevance to near-surface modern climatology and paleocli-
matology, measurements and models of A’'’O in water
(liquid, vapor, and ice), carbonates, biological apatites,
and gypsum have been used to model or infer, for example,
variations in relative humidity, evaporation intensity, atmo-
spheric patterns, and paleotopography (Landais et al.,
2008; Landais et al., 2010; Risi et al., 2010; Risi et al.,
2013; Passey et al., 2014; Li et al., 2015; Gazquez et al.,
2018; Passey and Ji, 2019; Uechi and Uemura, 2019;
Gazquez et al., 2020; Aron et al., 2021; Ibarra et al.,
2021). Thus, combining A'V7O data with traditional 3'%0
data allows for better constrained paleoclimate interpreta-
tions than previously possible.

Modern meteoric water A'*7O is thought to be largely
controlled by effects like the evaporation conditions at the
moisture source region (e.g., relative humidity and turbu-
lence), local evaporation, moisture recycling, and mixing
(Luz and Barkan, 2010; Risi et al., 2010; Risi et al., 2013;
Li et al., 2015; Uechi and Uemura, 2019; Aron et al.,
2021). Previous characterizations of cave system A’'”O have
therefore focused on connecting A’*’0 in cave materials to
that of precipitation and to climate variables. For example,

in a study of meteoric waters at Milandre Cave in Switzer-
land, Affolter et al. (2015) noted the similarity of A0
values from precipitation, drip waters, and fluid inclusions
within speleothems. Gasquez et al. (2017, 2020) explored
A0 in meteoric waters, gypsum hydration waters, and
reconstructed parent waters in several caves in the gypsum
karst of the Sorbas Basin, Spain. From these values, they
discerned that gypsum formation waters are a mixture of
condensation and infiltration water, consistent with gypsum
formation under variable conditions of winter atmospheric
relative humidity. Sha et al. (2020) studied cave drip waters,
modern speleothems, and ancient speleothems. From
paired A''70O analyses of drip water and modern spe-
leothems, they derived empirical fractionation factors for
the carbonate-water reaction. They used this calibration
to reconstruct formation water A’'’O for pairs of spe-
leothem samples and model how regional relative humidity
changed (Barkan and Luz, 2007) across major climate tran-
sitions like the Last Glacial Maximum (25-20 Kka;
ka = thousands of years before present) to the Holocene
(<11.7 ka).

Theoretical work has also provided a basis for predict-
ing how A'V70 is influenced by mineral growth processes
(no related empirical investigations exist to our knowledge).
Modeled kinetic effects between water and carbonate dur-
ing calcite formation will increase 3"80.atcite and AVOatcite
(Guo and Zhou, 2019a; Guo and Zhou, 2019b). In this
model, within-cave effects (e.g., CO, degassing at the drip
site) and prior calcite precipitation drive the same positive
co-variation signal, so we group them together as “cave
kinetic effects.” Note that while cave kinetic effects also
potentially include evaporation within the cave, this is an
unlikely scenario for most samples which have been prefer-
entially collected deep in cave systems where relative
humidity commonly approaches 100 % (Lachniet, 2009;
but see also Gasquez et al. 2017, 2020).

1.2. Exploring a geochemical framework for triple oxygen
isotopes in speleothems

The existing body of work points towards a geochemical
framework that may be used to identify the primary driver
(s) of speleothem triple oxygen isotope composition (Figs. 2
and 3). For example, when data are viewed in A’'7O vs.
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N80 space, positive trends should theoretically be pro-
duced by cave kinetic effects (+7 per meg/%o, or a &'70
vs. 8''80 slope of ~0.535; Guo and Zhou, 2019a; Guo
and Zhou, 2019b). Slightly negative to near-horizontal
trends (between —1 to 0 per meg/%oc over —25 to 35 °C,
or 870 vs. &80 slopes of 0.527-0.528) are produced by
isotope fractionation resulting from Rayleigh distillation
processes (e.g., rainout amount) (Horita and Wesolowski,
1994; Criss, 1999; Barkan and Luz, 2005; Aron et al., 2021).

More negative trends (<—1 per meg/%c) may be pro-
duced by changes in carbonate formation temperature
and evaporation conditions. Carbonate formation tempera-
ture effects are expected to produce A''70 vs. §'%0 trends
of approximately —3 to —2 per meg/%o over 0-25 °C
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(A0 vs. &80 slopes of ~0.525-0.526) (Cao and Liu,
2011; Hayles et al., 2018; Guo and Zhou, 2019b;
Wostbrock et al., 2020a; Schauble and Young, 2021).
Mineralization temperature sensitivity for A’'7O is there-
fore on the order of <0.7 per meg/°C (Cao and Liu, 2011;
Passey et al., 2014; Hayles et al., 2018; Guo and Zhou,
2019b; Wostbrock et al.,, 2020a; Schauble and Young,
2021).

Evaporation of waters, another process capable of pro-
ducing negative trends, has been conceptually modeled
using two primary types of isotopic fractionation (Criss,
1999); (1) equilibrium fractionation into a thin, saturated
boundary layer (following a &0 vs. &'®0 slope of
0.529; Barkan and Luz, 2005), and (2) kinetic fractionation
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as water vapor diffuses away from the water surface (8''’0
vs. &80 slope of 0.5185; Barkan and Luz, 2007) (Luz and
Barkan, 2010; Surma et al., 2015; Surma et al., 2018; Passey
and Ji, 2019). As a result of kinetic fractionation, data from
evaporating waters show negative trends (<—2 per meg/%o;
Barkan and Luz, 2007; Luz and Barkan, 2010; Surma et al.,
2015; Gazquez et al., 2018; Passey and Ji, 2019; Voigt et al.,
2021).

In the context of this study, evaporation can refer to
relative humidity at the moisture source or to local eva-
poration during precipitation events (e.g., sub-cloud eva-
poration) and infiltration (e.g., soil evaporation). Local
and far-field aridity effects may be differentiated based on
temporal changes and other proxy information. For exam-
ple, increasingly arid conditions at the moisture source
increase A’'’O while increasingly arid local conditions
decrease A''70 (Fig. 2a and c) (e.g., Surma et al., 2015;
Uechi and Uemura, 2019). Note that previous studies have
clearly identified trends in evaporated waters that are signif-
icantly lower than —2 per meg/%o (Criss, 1999; Surma et al.,
2015; Gazquez et al., 2018; Passey and Ji, 2019). These
trends can be measurably nonlinear after significant eva-
poration has occurred (>5%o), but the &80 range required
probably precludes application to most published spe-
leothem records.

The observed precipitation seasonality at a site may be
driven by more than one process and resulting trends in
A0 vs. 880 space can vary from positive to negative
(Fig. 2f). For example, in Okinawa, Japan, Uechi and
Uemura (2019) used precipitation triple oxygen isotope
composition to successfully reconstruct source region rela-
tive humidity, as inferred from air mass backward trajec-
tories. This result necessitates evaporation as a strong
control on precipitation isotope composition (i.e., moisture
source region conditions), which should lead to a negative
trend in A''70 vs. 8'%0 space. However, their data counter-
intuitively exhibits a positive trend. This pattern may occur
because intense Rayleigh distillation in summer decreases

5''%0 with minimal change in A’'7O, effectively reversing
the trend expected from evaporation alone (Fig. 2b, 2f)
(Uemura et al., 2012). However, this mechanistic explana-
tion may not be applicable everywhere and other trends
have been observed in monsoonal climates. In Singapore,
He et al. (2021) found no relationship between precipitation
810 and A'V70 and were not able to reconstruct source
region relative humidity. Regardless of the processes con-
trolling precipitation triple oxygen isotope composition,
modern datasets will be helpful in defining A’'7O vs. §''%0
trends at sites of paleoclimate interest, where speleothem
records have provided important insights for climate
dynamics and forcing.

In this study, we explore how the above geochemical fra-
mework for triple oxygen isotopes (Fig. 3) might be used to
identify primary drivers of variation in speleothem oxygen
isotope composition and provide a better constraint on
paleoclimate reconstructions than via 3'%0 alone. Each pro-
cess has variability in its associated trend and in detail none
are truly linear. Given current analytical precision for A’'’O
analyses, we use slopes of +7, —1 to 0, and < —2 per meg/%o
(0.535, 0.528, and < 0.526 in A’'7O vs. &30 space, respec-
tively) as representative approximations for cave kinetic,
Rayleigh distillation, and evaporation/mineralization tem-
perature/seasonality processes (Fig. 3).

We recognize that complicated, multi-process scenarios
exist. However, consider the utility of triple oxygen isotope
data in a situation where data have a A’'’0 vs. §'80 trend
of 0 per meg/%o and interpretation may be ambiguous.
Assuming the data trend was created by a mix of evapora-
tion (—3 per meg/%o) and cave kinetic (+7 per meg/%o) pro-
cesses, climate (evaporation) would still drive an
overwhelming 70 % of the signal [i.e., 0.7%(—=3) + 0.3*(7)
= 0]. If data were also a function of Rayleigh distillation,
or if data defined a negative trend, interpretations of
climate-related drivers would only be strengthened. In addi-
tion, note that many speleothem records are interpreted in
the context of one or two dominant climate processes, even

<

Fig. 2. Overview of processes relevant to speleothem triple oxygen isotopes in A’'70 vs. 3'%0 space. (a)—(e) follow how triple oxygen isotopes
fractionate in a hypothetical sample from its moisture source to final deposition in a speleothem. Lines are used to highlight trends, but only in
panels (b), (c), and (e) do they represent temporal paths of isotope evolution. In (a)—(c), the red dot identifies the water composition used for
the next panel. Modeled calcites in (d) and (e) are both derived from the identified water composition in (c). Note that axes all have the same
relative scale ranges, but those of (d) and (e) are shifted to account for water-calcite fractionation. (a) The vapor evaporated from a moisture
source (VSMOW) under different relative humidity conditions (RH = relative humidity, temperature = 15 °C). (b) Precipitation isotope
composition during transport as a function of Rayleigh-style rainout (f = fraction of water remaining with 10% intervals, temperature = 5 °C). (c)
Water isotope composition during pan-evaporation at the cave site (e.g., during precipitation or infiltration) under different relative humidity
conditions (f = fraction of water remaining, temperature = 15 °C). (d) Speleothem isotope composition for equilibrium formation at different
temperatures (25 °C intervals) calculated using two different theoretical models for Ocaco,-n,0 (H-2018 after Hayles et al., 2018; GZ-2019 after
Guo and Zhou, 2019b). Red boxes highlight the effect of a 5 °C change (e) Trend of cave kinetic processes (prior calcite precipitation, fast
degassing) on speleothem isotope composition at 25 °C (after Guo and Zhou, 2019a, 2019b). Thin black and thick gray lines represent cave
pCO; conditions of 500 and 1000 ppm, respectively. (f) Meteoric water data from the western USA (cyan triangles; this study), Okinawa,
Japan (black circles; Uechi and Uemura, 2019), and Singapore (red stars; He et al., 2021) as examples of potential seasonal variability in
precipitation isotope composition (see also Fig. 7). The “winter” and “summer” labels refer to western USA waters; winter samples tend to
have more negative &'%0 and positive A’'’O than summer waters (and vice versa for summer samples). For western USA meteoric waters,
Cave of the Bells drip waters are upward-pointing triangles with cyan fill, Cave of the Bells precipitation samples are downward-pointing
triangles with white fill, Kartchner Caverns precipitation samples are right-pointing triangles with black fill, and Nevada precipitation samples
are left-pointing triangles with gray fill. The ordinary least squares regression for all western USA meteoric waters from this study is the
dashed cyan line, for Okinawa data is the black solid line, and for Singapore data is the red solid line. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Summary of triple oxygen isotope drivers relevant to
speleothem triple oxygen isotopes in A''7O vs. &80 space.
Processes influence a hypothetical endmember isotope composition
(black star). The cave kinetics, Rayleigh (gray wedge), mineraliza-
tion temperature (T, red wedge) and evaporation/seasonality
trends have characteristic slopes of +7, —1 to 0, -3 to —2, and
<-2 per meg/%o, respectively (A0 vs. &30 slopes of 0.535,
0.527-0.528, 0.525-0.526, and <0.526, respectively). The mineral-
ization temperature trend is plotted separately from the evapora-
tion/seasonality trend here to emphasize its magnitude for a given
temperature change. It is shown for a ~12 °C change (a ~3%0 5'%0
change; e.g., Kim and O’Neil, 1997), but its potential influence will
be determined by expected temperature variability. Note the
negative precipitation seasonality trend is site specific for this
study and represents a summation of hydrologic processes (Figs. 2f
and 7). The evaporation trend can vary widely because it is
dependent on relative humidity, magnitude of distillation, and
diffusion (see also Section 1.2 Exploring a geochemical framework
for triple oxygen isotopes in speleothems).

if the specific processes are debated (Wang et al., 2001;
Maher and Thompson, 2012; Lachniet et al., 2014;
Steponaitis et al., 2015; Wang et al., 2017). If these interpre-
tations are justified, simple geochemical models (Fig. 2)
should adequately explain the first-order variability in
A0 vs. §'®0 data. To this end, we explore triple oxygen
isotopes in modern meteoric waters and late Quaternary
speleothems from three cave systems in the western USA.
Each 51805pe1emhem record has a paleoclimate interpretation
based on a few dominant processes suitable for testing. We
first review prior work and interpretations of SISOspeleolhem
before describing our experimental setup and methodology.
We then present the results, use the framework to make
paleoclimate inferences at our study site and other loca-
tions, and conclude with an outlook for using triple oxygen
isotopes in speleothem-based paleoclimate reconstructions.

2. STUDY SITES AND SPELEOTHEM RECORD
OVERVIEWS

We investigated speleothems from Cave of the Bells (AZ),
Leviathan Cave (NV), and Lehman Caves (NV) as well as

archived and new meteoric waters (rain, snow, and drip
water) from Arizona and Nevada (Wagner et al., 2010;
Lachnietetal., 2014; Lachniet et al., 2020) (Fig. 4a). All caves
are in the southwestern USA, with Leviathan and Lehman
Caves located approximately 180 km apart. Age models
and SISOSpelemhem records have previously been published
from all three caves so we briefly summarize the basic paleo-
climate interpretations of these records. In addition, we pre-
sent a new speleothem record from Lehman Caves (LMC-
12b) that was selected for this study because it exhibits extre-
mely large 3'30 variability (~7%. VPDB) from 16-6 ka that
was inconsistent with (near) equilibrium formation condi-
tions. Recognizing that LMC-12b likely represents a kineti-
cally influenced sample, we present the SISOSpeleothcm record
in this section analogous to the overviews provided for the
Cave of the Bells and Leviathan Cave records (see Supple-
mentary Material text for methods and the age model; Sup-
plementary Material, Tables S4 and S5, Figs. S3 and S4).

2.1. Paleoclimate reconstructions of Cave of the Bells and
Leviathan Cave

2.1.1. The Cave of the Bells record (COB-01-02)

The Cave of the Bells record spans approximately 53-
8 ka (Fig. 4b) (Wagner et al., 2010). The Slgospeleothem data
vary from —-11.4 to —7.8%c VPDB (3.5%0 total range) and
have clear connections to regional- and global-scale climate
change in the form of, for example, the timing of intersta-
dial stages inferred from polar ice core records (Svensson
et al., 2008). The SISOSpeleothem record was not interpreted
in the context of kinetic effects because sample COB-01-
02 was collected deep within Cave of the Bells, where rela-
tive humidity approaches 100 %, and the data set passed a
modified “Hendy test” (Hendy, 1971) that did not find
time-transgressive covariation of 3'*0 and 3'°C values.
Instead, the data were interpreted in the context of modern
climate and cave conditions where summer rain is related to
the North American Monsoon (50-65 % of mean annual
precipitation) and winter precipitation is associated with
westerly storms (Adams and Comrie, 1997; Higgins et al.,
1997, Wagner et al., 2010). Modern 8"80 ainran data show
large seasonal changes but SISOdrip_Water values are biased
towards winter rainfall values (~ -9%. VSMOW), suggest-
ing that a substantial percentage of modern summer rainfall
is lost to evapotranspiration and runoff before it can infil-
trate. Based on these observations and a precipitation iso-
tope data set spanning 1984-2004, Wagner et al. (2010)
interpreted SISOSpelemhem in terms of a winter amount effect,
or winter aridity, where more negative BISOSpclcmhcm values
corresponded to wetter winters. They also noted that for-
mation temperature could affect 81805peleothem values (e.g.,
Kim and O’Neil, 1997), but largely attributed the signal
to changing precipitation amounts.

Eastoe and Dettman (2016) suggested alternate explana-
tions, based on a 32-yr (1981-2012) 8'*0,ccipitation record
from nearby Tucson, AZ (60 km distant) with weaker or
non-significant correlations between precipitation amount
and 880 over seasonal to decadal timescales. These
authors proposed that changes in the ratio of summer to
winter precipitation, moisture source region, or the fre-
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Fig. 4. Location study sites and their Slgospelemhem records. (a) Map of the southwestern USA showing cave locations (red stars) as well as
Kartchner Caverns (black circle), where we only sampled for meteoric water. Figure made with GeoMapApp (http://www.geomapapp.org/;
Ryan et al., 2009). (b)—(e) Previously published Slgospelemhem records overlain with this study’s data (gray circles). The “5'*0(CO,/CaCO5)”
notation on the y-axes identifies data as 5'0 analyses of CaCO; made on evolved CO, (see also Section 4.1 Materials and nomenclature). Note
different axes ranges, which we scale to individual records to emphasize our sampling of the available 5'%0 range as well as overall patterns in
the records, and that data are presented relative to VPDB as in the original publications. Panels show (b) Cave of the Bells (COB-01-02) with
Greenland Interstadials (GI) numbered (light pink bands; Rasmussen et al., 2014), (c) Leviathan Cave (LC-1) with JJA insolation at 65 °N
(red line; Berger and Loutre, 1991), and (d and e) Lehman Caves records LMC-12b and WR-11, respectively (Wagner et al., 2010; Lachniet
et al., 2014; Steponaitis et al., 2015; Lachniet et al., 2020). The Lehman Caves 5'80 records are interpreted to be affected by local kinetic
processes (see Section 2 Study sites and speleothem record overviews) and the Leviathan Cave record is also plotted for comparison (gray line).
Typical error bars for data are smaller than symbols and not shown for clarity. Marine Isotope Stages (MIS, gray and white bands) are labeled
above each panel (LR04 benthic stack; Lisiecki and Raymo, 2005), the approximate time of the Last Glacial Maximum is marked at 20-25 ka
(LGM), and the start of the Holocene (Hol) is marked at 11.7 ka (dashed line).

quency of extreme precipitation events may also explain the cated on the idea that the SISOspelemhem record was not sig-
Cave of the Bells BlgOspelemhem data. However, all published nificantly influenced by local evaporation or cave kinetic
interpretations of the Cave of the Bells record are predi- effects.
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2.1.2. The Leviathan Cave record (LC-1)

Leviathan Cave sample LC-1 is from the Great Basin
and covers much of the last glacial-interglacial cycle,
including 103-74, 60-33, and 13-0 ka (Lachniet et al.,
2014; Lachniet et al., 2017; Lachniet et al., 2020) (Fig.
4c). The 3'®0 time series varies from —13.6 to —9.1%c
VPDB (4.5%0 total range). This sample is part of the
“Leviathan Chronology,” which combines samples from
two other Nevada Caves, Pinnacle Cave and Lehman
Caves, to show a Great Basin-wide response to
regional- and  global-scale climate change via
precessional-scale orbital forcing (Lachniet et al., 2014;
Lachniet et al., 2017; Lachniet et al., 2020). The
Leviathan Cave record was not interpreted in the context
of kinetic effects because the modern cave environment is
characterized by constant temperature and relative
humidity approaches 100 %. In Nevada, modern SISOpre_
cipitation values are strongly correlated with temperature,
both on temporal and spatial (i.e. across the state) scales,
and are inversely correlated with the latitude of the
moisture source (Lachniet et al., 2020). Therefore, the
authors interpreted 618Ospeleothem as a proxy for the tem-
perature and moisture source region of winter
precipitation.

2.2. The Lehman Caves records (LMC-12b and WR-11)

2.2.1. Sample LMC-12b age model, 618051,61@0,,,(,,” record
construction, and 88 O-based interpretation

We collected Lehman Caves sample LMC-12b as a bro-
ken and down stalagmite in 1999 and present a preliminary
record from U-series and 3'0 analyses (Supplementary
Material, Figs. S3 and S4, Tables S4 and S5). While the
sample grew intermittently in three periods over the last
120 ka (123-120, 53-43, and 16-6 ka), for this study we pre-
sent the < 16 ka section to compare with the nearby,
similar-aged section of the Leviathan Cave record. Within
this section, the SISOSPe]eothem record ranges from —11.1 to
—3.6%0 VPDB (7.5%o total range) and mimics the shape of
the Leviathan Cave record (Fig. 4d). This suggests that,
at least in part, the Lehman Caves SISOSpelemhem record
was created by similar SlsOprecipimion variability invoked
to explain the Leviathan Cave record. However, given its
much larger range over the same time period (=7%o vs.
3.5%o, respectively) and that BlgOspeleothem is significantly
higher than would be expected from carbonate formed in
equilibrium with modern cave water (=~13.5 to —11.5%0
VPDB; Coplen, 2007; Kim and O’Neil, 1997; Lachniet et
al., 2014; Wostbrock et al., 2020a; Friedman and O’Neil,
1977; Affek and Zaarur, 2014), we consider it likely that
sample LMC-12b was additionally influenced by evapora-
tive and/or cave kinetic effects.

2.2.2. Sample WR-11

Lehman Caves speleothem WR-11 was sampled for
stable isotope- (8'%0 and 3'°C) and elemental ratio- (e.g.,
Mg/Ca) based paleoclimate records (Steponaitis et al.,
2015). The record covers much of the Holocene, including
11.5-3.8 ka (Fig. 4e), with 8'80 varying from —12.6 to —

10.0%0 VPDB (2.6%0 total range). Because relative humidity
in the modern cave is high and modern cave waters fall on
the local meteoric water line, the record is unlikely to have
experienced significant within-cave evaporation. However,
the 618Ospeleothem record does not replicate with another
record from the same cave (CDR3; Steponaitis et al.,
2015) and shows only partial agreement with the nearby
Leviathan Cave Record (LC-1) (Lachniet et al., 2014) that
is strongly correlated to orbital insolation values over the
last glacial cycle (Fig. 4c). In addition, the 5'%0 record cor-
relates with the 8'3C and Mg/Ca records, which show over-
all increases through the Holocene (-5 to —2%0 VPDB and 2
to 6 mmol/mol, respectively). The authors therefore sug-
gested that, in addition to changes in 8"y ccipitations Vari-
able cave kinetic effects may have been important in
driving SISOspelemhem. This could have been caused by prior
calcite precipitation, where slower infiltration rates per-
mitted substantial CO, degassing, and therefore calcite pre-
cipitation, before water reached the drip site. Alternatively,
kinetic fractionation may have occurred at the drip site
from rapid CO, degassing forcing calcite precipitation.

3. EXPERIMENTAL SETUP AND PREDICTED
TRENDS

3.1. Experimental setup

3.1.1. Analytical considerations

Our methodology for measuring triple oxygen isotopes
in waters and carbonates (see below, section 4.4 Triple oxy-
gen isotope analyses) allowed for A’'7O analyses with single-
replicate external precision of =10 per meg (1 &), similar to
that achieved by other laboratories and methodologies
(Barkan and Luz, 2007; Passey et al., 2014; Gazquez et
al., 2018; Sha et al., 2020; Wostbrock et al., 2020a, 2020b;
Passey and Levin, 2021). We considered this precision
and the long analytical time (~2.5 hr/replicate) as part of
our experimental setup. Because A’'’O values are expected
to vary by only a few tens of per meg, robustly defining a
A'V0 excursion requires many replicates or samples with
a large 8'%0 range (i.e., maximizing the 8'80 variability
maximizes the potential to detect A’'’O variability). We
used a Monte Carlo assessment of our analytical capabil-
ities to identify the likely number of samples and replicates
that would reasonably identify data trends (>90 % of the
time) (Supplementary Material text and Fig. S1). For spe-
leothems exhibiting 2.5-4.5%c 8'80 variability (COB-01-
02, LC-1, and WR-11), the results suggested that 5-10 sam-
ples with 4 replicates each would be required to distinguish
Rayleigh distillation and cave kinetic trends (modeled as
trends with slopes of 0 and + 7 per meg/%o, respectively).
On the other hand, discerning Rayleigh distillation and eva-
poration trends is more difficult because the slopes can be
more similar (0 and < -2 per meg/%o, respectively). Even
for a speleothem exhibiting ~7%o 8'80 variability (LMC-
12b), the results suggested that 17 samples with 4 replicates
might be required to distinguish Rayleigh-style and eva-
poration trends. We therefore maximized our ability to
resolve A’'’O signals by (1) drilling samples to maximize
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the BISOspeleolhem range investigated, (2) making only quali-
tative predictions of A''70O vs. 8'%0 trends (positive, nega-
tive, or horizontal), (3) and combining data sets where
feasible to increase the SISOSpelemhem range investigated.

3.1.2. Predicted trends

The Cave of the Bells and Leviathan Cave records share
attributes with other published speleothem records that are
accepted by the paleoclimate community as useful for
paleoclimate reconstruction. The records (1) have support-
ing evidence that they were minimally influenced by cave
kinetic effects (e.g., via cave sampling strategy and Hendy
tests; Hendy, 1971), (2) show unambiguous ties to estab-
lished paleoclimate phenomena (e.g., correlation to other
regional and global paleoclimate records), (3) are inter-
preted based on an understanding of the modern hydrolo-
gic system, and (4) have interpretive frameworks that are
limited to a few major processes. In contrast, although
the Lehman Caves samples were chosen based on similar
parameters (e.g., they were taken from deep within the
cave), they were likely influenced by cave kinetic or local
evaporation effects (i.e., the LMC-12b §'%0 profile mimics
that of LC-1 but is greatly exaggerated; the WR-11 5'%0
record does not replicate nearby 8'%0 records and covaries
with the §'>C and Mg/Ca records).

If the previously published interpretive frameworks
developed for each of the 51808pelemhem records are cor-
rect and 5'%0 variability largely results from one or
two major processes, then variability in the A’'7O vs.
3''0 data should be well described by the associated
geochemical models of Fig. 2. This parsimonious
approach inherently assumes that the dominant processes
controlling 51805pelemhem did not change through time,
which could be tested in future studies by examining indi-
vidual climate intervals with higher-resolution sampling.
If previous interpretations are viable, data from Cave
of the Bells and Leviathan Cave should show near-
horizontal to negative trends consistent with control by
Rayleigh distillation, temperature of mineralization, preci-
pitation seasonality, and moisture source conditions.
Additionally, control by regional-scale processes means
that the reconstructed formation waters (especially for
Holocene samples with well-constrained formation tem-
peratures) should fall on the associated modern meteoric
water line.

In contrast, if the Lehman Caves stalagmites selected for
study were significantly influenced by cave-specific kinetic
processes, data should not create horizontal trends. Sample
LMC-12b should exhibit either a negative or positive trend
in response to variable local evaporation or cave kinetic
effects while data from sample WR-11 should display a
positive trend consistent with variable cave kinetic effects.
In addition, because the Leviathan Cave and Lehman
Caves systems are nearby, it is reasonable to expect they
experienced the same regional climate change through time.
In conjunction with how Lehman Caves sample LMC-12b
presents an exaggerated profile of Leviathan Cave stalag-
mite LC-1, this additionally suggests that a combined data
set should emphasize the trend observed in the LMC-12b
data set, regardless of individual data set trends.

4. METHODOLOGY
4.1. Materials and nomenclature

The data presented here comprise 5'%0 and A’'’O ana-
lyses from speleothem carbonates and meteoric waters.
Published triple oxygen isotope analyses of most materials
are temporally and spatially limited, so we used isotopic
analyses of water samples to understand seasonal variabil-
ity in precipitation and drip waters (as in Fig. 2f). We tested
our predictions using isotopic analyses of speleothem car-
bonates and modern waters in conjunction with recon-
structed formation water isotope composition. We used
several different methodologies to acquire 8'*0 data
because “traditional” §'#0 methods [cavity ringdown spec-
troscopy (CRDS) and phosphoric acid digestion—CO, Iso-
tope Ratio Mass Spectrometry for waters and carbonates,
respectively] have better precision than our reduction-
fluorination triple oxygen isotope methodology (generic 1
o values of < 0.2%0 and 0.8%o, respectively) due to fractio-
nations occurring during sample preparation. However,
these fractionations do not materially alter the high-
precision A’''7O analyses because they affect samples in a
mass-dependent way (Barkan and Luz, 2007
Schoenemann et al., 2013; Passey et al., 2014; Wostbrock
et al. 2020b). We therefore used traditional method 3'30
values in combination with our reduction-fluorination-
based A’'7O values to produce the highest-quality data set
(Supplementary Material, Tables S1-S3).

Our data reporting nomenclature is based on Passey et
al. (2014) and gives the isotope value followed by the ana-
lyzed material and initial material in parentheses. For
example, the &'®0 of a carbonate analyzed as CO, will
be reported as §'0(CO,/CaCO;), the 520 of a water
analyzed as H,O(, will be reported as &'*O(H,O)/
H>O), and the A'Y70 of a carbonate derived from O, will
be reported as A’'70(0,/CaCOs). Note as well that while
we presented the overview of published SISOSPelwhem data
relative to VPDB (Fig. 4), consistent with the original pub-
lications, we normalize all data for this study to VSMOW
(traditional 5'®0 analyses) and VSMOW-SLAP (triple oxy-
gen isotope analyses).

4.2. Water sample selection and 3'0 analyses

Archived meteoric water samples, originally analyzed
for 8'%0 (and in some cases 8D), were available from the
Cave of the Bells, AZ field site (precipitation and drip
water) and the Las Vegas Valley, NV (precipitation)
(Wagner et al., 2010; Truebe, 2016; Lachniet et al., 2017;
Lachniet et al., 2020) (Supplementary Material text, Tables
S1 and S2). We used Las Vegas Valley precipitation (610 m
above sea level, asl) as analogous to that experienced at
Leviathan and Lehman Caves (190 and 325 km away and
at 2400 and 2080 m asl, respectively; Lachniet et al.,
2014). Many water samples had been archived for 5-
10 years before our analyses, so evaporation or isotopic
exchange during storage was a concern. We therefore only
used samples with minimal change in §'%0 (<0.3%0, n = 2)
or where d-excess did not change appreciably (where data
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was available, <1.2 per mil change, » = 3). We supplemen-
ted these samples with new precipitation samples from the
Las Vegas Valley (n = 10) and from Kartchner Caverns
(AZ; Fig. 4) (n = 4), which reasonably represents Cave of
the Bells (sites are 50 km apart). We analyzed samples at
the University of Michigan and the University of Utah
SIRFER lab using CRDS (Picarro L2130i Analyzer). At
the University of Michigan, we normalized isotope compo-
sitions to the VSMOW-SLAP scale using USGS reference
waters (USGS45, 46, 49, and 50) and four in-house liquid
standards (MDIW2, EVAPDI, GTS, and TTNS), while
the SIRFER lab used in-house liquid standards PZ and
UT2, with standard EV used for quality control. The preci-
sion of standards in both labs was better than 0.1%. and
0.3%o for 8'30 and 8?H, respectively. In total, the precipita-
tion dataset comprises nineteen samples and spans the
known seasonal cycle of isotopic variation, with §'%0 of
samples ranging from —17 to 2%. (Wagner et al., 2010;
Eastoe and Dettman, 2016; Lachniet et al., 2020).

4.3. Speleothem drilling, age models, and 30 analyses

We sampled speleothem calcite to cover the range of
available 3'%0 variability previously established in each
record (Fig. 4; Supplementary Material, Table S2, Fig.
S4). We needed a minimum of 30 mg of material for each
sample so that we could ideally acquire four A’'7O analyses
(as O,; ~7 mg/analysis) and one 3180 analysis (as COy;
<100 pg/analysis) (see Supplementary Material for full dril-
ling details). We aligned samples from COB-01-2, LC-1,
and WR-11 following the age models presented in their
respective publications (Wagner et al., 2010; Lachniet et
al., 2014; Steponaitis et al., 2015). Eight samples from
COB-01-2 cover 50-20 ka, ten samples from LC-1 cover
the last glacial period to the present (100-0 ka, with four
samples from the Holocene), seven samples from LMC-
12b cover 16-6 ka, and six samples from WR-11 cover
11-4 ka.

We analyzed carbonate 3'%0 at the University of Michi-
gan’s Stable Isotope Lab (SIL), the Paleoclimate and Com-
mon Era lab (PACE), and the Isotopologue Paleosciences
Laboratory (IPL). For SIL and PACE analyses, the analyst
converted samples (70-90 ug) to CO, using standard phos-
phoric acid digestion (McCrea, 1950) via a Kiel IV auto-
mated preparation device before analysis on an MAT253
mass spectrometer. We normalized 5'%0 values to the
VSMOW scale using standards NBS-18 (7.20%0 VSMOW)
and NBS-19 (28.65%0 VSMOW), with precision better than
0.1%o0 (8'3C values were similarly normalized to NBS-18 =
—5.09%0 and NBS-19 = 1.96%0 VPDB with precision better
than 0.1%0). For IPL analyses, we converted samples (30—
40 pg) to CO, using standard phosphoric acid digestion
on a clumped isotope extraction line (Passey et al., 2010;
Henkes et al., 2014) before analysis on a Nu Perspective
mass spectrometer. We normalized 5'%0 values to the
VSMOW  scale using standards IAEA-C2 (21.70%0
VSMOW) and ETH-1 (28.72%0 VSMOW), with precision
better than 0.1%0 (8'>C values were similarly normalized

to IAEA-C2 = —8.25%0 VPDB and ETH-1 = 2.02%0 VPDB
with precision better than 0.1%o).

4.4. Triple oxygen isotope analyses

Our method for the 870 and &30 analyses used to cal-
culate A’'70 is detailed in Passey et al. (2014), so we only
present a brief overview here. We converted waters and car-
bonates to O, before analysis on a Nu Perspective mass
spectrometer to avoid isobaric interferences (i.e., if a carbo-
nate is measured as CO», analysis of '2C!70'®0 is compli-
cated by the presence of the "*C'®0'®0 isotopologue) (e.
g., Craig, 1957; Santrock et al., 1985; Brand et al., 2010;
Schauer et al., 2016). For waters, we converted samples to
O, using a cobalt(IIl) fluoride reactor (Barkan and Luz,
2005). For carbonates, we converted samples to CO, via
acid digestion at 90 °C, reduced them to H,O via reaction
with H, in the presence of an iron catalyst, and then con-
verted them to O, with the cobalt(IIl) fluoride reactor
(Passey et al., 2014). Analytical sessions are delineated by
the replacement of the cobalt(III) fluoride reactor and bro-
ken into segments if there are major changes to the system
(e.g., replacement of the source filament). We used a peri-
staltic pump or, beginning with Reactor 15, segment 2
(Supplementary Material, Table S1), an H,-driven continu-
ous flow setup to pass the sample repeatedly through the
reduction chamber (Passey et al., 2014). The A’'7O values
of carbonate standards analyzed before and after this
change in methodology are identical within error.

Our sample preparation system exhibits memory effects
(Passey et al., 2014), largely localized in the cobalt(III)
fluoride reactor, that we mitigated by minimizing §'%0 dif-
ferences between sample analyses and (primarily for waters)
priming the CoFj; reactor with several injections of a sample
before analysis (Supplementary Material text, Fig. S2). We
accounted for isotopic drift within analytical sessions by
running standard and sample replicates multiple times
throughout each run. We ran at least two replicates for
all water samples and attempted to run at least four repli-
cates for all carbonate samples.

We normalized water and carbonate samples to
VSMOW and SLAP analyses in each reactor segment (Sup-
plementary Material, Table S1). For VSMOW, we defined
the 8'%0, 870, and A’'7O values as 0%o, 0%o, and 0 per
meg, respectively. For SLAP, we defined values as —
55.5%0, —29.6986%0, and 0 per meg (Schoenemann et al.,
2013). An alternate proposed value of A’'’O = —15 per
meg for SLAP (Wostbrock et al., 2020b) does not change
our interpretations. We generally ran these water standards
in groups of 4 replicates each on a monthly to semi-monthly
basis (every ~60-80 analyses). For sessions with more than
one group of standards (i.e., multiple sets of VSMOW and
SLAP replicates), we first applied a time-dependent linear
correction based on the raw VSMOW mass 34/32 and
33/32 ratios to correct for instrumental drift. This correc-
tion is relatively small (<5 per meg) and the way replicates
are staggered throughout analytical sessions avoids biasing
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any individual sample. Then, data were normalized to
VSMOW and SLAP following Schoenemann et al. (2013).

Carbonate samples undergo acid digestion and CO,
reduction steps that VSMOW and SLAP analyses do not
account for, so we applied additional normalizations to
170, 880 and A’V7O values. This normalization is tied
to the data of Wostbrock et al. (2020b), who determined
values for TAEA-603 (as calcite) based on a quantitative
fluorination method. First, following Passey et al. (2014),
we corrected carbonate 8'3%0(0,/CaCOs) values via the
3'%0(C0O,/CaCO5) analyses of working standards [i.e.,
regressions between 8'50(0,/CaCO5) and §'*0(CO,/
CaCO3)]. We also corrected carbonate 3'’0(0,/CaCO;)
values assuming no change in A’'7O (Passey et al. 2014).
Then, we calculated mineral values for &'70, &0 and
A'V70 using fractionation factors based on the IAEA-603
values reported in Wostbrock et al. (2020b) (870 = 14.83
1 + 0.007% VSMOW2-SLAP2, 3'0 = 28.470%c
VSMOW2-SLAP2, A''70 = -100 + 7 per meg VSMOW2-
SLAP2) and our long-term average (3'%0 = 36.233 + 1.2
24%0 VSMOW-SLAP, A''70 = -146 + 15 per meg
VSMOW-SLAP). These empirical fractionation
factors, which account for any additional fractionation
induced by the acidification and fluorination steps
of our analytical methods, are
=0.9957458 and
[0
poral drift in A’"'?0(0,/CaCO3) using an offset correction
defined by the observed and defined values of IAEA-603
(reactors 14-16) and IAEA-C1 (reactors 10-16) (both
values defined as —100 per meg VSMOW-SLAP;
Wostbrock et al., 2020b). It is reasonable to expect that
the two standards have similar isotopic composition given
their provenance (IAEA, 2021). Correspondingly, in this
study we found gas analyte values for IAEA-603 (n = 22)
of 3'%0(0,/CaCO;) = 35.934 + 1.438%c VSMOW-SLAP
and A’V70(0,/CaCO5) = 148 + 17 per meg VSMOW-
SLAP and values for IAEA-C1 (n = 48) of §'%0(0,/
CaCO3) = 36.370 £ 1.076% VSMOW-SLAP and A"'70
(0,/CaCO3) = 145 + 14 per meg VSMOW-SLAP.
Reported as mineral values with the temporal drift correc-
tion for A’'70, we found values for IAEA-603 (n = 22) of
3'%0(0,/CaCO;) = 27.801 + 1.476% VSMOW-SLAP
and A''70(0,/CaCO;) = -100 + 9 per meg VSMOW-
SLAP and values for IAEA-C1 (n = 48) of §%0(0,/
CaCO5) = 28.195 £ 1.051% VSMOW-SLAP and A''70O
(0,/CaCO3) = —100 £ 8 per meg VSMOW-SLAP (Supple-
mentary Material, Table S1).

We assessed the repeatability of our A’'7O analyses with
water and carbonate standards that were not used in the
data normalization procedures above. For waters, we mea-
sured standard water USGS-46 as an unknown. Our long
term A0 value for USGS-46 is 18 + 10 per meg
VSMOW-SLAP, whereas in this study we observed a value
of 17 + 10 per meg VSMOW-SLAP (n = 27). For carbo-
nates, in-house standard 102-GC-AZ01 had a A’"70 value
of =67 + 10 VSMOW-SLAP (n = 81) during this study (this
also defines our long-term average). We report analytical
results for all reference materials in the Supplementary

17 B
Linineral—(90°C acid, Os)

18 _
Urnineral—(90°C acid, 0y) = 0-9918723

90°C acid, 0y = 0-5224]. Last, we corrected for tem-

mineral—(

Material, which will allow for retrospective normalization
using alternative schemes (Supplementary Material, Table
S1).

4.5. Estimation of Oc.co,-u,0 and reconstructing formation
water isotope composition

Reconstructing formation water triple oxygen isotope
composition from measured &''80(CO,/CaCO5) and
A'70(0,/CaCO;) requires knowledge of speleothem for-
mation temperature, o'®c,co,-m,0, and Ocaco,—m,0 (used to
calculate o' caco,_m,0 after Eq. (4); see also Supplementary
Material, Matlab Code). We calculated o'3c,co,-m,0 at
modern cave temperature (Cave of the Bells = 19 °C,
Leviathan Cave = 8.2 °C, and Lehman Caves = 11 °C;
Wagner et al., 2010; Lachniet et al., 2014; Steponaitis et
al., 2015) using the calcite calibration of Kim and O’Neil
(1997). For Ocaco,-n,0, several theoretical and experimental
estimates exist that converge on a value of 0.524-0.526 for
most Earth surface conditions (=0-30 °C) (Cao and Liu,
2011; Hayles et al., 2018; Guo and Zhou, 2019b;
Wostbrock et al.,, 2020a; Schauble and Young, 2021;
Sharp and Wostbrock, 2021; Bergel et al., 2020;
Voarintsoa et al., 2020).

We added to these estimates with a suite of synthetic car-
bonates grown at equilibrium conditions (5, 15, and 35 °C,
see Supplementary Material for additional details). Our
method for precipitating carbonate largely followed that
of Ghosh et al., 2006 and Zaarur et al., 2013 (see also, e.
g., Kim and O’Neil, 1997; Wostbrock et al., 2020b and
the compilation of sources therein). We added ~75% of
the maximum solubility of calcite to 1-L of water in
plastic-capped Erlenmeyer flasks and placed these in water
baths held at constant experimental temperature (£0.3 °C)
using Inkbird ITC-308 Digital Temperature Controllers.
We bubbled CO, through the system until calcite visibly
dissolved and then kept the solution under constant tem-
perature to allow isotopic equilibrium to establish (e.g.,
Beck et al., 2005). We precipitated calcite by bubbling
nitrogen directly into the solutions at a rate of a3 bub-
bles/s for two minutes per day, after which we capped
and shook the flask. Calcite formed slowly, with the 5,
15, and 35 °C flasks taking four, five, and two weeks,
respectively, for substantial calcite to form. We verified that
evaporation did not influence samples through no change in
the water level and comparing water 880 and 8D before
and after purging with nitrogen.

Our samples give an average value of Ocico,-m,0 = 0.5
250 + 0.0002 (Table 1; Fig. 5; Supplementary Material,
Table S6). For comparison, we also renormalized data from
Passey et al. (2014) and Sha et al. (2020), Bergel et al.
(2020), and Voarintsoa et al. (2020) to the Wostbrock et
al. (2020b) mineral values used here [Fig. 5, Tables S7-S9;
see renormalization procedures in the next section, 4.6
Renormalization of prior triple oxygen isotope data)]. In this
normalization scheme, the Sha et al. (2020) modern
speleothem-drip water pairs give Ocaco,-n,0 = 0.5251 £ 0.
0003 (formation at 17 + 1 °C), the Passey et al. (2014) com-
bined values for eggshells, a mollusk shell, and coral sample
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Table 1

Data summary for equilibrium-grown calcites and associated waters.

Experiment ~ Growth Water Sample # §170(0,/ 3'1%0(0,/ A'V0(0,/H,0) (per 1 1 1 5'%0 3D(H,On)/ lo lo
ID temperature  sample ID  type replicates  H,O) (%o, H,0) (%o, meg, VSMOW- SEM SEM SEM (H,On)/ H,0)) (%o, 3%0 8D
(°C) VSMOW- VSMOW- VSLAP, . =0.528) &0 &0 A0 H,0p) (%, VSMOW)

VSLAP) VSLAP) VSMOW)
5-3 5 DI170EQ  water 5 —3.589 —6.809 6 0.136 0.251 4 —6.786 —47.276 0.1 0.3
5-3
3.17.2020
5-4 5 DI70EQ  water 2 —3.483 —6.616 10 0.040 0.068 4 —6.595 —46.302 0.1 0.3
5-4
3.17.2020
15-1 15 DI170EQ  water 5 —3.437 —6.525 9 0.045 0.082 2 —6.504 —46.217 0.1 0.3
15-1
3.2.2020
35-1 35 DI70EQ  water 5 —3.420 —6.492 8 0.105 0.192 3 —6.471 —47.797 0.1 0.3
35-1
3.4.2020
Experiment  Growth Carbonate ~ Sample # 3170(0,/ 31800,/ AV0(0,/CaCO5) 1 1 1 83Cc(Cco, 80Oy 16 16
1D temperature  sample ID  type replicates CaCO3) (%o, CaCO3) (%o, (per meg, VSMOW- SEM SEM SEM CaCOj;) (%0, CaCO3) (%o, stc §%0
°C) VSMOW- VSMOW- VSLAP, % = 0.528)' &0 &0 A0 VSMOW)  VSMOW)
VSLAP) VSLAP)
5-3 5 EQ170-5- carbonate 4 13.537 25.812 -91 0.120 0.224 2 —8.082 26.656 0.06 0.11
3
5-4 5 EQ170-5- carbonate 4 13.284 25.330 -90 0.457 0.860 3 —7.708 26.943 0.06 0.11
4
15-1 15 EQ170- carbonate 4 12.574 23.985 -90 0.226 0425 2 —6.960 24.053 0.06 0.11
15-1
35-1 35 EQ170- carbonate 3 9.872 18.822 —66 0.176  0.328 3 —8.468 20.000 0.06 0.11
35-1
EX])el‘imellt Growth 17acalcite— lsacalcite— Ocarcite-
ID temperature  yacer water water
°0)
5-3 5 1.017540 1.033671  0.5251
5-4 5 1.017584 1.033761  0.5250
15-1 15 1.016023 1.030757  0.5247
35-1 35 1.013906 1.026643  0.5252
Average 1.0163 1.0312 0.5250
16 0.0017 0.0033 0.0002

! Normalized to IAEA-603 and IAEA-C1 = —100 per meg (Wostbrock et al., 2020b).
2 Calculated using traditional 5'0 analyses (on water vapor and CO,) and O,-based A’'7O analyses.
3 Calculated using traditional 8'%0 analyses (on water vapor and CO,).

cl
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Fig. 5. Measured values for isotopic fractionation occurring during the calcite-water reaction. (a) The relationship between 1000ln
(2" caco,—m,0) and experimental temperature (as 1000/K). Data from this study are the red x’s, Sha et al. (2020) data are black circles, Passey
et al. (2014) data are blue triangles (note the scatter is likely due to these being O,-based analyses; see Section 4.4 Triple oxygen isotope
analyses for details), Bergel et al., 2020 data are green diamonds, Voarintsoa et al., 2020 data are yellow squares, and Wostbrock et al., 2020a
data are light blue dots. Triple oxygen isotope data are renormalized to the Wostbrock et al. (2020b) mineral values (Passey et al. 2014; Sha
et al., 2020; Bergel et al., 2020; Kim et al., 2007; Kim et al., 2015; Wostbrock et al., 2020b; Voarintsoa et al., 2020; Supplementary Material,
Tables S7-S10). For comparison, the compilation of Wostbrock et al., (2020a) is the light gray circles. Best fit lines are shown for data with
significant temperature spread, but a line is not shown for the Passey et al. (2014) data as the O,-based analyses are not precise enough for
useful comparison. (b) Estimates of Ocaco,-n,0 Vs. experimental temperature (°C), with symbols and colors as in panel (a).

give Ocuco,—n,0 = 0.5248 £+ 0.0004 (formation at 39, 24, and
26 °C, respectively), the Bergel et al. (2020) values for fresh-
water mollusks give Ocaco,—n,0 = 0.5248 £ 0.0004 (forma-
tion at 15-28 °C), and the Voarintsoa et al. (2020) values
for inorganic calcite and aragonite precipitations give
Ocacos—m,0 = 0.5239 £ 0.0005 (formation at 15-28 °C).

Our new data and the renormalized data support
Ocaco,-m0 = 0.524-0.526, but differences in the fourth dec-
imal place are important for accurate reconstructions and
cause 10 s per meg differences in reconstructed formation
water A’'70. We therefore temporarily accept the average
of values from Passey et al., 2014, Sha et al., 2020, and this
study (Ocaco,-mo0 = 0.5250 % 0.0003; n = 22) as most
internally consistent and relevant for reconstructing spe-
leothem formation water A’'’O. Regardless, other defini-
tions for (Xlgcaco3,H20 or GCaCngHzO (C.g., Kim and O’Neil,
1997; Coplen, 2007; Affek and Zaarur, 2014; Wostbrock
et al., 2020b; Bergel et al., 2020; Voarintsoa et al., 2020)
would not affect overall trends of reconstructed formation
waters in A’'7O vs. §'%0 space (Supplementary Material,
Matlab Code). However, they would affect absolute values
of reconstructed formation waters. For example, use of the
Wostbrock et al. (2020b) calibrations for Oc.co,-n,0 and
oc18Cac03,H20 would yield A0 values 10-30 per meg lower
than we report.

In addition, while many of our samples are Holocene in
age and likely formed at similar temperatures to modern,
those formed during the last glacial period likely experi-

enced significantly lower temperatures (e.g., Stute et al.,
1995; Reinemann et al., 2009; Marchetti et al., 2011;
Barth et al. 2016; Harbert and Nixon, 2018; Huth et al.,
2020; Quirk et al., 2020) that are harder to constrain. A
temperature uncertainty of + 5 °C translates to an uncer-
tainty in reconstructed water &'%0 of =1%o (e.g., Kim
and O’Neil, 1997) and in A"V70 of ~5 per meg (i.e., within
analytical error). Given that pre-Holocene samples likely
formed at colder temperatures than their Holocene counter-
parts, reconstructed &'80 values will be underestimated
and A'V70 values will be slightly overestimated. Regardless
of this error, the broad-scale patterns we interpret do not
depend on specific knowledge of the formation tempera-
ture, as demonstrated by a Monte Carlo simulation with
temperature ranges of, as compared to modern, +2 °C for
Holocene samples and —15 to —5 °C for pre-Holocene sam-
ples (Supplementary Material text, Fig. S5) (e.g., Stute et
al., 1995; Reinemann et al., 2009; Marchetti et al., 2011;
Barth et al. 2016; Harbert and Nixon, 2018; Huth et al.,
2020; Quirk et al., 2020).

4.6. Renormalization of prior triple oxygen isotope data

We renormalized data from Passey et al. (2014), Sha et
al. (2020), Bergel et al. (2020), and Voarintsoa et al.
(2020) to allow direct comparison with prior estimates of
Ocaco,-m0 and speleothem triple oxygen isotope data
(Sha et al. 2020).
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4.6.1. Renormalization of Passey et al. (2014) data
Renormalizing the data of Passey et al. (2014) to the
values of Wostbrock et al. (2020b) largely followed the
same procedure as this study, except that we corrected sam-
ples to the mineral value of NBS-19 (note that IAEA-603 is
intended to replace NBS-19; IAEA, 2021) (Supplementary
Material, Table S9). Wostbrock et al. (2020b) give values
for NBS-19 of §'70 = 14.923 + 0.010% VSMOW2-
SLAP2, 5'*0 = 28.650% VSMOW2-SLAP2, A''’0 = 10
2 4+ 10 per meg VSMOW2-SLAP?2. The empirical fractiona-
tion factors used to account for any additional fractiona-
tion induced by the acidification and fluorination steps of
our analytical methods are

0.9957782 and 18y

17

Lmineral—(90°C acid, O,)
‘mineral—(90°C acid, Oy) — 0.9919498
90°C acid, 0y = 0-5234] (note samples were analyzed

[emineral—(
on a different instrument at Johns Hopkins University). For
the temporal drift correction, not all sessions for the Passey
et al. (2014) data had NBS-19 analyses. In these cases, we
corrected to the long-term average of internal standard
Tank CO2 (A0 = —77 + 6 per meg VSMOW2-SLAP2),
as identified from reactors with analyses of both Tank
CO2 and NBS-19 (Supplementary Material, Table S9).

4.6.2. Renormalization of Sha et al. (2020) data

We renormalized the Sha et al. (2020) carbonate data
(their Tables 4-6) to the Wostbrock et al. (2020b) mineral
values for NBS-18 and IAEA-603 (Supplementary Mate-
rial, Table S7; note we did not renormalize water data,
which was already calibrated to VSMOW-SLAP). Sha et
al. (2020) reported measured values (for some samples, their
Table 4) and normalized values (their Tables 4-6) of 3'70,
3180, and A''7O for waters and speleothems. They deter-
mined that their measured 8'%0 values for standards
NBS-18 and TAEA-603 (17.481 and 39.092%c VSMOW,
respectively) were within error of the accepted values
(17.506 and 39.002% VSMOW, respectively) and applied
no further correction (i.e., measured and normalized 8180
values are the same). To acquire measured 870 values
for all samples, we inferred the parameters used in the
two-point normalization scheme of Sha et al. (2020) (i.e.,
we developed a linear regression between samples with both
measured and normalized §'’0 data reported) and used
these to calculate measured 8'’0O from normalized 'O
(Supplementary Material, Table S7). We used the measured
and normalized 3'70 values to infer the normalization
parameters for two reasons. First, based on their reported
data (their Table 4), we inferred that Sha et al., 2020 used
a 8'70 value for IAEA-603 of 20.256 % VSMOW instead
of the reported 20.218 %0 VSMOW. Correcting for this
would lower sample A"'7O values by 16-37 per meg. Sec-
ond, Sha et al., 2020 define accepted 3'*0 values for stan-
dards as IAEA-recommended mineral values, but define
370 and A'V70 values based on CO, extractions (Barkan
et al., 2019). While Barkan et al., 2019 also start from
IAEA recommended values in defining accepted 'O
values for standards, they additionally account for fractio-
nation occurring during acid digestion (at 25 °C) in their
definition to make the values directly comparable to their
analyses of CO, extracted from carbonates. The difference

in these 8'%0 definitions is significant if 5'%0 data are also
corrected with a two-point normalization scheme, increas-
ing sample A"'7O by 4-35 per meg. Note, however, that
the combined effect of these changes is small, producing
A0 values <12 per meg more negative than reported in
Sha et al. (2020) (their Tables 4-6). After calculating mea-
sured 870 values for all data, and following the approach
used in this study, we developed a new two-point normali-
zation scheme for 87O and 3'%0 data using the measured
NBS-18 and TAEA-603 values reported by Sha et al.
(2020) and the corresponding mineral values of
Wostbrock et al. (2020b) (Supplementary Material, Tables
S7 and S8; an example calculation is supplied in the Supple-
mentary Material, Matlab Code). We set the accepted stan-
dard A0 values to IAEA-603 = —100 per meg and NBS-
18 = —48 per meg, 3'%0 values to the accepted ITAEA (Inter-
national Atomic Energy Agency) values (28.470 and
7.200%0 VSMOW, respectively), and then calculated stan-
dard 8'70 values following Eq. (2) (14.831 and 3.747%o
VSMOW, respectively). Finally, following the procedure
outlined above (section 4.5 Estimation of Ocaco,-mn,0 and
reconstructing formation water isotope composition) we
reconstructed formation water isotope composition using
the preferred temperature estimates of Sha et al. (2020)
(their Table 8; Supplementary Material, Table S8).

4.6.3. Renormalization of Bergel et al. (2020) and
Voarintsoa et al. (2020) data

We renormalized data from Bergel et al. (2020) and
Voarintsoa et al. (2020) to the Wostbrock et al. (2020b)
mineral values for NBS-18 and IAEA-603 (Supplementary
Material, Table S10; again, we did not renormalize water
data, which was already calibrated to VSMOW-SLAP). We
developed a two-point normalization scheme for 870 and
3180 data using the measured CO, values of NBS-18 and
TAEA-603 reported by Barkan et al. (2019) and the corre-
sponding CO, values of Wostbrock et al. (2020b) (Supple-
mentary Material, Table S10; an example calculation is
supplied in the Supplementary Material, Matlab Code). We
set the accepted standard A0 values to IAEA-603 =
—147 per meg and NBS-18 = —100 per meg, 5'%0 values to
the accepted IAEA (International Atomic Energy Agency)
values (39.012 and 17.524 % VSMOW, respectively), and
then calculated standard 8'’0 values following Eqn. 2
(20.262 and 9.114 %0 VSMOW, respectively). We converted
data from CO, values to mineral values by applying an acid
fractionation factor. Following Voarintsoa et al. (2020), for
3'%0 data we used a mixing model to account for the mixed
aragonite-calcite samples and acquire an overall 8y cia for
each sample (for digestion at 25 °C, lgaaragomte = 1.01063
and Bogeie = 1.01025; Kim et al. (2015); Kim et al.
(2007)). For 5'70 data, we calculated o4 for each sample
using the Wostbrock et al. (2020b) value for 0,.4. 0.5230.

5. RESULTS
5.1. Modern water isotope composition

In the samples analyzed here, modern precipitation from
Cave of the Bells and Kartchner Caverns, AZ (n = 10)
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Table 2

Summary of speleothem and associated water triple oxygen isotope data, traditional stable isotope data, ages, and metadata.

Speleothem  Sample ID # F170(0yf 31800,/ AVO(0,/ 1 SEM 1 SEM 1 SEM age (yr 33C(COo,  3'%0(CO, 16 16
1D replicatess CaCO3) (%0, CaCOs) (%o, CaCOj) 30 3'1%0 A0 BP)’ CaCO3) CaCO;) 8%C "0
VYSMOW- VYSMOW- (per meg, (%o, (%o,
VSLAP) VSLAP) VSMOW- VPDB) VSMOW)
VSLAP,
A = 0.528)'

Cave of the Bells
COB-01-02 COB-0102-25.5- 4 10.163 19.381 -71 0.130 0.249 4 19,814 -1.7 19.6 0.05  0.09

21.5
COB-01-02 COB-0102-462 4 10.640 20.302 —80 0.137 0.257 3 37,962 -8.0 20.6 0.05  0.09
COB-01-02  COB-0102-60 4 10.471 19.991 —84 0.063 0.117 3 40,551 -1 19.8 0.05  0.09
COB-01-02 COB-0102-88.6 4 10.793 20.607 —88 0.210 0.391 4 46,313 -7.6 21.0 0.05  0.09
COB-01-02  COB-0102-99.6 4 10.137 19.361 —86 0.160 0.297 3 47,375 —6.3 19.7 0.05  0.09
COB-01-02  COB-0102-107.7 4 10.593 20.225 —86 0.311 0.586 5 49,403 -72 20.9 0.05  0.09
COB-01-02  COB-0102-112.8 4 11.156 21.272 -75 0.312 0.587 5 51,018 -5.3 22.0 0.05  0.09
COB-01-02  COB-0102- 3 11.273 21.512 -85 0.141 0.268 3 52,173 —6.9 21.9 0.05  0.09

55KYR
Leviathan Cave
LC-1 LC-1-0-2 4 9.606 18.343 —-79 0.204 0.387 2 45 —4.9 19.0 0.05  0.06
LC-1 LC-1-37.5-39.5 5 9.965 19.008 71 0.348 0.654 4 1043 —4.1 19.4 0.05  0.06
LC-1 LC-1-164-168 4 10.916 20.823 -79 0.128 0.238 2 8534 2.3 20.7 0.05  0.06
LC-1 LC-1-181.5-183 4 9.544 18.218 -75 0.398 0.749 3 12,158 -1.2 19.0 0.05  0.06
LC-1 LC-1-192-193.5 4 8.568 16.363 -71 0.710 1.343 7 34,632 14 17.9 0.05  0.06
LC-1 LC-1-236.5-238.5 4 9.953 18.980 —68 0.217 0.417 5 49,194 2.3 183 0.05  0.06
LC-1 LC-1-305-307.5 4 9.780 18.671 —78 0.366 0.690 3 75,583 —2.1 18.6 0.05  0.06
LC-1 LC-1-376-378 4 10.548 20.119 -75 0.100 0.186 6 81,001 21 20.0 0.05  0.06
LC-1 LC-1-429-430.5 4 9.617 18.357 76 0.440 0.826 4 87,625 -1.7 18.7 0.05  0.06
LC-1 LC-1-508.5-511.5 4 10.550 20.144 —86 0.102 0.188 3 101,486 -0.8 20.6 0.05  0.06
Lehman Caves
LMC-12b  LMC-12b-4-5 3 10.668 20.373 —89 0.717 1.348 5 6204 —0.9 21.5 0.05  0.06
LMC-12b  LMC-12b-9-10 1 13.322 25.409 —-93 - - - 7075 8.9 25.6 0.05  0.06
LMC-12b  LMC-12b-12-13 3 12.805 24.429 —94 0.047 0.086 2 7834 6.7 248 0.05  0.06
LMC-12b  LMC-12b-15-17 4 12.366 23.597 —-93 0.220 0.415 2 9097 2.8 23.4 0.05  0.06
LMC-12b  LMC-12b-21-22 4 12.518 23.886 —94 0.198 0.374 1 11,400 6.8 24.3 0.05  0.06
LMC-12b  LMC-12b-29.5- 4 11.107 21.189 —81 0.472 0.889 3 14,084 1.0 21.6 0.05  0.06

30.5
LMC-12b  LMC-12b-36-37 4 10.802 20.606 —78 0.518 0.980 3 15,779 -1.8 21.0 0.05  0.06
WR-11 WR-11-0-1 4 9.748 18.617 -82 0.446 0.842 2 4095 24 19.8 0.05  0.06
WR-11 WR-11-7-8 4 10.421 19.886 -79 0.264 0.504 3 5212 -2.0 20.1 0.05  0.06
WR-11 WR-11-17-18 4 10.017 19.130 —-83 0.229 0.438 3 7106 2.6 19.0 0.05  0.06
WR-11 WR-11-21-22 4 9.618 18.368 —80 0.511 0.962 5 7765 -1.9 19.7 0.05  0.06
WR-11 WR-11-33.5-34.5 4 8.887 16.971 -73 0.371 0.708 8 8969 —4.1 18.5 0.05  0.06
WR-11 WR-11-60.5-61.5 4 9.999 19.078 —74 0.324 0.612 5 11,114 -3.3 18.7 0.05  0.06
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Table 2 (continued).

Water site  Sample ID # 3100y 3180(0,f AT0(0,/H,0) 1SEM 1 SEM 1 SEM collection  $'%0 SD(H,0/ 1o 1o
D’ replicates  H,0) H,0) (per meg, 30 3'"1%0 A0 date (H20y/ H,0q) (%0, 3'*0 3D
(%o, (%o, VSMOW- H,0q)) (%0, VSMOW)*
YSMOW- VSMOW- VSLAP, VSMOW)*
VSLAP) VSLAP) A = 0.528)
Cave of the Bells-Popcorn Room (drip water)
COB-PR COB-PR-6FEB11 3 —4.001 —7.610 17 0.278 0.526 4 06-02-2011 —8.9 —61.2 0.1 0.3
COB-PR COB-PR- 3 —4.199 —8.009 29 0.195 0.359 6 20-08-2011 -8.9 —61.2 0.1 0.3
20AUGI1!1
Cave of the Bells-Rain Gauge
COB-RG COB-RG- 4 —0.726 —1.389 7 0.232 0.429 7 13-07-2006 —2.3 —-11.4 0.1 0.3
13JULO06
COB-RG COB-RG- 4 —2.535 —4.810 5 0.287 0.540 3 20-08-2006 —5.6 —-37.4 0.1 0.3
20AUG06
COB-RG COB-RG- 4 —2.429 —4.602 1 0.299 0.557 5 19-11-2006 —5.5 —46.9 0.1 0.3
19NOV06
Nevada-Las Vegas Valley (precipitation)
NV-UNLV  NV-19-10003 2 —3.907 —7.426 14 0.053 0.104 2 06-03-2019 -7.8 —62.7 0.1 0.3
NV-UNLV  NV-19-10008 2 —3.098 —5.851 -9 0.019 0.036 0 21-04-2019 -6.2 —61.3 0.1 0.3
NV-UNLV  NV-19-10012 2 —5.399 —10.267 21 0.004 0.002 3 10-05-2019 —10.8 -79.0 0.1 0.3
NV-UNLV  NV-19-10015 2 0.864 1.675 -21 0.015 0.031 1 31-07-2019 1.7 1.3 0.1 0.3
NV-UNLV  NV-19-10026 2 —8.386 —15.926 23 0.075 0.149 4 27-12-2019 -17.1 —128.5 0.1 0.3
NV-UNLV  NV-19-10030 2 —4.378 —8.317 14 0.006 0.010 0 10-02-2020 —8.6 —60.8 0.1 0.3
NV-UNLV  NV-19-10037 2 —4.938 -9.414 33 0.032 0.054 3 21-03-2020 -9.8 —65.0 0.1 0.3
NV-UNLV  NV-19-1004 2 —2.896 —5.506 11 0.001 0.000 1 11-03-2019 -5.9 —44.6 0.1 0.3
NV-UNLV  NV-19-10041 2 1.074 2.115 —43 0.047 0.098 5 21-04-2020 1.8 —12.0 0.1 0.3
NV-UNLV  NV-19-10047 2 —6.058 —11.547 39 0.010 0.026 4 07-11-2020 —12.0 —86.0 0.1 0.3
Kartchner Caverns-Rain Gauge
KRC-RG KRC-RG-6JUL20 2 —4.664 —8.852 10 0.038 0.069 1 06-07-2020 —9.2 —79.1 0.1 0.3
KRC-RG KRC-RG- 2 —1.534 —2.867 -20 0.103 0.209 8 19-07-2020 —-3.5 -30.2 0.1 0.3
19JUL20
KRC-RG KRC-RG- 2 —1.068 —2.029 3 0.022 0.028 7 03-08-2020 —3.7 -21.6 0.1 0.3
3AUG20
KRC-RG KRC-RG- 2 —1.213 —2.291 —4 0.004 0.006 1 13-08-2020 —-2.8 -23.7 0.1 0.3
13Aug20

! Normalized to TAEA-603 and TAEA-C1 = —100 per meg (Wostbrock et al., 2020b).

2 Age models follow the original publication (note LMC-12b is presented new here). Wagner et al (2010) uses a spline for the section covered here. All other samples are assigned ages based on
linear interpolation between nearest dates.

3 See Supplementary Materials, Table S4 for data of reanalyzed archived water samples that were rejected based on changes in 8'%0 and/or d-excess values (not all samples were originally
analyzed for dD).

4 Data is from this study. See Supplementary Materials, Table S4 for comparison with original analyses.
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spans &''O(H,0y)/ H,0)) = -9.2-4.5%0 VSMOW-SLAP o
and A''70(0,/H,0) = —20 to 10 per meg VSMOW- I
SLAP while drip water (z = 10) both have §''*O(H,0,,/ g
H,04) = -8.9% VSMOW-SLAP and span A''’O(0,/ TS
H,0) = 17-29 per meg VSMOW-SLAP. Modern precipita- R ® R
tion from the Las Vegas Valley, NV spans §''*O(H,O,,/ 5 = gzeg 22
H,0q) = —17.1 to 1.8% VSMOW-SLAP and A''’0(0,/ silSSsss3 o 333
H,0) = —43 to 39 per meg VSMOW-SLAP. Precipitation
data from these locations show coherent variability in
A0 vs. 8180 space (Fig. 2f, Table 2; see also an expanded
version of Table 2 in Supplementary Material, Table S2). ﬁ =
Consistent with previous analyses, warm season precipita- g 2
tion &80 values are higher than their cool season counter- % N ~ = 2
parts (Wagner et al.,, 2010; Eastoe and Dettman, 2016; E E g (,,_) ~lo o< S
Lachniet et al., 2020). Conversely, warm season precipita- 5 f rz2g@ & g|1888|a°
tion A’'70 values are lower than their cool season counter- 28(SSS3H #E[SSS g E
parts. Drip water 8 '*O(H,0,,)/ H,O)) and A"'70(0,/H,0) 8 g
values from Cave of the Bells are consistent with the cool 7=
.. . . = O
season precipitation data. Combined, the modern water -
data define a local meteoric water line (LMWL) of A''70 ¥ | g
(0,/H,0) = -36 x &'SOMH,0,/ H,04) - 16.7 I Y
(r? = 0.69) and a triple isotope (87O vs. §'%0) slope of é‘_ ao ~ s %
0.5244 (Table 3). The modern water isotope data fall within & g 2z = \‘2 E; inle
the range of unevaporated meteoric water samples (tap, f‘-: %ﬂ — e W 5 % I E =
stream, and river water) reported for the western USA (Li €583 =3= 8 F|afa) 3 i
et al., 2015; Aron et al., 2021; Bershaw et al., 2020). ERlermex ®wwlooS § g
-
5.2. Speleothem isotope composition ;5 B
(=R
NE=R- avoa| o2
The &'®0(C0O,/CaCO5) data from Cave of the Bells o [S333E w |S33|§8
range from 19.6 to 22.0%0 VSMOW and are consistent with = 2
those from the higher resolution §'*0 record (Fig. 4) =
(Wagner et al., 2010). The A’''70O(0,/CaCO;) data range éﬁ
from —88 to —71 per meg (Fig. 6a). The data show no trend =g =) Sw
when plotted in A0 vs. §'®0 space (slope —0.79, e o o &
r? = 0.01) and are inconsistent with a single isotope forcing g f —~omao 2 f © o0 © §h ‘;E
from cave kinetics (7 per meg/%o; p = 0.03) (see Table 3 for (% &2t ao &lezsc %» -
line statistics and results for all test slopes). 2
The & 18O(COz/CaCO3) data from Leviathan Cave e
range from 17.9 to 20.7% VSMOW and are consistent with E39)
those from the higher resolution §'%0 record (Lachniet et _ § 055
al., 2014). The A''70(0,/CaCOs) data range from —87 to § § < SR
—68 per meg. The data show a moderate negative trend _§ go d;f) 930 . E E
when plotted in A"'70 vs. 8'®0 space (slope of —3.56 per g™ 5 RS e
meg/%o, r* = 0.42) and are inconsistent with a single isotope % £ s o e o z g’ . o=
forcing from cave kinetics (p < 0.01) or from Rayleigh dis- f -;O § Socoo .;O glodo ﬁ E
tillation (0 per meg/%o; p = 0.04) (Fig. 6b). gle@a|lT 1111 =& 11 1|82
The &'30(C0O,/CaCO;) data from Lehman Caves sam- E % f
ple LMC-12b range from 21.0 to 25.6%¢ VSMOW and 2 g .
are consistent with those from the higher resolution 5'%0 B 2 5“
record. The A’'70(0,/CaCO5) data range from —94 to —78 8 2’}‘ 'gn g
per meg. The data show a negative trend when plotted in '{'g’ ;] ;i”? _g &
A0 vs. §'80 space (slope of —3.17, 1? per meg/%o = 0.7 4 SE|28
0) and are inconsistent with a single isotope forcing from 8 _ g 8 E E E‘
cave kinetics (p < 0.01) or from Rayleigh distillation (0 3 O AGA N f
per meg/%o; p = 0.02) (Fig. 6¢). 2 A _;] - ‘§ s$8|¢g —“-g’
The &'30(C0O,/CaCO;) data from Lehman Caves sam- < T |« § 2 22|y e
ple WR-11 range from 18.5 to 20.1%c VSMOW and are = &8 & = i £ 8 =z
consistent with those from the higher resolution 'O o E E E n 5 = 5 g E é é z«g
record (Steponaitis et al., 2015). The A’'70(0,/CaCO;) EE (% 8 8 E ;E g g88|
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a - COB-01-02 (Cave of the Bells)

b - LC-1 (Leviathan Cave)

¢ - LMC-12b (Lehman Caves)
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Fig. 6. Data in A’'’0(0,/CaCO5) vs. &'80(C0O,/CaCO;) space and inferred trends. Each panel shows the data replicates (red dots), sample
averages (red x’s), and the data trend (thick red line with pink 95% confidence interval, 95% CI). (a) Data for Cave of the Bells sample COB-
01-02. (b) Data for Leviathan Cave sample LC-1. (c) Data for Lehman Caves sample LMC-12b. (d) Data for Lehman Caves sample WR-11.
(¢) Data for Lehman Caves sample LMC-12b and Leviathan Cave sample LC-1. The 1 SE and 95% CIs for A’'’O data are shown by the black
and gray vertical lines (if the sample has one replicate the external precision of carbonate standards is used instead). The 1o error bars for 8'%0
(CO,/CaCOs3) data are generally smaller than the symbols and not shown. Summary statistics for the trendline are below the data plot. All
plots are on the same scale. Thin lines show characteristic trends for hydrologic processes. Light gray lines show pan (i.e., local) evaporation
trends (<-2 per meg/%oc) under low and high relative humidity (RH) conditions at a temperature (T) of 15 °C (solid line at 90% RH, dashed
line at 0% RH) (Criss, 1999; Luz and Barkan, 2010; Passey and Ji, 2019). Note the non-linearity of the evaporation trend under high RH
conditions. No lines shown for the moisture source or formation temperature trends as they are contained within bounds of the local
evaporation lines. The cyan dashed line is the seasonality trend inferred for modern waters (slope = 3.6 per meg/%o; see also Figs. 2 and 7).
The medium gray line shows the near-horizontal trend for Rayleigh distillation processes (shown as 0 per meg/%o) (Criss, 1999; Barkan and
Luz, 2005). The dark gray line shows the positive trend expected for cave kinetic processes (+7 per meg/%o) (fast degassing and prior calcite
precipitation) (Guo and Zhou, 2019a, 2019b). All lines are calculated as the deviation from the data trendline starting at the most negative
81805[,6160(},3,“ value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

data range from —83 to —73 per meg. The data show a mod-
erate negative trend when plotted in A’'7O vs. &80 space
(slope of —3.94 per meg/%o, r*> = 0.39) and are inconsistent
with a single isotope forcing from cave kinetics (p = 0.01)
(Fig. 6d).

The combined LMC-12b and LC-1 data set (Lehman
and Leviathan caves) has &’ 18O(COz/CaCO3) ranging from
17.9 to 25.6% VSMOW and A''70(0,/CaCOs;) ranging
from —94 to —68 per meg. The data exhibit a strong negative
trend when plotted in A’'70 vs. §'®0 space (slope of -3.36
per meg/%o, 1> = 0.82) (Fig. 6e). A similar trend emerges if
the WR-11 data are included (slope of —3.18 per meg/%o,
r? = 0.77) or if only Holocene data from both caves are
considered (slope of —3.01 per meg/%o, r*> = 0.81). The data
are inconsistent with the cave kinetics trend (p = <0.01) and
the Rayleigh distillation trend (p < 0.01).

5.3. Reconstructed formation water isotope composition

We primarily discuss reconstructed formation water iso-
topic composition for Cave of the Bells and Leviathan Cave
(Fig. 7) as previous studies and our data support their for-
mation in (near) equilibrium conditions and they are there-
fore most likely to represent regional-scale hydrologic
processes (see 6 Discussion). However, all reconstructions
are available in the Supplementary Material (Supplemen-
tary Material, Fig. S6, Table S3). The isotopic composition
of formation waters for the Cave of the Bells and Leviathan
Cave data overlap with the modern waters and show the
same overall trend. For Cave of the Bells, reconstructed
formation water &'%0 ranges from -9.8 to —7.5%o
VSMOW-SLAP while A""70 ranges from 0 to 17 per meg
VSMOW-SLAP. For Leviathan Cave, reconstructed for-
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Fig. 7. Triple oxygen isotope results for modern Arizona and Nevada meteoric waters compared to reconstructed formation waters.
Reconstructed formation waters, calculated from S’ISO(HZO(V)/ H,0;) and A''0(0,/CaCOsy), for Cave of the Bells (COB) are red x’s, for
Leviathan Cave are black circles, for LMC-12b data (Lehman Caves) are blue crosses, and for WR-11 data (Lehman Caves) are green squares.
Modern meteoric water data [6"80(H20(V}/ H,0(;) and A''0(0,/H,0)] are the cyan triangles: Cave of the Bells drip waters are upward-
pointing triangles with cyan fill, Cave of the Bells precipitation samples are downward-pointing triangles with white fill, Kartchner Caverns
precipitation samples are right-pointing triangles with black fill, and Nevada precipitation samples are left-pointing triangles with gray fill.
The ordinary least squares regression for reconstructed formation waters from Cave of the Bells and Leviathan Cave is the solid black line and
for all modern meteoric waters is the dashed cyan line (with 95% confidence intervals shaded in gray and cyan, respectively; see Supplementary
Material, Fig. S6 as well). The summary of triple oxygen isotope drivers relevant to speleothem triple oxygen isotopes in A’'70 vs. &30 space
(Fig. 3) is shown in the lower left inset). We calculated reconstructed water values using modern cave temperature, but uncertainty in this
value for pre-Holocene data is unlikely to affect the broad-scale patterns of the data (see section 4.5 Estimation of Ocico,—m,0 and
reconstructing formation water isotope composition for details; Supplementary Material, Fig. SS5). Analytical 1 SE and 95% confidence intervals
for reconstructed water A’'’O are shown by the black and gray vertical lines, respectively (for clarity, these are not shown for modern waters,
see Table 2; Supplementary Material, Table S2). Error for &80 values is smaller than the symbols. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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mation water &80 ranges from —13.9 to —11.1% VSMOW-
SLAP and A''70O ranges from 9 to 27 per meg VSMOW-
SLAP. Within the Leviathan Cave data set, Holocene and
older samples are largely indistinguishable, suggesting that
the isotopic trends are not affected by uncertainty in pre-
Holocene cave temperatures (Cave of the Bells has no
Holocene data). This is supported by the reconstructed for-
mation water data trend of A"'70 = -3.2 x &80 - 22.0
(r* = 0.66), which is similar to the modern LMWL (see also
potential data trends with variable formation temperatures;
Supplementary Material, Fig. S5). The combined formation
water data set has a 870 vs. &0 slope of 0.5249, or, if
only Cave of the Bells and Leviathan Cave data are consid-
ered, of 0.5248.

5.4. Triple oxygen isotope trends through time

Although our drilling resolution is coarse and samples
largely overlap only on the broadest (1-10 s kyr) timescales,
several trends are apparent in A’”OSpeleothem through time
(Fig. 8). The LMC-12b and WR-11 records both show
“fishhook” shaped patterns with minima early in the
record, increases to maxima in the middle, and a final
decrease towards the end of the record. While the patterns
are similar in shape, they occur at different times. The pat-
tern visible in LMC-12b occurs over 16-6 ka, with the mini-
mum at 9 ka while the pattern of WR-11 occurs over 11—
4 ka, with the minimum at 7 ka (although note that WR-
11 data variability is likely at the limit of what is analyti-
cally resolvable).

Over longer timescales, Cave of the Bells and Leviathan
Cave largely show distinct A’”OSpe,eothem values. Leviathan
Cave A’”OSWleolhem averages —76 + 5 per meg VSMOW-
SLAP over 100-0 ka, while Cave of the Bells A’ 17ospelemhem

averages —82 + 5 per meg VSMOW-SLAP over 50-20 ka.
Leviathan Cave data are invariant except potentially in
the oldest sample at 101 ka, which is 5-10 per meg lower
than other data. Cave of the Bells data has a hump-
shaped profile from 50-38 ka followed by a return to a
more positive value at 20 ka.

6. DISCUSSION

6.1. Inferred drivers of speleothem triple oxygen isotope
variability

Except for sample WR-11 data, the triple oxygen isotope
data from this study support our predictions about the pos-
sible trends for speleothem isotope composition given prior
interpretations. The near-horizontal trend outlined by the
Cave of the Bells data (COB-01-02) in A’'70 vs. 880 space
supports prior interpretations of BISOSpeleothm variability as
the result of Rayleigh distillation (precipitation amount,
frequency of extreme precipitation events) and relatively
small variations in the temperature of mineralization
(<10 °C) that cause A’ 170 variability within our analytical
precision (Fig. 6a) (Wagner et al.,, 2010; Eastoe and
Dettman, 2016). Because modern water data show that
the seasonal precipitation trend is negative in triple oxygen
isotope space (Figs. 2f, 7; Tables 2 and 3), the data suggest
changes in seasonality of precipitation/infiltration or eva-
poration are unlikely to have driven variability in 618Ospe_
leothem- Similarly, the moderate negative trend outlined by
the Leviathan Cave data (LC-1) supports prior interpreta-
tions of Blgospeleothem resulting from variation in Rayleigh
distillation, mineralization temperature, and moisture
source (Fig. 6b) (Lachniet et al., 2014; Lachniet et al.,
2017; Lachniet et al., 2020).
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Fig. 8. Speleothem triple oxygen isotope data through time. In both panels, thin colored lines are higher resolution &'30(CO,/CaCOs) data
from the original publications (left axes, converted to VSMOW), while bold lines and large symbols are A’'70(0,/CaCO;) data (right axis,
note axes are inverted). In (a), data for Cave of the Bells (COB-01-02) are red x’s and for Leviathan Cave (LC-1) are black circles. In (b) data
for Lehman Caves samples LMC-12b and WR-11 are shown in blue crosses and green squares, respectively. The 1 SE and 95% confidence
intervals for A’'’O data are shown by the black and gray vertical lines (if the sample has one replicate the external precision of carbonate
standards is used instead). Marine Isotope Stages (MIS, gray and white bands) are labeled above panel (a) (LR04 benthic stack; Lisiecki and
Raymo, 2005), the approximate time of the Last Glacial Maximum is marked at 20-25 ka (LGM), and the start of the Holocene (Hol) is
marked at 11.7 ka (dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Samples from Lehman Caves delinecate moderate-to-
strong negative trends in A"'70 vs. §'80 space, supporting
evaporative or seasonality-related processes as important
drivers of 51805pe1emhem variability (Fig. 6¢c—d). Given the
strength of these trends, it is reasonable to expect that these
samples were also influenced by Rayleigh-style processes
that “smeared” the evaporation signal. As Lehman Caves
samples are largely Holocene in age, variability in the tem-
perature of mineral formation likely had only a small effect
on sample isotope composition (temperature sensitivity of
1 °C causes a ~0.25%0 change in §'%0 and ~1 per meg in
A'0; Kim and O'Neil, 1997; Madsen et al., 2001;
Coplen, 2007; Reinemann et al., 2009; Cao and Liu, 2011;
Harbert and Nixon, 2018; Hayles et al., 2018; Guo and
Zhou, 2019b; Wostbrock et al., 2020a; Schauble and
Young, 2021).

The A0 vs. 880 trend of sample LMC-12b supports
our predictions and is even stronger when considered in the
context of the Leviathan Cave record (Fig. 6e). The same
trend emerges regardless of whether pre-Holocene data (lar-
gely from LC-1) are excluded. The broader view from the
combined data set emphasizes the local processes acting
on speleothem isotope composition because these caves
would have received precipitation with a common history
(the caves are only 180 km apart). There are two potential
explanations for the negative data trend: changes in precipi-
tation or infiltration seasonality, and variable evaporation
during infiltration (e.g., in the soil or deeper subsurface).
Changes in precipitation or infiltration seasonality cannot
explain the data alone because the most negative A’'’O
values (and most positive 8120 values) would require the
speleothem to be primarily recording summer rainfall
(Fig. 7; Table 2; Supplementary Material, Tables S2 and
S3). This is unlikely because of the strong winter-water bias
of groundwater recharge in Nevada (i.e., this location has
regular winter snowpack; Winograd et al., 1998), which
makes it difficult to imagine a scenario where only summer
infiltration would influence speleothem growth. In turn, if
local evaporation was the only driver, given the &30 range
of the data and the likely high relative humidity conditions
of subsurface evaporation, curvature might be visible in the
data trend (see the characteristic trend for evaporation at
90% relative humidity; Fig. 6e). The additional information
provided by A’'7O data therefore allows us to infer that a
combination of local seasonality and evaporation effects is
the most likely explanation for the data, which would not
be evident from &'80 data alone.

Sample WR-11 shows a negative trend in A’'70 vs. §''*0
space, the opposite of our predicted cave kinetic trend
based on prior §'%0, 3'*C, and Mg/Ca results and the the-
oretical cave kinetics trend for triple oxygen isotopes (Fig.
6d) (Steponaitis et al., 2015; Guo and Zhou, 2019a). It is
possible that our data contradict prior interpretations by
Steponaitis et al. (2015), but we are also cognizant of defi-
ciencies in this data set. Our coarse sampling resolution
may have missed the most affected time periods and more
detailed sampling might show that the magnitude of cave
kinetic effects varied in importance through time. More cri-
tically, we were not able to acquire the entire available 5''*0
range for this sample (available range of 2.6%o vs. sampled

range of 1.5%c). This may preclude rigorous identification
of the actual signal (Supplementary Material, Fig. S1).
Alternatively, it is possible that modeling of triple oxygen
isotope deviations due to cave kinetic effects insufficiently
represents real systems (Guo and Zhou, 2019a; Guo and
Zhou, 2019b). It will be important to verify this modeling
work through analyses of natural and synthetic calcites
and speleothems grown under near-equilibrium and kinetic
conditions (e.g., Mickler et al., 2004; Mickler et al., 20006;
Banner et al., 2007; Day and Henderson, 2011; Hansen et
al., 2019; Mickler et al., 2019; EL-Shenawy et al., 2020).
Regardless of the cause, this result emphasizes the utility
of having several lines of evidence in interpreting spe-
leothem isotope composition as well as the importance of
sampling design in interpreting A’'’O data.

6.2. Triple oxygen isotope trends through time

While we have largely focused on data trends apparent
in A’170 vs. 880 space as a test of the triple oxygen isotope
geochemical framework, there are also trends in A0
through time (Fig. 8). We discuss patterns in carbonate
data here but note that the same patterns are apparent in
the reconstructed water values (Supplementary Material,
Fig. S7). The fishhook-shaped pattern exhibited by Lehman
Caves data may correspond with known paleoclimate
events in the western USA. For example, many western
USA records show prominent warming and/or drying con-
ditions in the early to mid-Holocene (e.g., the compilations
in Steponaitis et al., 2015; Schuman and Serravezza, 2017,
Lachniet et al., 2020). While decreased A’'’O from
increased local evaporation in both Lehman Caves records
is consistent with this paleoclimate background, the differ-
ence in when the minima occurs suggests that variable pre-
cipitation or infiltration seasonality and infiltration routes
are also important.

The differences between Cave of the Bells and Leviathan
Cave A''70 data through time may speak to broader-scale
climate features. We consider our data in the context of
A0 of modern tap and river water from the western
USA (west of 100° W), which increases with latitude (Li
et al., 2015; Bershaw et al., 2020). The exact role of moist-
ure source region conditions (e.g., relative humidity, turbu-
lence), moisture recycling, vapor mixing, and smaller-scale
processes (e.g., rainfall re-evaporation) in controlling tap
water A'V70 is not yet clear, in part due to the paucity of
data. However, it is promising that our modern water and
50-38 ka speleothem data from Cave of the Bells and
Leviathan Cave both show the same latitudinal gradient
in A"V70 values as the tap water data set, with A"'7O increas-
ing northward. Intriguingly, this gradient may change
through time, as indicated by the U-shaped Cave of the
Bells data, and may even reverse (see the Cave of the Bells
data point at 20 ka). If this change in gradient is real, it sug-
gests that A’'70O data are recording information about the
dramatic hydrologic changes taking place during the transi-
tions into and out of the LGM. There is evidence that A’'’O
of water encodes information about the conditions of the
regional moisture source during evaporation (Barkan and
Luz, 2007; Uemura et al., 2010; Uechi and Uemura, 2019)
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and we recognize attempts to reconstruct, for example, rela-
tive humidity (normalized to sea surface conditions) from
carbonate speleothems (Sha et al., 2020). However, at our
continental interior sites, as Li et al. (2015) note, there are
several other parameters that may be expected to vary
through time and it is not yet feasible to parse out the rela-
tive importance of these factors in modern, much less
ancient, datasets of the western USA. We accordingly con-
clude that A’”Ospe]emhem data along the gradient defined by
Cave of the Bells and Leviathan Cave is likely recording
regional-scale evidence of Quaternary hydrologic change,
but are unable to specify the exact mechanisms responsible.

6.3. Inferences from formation water triple oxygen isotope
composition

We have thus far discussed trends in carbonate data but
recognize that interpretations of formation water values
would be more robust if carbonate formation temperatures
were well-constrained. Except for Holocene-aged samples,
we do not have precise constraints on formation tempera-
ture. However, consideration of a wide array of potential
formation temperatures demonstrates that reconstructed
water data support, and emphasize, the trends interpreted
from carbonate data. (SI Text and Supplementary Mate-
rial, Fig S5). In addition to the data trends, there are clear
connections between modern and reconstructed waters.
Our triple oxygen isotope data identify Cave of the Bells
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and Leviathan Cave samples as reflective of changes in
regional precipitation, and it is promising that their inferred
formation water isotope values match that of measured pre-
cipitation and drip water (Fig. 7; Supplementary Material,
Fig. S6). This provides additional support for the utility
and fidelity of paleoclimate reconstructions from these loca-
tions. The reconstructed water values are also within the
range of modern waters from the western USA (Figs. 7
and 9) (Li et al., 2015; Bershaw et al., 2020; Aron et al.
2021). In addition, these reconstructed formation waters
exhibit similar trends our LMWL: slopes for A0 vs.
3180 are —3.2 and —3.6 per meg/%o, respectively, and for
§170 vs. 8180 are 0.5248 and 0.5244, respectively (Table
3). While we infer that the reconstructed formation water
values from Lehman Caves likely fall on a similar trend
to modern waters because local evaporation and seasonal-
ity effects cause negative trends similar to far-field moisture
source effects (Supplementary Material, Fig. S6, Table S3),
their inclusion in the data set does not significantly change
the trend (all data produces a A''70 vs. §'%0 slope of —3.1
per meg/%. and a 870 vs. §'%0 slope of 0.5249; Table 3).

The patterns in our data lead to two broad conclusions
related to assessing the importance of cave kinetic effects in
single speleothem-based paleoclimate reconstructions.
First, all the observed triple oxygen isotope trends are likely
distinguishable from the theoretical cave kinetics trend,
which is strong evidence that variation in the triple oxygen
isotope composition of reconstructed formation waters
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Fig. 9. Data comparison with that of Sha et al. (2020) and global modern waters. (a) Comparison of speleothem data in A’'’0(0,/CaCO3) vs.
3'180(0, or CO,/CaCOs) space. Data from this study are dark gray circles and Sha et al. (2020) data, organized by region, are the colored
stars and diamonds (large blue stars, Asian Monsoon; small orange stars, central Asia; large yellow diamonds, Eastern Mediterranean; small
purple diamonds, South American Monsoon). Lines connecting the two-point datasets for each region explored by Sha et al. (2020) show the
preliminary trends we interpret in the context of our geochemical framework (lower left inset, see also Fig. 3). (b) Modern and reconstructed
formation water data in A’'’0O(0,/CaCOs5) vs. 6’180(H20M or O»/H»0(;)) space. The color scheme follows panel (a), but all data are plotted
over the globally distributed modern precipitation compilation of Aron et al. (2021) (light gray dots). Note that, consistent with treatment of
our own data, we renormalized Sha et al. (2020) data to the A’'’O mineral values of carbonate standards reported by Wostbrock et al. (2020b)
(Supplementary Material text; Supplementary Material, Tables S7 and S8). Analytical 1 SE and 95% confidence intervals for A’*’O of Sha et
al. (2020) data are shown by the black and gray vertical lines, respectively [for clarity, these are not shown for data from this study and Aron et
al. (2021)]. Error for &'%0 values is smaller than the symbols. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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through time is, within error limits, due largely to climate-
related processes. Our data therefore provide an additional
line of evidence that supports western USA 8'805peleothem as
responding to climate-driven signals related to air mass and
precipitation Rayleigh distillation, atmospheric precipita-
tion and infiltration seasonality, and moisture source condi-
tions, alongside variability in mineralization temperature.

Second, reconstructed water values plot near the mod-
ern LMWL, which suggests that, within error limits, the
absolute values of reconstructed waters are representative
of drip water values. If samples had a significant offset
due to cave kinetics, data would plot above the modern
LMWL (Guo and Zhou, 2019a; Fig. 2e). This result is most
robust for Holocene-aged samples for which the formation
temperature is best constrained. Note, however, that choice
of OCISCaCO3—HZO and, specifically, Ocaco,-n,0 are important
in this determination. Using values from Wostbrock et al.
(2020a) (Ocaco,-n,0 = 0.5254-0.5260; 5-35 °C) would move
A0 values 10-30 per meg below the LMWL, those of
Bergel et al., 2020 (8caco,—m,0 = 0.5246-0.5253; 15-28 °C)
would move A''7O values closer to the LMWL (values
increase by &5 per meg), and those of Voarintsoa et al.,
2020 (Ocaco,-n,0 = 0.5234-0.5242; 10-35 °C) would move
A0 values ~30 per meg above the LMWL.

We conclude that two metrics can be obtained from
A0 vs. 880 data, comparing (1) trends within individual
reconstructed formation water isotope datasets against the
theoretical cave kinetics trend and (2) the absolute values
of reconstructed formation water isotope composition
against a site’s LMWL. Testing for absolute differences will
be more feasible in older samples if there are independent
contraints on ancient LMWLs (e.g., via groundwater or
speleothem fluid inclusion isotope composition) and spe-
leothem formation temperatures (see overview of Meckler
et al. 2021). More precise determinations of Ocaco,—n,0 Will
also be critical for this endeavor (Sharp and Wostbrock,
2021). Regardless, our proposed metrics will serve as new
ways to assess the importance of cave kinetic processes in
3'%0 speleothem record interpretation (Fig. 7) (e.g.,
Hendy, 1971).

6.4. Comparison to and additional interpretations of Sha et
al. (2020) data

In addition to guiding interpretations at our study site,
our proposed geochemical framework also adds context
to the data of Sha et al. (2020), the only other study of triple
oxygen isotope data in carbonate speleothems. Sha et al.
(2020) analyzed pairs of speleothem samples for triple oxy-
gen isotopes within the climate regimes of the Asian mon-
soon (Jiangjun Cave, Yunnan, China), South American
monsoon (El Condor cave, northern Peru), Westerlies
(Tonnel'naya Cave, Uzbekistan), and Mediterranean (Jeita
Cave, northern Levant). After renormalizing their data to
the Wostbrock et al. (2021) mineral values (Supplementary
Material text, Tables S7 and S8), the Sha et al. (2020) car-
bonate A"'7O values cover a slightly wider range (—107 to
—52 per meg) than our own (—94 to —68 per meg) (Fig.
9a). However, much of the discrepancy in carbonate
A0 ranges comes from differences in formation tempera-

ture, as can be seen in the better overlap of reconstructed
formation water A’'’O values [-6 to 41 per meg for Sha
et al. (2020) and -1 to 27 per meg for this study] (Fig.
9b). It is also encouraging that both studies have recon-
structed formation water A"'7O values within the observed
range of modern precipitation A’'’O values (Aron et al.,
2021).

In interpreting data trends, we are constrained by analy-
tical precision and by individual data sets each containing
only two points. We therefore only interpret data sets with
wide &'%0 or A0 ranges (>5%c and/or >10 per meg
ranges, respectively) to identify likely trends, and exclude
El Condor cave from discussion.

The Jiangjun Cave data show a nearly horizontal trend
(0.1 per meg/%o), the Tonnel'naya Cave data show a nega-
tive trend (—4.3 per meg/%o), and the Jeita Cave data show
a strong positive trend (19.4 per meg/%oc). The Jiangjun
Cave trend is consistent with Rayleigh distillation as an
important driver of speleothem &'0. This is supported
by modern precipitation data from Singapore, also within
the Asian monsoon region, that show a near-horizontal
trend with minimal correlation in A'7O vs. §'%0 space
(—0.9 per meg/%o with 1> = 0.03; Fig. 2f; He et al., 2021).
Note, however, that more ambiguous situations can exist,
as this seasonal pattern may not be widespread across the
region. For example, modern precipitation data from Oki-
nawa Island, Japan show a positive relationship in A’'7O vs.
5180 space (+2.9 per meg/%o; Fig. 2f; Uechi and Uemura,
2019). It is therefore possible that precipitation seasonality
in this region may exhibit horizontal to positive trends in
A0 vs. §'80 space. Where precipitation seasonality and
cave kinetics trends have similarly positive slopes, they can-
not be distinguished with triple oxygen isotope data alone.
Regardless, a minimal role for variation in cave kinetic pro-
cesses at Jiangjun Cave is supported both by the prelimin-
ary triple oxygen isotope trend and by considering prior
assessments of limited variability in cave kinetics (e.g.,
replication of signal within or between cave sites; Dorale
and Liu, 2009; and as applied to sites in this region, e.g.,
Wang et al., 2001; Yin et al., 2014; Liang et al., 2020).
Given this evidence, the Jiangjun Cave data are likely con-
sistent with previous interpretations of speleothem 'O
from the Asian monsoon region as influenced by changing
proportions of monsoon rainfall (Wang et al., 2001; Cheng
et al., 2009) and continental-scale rainout from Pacific and
Indian Ocean moisture sources (Yuan et al., 2004; Pausata
et al. 2011) in addition to any effect from variable formation
temperature.

The negative trend for the Tonnel'naya Cave data is
consistent with variable evaporation conditions, precipita-
tion or infiltration seasonality, and formation temperature
as the strongest drivers of speleothem §'%0. These factors
are consistent with previous interpretations of speleothem
3'80 variation resulting from large-scale changes to atmo-
spheric circulation (rainfall amount, temperature, seasonal-
ity, moisture source, and moisture trajectories) as well as
local temperature (Cheng et al., 2016).

Finally, the strong positive trend for the Jeita Cave data
is most consistent with variable cave kinetic processes as a
primary driver of speleothem §'0. However, as in the
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Asian monsoon region, it is important to consider variabil-
ity in the trend of precipitation seasonality. If, unlike at pre-
sent (Cheng et al., 2015), ancient climate in the eastern
Mediterranean  was  significantly influenced by a
northward-expanded African summer monsoon (e.g.,
Orland et al, 2019), Jeita Cave precipitation seasonality
may have had a positive trend similar to some portions of
the modern Asian Monsoon region (Uechi and Uemura,
2019, Fig. 2f).

The sum of these interpretations, even considering the
inherent difficulty of identifying trends from two-point
datasets, is that there is likely significant variability in the
trends observed in A''70 vs. 880 space that may be rea-
sonably expected from prior climate-based interpretations
of 61805peleothem~ In some cases, as at Jeita Cave, interpreta-
tions based solely on triple oxygen isotopes raise the possi-
bility of cave kinetic influence. However, where outside
data suggest significant cave kinetic influence through time
is unlikely (e.g., via inter-cave replication tests), seasonal
and spatial variability in precipitation triple oxygen iso-
topes is a more likely cause.

7. CONCLUSIONS AND OUTLOOK FOR USING
TRIPLE OXYGEN ISOTOPES IN SPELEOTHEM
PALEOCLIMATOLOGY

This study partially demonstrates the validity of a geo-
chemical framework for applying triple oxygen isotopes in
speleothem paleoclimatology and adds to a growing num-
ber of related studies (Affolter et al., 2015; Gasquez et al.,
2017, 2020; Sha et al., 2020). The identification of key pat-
terns in of the triple oxygen isotope framework (Fig. 3)
shows that A’'7O vs. &'%0 data has an important role in
speleothem paleoclimatology. With relevance to western
USA paleoclimatology, it is particularly notable that the
reconstructed formation waters from samples covering
Nevada and Arizona show a similar trend to this study’s
LMWL, supporting prior interpretations of isotopic varia-
bility as strongly tied to climate drivers and not cave kinetic
processes. More broadly, data from other continents can
potentially be explained within the proposed framework
(Sha et al., 2020) and should be tested with more expansive
datasets. In addition, our proposed tests for the absolute
magnitude of cave kinetic effects (i.e., the offset from
expected equilibrium values) and their temporal variability
have immediate application for establishing the fidelity of
SISOSpeleothem records as paleoclimate archives (Figs. 6
and 7) and may provide a basis for finding samples suitable
for clumped isotope analysis (e.g., Affek et al., 2008;
Daéron et al., 2011; Wainer et al., 2011; Kulge and Affek,
2012; Affek et al., 2014; Affek and Zaarur, 2014).

For the moment, triple oxygen isotope studies must rely
on a relatively small number of A’'’O samples, given the
2.5-hr analysis time, and incorporate as wide a 3'*0 signal
as possible (>5%o) to accommodate the ~10 per meg analy-
tical precision of A"'70 analyses. As shown here, triple oxy-
gen isotope data of modern meteoric water and coarse-
resolution speleothem triple oxygen isotope composition
should form one basis for interpreting broad-scale patterns
in high resolution BISOSpelemhem records (e.g., in concert

with speleothem trace element and &'>C records and
records from other paleoclimate archives). In addition, stu-
dies might target specific intervals to investigate triple oxy-
gen isotope drivers on sub-millennial time scales.
Alternatively, studies could acquire expanded 5'%0 ranges,
with correspondingly suitable A’'7O ranges, by combining
speleothems from multiple sites with similar climatology
(following, e.g., Bowen and Revenaugh, 2003; Liu et al.,
2010; Kukla et al., 2019). Our Cave of the Bells and
Leviathan Cave data provide an example of such a situa-
tion. By investigating speleothem records from the western
USA along a latitudinal gradient, it would be possible to
investigate a 8'%0 gradient of 5-10%0 (e.g., Asmerom et
al., 2007, 2010; 2013; Denniston et al., 2007; Wagner et
al.,, 2010; Lundeen et al., 2013; Lachniet et al., 2014;
Steponaitis et al., 2015; Lachniet et al., 2017; Polyak et
al., 2017; Lachniet et al., 2020). These data might inform
hypotheses about spatial variability in the winter storm
track (as tied to the conditions of evaporation at the moist-
ure source) (e.g., Oster et al., 2015; Hudson et al., 2019), the
degree of moisture recycling along hydrologic flowpaths,
mixing of water sources (as vapor or in terms of infiltration
seasonality), and precipitation style (Aron et al., 2021). This
kind of experimental setup presents opportunities to
increase the reliability and specificity of high-resolution
SISOspe]eothem interpretations and create robust, multi-
record paleoclimate syntheses that can inform proxy-
climate model comparisons of ancient hydrologic processes
(e.g., Braconnot et al., 2011; Braconnot et al., 2012; Oster et
al., 2015; Hudson et al., 2019; Tierney et al., 2020).
However, triple oxygen isotope-based paleoclimate
interpretations must be predicated on a more robust under-
standing of modern A’'’O systematics. Basic parts of the
geochemical framework, like the theorized response of
A0 to cave kinetic processes, still require experimental
validation (Guo and Zhou, 2019a; Guo and Zhou,
2019b). The proposed weak temperature sensitivity of
A0 to various fractionating processes needs further char-
acterization, although several studies have now approached
this problem (Barkan and Luz, 2007; Passey et al., 2014;
Bergel et al. 2020; Sha et al., 2020; Voarintsoa et al.,
2020; Wostbrock et al., 2020a). Long-term, regional- to
global-scale data sets of A’'”O in vapor and precipitation,
like those developed for 5'%0 and 8D (Dansgaard, 1964;
Bowen and Revenaugh, 2003), will be required to demon-
strate hydrologic controls [see Aron et al. (2021) for a
recent review and compilation of A’'70 data]. For example,
several studies have worked to relate A’'’O data to source
region relative humidity normalized to sea surface condi-
tions (Barkan and Luz, 2007; Uemura et al., 2010; Uechi
and Uemura, 2019; Sha et al., 2020). The data for maps
of this “normalized relative humidity” already exist in cli-
mate reanalysis products and in climate model outputs
(atmospheric humidity, air temperature, and sea surface
temperature) and will be critical in developing a community
understanding of the parameter: what is the expected range
of values and how does it vary geographically and tempo-
rally in connection to A’”Opmiphation (Risi et al., 2010;
Risi et al., 2013; Schoenemann and Steig, 2016)? In turn,
such data, through studies like this one, will be critical in
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demonstrating ~ how N 17Oprecipimion relates to
A,”Ospeleothem- Ultimately, developing fundamental expec-
tations for how hydrologic and geologic processes affect
N 17051[,615(,them will allow speleothem paleoclimatologists
to identify appropriate study sites for investigating A’'7O-
based hypotheses and produce more accurate, bounded
reconstructions of ancient hydrologic processes from
A’”Ospeleothem analyses (e.g., as has been demonstrated
for lake deposits by Passey and Ji, 2019).
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