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a b s t r a c t

The oxygen isotopic composition of stalagmites is widely used to infer regional changes in terrestrial
surface temperatures and precipitation dynamics. The stalagmite d18O values, however, record the in-
fluence of multiple environmental conditions (e.g., temperature, precipitation source and amount) as
well as in-cave physicochemical processes and possible disequilibrium precipitation effects. The d18O and
d2H values of fluids entombed in stalagmites as inclusions have the potential to be robust proxies of
paleo-precipitation d18O and d2H. Here we analyze the inclusion-fluid d18O and d2H values for a sta-
lagmite from a central Sierra Nevada foothill cave, McLean's Cave, to reconstruct changes in effective
moisture (precipitation e evaporation) in the region over the last deglaciation (20e13 ka). The results
demonstrate high variability in inclusion-fluid d18O and d2H values and further suggest that the d18O and
d2H values have several intervals driven by disequilibrium dis oxygen isotopic fractionation. These
findings demonstrate that effective moisture was likely lower during past warm periods in comparison to
some colder periods, consistent with other stalagmite calcite-based paleoclimate records from the
southwestern United States.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Variability in the amount of precipitation over the last deglaci-
ation (20e11 ka) in the southwestern U.S. (‘Southwest’) has long
been linked to changing Northern Hemisphere temperature and
continental ice volume (Oster et al., 2009, 2015; Allen and
Anderson, 2000; Owen et al., 2003; Quade and Broecker, 2009;
McGee et al., 2012; Street et al., 2012; Broecker and Putnam, 2013;
Munroe and Laabs, 2013; Oster et al., 2015). During the last
deglaciation, stalagmite proxy records from California, and other
regions of the Southwest, suggest increased and/or seasonally
shifted effective moisture (precipitatione evaporation) during past
stadials in comparison to interstadial periods (Asmerom et al.,
2010, 2017; Wagner et al., 2010; Lachniet et al., 2014, 2016; Oster
et al., 2009, 2015). This finding corroborates precipitation records
for this region developed using independent terrestrial proxies
Wortham).

r Ltd. This is an open access article
(Kirby et al., 2013; McGee et al., 2018; Feakins et al., 2019; Santi
et al., 2020). This hypothesized hydroclimate regime of wetter
stadials and drier interstadials, however, does not conformwith all
paleoclimate reconstructions for the last deglaciation (Bacon et al.,
2006; Benson et al., 2003) and may be an oversimplistic charac-
terization (Hudson et al., 2019; Oster et al., 2020).

Despite a rich proxy archive for the Southwest over the past ~20
ka, our understanding of the sensitivity of the precipitation
response in this region to millennial- and centennial-scale climate
change, and of the underlying climate dynamics governing the
response, remains limited. This incomplete understanding is in part
due to the multiple environmental conditions and physicochemical
processes, such as temperature (via fluid-calcite oxygen isotope
fractionation) and precipitation amount and source, as well as in-
cave processes that influence calcite d18O values (d18Occ) (Hendy,
1971; McDermott, 2004; Lachniet, 2009). For example, studies of
California (CA) stalagmites differ in their interpretations of the
primary driver of temporal changes in d18Occ with variability in
temperature, precipitation amount or source invoked (Oster et al.,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2009, 2014, 2015, 2020; De Wet et al., 2021). Thus, a proxy inde-
pendent of d18Occ is needed to deconvolve the combined influences
of temperature, precipitation parameters (e.g., source, evolution of
the d18O composition of vapor (d18Ov) and precipitation (d18Op)
along the storm track, rainout amount), and in-cave processes (i.e.,
rapid CO2 degassing, evaporation).

Here we present a time series of d18O and d2H values of fluids
entombed as inclusions (herein referred to as d18Ofi and d2Hfi) from
a central Sierran stalagmite (ML-1 from McLean's Cave) that pro-
vides new insight into how precipitation varied in this region with
changing mean climate between 19 and 13 ka. Furthermore, we
evaluate calculated variables: d-excess, Dd18O (d18Occ - d18Ofi), and
temperature. We use these to determine drivers of variability in the
d18Ofi and d2Hfi record. Finally, we compare the time-series from
this record to previously developed calcite proxy records (d18Occ,
d13Ccc, and Sr/Ca) from stalagmite ML-1 and to d18Occ records from
across the Southwest.

2. Background

The d18Ofi and d2Hfi values of stalagmites have the potential to
deconvolve the influences on measured d18Occ values (nomencla-
ture described in Table 1). Previous studies have documented the
potential of d18Ofi and d2Hfi values as reliable proxies of the local
paleo-precipitation (d18Op and d2Hp) when a clear relationship
between the isotopic compositions of drip water and local precip-
itation can be established (Affolter et al., 2015; Dassie et al., 2018;
Arienzo et al., 2019). In turn, d18Ofi and d2Hfi values have been used
to infer variability in moisture-source (Rogerson et al., 2019), pre-
cipitation amount (Millo et al., 2017), or mean-annual-temperature
(McGarry et al., 2004; Griffiths et al., 2010; Ayalon et al., 2013;
Meckler et al., 2015; Arienzo et al., 2015; Affolter et al., 2019).
Environmental monitoring in a Sierran foothill cave (Black Chasm),
proximal (~80 km) to McLean's Cave, establishes a relationship
between drip-water d18O and d2H values and precipitation source
(Oster et al., 2012). Therefore, we hypothesize that the measured
d18Ofi and d2Hfi values from the ML-1 stalagmite have the potential
to preserve variability in d18Op and d2Hp values in ideal cave
conditions.

An additional benefit of measuring d18Ofi and d2Hfi values, that is
rarely applied, is determining to what extent disequilibrium frac-
tionation is influencing a stalagmite proxy time series and in turn,
to reconstruct the temporal variability in equilibrium vs. disequi-
librium effects. Disequilibrium fractionation of stable isotopes in
cave calcite deposits occurs because of low humidity and/or rapid
CO2 degassing (Mickler et al., 2004, 2006; Dreybrodt and Deininger,
2014). These processes are driven by climate variability, as relative
humidity in the cave is frequently lower with lower effective
moisture (Forbes, 1998; Oster et al., 2012), and CO2 degassing is
linked to the CO2 composition of the cave, which in turn is related
to vegetation variability and surface air temperature (Banner et al.,
2007; Wong and Banner, 2010; Wong et al., 2011). Lower effective
moisture in terrestrial settings leads to greater evaporation. Evap-
oration from terrestrial water bodies, such as lakes, soil water,
rivers, and snowpack lead to a greater difference between 2H and
1H in these water bodies relative to the difference between 18O and
16O in the same bodies of water. The difference, caused by evapo-
ration, defines a linear relationship between the d18O and d2H
values that is shifted from the local meteoric water line and that has
a lower slope (Rozanski et al., 1993; Lachniet, 2009). The effect is
relevant for all places fromwhich water can be evaporated, such as
the thin film on a stalagmite surface. This effect is noted in the
calculated variable d-excess, which decreases through evaporation
in terrestrial settings (Rozanski et al., 1993; Clark and Fritz, 1997;
Anderson et al., 2016) and has been noted in d18Ofi and d2Hfi
2

(Warken et al., 2021).
Alternatively, rapid CO2 degassing from drip water and thin

films on stalagmites, driven by surface temperatures (via cave
ventilation) and vegetation and its impact on stable isotope values
has been evaluated in cave monitoring studies (e.g., Mickler et al.,
2004, 2006). In many modern cave studies rapid CO2 degassing
leads to an increased difference between the d18O values of the drip
water and the dissolved inorganic carbon (DIC) pool within it, a
change that is recorded in stalagmite calcite as an increase in Dd18O
(Mickler et al., 2004, 2006; Dreybrodt and Deininger, 2014). In this
case, observations of the stalagmite calcite and water would show
larger difference between water d18O and calcite d18O values (or
Dd18O; Table 1). Alternatively, kinematic models of stable isotopic
fractionation in supersaturated fluid conditions can lead to changes
in calcite crystal kink dynamics in the calcite structure that cause a
decrease in Dd18O values. Kink dynamics are driven by variable
water pH at a stalagmite surface (Watkins et al., 2014). Although
seemingly in conflict, the two interpretations of Dd18O demonstrate
that kinetic fractionation led to a Dd18O that is not expected based
on equilibrium conditions. To better evaluate the mechanism of
kinetic fractionation, it is crucial that all aspects of the d18Ofi and
d2Hfi values be analyzed including other calculated variables (d-
excess and temperature) and the relationship of the d18Ofi and d2Hfi

values to the local meteoric water line. Temperature is crucial and
defining a range of reasonable temperatures for a cave setting in the
modern is straightforward through cavemonitoring. Extensive cave
monitoring has been done in a nearby cave to ML-1, Black Chasm
(~80 km away; Oster et al., 2012) and a range of modern cave
temperatures is defined as 10e20 �C. Additionally, several tem-
perature reconstructions based on geologic evidence and models
demonstrate that the temperature of California warmed between 6
and 5 �C since the Last Glacial Maximum (e.g., Tierney et al., 2020).
Thus, we hypothesize that 1. evaluating the d18Ofi and d2Hfi results
in relation to the meteoric water lines, 2. calculating a Dd18O in
theoretical equilibrium conditions and comparing this to calculated
Dd18O based on measurements in stalagmite ML-1, and 3. calcu-
lating a d-excess and a temperature for each d18Ofi and d2Hfi result
through time will highlight variability in equilibrium and kinetic
fractionation within stalagmite ML-1.

3. Methods

3.1. Fluid inclusion analysis

Stalagmite ML-1 was previously UeTh dated and analyzed for
calcite-based geochemical and stable isotopic compositions
(Santare, 2013; Oster et al., 2015). Sample ML-1 is 22.5 cm long
(Supp. Fig. 1) and grew between 19.4 ± 0.3 and 11.7 ± 0.4 ka based
on 10 UeTh dates. The age/depth model for ML-1 (Supp. Fig. 1) was
re-evaluated in this study using CoPRA (Brietenbach et al., 2012) to
incorporate Monte Carlo estimations of age uncertainty (2000 it-
erations by default). The age of the inclusion fluids in this study are
19.1 to 12.9 ka. Details on McLean's Cave and the calcite proxy time
series can be found in Santare (2013), Oster et al. (2015), and
Wortham et al. (2019).

Stalagmite intervals best suited for inclusion fluid analysis were
identified by coupling neutron and X-ray computed tomography, an
approach that has been documented to successfully identify in-
tervals rich in fluid-vs. air-filled inclusions (Wortham et al., 2019).
Sampling density through time is driven by the growth rate of the
stalagmite and finding layers in the NCT and XCT scanning that
were fluid-filled. Petrographic study and coupled XCT and NCT
scanning reveal distribution and density of fluid-filled inclusions
along the growth axis of the stalagmite. Along a growth band there
is a consistent distribution of fluid-filled inclusions (Fig. 1A;
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Wortham et al., 2019). Physically isolating a given growth band
from mm-thick wafers of stalagmite (prepared from 2 by 1 inch
thin-section billets) for inclusion fluid analysis is challenging due to
the sub-mm spatial scale of bands. In this study, when a givenwafer
was split in half to be analyzed twice for d18Ofi and d2Hfi values
(Fig. 1B), the two analyses are considered duplicates and not true
replicates. The average of the two duplicates is presented in each
plot and used for statistical analyses.

Fluid-rich regions in ML-1 (Fig. 1) were sampled as 200e500mg
chips (X:Y:Z dimensions of 0.25e0.50 cm: 1 cm: 0.25 cm) taken
from wafers that were previously cut from thin-section billets.
Analysis of the inclusion fluids in 31 chips (n ¼ 41 analyses
including duplicates) was performed on a speleothem crushing line
connected to a Picarro L2130-i cavity ring-down spectroscope at
the Rosenstiel School for Marine and Atmospheric Sciences
(RSMAS), University of Miami, FL (Supp. Fig. 2). The crushing line
consists entirely of stainless steel 1/800 external diameter tubing
(SS-T2-S-6ME, Swagelok, Mulberry, FL, USA). The entire extraction
line is heated with nickel-chromium resistance heating wire with
fiberglass sleeving (NI80-015, FBGS-N-22, OMEGA Engineering,
Stamford, CT, USA). Crushing of the sample occurs in a modified 3/
800 Nupro vacuum valve (Swagelok SS-6BG; Arienzo et al., 2013) by
manually spinning the handle of the valve to slowly crush the
stalagmite sample to a powder. Heating of the crushing unit is
accomplished by a 100W cartridge heater inserted into a base plate
onwhich the crusher valve rests. A continuous flow of N2 is present
through the line to the CRDS. The original version of the crushing
line was presented in Arienzo et al. (2013). In this study, we
Fig. 1. Coupled NCT and XCT scan and schematic of fluid inclusion distribution in
ML-1 growth bands. (A) Coupled CT image exhibits fluid-filled inclusion-rich bands
(light yellow) alternating with bands of inclusion-poor bands (darker orange; modified
from Wortham et al., 2019). Photo resolution is limited by the voxel size in the scans.
(B) Schematic of the fluid inclusion distribution illustrates how adjacent duplicate
samples (dashed boxes) required for analytical ‘replicates’ may sample variable pro-
portions of discrete generations (indicated by colors) of included fluids. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

3

modified this approach substantially as follows. The two main
changes are:

1. Analyses. A quartz tube with platinum wire was connected to
the crushing line (Supp. Fig. 2) and heated to 400 �C. The quartz
tube was added to reduce interference in the CRDS created by
the presence of organic molecules (Supp. Fig. 2) (cf. Dassie et al.,
2018), which are known to deleteriously affect the d18O values
by interfering at the wavelengths used. Although this approach
produces a small amount of H2O, its effect on the d18O of the H2O
samples is minimal (Zheng et al., 2018).

2. Data reduction. The H2O released from the crushed sample or
liquid injection was allowed to enter directly into the CRDS in a
continuous flow, producing a sharp H2O peak (Supp. Fig. 3) as
the water released enters the system and then the signal dies
away. No expansion volume was used. The 18O/16O ratio was
determined by integrating the 18O and 16O peaks and the same
was done for the 2H/1H ratio. The Picarro software analyzes the
d18O and d2H values every 0.1 s. To determine a d18O and d2H
value, the d value was weighted by the amount of water (ppm)
being measured in the same 0.1 s. An average was taken of the
weighted stable isotope value. All analyses for which the water
amount was >200 ppm was used in the weighted average.

A diagram depicting a typical analysis is presented in Supp.
Fig. 4. To summarize, at the beginning of each day of analysis
several liquid injections of an in-lab standard were analyzed until a
stable signal was achieved. The water was injected through the
water injection port (Swagelok SS-4-T), which allowed for
0.1e1.2 mL of standard waters to be injected (Arienzo et al., 2013).
The first injections of the day were analyzed to ensure that the
speleothem line was not leaking, that there was a stable flow of N2,
and that the line was evenly heated to 115 �C. Following this first
test, a ‘memory’ test was performed by analyzing three injections of
one in-lab standard followed by three injections of another in-lab
standard of a different known value. The values were determined
using the reduction procedure referred to in point (2). A curve was
then fitted to the determined values from the memory test and was
applied as a ‘memory correction’ to the rest of the analyses that day.
Subsequently, for each stalagmite sample (and rock standard
treated as an unknown) was bracketed by three measurements of
an in-lab standard (0.5 mL) before and after the stalagmite sample
(Arienzo et al., 2013). A test was performed daily to determine
whether the size of the liquid standard injection impacted the
calculated stable isotope value, referred to as the ‘size effect’. No
size effects were detected throughout the period of analysis. The
bracketed injections and the memory test for the day were used to
correct the unknowns. Of note, the addition of the heated quartz
tube was assessed as an effective change to reducing organic
contamination by measuring the WICO standards, one of which
(WICO-5) was spiked with methanol to mimic organic contami-
nation (Western Regional Climate Center,). The measurement of
WICO-5 yielded a value within uncertainty of the known value
when measured using the methodology presented here. Addi-
tionally, the new reduction method used in this study improves the
sensitivity of the method by an order of magnitude.

Uncertainty on each individual measurement is calculated by
taking the average 1s standard deviation of the liquid injection
standards that bracketed each analysis. An average uncertainty for
the method is calculated by taking the average 1s uncertainty from
the liquid standards and repeated analyses of modern flowstones
(Supp. Fig. 4). Based on these analyses, the analytical precision (1s)
for the method presented here is 0.6‰ and 5.2‰ for d18Ofi and
d2Hfi, respectively. In addition, a subset of stalagmite chips (dupli-
cates of those run at RSMAS; n¼ 9) were analyzed on a TC-EA IRMS
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in the Stable Isotope Laboratory, Max Planck Institute for Chemistry
(MPIC), Mainz, Germany (Vonhof et al., 2006; De Graaf et al., 2020)
to determine the relative offset between CRDS and TC-EA IRMS
methods (Supp. Table 2). The correction method for memory effect
and to standards employed at MPIC is the same to that employed at
RSMAS. Analytical precision (1s) for the TC-EA IRMS at MPIC based
on repeated measurements of standard waters and minerals is
0.5‰ and 5.0‰ for d18Ofi and d2Hfi, respectively. All duplicates were
averaged together.

3.2. Data analysis

We follow the time-interval differentiation for the last deglaci-
ation proposed by Oster et al. (2020): Late Glacial (LG, 19.3 to 18.0;
n ¼ 8 samples analyzed), Heinrich Stadial 1a (18.0e16.1 ka, n ¼ 8),
Heinrich Stadial 1b (16.1e14.6 ka; n ¼ 8), the Older Dryas stadial
(OD,14.1 to 13.8 ka; n¼ 5), and the B€olling and Allerød interstadials
(14.6e14.1 ka and 13.8 to 12.8 ka, respectively; n ¼ 12). Two phases
of Heinrich Stadial 1 have been previously denoted as the “Big Dry”
and the subsequent “Big Wet” (Broecker et al., 2009). Recently,
inconsistencies in effective moisture reconstructions for the
Southwest have been documented suggesting that the two phases
of HS-1 may not be regional (cf. Hudson et al., 2019); thus, we refer
to the two phases of Heinrich Stadial 1 as HS1a and HS1b. Results
for thewarmer B€olling and the Allerød interstadials (<1 ky duration
each) were combined given their brief duration and that these two
warm intervals were punctuated by a brief cooling and refer to the
combined intervals as the B/A (B€olling/Allerød).

To assess whether equilibrium oxygen isotope fractionation
between drip water and calcite occurred during stalagmite ML-1
formation and to evaluate the potential influence of evaporation
on inclusion fluid and stalagmite calcite isotopic compositions, we
calculated three variables using the measured d18Ofi and d2Hfi and
d18Occ values and using the modern precipitation values from the
region. The first, Dd18O, is the difference between measured d18Occ
(converted to VSMOW) and d18Ofi values (Table 1). Given the very
different temporal resolutions of the d18Occ and d18Ofi data sets for
ML-1, the stalagmite d18Occ values (n ¼ 617; Santare, 2013; Oster
et al., 2015) were bin-averaged to match the temporal resolution
(100e200 yr) of the d18Ofi and d2Hfi analyses before calculating the
Dd18O values for each d18Ofi datum. Predicted equilibrium Dd18O
was estimated using the bin-averaged d18Occ values for the ML-1
stalagmite and temperatures of 7.0, 10.0, and 12.3 �C based on
cave monitoring at Black Chasm (~80 km away; Oster et al., 2012).
These values were applied to the calcite-water oxygen isotope
fractionation equations of Daeron et al. (2019) and Tremaine et al.
(2011). The second variable, d-excess, was calculated for each in-
clusion data point to assess the potential influence of evaporation
on inclusion-fluid isotopic compositions. We note here that the
definition of d-excess used in this study is based on previous re-
searchers working in cave and terrestrial environments and is
therefore focused on the process of rainwater recycling driven by
evaporation (e.g., Lachniet, 2009; Anderson et al., 2016). The d-
excess, or deuterium excess, is the ‘y-intercept’ of the best-fit line
through the d18O and d2H values distributed on a x- and y-plot. We
calculate the d-excess using the following equation: d-
excess ¼ d2Hfi - (7.9 *d18Ofi) as defined by the Local Meteoric Water
Line for the study area (Oster et al., 2012). The third calculated
variable is temperature of precipitation for each pair of measured
d18Ofi values and their corresponding binned d18Occ value using the
temperature fractionation equations of Tremaine et al. (2011) and
Daeron et al. (2019).

Furthermore, we compare the measured d18Ofi values to pre-
cipitation d18O compositions obtained using the Community Earth
System Model version 1.3 with isotopologue tracking for d18O
4

(iCESM1.3) for time slices throughout the deglaciation at 21.0, 16.0
(with and without fresh water forcing), 15.0, 14.0, and 12.5 ka
(Tabor et al., 2021). The boundary conditions and parameterization
of iCESM1.3 is described in He et al. (2021) and Tabor et al. (2021).
The climate and water isotopologues in iCESM1.3 were spun up
using the fully coupled configuration of iCESM1.3 with a 1.9� � 2.5�

horizontal resolution atmosphere (Community Atmosphere Model
5; CAM5) and land (Community Land Model 4; CLM4) components,
and nominal 1� horizontal resolution ocean (Parallel Ocean Pro-
gram 2; POP2) and sea ice (Community Sea Ice Model 4; CICE4)
components (He et al., 2021). To spin-up the land model (notably,
soil temperatures and hydrology) at higher resolution, we first
interpolated the results from the 1.9� � 2.5� resolution simulations
to the 0.9� � 1.25� grid, then ran the CAM5/CLM4-only simulations
for 50 years using an annual cycle of sea-surface conditions from
themean of the final 50 years of the fully coupled simulations. Next,
we extended the CAM5/CLM4-only simulations for an additional 50
years with time varying sea-surface conditions from the final 50
years of the fully coupled simulations. All analyses presented here
are based on the final 45 years of the simulations (the first 5 years
are discarded as model spin up). We average 45 years of d18Op

values at each time-slice and compare this value to that of the d18Ofi

values obtained from stalagmite ML-1.
To evaluate the correspondence between d13Ccc and d18Occ

values, we calculated the Pearson's correlation and significance (p-
values) using the python module ‘pearsonr’ from SciPy (Virtanen
et al., 2020). Additionally, we evaluated the correspondence be-
tween the results of this study and published stalagmite records
using wild binary segmentation (for further information see Supp.
Mat.) (Fryzlewicz, 2014).

4. Results

4.1. Comparison of inclusion fluid and modern meteoric stable
isotopic compositions

Themeasured d18Ofi and d2Hfi values range from�11.0 to�6.3‰
and �86.7 to �65.0‰, respectively (Supp. Table 3; Fig. 2A). Despite
the fluid inclusionmeasurements being analyzed on duplicates and
not true replicates, the measured d18Ofi and d2Hfi values of all du-
plicates are near the 1s uncertainty defined by a y ¼ x line (Supp.
Fig. 5). The d18Ofi and d2Hfi values are well within the range of d18Op
and d2Hp values at the Black Chasm locality in the central Sierra
Nevada (Oster et al., 2012) and in Sequoia National Park in the
southern Sierra Nevada (McCabe-Glynn et al., 2016) (Fig. 2A).
Collectively, the d18Ofi and d2Hfi values are on average 1‰ offset
from the LMWL (Local Meteoric Water Line), but within the range
of measured d18Op and d2Hp values when considering all precipi-
tation data for the region (Fig. 2).

4.2. Temporal variability in inclusion-fluid isotopic compositions

For the period of the LG into HS1a, the measured d18Ofi values of
ML-1 are initially constant at ~9‰, after which values decrease by
2‰ and then rise rapidly to a peak of 8‰ at 15 ka (Fig. 3). A sub-
sequent decrease in d18Ofi (by 2‰) occurs in the OD followed by a
rise (by 4‰) to a second peak in the B/A (13.2 ka). Overall, the d18Ofi

and binned d18Occvalues exhibit little correlation. The d2Hfi values
exhibit low variability through the LG and HS1 periods with a rise
around 10‰ beginning at ~15.5 ka followed by a decrease in the BO
and a subsequent increase with some variability to 13 ka.

Calculated Dd18O values over the range of 7 and 12.3 �C span
from 33.8 to 31.9‰ (Fig. 3) using the Tremaine et al. (2011) and
Daeron et al. (2019) calcite-water oxygen isotope fractionation
equations. The Dd18O values calculated using the measured



Fig. 2. Precipitation and drip-water d18O and d2H from CA and comparison to ML-1
d18Ofi and d2Hfi values. (A) Local Meteoric Water line (black) defined using Black
Chasm (~80 km from McLean's Cave) precipitation data (black squares; Oster et al.,
2012). Measured Black Chasm (Oster et al., 2012) drip water (open boxes) and pre-
cipitation isotopic compositions (black boxes ¼ Black Chasm, elevation of 680 m; gray
circles ¼ Sequoia National Park; elevation of 1921 m (McCabe-Glynn et al., 2016) plot
along the local meteoric water line. (B) d18Ofi and d2Hfi values for ML-1 (red circles)
superimposed on precipitation and drip-water data. Water line based on d18Ofi and
d2Hfi shown as dashed line. Duplicates are shown in Supp. Fig. 7 (d2Hfi ¼ 3.9 x d18Ofi e

38.7). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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inclusion fluid and calcite d18O values are lower, ranging between
26 and 32‰ approaching near equilibrium values between 18 and
15 ka (i.e., through the HS1a and b) and at 14.5 ka (the BO).
Calculated d-excess values are overall below that defined by the
local meteoric water line (9.8‰) and range between �10 and 5‰.
The d-excess values covary with d18Ofi and ‘measured’ Dd18O
(Fig. 3). The d-excess values reach minima of �10 and �11‰ at 15.0
and 13.2 ka. Temperatures calculated using the d18Ofi and d18Occ
values (herein referred to as inclusion-fluid-based temperatures)
range from 10 to 45 �C (Fig. 4), are mostly higher than modern
temperatures measured in Black Chasm (Oster et al., 2012) and are
higher than estimated temperatures for the last deglaciation
(Tierney et al., 2020). As anticipated, the temperatures exhibit
temporal variability that corresponds to changes in Dd18O and both
covary with d-excess. Inclusion-fluid temperatures trend to their
highest values throughout the LG to early HS1 (19e17.6 ka; 17.4 to
17.2 ka) and through much of the period after 15 ka with peaks at
15.0 and 13.2 ka (Fig. 4), when Dd18O values are overall low (Fig. 3)
and for 15.0 and 13.2 ka, when both Dd18O and d-excess values
reach minimum values. Inclusion-fluid-based temperatures are at
their lowest at 17.6 ka, between 17.2 and 15.4 ka (although the data
are sparse), and at 14.5 and 13.9 ka (the OD), when Dd18O values
5

approach predicted equilibrium values and d-excess values are
higher. The covariation of all calculated variables indicates that the
d18Ofi and d2Hfi vary together either through post-entrapment
alteration or through in-cave kinetics and evaporation processes.

5. Discussion

To evaluate the preservation of the d18Ofi and d2Hfi values for
stalagmite ML-1, we applied three tests and conclude that the
values are a primary signal and have not been altered post-
formation. These tests are (i) assessing the stalagmite petrograph-
ically for evidence of diagenesis, (ii) evaluating the temperatures at
which a change in d18Ofi and d2Hfi values would occur, and (iii)
comparing the result to the local meteoric water line. We subse-
quently compare the d18Ofi and d2Hfi values with measured d18Occ
values and the calculated Dd18O and d-excess values, and the
inclusion-fluid-based temperatures. Based on the results presented
in the following sections, we hypothesize that the d18Ofi and d2Hfi

values record shifts in effective moisture through time. Addition-
ally, we discuss how inclusion fluid results can be used to recognize
disequilibrium and kinetic fractionation effects and the environ-
mental drivers leading to these effects. We evaluate the inclusion-
fluid isotopic trends in comparison to published stalagmite and
lacustrine proxy records from throughout the Southwest and to
earth system model (ESM) simulations of d18Op for the McLean's
Cave region. Together these approaches demonstrate that through
the interval of the last deglaciation that is recorded in the ML-1
stalagmite (19e13 ka), the d18Ofi and d2Hfi time series archive
repeated intervals of lower effective moisture in the central Sierra
Nevada foothill region, some of which correspond to synchronous
periods of inferred lower effective moisture elsewhere in the
Southwest.

5.1. Evaluating diagenetic alteration of inclusion fluid stable
isotopes

Many early studies have evaluated the utility of measured d18Ofi

values as a robust proxy of drip-water d18O given the potential for
post-formation exchange of oxygen between the stalagmite CaCO3
and the inclusion fluids (Schwarcz et al., 1976; Harmon et al., 1979;
Genty et al., 2001; Demeny et al., 2016). Recent studies, however,
have demonstrated that d18Ofi values are preservedwell in the right
speleothem material (Van Breukelen et al., 2008; Matthews et al.,
2021) Petrographic (transmitted light and epifluorescence; Oster
et al., 2015) and coupled X-ray and neutron activation-computed
tomographic study (XCT and NCT) of stalagmite ML-1 (Wortham
et al., 2019) document banded growth layers free of dissolution
features andwith systematic distribution of inclusions. The coupled
scanning approach also documents the occurrence of inclusions
concentrated between elongate crystals indicating their primary
origin and the distribution of fluid-filled vs. air-filled inclusions. In
this upper 7 cm of the stalagmite, which is characterized by less
consistent banding, the fluid-filled inclusions occur as eithermicro-
pores or macro-pores (Wortham et al., 2019). For the purposes of
this study, we have focused on the fluid-filled micro-pores as XCT
and NCT scanning as well as petrographic evidence indicate that
micro-pores are isolated along growth bands and are not diage-
netically altered by post-formation dissolution.

A second test of the primary nature of the inclusion-fluid
compositions is to evaluate the possible temperature range that
the ML-1 stalagmite may have experienced since formation.
Although exposure to temperatures of >105 �C can promote calcite
to re-equilibrate in post-formation fluids (Uemura et al., 2020),
stalagmite ML-1 has been exposed to a maximum temperature
change since formation of 0.0e5.1 ± 1.7 �C (Wortham et al., in



Fig. 3. Time series of inclusion-fluid isotopic compositions and calculated variables for stalagmite ML-1. (A) Growth rate (cm/kyr) calculated using the UeTh-based age model
for stalagmite ML-1 (Supp. Fig. 1). (B) d18Ofi and (C) d2Hfi values. Black dots are averaged duplicates. Original measurements with individual uncertainties (see methods) are shown
as gray circles. Red squares in (B) represent the average d18Op values for 45 years of model results from iCESM1.3 (Tabor et al., 2021; Oster et al., in prep). Note order of magnitude
shift between tick marks on A and B. (D) d-excess values (purple circles) and comparison to the d-excess defined by the LMWL (purple vertical line). (E) Dd18O values calculated
using measured d18Ofi values and the bin-averaged ML-1 d18Occ values (orange circles) and the range of predicted Dd18O values (orange vertical bands) defined using bin-averaged
ML-1 d18Occ values, 7.0, 10.0, and 12.3 �C cave temperatures, and the calcite-water oxygen isotope fractionation equations of Tremaine et al. (2011) (light orange) and Daeron et al.
(2019) (darker orange). Time increments shown by alternating horizontal blue shading and white intervals. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. Temporal trend in inclusion-fluid-based temperatures. Temperatures calculated using the measured d18Ofi and d18Occ values from stalagmite ML-1 and the temperature
equations of Tremaine et al. (2011) (open circles) and Daeron et al. (2019) (gray circles). The modern range in temperatures for all drip-sites in Black Chasm (10e20 �C) is shown by
the gray bar.
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revision) naturally and ~20 �C of temperature change during sta-
lagmite processing and sampling. Additionally, several recent
studies (Meckler et al., 2015; Affolter et al., 2015, 2019; Arienzo
et al., 2019; Millo et al., 2017; Dassie et al., 2018) have demon-
strated that d18Ofi and d2Hfi values are well preserved when the
inclusion-fluid values generally correspond with the local or global
meteoric water lines (Affolter et al., 2015, 2019). As presented in
Section 3.1, the d18Ofi and d2Hfi values of ML-1 stalagmite generally
track the LMWL with an increase to higher d18O values (up to ~1‰)
for a given d2H value for some analyses. These results, however,
remain within the range of regional d18Op and d2Hp values. On the
basis of these three tests, we conclude that the d18Ofi and d2Hfi

values in the ML-1 stalagmite are a reliable proxy of paleo-
dripwater. The inclusion-fluid values appear to have been moder-
ately modified by evaporative processes in the epikarst or cave
prior to their entrapment as inclusions.
6

5.2. The environmental signal archived in the inclusion-fluid stable
isotopic compositions

The d18Ofi and d2Hfi values for stalagmite ML-1 indicates vari-
ability in the degree of impact of disequilibrium fractionation
throughout the record (Fig. 2). Near equilibrium conditions in the
cave with minimal evaporation in the region are recorded as the d-
excess values falling near the expected value based on the LMWL
and for the Dd18O values falling near the calculated Dd18O values
based on the in-cave temperature equations (Tremaine et al., 2011;
Daeron et al., 2019) (Fig. 3). At 14.0 and 15.5 ka, the record indicates
that the cave experienced near equilibrium or equilibrium condi-
tions with minimal evaporation in the region. The inclusion-fluid
temperatures agree within uncertainty to the temperatures recor-
ded in the Black Chasm (80 km away) during a five-year monitoring
effort during these two times (Fig. 4). Finally, the d18Ofi agree with
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the modeled d18Op from iCESM1.3 (Tabor et al., 2021) for the record
at these times (Fig. 3). Therefore, stalagmite ML-1 experiences brief
periods of equilibrium conditions with minimal evaporation at 14.0
and 15.5 ka.

We interpret variability in d-excess and Dd18O values away from
equilibrium as being driven by disequilibrium in the cave setting
driven by lower effective moisture in the region. There are varying
degrees of disequilibrium and/or evaporative conditions present in
the record, with clear disequilibrium at 15 and 13.2 ka (Fig. 4)
where values do not agree with the predictions from the iCESM1.3
output (Tabor et al., 2021). Cave monitoring studies in the Sierra
Nevada (Oster et al., 2012; Wortham et al., 2021) demonstrate that
relative humidity is variable in Black Chasm (~80 km away; Oster
et al., 2012) and that pCO2 is variable at both caves and near at-
mospheric in the southern Sierra Nevada (Wortham et al., 2021).
Based on the modern cave systems, it is possible that disequilib-
rium isotopic fractionation played a role in driving the d18Ofi values
in the ML-1 stalagmite away from local meteoric water line results.
In the modern, low d-excess values are associated with evaporative
environments (Clark and Fritz, 1997; Lachniet, 2009; Anderson
et al., 2016). Low d-excess values have been documented in drip-
waters of tropical (Onac et al., 2008; Polk et al., 2012), Mediterra-
nean (Moreno et al., 2014) and semi-arid cave environments (Bar-
Matthews and Ayalon, 2004), attributed to seasonal fluctuations
in P:E that can lead to 10e30% variability in d-excess values of karst
reservoir fluids. Where the evaporation occurred, however, cannot
be determined by this variable alone.

The mechanics of calcite-fluid isotopic disequilibrium fraction-
ation in cave environments and the influence on the direction of
the resulting change in Dd18O values (higher or lower) remain
debated. For example, cave monitoring studies demonstrate that
Dd18O values increase during periods of disequilibrium fraction-
ation driven by rapid CO2 degassing (independent of relative hu-
midity) that leads to progressive increase in d18O value of dissolved
inorganic carbon (DIC) in the thin-film fluids relative to the bulk
drip water and from which the stalagmite calcite precipitates
(Mickler et al., 2004; Dreybrodt and Deininger, 2014; Carlson et al.,
2020). A model designed to evaluate disequilibrium fractionation
during stalagmite formation (Dreybrodt and Deininger, 2014) as-
sumes that the calcite inherits the d18O value of the DIC fromwhich
it precipitates without further modification, leading to increasing
Dd18O value with increasing degree of disequilibrium of calcite-
fluid isotopic fractionation. Conversely, an ion-by-ion-based
model demonstrates that changes in pH and increased growth
rate can increase kink mechanisms in calcite growth driving a
decrease in Dd18O values with disequilibrium fractionation
(Watkins et al., 2013, 2014). This model of disequilibrium frac-
tionation, however, was developed for fluid-saturated conditions in
which Dd18O value potentially decreases with increasing precipi-
tation rate (Dawans,1988). In-situ studies evaluating disequilibrium
fractionation during stalagmite growth have further shown sea-
sonal variability in cave relative humidity and CO2 degassing can
drive Dd18O values away from predicted values for equilibrium
fractionation (e.g., Carlson et al., 2020). The variability in the Dd18O
value is verified by anomalous inclusion-fluid temperatures (Fig. 4)
during the same periods. Based on these studies, we suggest that
for ML-1 the Dd18O that fall away from equilibrium are likely driven
by kinetic fractionation in the cave.

5.3. Towards a better understanding of d18Occ records in the Sierra
Nevada using inclusion-fluid stable isotopes

The interpretation of disequilibrium fractionation in the
inclusion-fluid record is verified when assessing the covariation
between d18Occ and d13Ccc values and by evaluating the trace
7

element record in stalagmite ML-1. In the past, testing stalagmite
records for non-equilibrium fractionation involved assessing
whether the d13Ccc and d18Occ values in the stalagmite vary
contemporaneously (Meckler et al., 2015; Wong and Breecker,
2015), the “Hendy Test” (Hendy, 1971). Strictly speaking, the
Hendy Test evaluates the covariation between d18Occ and d13Ccc
along a singl growth layer, however, many researchers use the
covariation of d18Occ and d13Ccc through time as a type of Hendy
Test for disequilibrium. Covariance in d18Occ and d13Ccc values has
been argued to record cave processes such as evaporation or CO2
ventilation unrelated to climate (e.g., Scroxton et al., 2021). Sta-
lagmite ML-1 reveals covariance between the d18Occ and d13Ccc
values, although the slope is low (Oster et al., 2015) (Table 2). Here
we further investigate the Hendy Test in stalagmite ML-1 and
evaluate the correspondence between d18Occ and d13Ccc values
across six-time intervals in the record (Table 2). The correspon-
dence between d18Occ and d13Ccc values is particularly elevated
during HS1b (16.1e14.6 ka) and the BO (14.6e14.1 ka) when esti-
mated growth rates are low (Table 2; Fig. 3). The correspondence
agrees with the Dd18O and d-excess variability in the inclusion-fluid
record. Lowgrowth rate in stalagmiteML-1 is due to less infiltration
(lower effective moisture) that leads to a lower ability for the DIC
pool in the thin film at the stalagmite site to refresh (Oster et al.,
2015). The calcite-based results argue for a higher likelihood of
disequilibrium fractionation as seen in the inclusion-fluid results.
Some researchers suggest that the Hendy Test is not a reliable test
of equilibrium vs. disequilibrium fractionation based on the
observation that d13Ccc values can be influenced by soil properties,
respiration, and vegetation variability, all of which can respond to
the same climate signals as d18Occ (Dorale and Liu, 2009). Therefore,
d18Occ and d13Ccc values could covary significantly without being
influenced by disequilibrium effects in the cave.

The timing of shifts in the trace element record covary with the
inclusion-fluid variability. Trace-element concentrations (Mg, Ba,
and Sr) in drip water and calcite precipitated from it have been used
to further deconvolve the ambiguity in the Hendy Test because
these elements are potentially sensitive to prior calcite precipita-
tion (PCP) and precipitation amount (Fairchild et al., 2000; Wong
et al., 2011). The PCP and precipitation amount are directly
related to effective moisture and CO2 degassing, some of the same
processes that impact d13Ccc. The trace element time series of sta-
lagmite ML-1 indicate greater prior calcite precipitation (PCP)
during HS1 and the AL (Oster et al., 2015), potentially consistent
with the hypothesis that Heinrich 1 and the interstadial BO/AL,
were drier than the OD stadial. The LG period has a high covariance
between d18Occ and d13Ccc, suggesting drier conditions, which is
consistent with disequilibrium conditions in the LG period in the
inclusion-fluid results. The d18Occ and d13Ccc values correlate during
periods when the Dd18O and d-excess decrease away from expected
values if the stalagmite precipitated in equilibrium (Fig. 3). We
interpret the lower growth rates, lower d-excess and Dd18O, and
covariance between d18Occ and d13Ccc values in certain intervals as
recording periods of significantly decreased effective moisture.

5.4. Comparison to published contemporaneous d18Occ and d2H
records

The observed long-term variability in ML-1 d18Ofi values is
broadly similar to the d18Occ values measured in a stalagmite from
Cave of the Bells (COB; Wagner et al., 2010), and to a lesser extent
the time-series of d18Occ values in a stalagmite from Fort Stanton,
NM (Fig. 5). Moreover, a change-point test for the ML-1 d18Ofi and
COB d18Occ values indicates a pronounced shift to higher values at
~15.1 ka in both records (Supp. Fig. 6). The correspondence in-
dicates a regional process impacting the COB and ML-1 records.
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With regard to regional d2H values, the ML-1 d2Hfi exhibits an in-
crease to more positive values between 14 and 15 ka that coincides
with the first of a two-step increase in leaf wax d2H values from
Lake Elsinore, CA (Kirby et al., 2013; Feakins et al., 2019) (Fig. 5 and
Supp. Fig. 6). A change point calculated for the ML-1 d2Hfi values
confirms the statistical significance of this visual comparison (Supp.
Fig. 6), suggesting that a common regional driver impacted the Lake
Elsinore and ML-1 records on a millennial scale and led to a major
shift in regional hydroclimate between 15 and 14 ka.

5.5. Drier times in the Sierra Nevada

We interpret the collective results of this study to indicate
temporal variability in regional effective moisture through the late
glacial and last deglaciation. This variability includes periods
decreased effective moisture (most prominently 15.0 and 13.2 ka)
followed by periods of increased effective moisture. To evaluate
whether the stalagmite, ML-1, is recording a regional trend we
discuss independent evidence of effective moisture. Evidence, in-
dependent of stalagmite records, for intervals of decreased effective
moisture during the last deglaciation in the US Southwest exists in
several lake-level reconstructions (Lake Bonneville, Oviatt et al.,
1999; Lake Chewaucan, Cohen et al., 2000; Lake Franklin, Munroe
and Laabs, 2013; Lakes Jakes, Clover, and Waring, Garcia and
Stokes, 2006; Lake Lahontan, Adams and Wesnousky, 1998; Lake
Panamint, Smith, 2009; Lake Russell, Benson et al., 2003; Lake
Surprise, Ibarra et al., 2014; comparisons presented in Reheis et al.,
2014). Furthermore, a regional compilation of lake highstands
documents a southeast to northwest migration of the sites of
highest lake levels in the US Southwest through the last deglacia-
tion (McGee et al., 2018). This comparison further documents a
rapid shift to decreased moisture delivery to the southern and
central part of the Southwest between 16 and 15 ka (McGee et al.,
2018), overlapping with the inferred major shift in regional
hydroclimate archived in the stalagmite records, including the shift
in ML-1 at 15 ka. Shifts in moisture are also captured in transient
Fig. 5. Time-series of d18OfiM and d2Hfi values in the ML-1 stalagmite compared to publishe
series, and the gray circles are the duplicate measurements. To the immediate right, d18Occ ti
et al., 2010); blue d Fort Stanton (FS; Asmerom et al., 2010); green d Lake Shasta Cave (LS
(symbols as in the d18Ofi time series) and Lake Elsinore leaf-wax d2H record (green circles; K
gray shading and white intervals. Uncertainty on isotopic measurements is indicated by cap
the reader is referred to the Web version of this article.)

8

climate simulations that indicate a reduced moisture budget in the
coastal southwestern US (precipitation e evaporation (mm/d)) af-
ter 15 ka (Lora and Ibarra, 2019). Collectively, these studies all
archive an inferred marked and regional decrease in effective
moisture. The combination of the proxies discussed above dem-
onstrates that drying in the central Sierra Nevada did not occur at
one step-change, unlike in many other stalagmite and lake records
across the Southwest (i.e., McGee et al., 2018) (Supp. Fig. 6). Instead
decreases in effective moisture in the central Sierra Nevada
occurred in intermittent phases with periods of increased effective
moisture interspersed. The difference between the regional trend
in the Southwest and the record in stalagmite ML-1 may be due to
the Sierra Nevada, which acts as a rain shadow in the modern
climate of the Southwest (Crowley et al., 2008). The impact of
topography on the regional drying in the Southwest future is a
target for future ESM modeling, for studies that utilize high spatial
resolution approaches.

6. Summary

We demonstrate the preservation of primary drip-water values,
albeit evaporatively enriched in the soil, epikarst, or cave envi-
ronment, in stalagmite ML-1, through petrographic and scanning
analyses and by assessing a range of temperatures at which sta-
lagmite ML-1 would be altered. The inclusion-fluid (d18O and d2H)
and calcite (d18O) isotopic records of a stalagmite (ML-1) from a
central Sierra Nevada foothill cave (McLean's) and calculated
environmentally sensitive values (Dd18O, d-excess, and inclusion-
fluid temperature) document repeated periods of disequilibrium
oxygen isotopic fractionation in McLean's Cave driven by decreased
effective moisture. The timing of decreased effective moisture, in
one period from the ML-1 record, is contemporaneous with
observed shifts in cave d18Occ values, decreased reconstructed lake
levels, and decreased lake d2H values from sites of comparable
latitude range in the Southwest. The ML-1 record, however, dem-
onstrates many periods of decreased effective moisture and overall
d contemporaneous records. (Left) ML-1 d18Ofi values; black circles represent the time
me series for three southwestern stalagmites: purple d Cave of the Bells (COB; Wagner
C; Oster et al., 2020). Second from the right: inclusion-fluid d2H time-series for ML-1
irby et al., 2013; Feakins et al., 2019). Time intervals are noted as alternating horizontal
ped horizontal lines. (For interpretation of the references to color in this figure legend,



B.E. Wortham, I.P. Monta~nez, P.K. Swart et al. Quaternary Science Reviews 279 (2022) 107399
greater variability than regional stalagmite and lake records from
the east side of the Sierra Nevada. The comparison suggests that
McLean's cave and the western side of the Sierra Nevada may be
more sensitive to changes in effective moisture. This study allows
for a greater understanding of how stalagmite records in the
Southwest document and record effective moisture.
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