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ARTICLE INFO ABSTRACT

Associate editor: Ruth E. Blake Cave carbonate minerals are an important terrestrial paleoclimate archive. A few studies have explored the
potential for applying carbonate clumped isotope thermometry to speleothems as a tool for constraining past

Keywords: temperatures. To date, most papers utilizing this method have focused on mass-47 clumped isotope values (A47)

Speleothems at a single location and reported that cave carbonate minerals rarely achieve isotopic equilibrium, with kinetic

Clumped isotopes

isotope effects (KIEs) attributed to CO2 degassing. More recently, studies have shown that mass-47 and mass-48
Cave carbonates

CO, from acid digested carbonate minerals (A47 and A4g) can be used together to assess equilibrium and probe
KIEs. Here, we examined 44 natural and synthetic modern cave carbonate mineral samples from 13 localities
with varying environmental conditions (ventilation, water level, pCO2, temperature) for (dis)equilibrium using
A47-A4g values, in concert with traditional stable carbon (6'%c) and oxygen (5'%0) isotope ratios. Data showed
that 19 of 44 samples exhibited A47-A4g values indistinguishable from isotopic equilibrium, and 18 (95 %) of
these samples yield A47-predicted temperatures within error of measured modern temperatures. Conversely, 25
samples exhibited isotopic disequilibria, 13 of which yield erroneous temperature estimates. Within some spe-
leothem samples, we find A47-A4g values consistent with CO, degassing effects, however, the majority of samples
with KIEs are consistent with other processes being dominant. We hypothesize that these values reflect isotopic
buffering effects on clumped isotopes that can be considerable and cannot be overlooked. Using a Raleigh
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Distillation Model, we examined carbon and oxygen isotope exchange trajectories and their relationships with
dual clumped isotope disequilibria. Carbon isotope exchange is associated with depletion of both A4y and Asg
relative to equilibrium, while oxygen isotope exchange is associated with enrichment of both A4y and Ayg
relative to equilibrium. Cave rafts collected from proximate locations in Mexico exhibit the largest average
departures from equilibrium (AA4; = —0.032 + 0.007, AAsg = —0.104 + 0.035, where AA; is the measured
value - the equilibrium value). This study shows how the A47-A4g dual carbonate clumped isotope framework
can be applied to a variety of tcave carbonate mineral samples, enabling identification of isotopic equilibria and
therefore quantitative application of clumped isotope thermometry for paleoclimate reconstruction, or alterna-
tively, constraining the mechanisms of kinetic effects.

1. Introduction

Speleothems have been widely used as terrestrial paleoclimate ar-
chives (Bar-Matthews et al., 1997; Wang et al., 2001, 2004a,b; Burns
et al., 2003; Fleitmann et al., 2003). This is due to annual cave tem-
peratures remaining relatively constant (+1 °C) and reflecting the mean
annual air temperature of the region (Poulson and White, 1969;
McDermott, 2004; McDermott et al., 2011). Additionally, cave carbon-
ate minerals can be accurately dated with U-series dating methods
(Richards, 2003; McDermott, 2004; Scholz and Hoffmann, 2008). Oxy-
gen isotope ratios are the most commonly studied temperature proxy
applied to speleothems used for paleoclimatology, and are based on a
temperature-dependent relationship of the oxygen isotope fractionation
factor (a) between carbonate minerals and water (Kim and O’Neil,
1997). However, quantitative interpretation of oxygen isotope ratios in
terrestrial carbonate minerals is hampered by the lack of constraints on
the isotopic composition of waters, and on the magnitude of disequi-
librium isotope effects. The complex isotopic evolution of meteoric
water as it passes through the surface atmosphere, soil, karst zones, and
adjusted cave atmospheric zone poses a challenge for accurate appli-
cation of this paleothermometer (Dreybrodt, 2012; McDermott, 2004;
Lachniet, 2009). In addition, fractionation associated with prior calcite
precipitation and isotopic exchange between CO; in the cave atmo-
sphere further complicate the use of this proxy (Mickler et al., 2006;
Dreybrodt et al., 2016; Hansen et al., 2017, 2022). In modern samples,
this can be circumvented by controlled studies where the traditional
isotopic compositions of cave drip waters are monitored at the approx-
imate time and location of precipitation. In older speleothems, the po-
tential for variation through time complicates reconstructions.

Other temperature proxies have also been used in speleothems to
varying degrees of success, including Mg/Ca and alkenone unsaturation
indexes as indirect proxies (Bar-Matthews et al., 2003; Almogi-Labin
et al.,, 2009), analyzing isoprenoid tetraether (TEXgg) (Powers et al.,
2004; Tierney et al., 2008), fluid inclusion micro thermometry (Kriiger
et al., 2011; Meckler et al., 2015), fluid inclusion stable isotope analysis
(Van Breukelen et al., 2008; Dennis et al., 2011; Affolter et al., 2014),
noble gas thermometry (Kluge et al., 2008; Scheidegger et al., 2011;
Ghadiri et al., 2018), and clumped isotope paleothermometry (Ghosh
et al., 2006; Schauble et al., 2006; Affek et al., 2008; Meckler et al.,
2015; Kluge et al., 2014; Daéron et al., 2019). The first study of clumped
isotopes in speleothems showed that kinetic effects can impart a sub-
stantial bias (Affek et al., 2008), which has more recently been revisited
(Matthews et al., 2021).

The foundation of clumped isotope thermometry is the thermody-
namic equilibrium-driven preference of heavy isotope aggregation
(Wang et al., 2004a,b; Eiler and Schauble, 2004; Ghosh et al., 2006;
Schauble et al., 2006; Eiler, 2007). Most clumped isotope studies have
focused on measuring the relative abundance of the multiply substituted
isotopologue of CO, with a mass of 47 *3cl®ol%0 - A47), derived from
acid digestion of carbonate minerals. However, one of the major caveats
in A4y-thermometry is the underlying assumption that dissolved inor-
ganic carbon (DIC) achieves isotopic equilibrium prior to mineral pre-
cipitation (Ghosh et al., 2006). Isotopic disequilibria for bulk 5'%0 and
813C are observed in cave monitoring studies and synthetic precipitation
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experiments. These studies have reported speleothem fractionation
factors that are between kinetic and equilibrium endmember values
(Tremaine et al., 2011; Day and Henderson, 2011; Johnston et al., 2013;
Hansen et al., 2019; El-Shenawy et al., 2020). A widely utilized test for
probing oxygen isotopic disequilibria in speleothems is the Hendy Test
(Hendy, 1971). However, this test is not universally applicable to all
cave carbonates because it does not account for covariation in §!80 and
513C, and disequilibrium 880 values that may occur within different
growth intervals (Dorale and Liu, 2009). Further, the Hendy Test has not
yet been evaluated in depth for clumped isotopes.

Some cave carbonates are thought to have formed in clumped
isotope equilibrium based on modern samples that yield A47-tempera-
tures that accurately reflect annual temperature, including Pleistocene
speleothem samples from Borneo that were used to infer glacial-
interglacial temperature changes (Meckler et al., 2015) and the slow
growing speleothems of Devils Hole (Kluge et al., 2014; Tripati et al.,
2015; Daéron et al., 2019; Bajnai et al., 2020, 2021; Lucarelli et al.,
2023a,b) and Corchia Caves (Daéron et al., 2019). In other cave car-
bonate samples, empirical observations suggest CO, degassing causes an
increase in 5'%0 and a decrease in Ay47 (Daéron et al., 2011; Kluge and
Affek, 2012; Affek and Zaarur, 2014).

The paired or dual carbonate clumped isotope (A47 and A4g) system
can provide another method for probing clumped isotopic disequilibria
(Tripati et al., 2015; Bajnai et al., 2020; Guo, 2020) including in cave
carbonates (Bajnai et al., 2021). Recent advancements in mass spec-
trometry have enabled the measurement of the less abundant mass 48
isotopologue (12C'80'80-A4g) at sufficient precision for such applica-
tions (Fiebig et al., 2019; Bajnai et al., 2020; Lucarelli et al., 2023a).
Dual clumped isotope measurements of A47; and A4g have been theo-
retically and experimentally shown to have an equilibrium relationship
and constrained boundaries for disequilibrium trajectories in DIC pools
and carbonate minerals. These relationships can be used to identify the
origin of kinetic effects, the extent of deviation from equilibrium, and
timescales associated with carbonate and mineral evolution (Hill et al.,
2014; Tripati et al., 2015; Fiebig et al., 2019, 2021; Guo, 2020; Bajnai
et al., 2020, 2021; Lucarelli et al., 2023a,b; Parvez et al., 2023). Bajnai
etal. (2021) and Lucarelli et al. (2023a) successfully used dual clumped
isotope space to assess equilibrium conditions associated with modern
and Pleistocene Devil’s Hole vein and mammillary calcite samples and
confirmed consistent temperature over the past 570 ka.

Here, we have brought together a wide suite of cave carbonate
samples from 13 localities, both natural and synthetic, produced in
diverse growth environments (e.g., cave ventilation and temperature).
These samples were selected to systematically explore factors influ-
encing dual carbonate clumped isotopes (A47, A4g) and traditional stable
isotopes (5'3C and 5'®0) in caves. We examined if the dual clumped
isotope method can determine which samples accurately predict modern
temperatures. For samples with disequilibrium isotopic values, we then
used dual clumped isotopes in concert with traditional stable isotopes to
investigate the magnitude and mechanism of disequilibria.
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2. Background
2.1. Cave systems

Meteoric water seeps through various subsurface zones prior to
entering cave systems. These zones typically include soil, epikarst, and
within-cave atmosphere environments. Meteoric water has a low pCO2
and its oxygen and carbon isotope composition are governed by the
hydrological cycle and atmospheric COy (Dansgaard, 1964; Craig and
Gordon, 1965). Upon entry into soil, the meteoric water is introduced to
an environment which generally has a higher pCO, that forces an
equilibration of CO, dissolved in the water (Dreybrodt and Scholz,
2011). Subsequently, this acidic water dissolves the carbonate minerals
as it percolates through the epikarst zone below the soil. In this envi-
ronment, the bulk isotopic composition of carbon is dictated by envi-
ronmental factors. An example of which is the shift in 5'3C values of
carbonate minerals precipitated in soil caused by decaying vegetation.
C3 plants generally induce a —14 to —6 % shift in §!3C, whereas C4 plants
induce a -6 to +2 %o shift (McDermott, 2004). In contrast, the oxygen
isotope composition of percolating water initially preserves the isotopic
signature of the meteoric water because of the relatively large oxygen
reservoir in meteoric water compared to respired COs in soil and DIC in
epikarst (Dreybrodt and Scholz, 2011). Finally, the percolating water
(high pCO; and pH of 5) enters the cave either as a water drop or a
flowing thin film which are then exposed to the low pCO, cave atmo-
sphere. The partial pressure gradient of the pCO5 between the cave at-
mosphere and the percolating (drip) water triggers CO, degassing and
CaCOg precipitation out of the drip water (reaction (1)).

Ca’"(aq) + 2HCO; (aq) — CaCO;(s) + H,0 (aq) + CO; (g) (@))

The CO; degassing results in an increase in pH from around 5.0 to
8.9, based on whether the cave is an open or closed system (Dreybrodt,
2012). This leads DIC speciation to be approximately 96 % HCO3 (Tri-
pati et al., 2015). The rate of CO5 degassing in caves increases with
decreasing thickness of the flowing water film (Hansen et al., 2022). Fast
CO, degassing leads to progressive carbonate precipitation out of iso-
topic equilibrium with cave water (El-Shenawy et al., 2020). For
example, fast CO, degassing isotopically enriches the remaining DIC
species in cave water, and consequently the precipitated carbonates are
relatively enriched in '3C and ®0 due to the preferential escape of
12C1602 (Miihlinghaus et al., 2009; Scholz and Hoffmann, 2008).
However, slow CO, degassing allows enough time for cave water to
buffer the isotopic enrichment in the DIC species and facilitates the
precipitation of carbonate at or close to isotope equilibrium (El-Shenawy
et al., 2020). In addition to fast CO, degassing, isotope exchange be-
tween the DIC species in water and atmospheric CO5 in well-ventilated
caves can cause disequilibrium isotope effects in the precipitated car-
bonates (Dreybrodt et al., 2016; Hansen et al., 2017). In particular,
carbon isotope exchange between atmospheric CO3 and DIC in water in
well-ventilated caves enriches the DIC species in '3C and thereby the
precipitated carbonates (Dreybrodt et al., 2016).

2.2. Carbonate Clumped Isotope Geochemistry and Notation

There are 20 different isotopologues of C 02" with four that are
singly-substituted, meaning they contain either a single heavy isotope of
carbon or oxygen. The singly substituted variants make up ~1.8 % of the
total abundance (Eiler and Schauble, 2004; Eiler, 2007). The remaining
16 isotopologues are multiply substituted “clumped” isotopes that
contain >2 heavy isotopes of carbon and/or oxygen (Ghosh et al., 2006).
Reactions (2) and (3) show isotope exchange reactions that form the
multiply substituted isotopologues with m/z 63 (13c*80'0'%0) and m/z
64 (12C180180160), with the clumped species indicated in bold.

[12C160180160]2— + [13C160160160]2— o [12C160160160]2— +

[13C16018016O]2— 2
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[12C160180150 2 + 1213010010012~ o ['2C'%0'%0!%0 > +
[12C180 18016072~ 3)

The temperature-dependent equilibrium constant for reactions (2)
and (3) are the basis of the carbonate clumped isotope thermometer
(Ghosh et al., 2006; Schauble et al., 2006).

No current method allows for the direct measurement of clumped
isotopes in carbonate minerals. Thus, m/z 63 and m/z 64 carbonate ions
within the mineral are converted to gaseous m/z 47 and m/z 48 COq,
respectively, and measured in a gas-source isotope-ratio mass spec-
trometer (Ghosh et al., 2006) using the relationships in equations (4)

and (5):
[ (Rs Rue Rys
A477KR—L*1>7(@71)7(R—2571>]><1000 4
(R ) pRe
Ay = KRL; 1) Z(RZG 1)] x 1000 )

where R; and R;* represent the measured and stochastic ratios of i/44
isotopologues, respectively (Wang et al., 2004a,b; Eiler and Schauble,
2004; Ghosh et al., 2006; Schauble et al., 2006; Eiler, 2007).

The time required for DIC in an aqueous solution to achieve clumped
and oxygen isotope equilibrium is controlled by the forward and reverse
rate constants for reactions (6)—(12) (Zeebe and Wolf-Gladrow, 2001;
Beck et al., 2005; Tripati et al., 2015; Guo, 2020; Uchikawa et al., 2021;
Watkins and Devriendt, 2022):

CO; + H,0 « H,CO; < HCO; + H' (6)
CO, + OH™ « HCO; )
HCO; + OH & H,0 + CO;~ ®
HCO; < H' + CO3™ ©)
H,0 < H"+ OH~ (10)
Ca’" + HCO; < CaCO; (s) + H' an
Ca?* + CO3™ « CaCO; (s) 12)

Once CO is dissolved in an aqueous solution, it undergoes (de)hy-
dration or (de)hydroxylation reactions, leading to the formation of
HCOj3 (reactions (6) and (7)). These two reactions are the most impor-
tant in 20,/1%0 isotopic equilibration as they provide the only route for
the direct exchange of O atoms in the DIC-H50 system (Zeebe and Wolf-
Gladrow, 2001). Reactions (8)-(10) show the pathway from HCOj3 to
CO%’ and splitting of water molecules, and reactions (11) and (12) result
in carbonate mineral formation. The time needed for DIC and H-O to
isotopically equilibrate is dependent on pH and temperature (Beck et al.,
2005), and can impact clumped isotope values (Tripati et al., 2015).

Disequilibrium clumped isotope values have been measured in most
Earth-surface carbonate minerals (Daéron et al., 2019). Biominerals
such as brachiopod shells (Carpenter and Lohmann, 1995; Bajnai et al.,
2018; Rollion-Bard et al., 2019) and coral skeletons (McConnaughey,
1989; Cohen, 2003; Rollion-Bard et al., 2010; Thiagarajan et al., 2011;
Saenger et al., 2012; Kimball et al., 2016; Spooner et al., 2016) are
hypothesized to have biological effects that cause disequilibrium frac-
tionation. In abiotic carbonate minerals, KIEs associated with (de)hy-
dration and (de)hydroxylation reactions can cause departures from
isotopic equilibrium (Ghosh et al., 2006; Guo, 2009, 2020; Saenger
et al., 2012; Falk et al., 2016; Spooner et al., 2016; Parvez et al., 2023).
In high pH lab experiments, Tang et al. (2014) observed A47 values that
were enriched relative to equilibrium in calcite (precipitated at pH >
10). This phenomenon has been hypothesized to have occurred due to
insufficient time for the DIC pool to achieve isotopic equilibrium prior to
mineral precipitation (Tang and Feng, 2001; Tripati et al., 2015). At
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elevated pH, the [CO;] available to participate in isotopic equilibration
reactions (6) and (7) is extremely low, where ~99 % of DIC is CO%’ at
pH > 10 (Beck et al., 2005; Hill et al., 2014; Tripati et al., 2015).

Speleothems are known to exhibit non-equilibrium clumped isotope
effects due to CO, degassing (Affek et al., 2008; Daéron et al., 2011;
Kluge and Affek, 2012; Fiebig et al., 2019; Guo and Zhou, 2019; Guo,
2020; Bajnai et al., 2020). CO4 degassing is predicted to lead to an
enrichment of §'%0 and A4g values, accompanied by a depletion in A4y
values (Daéron et al., 2011; Kluge and Affek, 2012; Fiebig et al., 2019;
Guo and Zhou, 2019; Guo, 2020; Bajnai et al., 2020). In some cases,
speleothems exhibit a A4y-reconstructed temperature bias of ~10 °C or
more when compared to mineral formation temperatures (Kluge et al.,
2013).

3. Materials and methods
3.1. Sample collection and information

Speleothems were collected from 13 localities shown in Fig. 1 and
described in Table 1. Here, we compiled these samples, which are
modern natural and synthetic speleothems that grew in environments
with varying ventilation, water levels, and temperature. A brief
description of each site is provided below, and reported slsowm values
for each sample are given in Table S1. Additional details on collection
method, recovery protocols, and processing are given in the respective
citations.

3.1.1. Cenote Rainbow, Feno, and Monkey Dust, Mexico samples

Cave raft samples were collected from 3 cave systems located in the
Yucatan Peninsula and are described in Kovacs et al. (2018). The cave
systems are referred to as Cenote Rainbow, Feno, and Monkey Dust.
Each cave had a different profile exposed to the atmosphere and water
levels which fluctuated following seasonal trends. Samples R1, R2, R3,

A. Moaning Cave
(Oster et al. 2009)

MmcC

F. Artificial Cave

B. Lilburn Cave McMaster (EL-
(Wortham et al. \ Shenawy et al. 2020)
2020) *
. | MIE-15-95-9-FL-Cent,
CPY, GLR 'y MIE-15-95-9-SL-Cent,
p % - MIE-25-95-8-FL-Cent,
C. Cueva de la Puente s : MIE-25-95-8-FU-Edge,
(Serrato et al. 2021) A (| MIE-32-95-3-FL-Cent,
Sedsn Rt MIE-32-95-3-FU-Cent
CP-D2, CP-D3a, A
CP-D3a2, CP-D3a3, ; H
CP-D3b, CP-D3b2 / '
! i
D. Grutas de Catedral \
(Not Published) ./ :I
'
'
'

GC

E. Cueva Bonita
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and R5 were collected from Cenote Rainbow. The Cenote Rainbow cave
system is 2.2 km inland (20°29'52.44'N, 87°1529.65'W) from the
Caribbean Sea coast, and is situated in between the townships of Puerto
Aventuras and Akumal. This cenote is an extension of the X’tabay cave
system that is 1,394 m in length and 13.7 m in depth, and is considered
well ventilated, with one side open to the atmosphere. The water level of
the cave fluctuated from 0.34 m to 0.94 m. Samples F1, F2, F3, F4, and
F5 were collected from Cenote Feno. The Cenote Feno cave is located
north of Tulum (20°19'17.34"N, 87°25'43.91"W) and is part of the Sis-
tema Fenomeno cave system and is considered a closed system, with
only a small opening to outside atmosphere. The water level of this cave
fluctuated from 0.31 m to 0.98 m. Samples B1, B3, and B5 were collected
from Cenote Monkey Dust, also known as Cenote Borge. The Cenote
Monkey Dust is located south of Tulum (20°11'19.81"N, 87°33'4.66"W)
and is part of the Sistema Dos Pisos cave system and is completely open
to atmosphere, and considered well ventilated. The water level of this
cave fluctuated from 0.41 m to 1.15 m.

3.1.2. Cueva Bonita, Mexico samples

Farmed calcite plates and naturally occurring speleothem samples
were collected by Wright et al. (2022) from Cueva Bonita (23°N, 99°W;
1071 m above sea level) located in the northern-most tropical cloud
forest of Sierra Madre Oriental in the Northeast state of Tamaulipas. The
farmed calcite plates include samples CB-D6, CB-D62, CB3, CB4-Scar,
and CB4-Scar2. The speleothem (stalagmite) samples include CB4-12-
Wet, CB4-48-Dry, CB4-82-Wet, CB4-99-Dry, and CB4-Top which are
samples drilled from the central growth axis of the CB4 stalagmite
(Wright et al., 2022). Farmed calcite plates were collected using frosted
glass plates that were placed under cave drip water for a period of ~6
months to 1 year.

3.1.3. Cueva de la Puente, Mexico samples
Farmed calcite plates were recovered from Cueva de la Puente in San

H. Tham Doun Mai,

-y ' Tham Nguen Mai *
B ONY (Wang et al. 2019)
AL : TM-D10, TNM
\
\
\

1. Mechara and Tigray
Caves (Asrat et al., 2008;
unpublished)

G. Cenote Rainbow,
Feno, Monkey Dust
(Kovacs et al. 2018)

(Wright et al. 2022)

CB-D6, CB-D62, CB3,
CB4-12-Wet, CB4-48-Dry,
CB4-82-Wet, CB4-99-Dry,
CB4-Scar, CB4-Scar2,
CB4-Top

B1, B3, BS, F1, F2, F3,
F4, FS, R1, R2, R3, RS
ASFA, MM1, ZA-3

Fig. 1. Map showing cave sample localities and names of individual samples recovered, which were measured for A4; and A4g as part of this study. Citations below
indicate studies where caves are described. (A) Moaning Cave, California, USA. Samples: Moaning Cave (MC; Oster et al., 2009). (B) Liliburn Cave, California, USA.
Samples: Canopy (CPY) and Glacier (GLR; Wortham et al., 2021). (C) Cueva de la Puente, Mexico. Samples: CP-D2, CP-D3a, CP-D3a2, CP-D3a3, CP-D3b, and CP-D3b2
(Serrato Marks et al., 2021). (D) Grutas de Catedral, Mexico. Sample: GC (Not Published). (E) Cueva Bonita, Mexico. Samples: CB-D6, CB-D62, CB3, CB4-12-Wet,
CB4-48-Dry, CB4-82-Wet, CB4-99-Dry, CB4-Scar, CB4-Scar2, and CB4-Top (Wright et al., 2022). (F) Artificial Cave, McMaster, Canada. Samples:
MIE-15-95-9-FL-Cent, MIE-15-95-9-SL-Cent, MIE-25-95-8-FL-Cent, MIE-25-95-8-FU-Edge, MIE-32-95-3-FL-Cent, and MIE-32-95-3-FU-Cent (El-Shenawy et al. 2020).
(G) Cenote (Rainbow, Feno, Monkey Dust), Mexico. Samples: B1, B3, B5, F1, F2, F3, F4, F5, R1, R2, R3, and R5 (Kovacs et al., 2018). (H) Tham Doun Mai and Tham
Nguen Mai, Laos. Samples: TM-D10 and TNM (Wang et al., 2019). (I) Mechara and Tigray Caves, Ethiopia, Africa. Samples: ASFA, MM1, ZA-3 (Asrat et al., 2008;
unpublished).
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Table 1 Table 1 (continued)
Sample 1nf0}‘me}tlon including sarr.lple n.ames, tyPe, reCOerry IOCé?tIOII, recovery Sample Sample Location Recovery Dates Source
dates, and citation source. Unpublished information associated with samples GC Name Type Citation
and TNM was provided by co-author Kathleen Johnson; and ASFA was provided
by co-author Daniel Gebregiorgis. CP-D3a2 Farn'led Cueva de la May 2019-Nov
Calcite Puenta, 2019
Sample Sample Location Recovery Dates Source Plate Mexico
Name Type Citation CP-D3a3 Farmed Cueva de la Nov 2019-Feb
Bl Cave Raft Monkey Dust ~ May 2014-May Kovacs et al. Calcite Puer.lta, 2020
. Plate Mexico
(Borge) 2016 (2018)
Cenote CP-D3b Farmed Cueva de la May 2018-May
L Calcite Puenta, 2019
Mexico Plate Mexico
B3 C Raft Monkey Dust May 2014-M
ave R oney us & l CP-D3b2 Farmed Cueva de la May 2019-Nov
(Borge) 2016 N
Calcite Puenta, 2019
Cenote, .
. Plate Mexico
Mexico GC Farmed Grutas de Apr 2017-Ma; Kathleen
B5 Cave Raft Monkey Dust ~ May 2014-May . P Y
Calcite Catedral, 2018 Johnson
(Borge) 2016 .
Cenote Plate Mexico
Mexico, TM-D10 Farmed Tham Doun Feb 2015-Feb Wang et al.
F1 Cave Raft Feno Cenote, May 2014-May Calcite Mai, Laos 2017 (Z(_)l?) >
. Plate Griffiths et al.
Mexico 2016 (2020)
F2 C Raft Fi Cenote, May 2014-M
ave R NT:}ZC:HO € 20a1y6 &y TNM Farmed Tham Nguen Jan 2019-Feb Kathleen
F3 Cave Raft Feno Cenote, May 2014-May Calcite Mai, Laos 2020 Johnson
. Plate
Mexico 2016 cpY Farmed Liburn C May 2018-Feb Wortt
F4 Cave Raft Feno Cenote, May 2014-May anr}e ! 1.1m 'ave, ay —re ortham
. Calcite California, 2020 et al. (2021)
Mexico 2016 Plat United Stat
F5 Cave Raft Feno Cenote, May 2014-May ate ‘m ed otates
Mexico 2016 GLR Farmed Liburn Cave, May 2018-Feb
R1 Cave Raft Rainbow May 2014-May Calcite Cal.lforma, 2020
Plate United States
Cenote, 2016 3 .
Mexico Moaning Speleothem Moaning Mar 2006-Jul Oster et al.
R2 Cave Raft Rainbow May 2014-May Cave Cav.e, . 2009 (2009)
California,
Cenote, 2016 )
. United States
Mexico MIE- Artificial McMaster N/A El-Shenawy
R3 Cave Raft Rainbow May 2014-May 15.95 Speleoth Universi ol 2‘023
Cenote, 2016 —95- peleothem nlve.rsny, et al. (. )
. 9-FL- Ontario,
Mexico Center Canada
R5 Cave Raft Rainbow May 2014-May e
MIE- Artificial McMaster N/A
Cenote, 2016 | )
. 15-95- Speleothem University,
Mexico 9-FU- Ontario,
CB-D6 Farmed Cueva May 2018-May Wright et al. Ed Canad ’
Calcite Bonita, 2020 (2022) e o anaca
R MIE- Artificial McMaster N/A
Plate Mexico 15-95 Speleoth Uni it
CB-D62 Farmed Cueva May 2019-Feb 9 S_L B peleothem On1ve}‘s1 ¥
Calcite Bonita, 2020 el ntarlo,
R Center Canada
Plate Mexico MIE Artificial McMast N/A
CB3 Farmed Cueva Jan 2017-Jan 25_ 95 Sml c1§1 UC' as ir /
Calcite Bonita, 2018 8 F_L B peleothem Onive.rs1 ¥
Plate Mexico C- ) Cn azlm,
CB4-Scar Farmed Cueva May 2018-May enter . anada
. . MIE- Artificial McMaster N/A
Calcite Bonita, 2019 i X
. 25-95- Speleothem University,
Plate Mexico &.FU Ontari
CB4-Scar2  Farmed Cueva May 2019-Feb Ed ) Cn azlm,
Calcite Bonita, 2020 8¢ . anada
. MIE- Artificial McMaster N/A
Plate Mexico 2995 Speleoth Uni it
CB4-12- Speleothem Cueva June 2018-May 3 F_L - peieothem Onive.rm ¥,
Wet Bonita, 2019 L ntarto,
. Center Canada
Mexico MIE- Artificial McMaster N/A
CB4-48- Speleothem Cueva June 2018-May X .
. 32-95- Speleothem University,
Dry Bonita, 2019 .
. 3-FU- Ontario,
Mexico Center Canada
CB4-82- Speleothem Cueva June 2018-May . i
Wet Bonita, 2019 ASFA Speleothem Mechara April Asrat et al.
. Caves, 2004-September (2008)
Mexico Ethiopia 2007
CB4-99- Speleothem Cueva June 2018-May . pia,
. Africa
Dry Bonita, 2019 ) .
Mexico MM1 Speleothem Tigray Caves, N/A Daniel
CB4-Top Speleothem Cueva June 2018-May Eth'lop 1a, Gebregiorgis
. Africa
Bonita, 2019 .
R ZA-3 Speleothem Tigray Caves, N/A
Mexico Ethiopia
CP-D2 Farmed Cueva de la Apr 2017-May Serrato (2020) Afri P
Calcite Puenta, 2018 rica
Plate Mexico
CP-D3a Farmed Cueva de la May 2018-May
Calcite Puenta, 2019
Plate Mexico
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Luis Potosi, Mexico (21.98°N, 100.57°W) by Serrato (2020). The cave is
located at an elevation of 2,109 m above sea level and the local geology
is dominated by upper Cretaceous fluorite-rich limestone with thin soil
cover.

3.1.4. Lilburn Cave, California, United States samples

Farmed calcite samples Glacier and Canopy were recovered by
Wortham et al. (2021) from the Lilburn Caves in Sequoia and Kings
Canyon National Park located in Central California. Glacier (GLR) was
recovered from a site located 30 m away from the surface entrance to the
cave system. Canopy (CPY) was recovered further away from the surface
entrance at 61 m. Sanded watch glasses of approximately 10 cm in
diameter were positioned under an active drip from which new calcite
grew from 2018 to 2020.

3.1.5. Moaning Cave, California, United States samples

Speleothems were collected by Oster et al. (2009) from the Moaning
Cave (38.06°N, 120.46°W) located in the California Sierra Nevada
mountain range. The samples were collected through core sampling of a
stalagmite where the drip center was well defined. U-series dating in-
dicates the core formed during the Holocene. The piece used here was
sourced from the top of the core, and therefore likely formed over a few
hundred years, with the youngest portion being ~450 years old.

3.1.6. Tham Doun Mai Cave, Laos samples

Samples were collected from the Tham Doun Mai Cave (20°45'N,
102°38'E) by Wang et al. (2019) and Griffiths et al. (2020), and are
labeled TM-D10 in our study. This cave is ~3,745 m long and located
352 m above sea level in Luang Prabang Province, Laos. Core samples of
the stalagmites located ~200 m from the entrance of the cave were
taken for analysis.

3.1.7. Tham Nguen Mai Cave, Laos samples

The sample TNM was collected by Kathleen Johnson from the Tham
Nguen Mai cave located in Khammouane Province, Laos. The cave is
2,189 m long and located upstream from the Xe Bang Fai sink and is
likely part of an ancient underground route of the Xe Bang Fai River.
Farmed calcite plates were collected from under an active drip
approximately 300 m from the cave entrance. These calcite plates were
farmed between January 2019 and March 2020.

3.1.8. McMaster Artificial Cave samples

Synthetic speleothem samples were grown in an artificial cave that
simulated cave drip and stalagmite growth by El-Shenawy et al. (2020).
A pure CaCOs saturated solution with a pCO5 level of 14,000-18,000
parts per million by volume (ppmv) was distributed to a 35 cm long
Pyrex tube channel (e.g., stalactite) that allowed for CO, degassing to
occur before the water impinges the upper watch glass (e.g., stalagmite)
at a distance of 85 cm, and then flow to the lower watch glass (e.g.,
pool). The solution was injected into the long tube at 3 different flow
rates (fast, intermediate, and slow). The environment in this cave system
was controlled with temperature being modulated between 15, 25, and
32 °C; relative humidity at 95 %; and a pCO3 of ~550 ppmv. Samples
MIE-15-95-9-FL-Cent, MIE-15-95-9-FU-Edge, MIE-15-95-9-SL-Cent,
MIE-25-95-8-FL-Cent, MIE-25-95-8-FU-Edge, MIE-32-95-3-FL-Cent,
and MIE-32-95-3-FU-Cent were precipitated from this artificial cave.

3.1.9. Mechara and Tigray Caves, Ethiopian Highlands samples

Sample ASFA was collected from Rukiessa cave in the Mechara cave
system, located in the Southeastern Ethiopian Highlands, and are
described by Asrat et al. (2008). The Rukiessa cave’s entrance is 1 km
east of the eastern bank of the Mechara river (09°51'N, 37°65'E, eleva-
tion: 1618 m ASL). The cave is regularly flushed by seasonal floods
which contain allogenic sediments. The entrance is a 2 m deep vertical
hole in a sandy limestone layer that opens to a few chambers in a vertical
series. The third chamber, known as the Asfa Chamber, approximately
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30 m below the surface is where stalagmite sample ASFA was collected.
This chamber is described as very wet, with pool waters fed by drips
from active stalactites, and percolation-fed streams (Asrat et al., 2008).

Sample MM1 was collected from May Mekden cave (13°34'58'N,
39°34'5"E). It is a small 3 m long cave at the side of a cliff with the
stalagmite collected near the entrance of the cave. MM-1 is not from a
dripping cave, so no drip water isotope information is available. The ZA-
3 sample was collected from Zayei cave (13°33°26"N, 39°08’44"E).
Zayei cave is a 330 m long, 50-60 m wide (at its mid-section) and 10 m
high chamber formed into a dripping, wet and humid (within cave
temperature is 25 °C; relative humidity is 88%; Asrat et al., 2009). It is
decorated with numerous speleothems. Both caves are located within
the Jurassic limestone formations in the Tigray region of northern
Ethiopia.

3.2. Isotopic Analyses and Instrumentation

All isotopic measurements were made in the Eagle-Tripati clumped
isotope laboratory using a common acid bath (CAB) system coupled with
a Nu Instruments Perspective IS isotope ratio mass spectrometer (IRMS)
from 2020 to 2022, using methods from Upadhyay et al. (2021),
Lucarelli et al. (2023a), and Parvez et al. (2023). Clumped isotope
measurements were performed on evolved CO, produced by digestion of
0.5 mg of CaCO3 samples in phosphoric acid at 90 °C. CO, was cryo-
genically purified in a cold finger and an Adsorption Trap (AdTrap)
packed with Porapak Type-Q™ 50,80 and silver wool. Following pu-
rification, the sample CO3 gas is transferred to the IRMS system. This
instrument operates entirely under vacuum pressure and does not use a
carrier gas. The laboratory CAB-IRMS systems have been shown to yield
accurate and reproducible A4y (Upadhyay et al., 2021; Lucarelli et al.,
2023a) and A4g data (Lucarelli et al., 2023a), with standards that agree
with published values from other labs for A4 (Bernasconi et al., 2021)
and A4g (Bajnai et al., 2020; Swart et al., 2021). The Nu Perspective
IRMS is optimized for clumped isotope analysis with secondary electron
suppression. Energy filters and quadratic lenses fitted in front of the
Faraday collectors for m/z 47-49 drives the suppression. The detectors
for m/z 44, 45, and 46 are registered through 3x108, 3x10'°, and 3x10'!
Q resistors, respectively. The detectors for m/z 47, 48, and 49 are
registered through 3x10'2 Q resistors. A dual-inlet system allows for the
input of the sample gas and a reference gas controlled by a bellows
system that inputs both through a changeover block, so the sample and
reference gases can be compared in real-time. The bellow system has 4
blocks of 15 cycles, for a total of 60 cycles of sample to standard com-
parison, with an 8-second changeover delay and 20 s of integration per
cycle, for a total integration time of 1,200 s. There are continuous
pressure adjustments to achieve 80 nA (24 V) on m/z 44 at every
acquisition (Upadhyay et al., 2021; Lucarelli et al., 2023a).

3.3. Standardization and Data Processing

The CO, reference gas used was sourced from Oztech with an iso-
topic composition of BISOV_SMOW = 24.9 %eo; 613CV_])[)B = —3.56 %o. Data
was processed and corrected using Easotope 64-bit, release version
20201231 (John and Bowen, 2016) with IUPAC parameters (Brand
et al., 2010; Daéron et al., 2016). The A47 values are reported in the
Intercarb-Carbon Dioxide Equilibrium Scale (I-CDES) (Bernasconi et al.,
2021) and A4g values are reported in the Carbon Dioxide Equilibrium
Scale (CDES90) (Fiebig et al., 2019; Lucarelli et al., 2023a), meaning the
A47 and Aug values are presented relative to standards with an acid
digestion temperature of 90 °C. No acid fractionation factor (AFF) was
applied to A4y or Asg data. The raw A4y and A4g values were corrected
with an empirical transfer function (ETF) and nonlinearity correction,
following methods from Dennis et al. (2011). The carbonate standards
used in A4y and A4g ETFs include Carmel Chalk, CMTile, ETH-1, ETH-2,
ETH-3, ETH-4, and Veinstrom (Upadhyay et al., 2021; Lucarelli et al.,
2023a). International standards ETH-1 and ETH-2 were used to make
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nonlinearity corrections for both raw 5% versus A4y and 5* versus Aug
data. All sample and standard replicate values are reported in a file re-
pository given the Data Availability section. The standard mean values
and reproducibility of A4y, Ays, 6180, and 5'30 are reported in Table S2.

All samples, except for sample CB4-12-Wet, had a minimum of 3
replicates. The number of sample replicates was dictated by the amount
of sample provided and the robustness of standard replicate data for
standards measured within the same correction interval as the sample.
The sample CB4-12-Wet had insufficient material for 3 replicate ana-
lyses, and is denoted with a gray symbol in all figures. In figures and
tables, the 68 % (1 standard error; SE) and 95 % confidence interval (CI)
are indicated.

3.4. Modeling of the DIC-H20-COgz System Using IsoDIC

To illustrate the evolution of isotopic values in the DIC pool, spe-
cifically HCO3 and CO%", we used the IsoDIC modeling software devel-
oped by Guo and Zhou (2019) and Guo (2020). This modeling software
predicts kinetic isotope fractionation in clumped isotopes in a DIC-H,0O-
CO4 system. It simulates reactions (6)-(10) for the evolution of iso-
topologue reactions involving all major isotopes of C and O, equating to
a total of 155 reactions. The forward and reverse rate constants were
estimated using Eq. (13) below,

k* = (XK[Ek (13)

where k is the rate constant of the isotopically non-substituted reactions,
and ok is the kinetic isotope fractionation factor for the isotopically
substituted reaction. The product of these variables yields k*, the
modified rate constant for the isotopically substituted reaction. (De)
hydration and (de)hydroxylation reactions, reactions (6) and (7), are the
only reactions that contribute to isotopic fractionation. The intercon-
version between HCO3 and CO% and the splitting of water molecules,
reactions (8)—(10), are assumed to be at equilibrium due to their rela-
tively rapid rates of reaction (Guo and Zhou, 2019; Guo, 2020). The
equations used by this model are described in the Supplementary Ma-
terial, and in depth in Guo (2020).

The following parameters were input into the IsoDIC model to
determine isotopic evolution during COy absorption and degassing:
Degassing (1) solution temperature = 25.0 °C, (2) solution pH = 8, (3)
air pCO, = 300 ppm, (4) 8'3Cy.ppp air = —10.00 %o, (5) 5'%0v.smow air
= 41.46 %o (6) system evolution time = 12 h, (7) clumped isotope
temperature (T) = 25.0 °C; Absorption (1) solution temperature
25.0 °C, (2) solution pH = 9, (3) air pCO, = 3,000 ppm, (4) 5'3Cy.ppg air
= —10.00 %o, (5) 6180V5Mow air = 41.46 %o, (6) system evolution time =
12 h, (7) clumped isotope T = 25.0 °C. These values do not correlate to a
specific cave or environment and are default parameters used by Guo
(2020).

The model yields Ags and Ag4 values which were converted into A4y
and Ayg values using acid fractionation factors (AFFs; y) determined in
Lucarelli et al. (2023a) in Egs. (14) and (15).

Ay =Ag+y 14)

A43 = A64 +y (15)

An AFF of y = 0.196 %o was used for the conversion of Agg to A4y, and
an AFF of y = 0.131 %o was used for the conversion of Ag4 to A4g. These
AFFs account for the temperature-dependent removal of %0 versus 120
during acid digestion of carbonate minerals (Guo et al., 2009).

3.5. Determination of disequilibrium versus equilibrium samples

Samples were considered to have achieved equilibrium if their A47-
Ayg values were indistinguishable from equilibrium, meaning equilib-
rium A47-A4g values were within the 95 % CI of the measured values. We
also calculated ASISO, AA47, and AAyg by taking the difference between
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measured values and equilibrium values calculated for the respective
conditions for each cave. Equilibrium 5'%0 values were calculated for
the various caves using the reported temperature (see Section 2.1 for
references) and 5'®Oyater, in conjunction with the temperature-
dependent fractionation factors determined by Kim and O’Neil (1997),
with the caveat that there may be seasonal variation in slgowater. The
A47 and Ayg equilibrium values were calculated with respect to reported
cave temperatures using relationships from Anderson et al. (2021) and
Lucarelli et al. (2023a).

4. Results
4.1. Ayy, Ays, 53¢, and §'%0 analyses

All isotopic data are reported in Table 2. The A47 and A4g values
versus §'%0 and §!3C values with respect to sample type are plotted in
Figs. 2 and 3, respectively. In the text below, we report the ranges of
measured isotopic values for each sample location that has >1 collected
sample. Plots of A4y and Ayg versus 5'3C and §'%0 with all samples
aggregated are reported in Fig. S2.

4.1.1. Cave rafts

The A4z, Agg, 50, and 8'3C values for the cave rafts from 3 proxi-
mate cenotes, Rainbow, Feno, and Monkey Dust, (samples: B1, B3, B5,
F1, F2, F3, F4, F5, R1, R2, R3, R5), collected by Kovacs et al. (2018),
range from 0.550 %o t0 0.610 %o, 0.075 %o to 0.237 %o, 24.6 %o to 25.3 %o,
and —11.8 %o to —9.5 %o, respectively.

4.1.2. Farmed calcite plates

The A4z, Asg, 5120, and 6'3C values for the farmed calcite plates from
Cueva Bonita (CB-D6, CB-D62, CB3, CB4-Scar, CB4-Scar2), collected by
Wright et al. (2022), range from 0.601 %o to 0.634 %o, 0.237 %o to 0.289
%o, 25.7 %o to 26.8 %o, and —12.9 %o to —5.3 %o, respectively. The A4y,
Agg, 8'%0, and 5'3C values for the farmed calcite from Cueva de la
Puenta (CP-D2, CP-D3a, CP-D3a2, CP-D3a3, CP-D3b, CP-D3b2),
collected by Serrato (2020), range from 0.579 %o to 0.639 %o, 0.139 %o
to 0.288 %o, 21.5 %o to 22.2 %o, and —10.8 %o to —8.5 %o, respectively.
The A4y, Asg, 880, and 5'3C values for farmed calcite from Lilburn Cave
(CPY, GLR), collected by Wortham et al. (2021), range from 0.640 %o to
0.645 %o, 0.201 %o to 0.266 %o, 22.1 %o to 22.5 %o, and —8.7 %o to —9.7
%o, respectively.

4.1.3. Speleothems

The A4y, Agg, 580, and 5'3C values for the speleothem samples from
Cueva Bonita (CB4-12-Wet, CB4-48-Dry, CB4-82-Wet, CB4-99-Dry, CB4-
Top), collected by Wright et al. (2022), range from 0.591 %o to 0.618 %o,
0.226 %o to 0.334 %o, 25.5 %o to 26.9 %o, and —11.0 %o to —7.4 %o,
respectively. The A4y, Agg, 5180, and 6!3C values for the synthetic spe-
leothem samples (MIE-15-95-9-FL-Center, MIE-15-95-9-FU-Edge, MIE-
15-95-9-SL-Center, MIE-25-95-8-FL-Center, MIE-25-95-8-FU-Edge, MIE-
32-95-3-FL-Center, MIE-32-95-3-FU-Center), synthesized by El-She-
nawy et al. (2020), range from 0.564 %o to 0.629 %o, 0.171 %o to 0.353
%0, 20.1 %o to 24.3 %o, and —29.0 %o to —15.4 %o respectively.

4.2. Isotopic Disequilibrium Analysis (AA47, AAgg, and 45'%0)

The difference between measured sample values and calculated
equilibrium values for clumped (Lucarelli et al., 2023a) and oxygen
isotopes (Kim and O’Neil, 1997) was determined based on the respective
cave conditions, and reported in Table 3. The majority of samples, 40 out
of 44 (91 %) did not have equilibrium A0 values (Fig. 4). However,
19 of 44 samples (48 %), were within the 95 % CI of AA4g versus AA4y
equilibrium (the origin in Fig. 5). All cave raft samples except one had
significant depletions in A47 and A4g values relative to equilibrium
(Fig. 5). Additional plots of aggregated sample AA47, AA4g, and AS20
values are in Figs. S3 and S4. In the text below, we report the ranges of
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Table 2
Clumped and bulk isotope data for all samples measured in this study.
Sample Name # of 5'3C v.ppp 1SE  95% 5'%0 v.ppp 1SE  95% A47 LCDES 1SE 95 % A4s CDES90 1SE 95 %
replicates (%o) CIL (%o0) CI (%o0) CI (%o0) CI
Bl 3 —10.98 0.01 0.02 —5.72 0.12 0.23 0.550 0.007 0.014 0.075 0.033 0.065
B3 5 -10.71 0.00 0.01 —5.77 0.02 0.05 0.566 0.013 0.026 0.161 0.034 0.067
B5 5 —11.04 0.03 0.05 —6.01 0.07 0.13 0.573 0.005 0.009 0.193 0.016 0.032
F1 4 —11.43 0.02 0.04 —5.72 0.03 0.06 0.570 0.004 0.007 0.135 0.026 0.051
F2 5 —11.51 0.06 0.12 —5.70 0.02 0.04 0.610 0.018 0.035 0.237 0.046 0.090
F3 5 —11.66 0.04 0.08 —5.73 0.05 0.09 0.589 0.007 0.015 0.190 0.018 0.035
F4 5 —11.01 0.02 0.05 —6.04 0.11 0.22 0.574 0.010 0.020 0.182 0.014 0.027
F5 4 —11.38 0.07 0.13 —-5.97 0.10 0.20 0.584 0.005 0.010 0.207 0.008 0.015
R1 3 -10.35 0.08 0.15 —5.49 0.05 0.09 0.587 0.020 0.040 0.114 0.019 0.038
R2 4 -11.79 0.04 0.08 —6.12 0.02 0.04 0.579 0.010 0.020 0.195 0.019 0.038
R3 5 -9.53 0.06 0.11 —5.43 0.09 0.17 0.564 0.012 0.023 0.150 0.031 0.060
R5 5 —10.08 0.04 0.08 —5.59 0.08 0.16 0.565 0.012 0.023 0.137 0.022 0.044
CB-D6 5 —9.92 0.02 0.05 —5.02 0.04 0.08 0.634 0.017 0.034 0.289 0.015 0.028
CB-D62 4 —9.92 0.02 0.03 —5.04 0.02 0.04 0.601 0.010 0.020 0.239 0.020 0.039
CB3 4 -5.33 0.00 0.00 —4.00 0.03 0.05 0.602 0.015 0.029 0.237 0.019 0.037
CB4-Scar 5 -12.87 0.03 0.05 —4.82 0.03 0.05 0.627 0.015 0.029 0.275 0.033 0.065
CB4-Scar2 5 —12.22 0.02 0.04 —5.02 0.05 0.09 0.623 0.023 0.044 0.274 0.029 0.056
CB4-12-Wet 2 -10.31 0.03 0.06 —5.24 0.00 0.01 0.607 0.002 0.003 0.238 0.061 0.119
CB4-48-Dry 6 —9.46 0.01 0.02 —4.02 0.02 0.05 0.618 0.014 0.028 0.334 0.038 0.075
CB4-82-Wet 4 —9.81 0.01 0.03 —-4.79 0.04 0.07 0.613 0.016 0.032 0.226 0.036 0.071
CB4-99-Dry 5 -7.41 0.06 0.12 -3.90 0.07 0.13 0.606 0.013 0.026 0.240 0.032 0.063
CB4-Top 4 —11.04 0.05 0.09 —4.92 0.02 0.03 0.591 0.017 0.033 0.295 0.033 0.064
CP-D2 6 —10.80 0.15 0.29 -9.17 0.04 0.09 0.623 0.029 0.057 0.196 0.036 0.070
CP-D3a 5 —8.80 0.17 0.34 —8.49 0.11 0.21 0.595 0.022 0.044 0.139 0.026 0.051
CP-D3a2 5 —8.65 0.09 0.18 —8.61 0.07 0.14 0.610 0.024 0.048 0.205 0.026 0.050
CP-D3a3 5 —10.38 0.20 0.38 -9.10 0.09 0.17 0.639 0.008 0.016 0.288 0.034 0.068
CP-D3b 4 —8.51 0.02 0.04 —8.45 0.04 0.08 0.579 0.008 0.015 0.239 0.029 0.058
CP-D3b2 5 -9.85 0.13 0.26 —8.98 0.10 0.20 0.618 0.018 0.035 0.198 0.018 0.035
GC 5 —10.54 0.11 0.21 -7.10 0.09 0.17 0.641 0.014 0.028 0.285 0.018 0.035
TM-D10 5 —14.45 0.03 0.06 —8.83 0.04 0.09 0.603 0.008 0.016 0.318 0.027 0.053
TNM 5 —14.75 0.05 0.09 —9.46 0.06 0.11 0.632 0.021 0.042 0.314 0.019 0.038
CPY 5 —9.72 0.02 0.04 —8.57 0.02 0.04 0.645 0.008 0.016 0.266 0.018 0.035
GLR 4 —8.68 0.05 0.09 -8.19 0.03 0.06 0.640 0.012 0.024 0.201 0.009 0.018
Moaning Cave 5 —8.23 0.04 0.07 —7.92 0.02 0.05 0.600 0.006 0.011 0.292 0.034 0.067
MIE-15-95-9-FL- 4 —24.30 0.03 0.06 —6.82 0.01 0.01 0.612 0.005 0.009 0.214 0.036 0.070
Center
MIE-15-95-9-FU- 4 —27.80 0.05 0.10 —6.94 0.02 0.05 0.616 0.009 0.017 0.353 0.012 0.023
Edge
MIE-15-95-9-SL- 5 —15.43 0.10 0.20 —6.40 0.01 0.02 0.629 0.005 0.010 0.292 0.030 0.059
Center
MIE-25-95-8-FL- 5 —-23.31 0.02 0.04 -9.01 0.01 0.02 0.596 0.005 0.010 0.242 0.017 0.034
Center
MIE-25-95-8-FU- 8 —28.80 0.03 0.07 —8.59 0.02 0.04 0.569 0.011 0.021 0.286 0.031 0.060
Edge
MIE-32-95-3-FL- 5 —20.73 0.02 0.04 —10.53 0.01 0.02 0.564 0.012 0.024 0.171 0.015 0.028
Center
MIE-32-95-3-FU- 7 —29.04 0.03 0.05 —9.74 0.02 0.04 0.578 0.005 0.010 0.217 0.031 0.062
Center
ASFA 6 —7.41 0.01 0.01 -1.14 0.02 0.03 0.610 0.008 0.016 0.167 0.032 0.063
MM1 6 —4.18 0.00 0.01 —2.81 0.02 0.03 0.591 0.004 0.007 0.194 0.026 0.050
ZA-3 6 -0.48 0.01 0.02 —6.18 0.01 0.03 0.610 0.005 0.010 0.210 0.023 0.045

calculated disequilibria for each sample location that has >1 collected
sample.

4.2.1. Cave rafts

The AA47, AA4g, and A0 ranges for the cave rafts collected from
Cenote Feno, Rainbow, and Monkey Dust, in Mexico (Kovacs et al.,
2018) are —0.045 %o to 0.014 %o, —0.172 %o to 0.010 %o, and —0.9 %o to
1.2 %o, respectively.

4.2.2. Farmed calcite

The AA47, AAsg, and AS'B0 values of the calcite plates farmed by
Wright et al. (2022) from Cueva Bonita, Mexico range from —0.013 %o to
0.019 %o, —0.017 %o to 0.035 %o, and —0.1 %o to 1.3 %o, respectively. The
AAg7, AAgg, and AS'80 values of the calcite plates farmed by Serrato
(2020) from Cueva de la Puente, Mexico range from —0.033 %o to 0.032
%0, —0.115 %o to 0.037 %o, and —0.3 %o to 0.8 %o, respectively. The AAy47,
AAyg, and AS'80 values of the calcite plates farmed by Wortham et al.
(2021) from Lilburn Cave, California, USA range from —0.006 %o to

—0.002 %o, —0.068 %o to —0.003 %o, and 1.3 %o to 1.7 %o, respectively.

4.2.3. Speleothems

The AA47, AAyg, and A8'80 values for the CB4 speleothem sub-
samples from Cueva Bonita, Mexico, collected by Wright et al. (2022),
range from —0.022 %o to 0.003 %o, —0.028 %o to 0.080 %o, and 0.0 %o to
1.3, respectively. The AA47, AAyg, and AS'80 for the artificial speleo-
them samples synthesized by El-Shenawy et al. (2020) range from
—0.025 %o to 0.005 %o, —0.067 %o to 0.095 %o, and —0.1 %o to 1.8 %o,
respectively.

5. Discussion

5.1. Assessing disequilibria of cave carbonates using traditional stable
isotopes (6'3C and 5'%0)

Carbonate minerals in cave environments are mainly formed via CO4
degassing out of waters saturated with respect to calcite which is caused
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A Mexico, Grutas de Catedral (unpublished)

. Mexico, Cueva de la Puente (Serrato et al., 2020)

. USA, California (Wortham et al., 2021)
v Mexico, Cueva Bonita (Wright et al., 2021)

@ Mexico, Cueva Bonita (Wright et al., 2021)
A USA, California (Oster et al., 2009)

v Ethiopia, Tigray Caves (unpublished)

e Artificial Cave (EL-Shenawy et al. 2020)

$ Mexico, Cenote Monkey Dust (Kovacs et al., 2018)

Mexico, Cenote Feno (Kovacs et al., 2018)

& Mexico, Cenote Rainbow (Kovacs et al., 2018)

@ Laos, Tham Doun Mai (Wang et al., 2019)
<> Laos, Tham Nguen Mai (unpublished)

@ Ethiopia, Mechara Caves (Asrat et al., 2008)

Fig. 2. Clumped isotope (A4; and Agg) versus 880 values of farmed calcite plates, speleothems (natural and synthetic), and cave rafts from multiple localities
measured for this study. (A) A4; versus 5'%0 of farmed calcite plates. (B) A4 versus 5'%0 of speleothems. (C) A4; versus 510 of cave rafts. (D) A4g versus 880 of
farmed calcite plates. (E) A4g versus 850 of speleothems. (F) A4g versus 5120 of cave rafts. The speleothem sample CB4-12-Wet had only 2 replicate analyses and is
indicated with an open symbol in panels B and E. Similar plots are shown with the same value ranges for direct comparison of isotopic values from the various
datasets. Error bars indicate the 95 % CI (light gray) and the 68 % CI (dark gray).

by the pCO, gradient between the calcite-saturated water and the cave
atmosphere (Dreybrodt, 2012; Hansen et al., 2013). Fast CO, degassing
tends to result in a coherent increase (i.e., covariation) in 580 and 8'3C
values of the dissolved bicarbonate and consequently, similar increases
in the precipitating minerals due to the preferential loss of 12C and 60
(Mickler et al., 2004; Scholz and Hoffmann, 2008; Day and Henderson,
2011; El-Shenawy et al., 2020). At the onset of CO, degassing, precipi-
tating minerals would be close to carbon and oxygen isotopic equilib-
rium with parent water. However, progressive CO, degassing leads to a
positive deviation from the initial carbon and oxygen isotopic equilibria
(Dreybrodt and Scholz, 2011). Therefore, a positive correlation between
5180 and 5!°C values of cave carbonate minerals can be a robust indi-
cator of isotopic disequilibria (Hendy, 1971; Mickler et al., 2006). The
samples collected from natural caves in this study show a significant
positive correlation (p-value of <0.02) between 5'%0 and 5'3C values,
suggesting that these samples formed in oxygen and carbon isotopic
disequilibria with cave water. The calcite rafts from Mexico exhibit a
5180/56'%C covariation with a slope of 0.284 + 0.085 (p-value = 0.008;
Fig. 6A), while the farmed calcite and the natural speleothem samples
from Cueva Bonita (CB) and Cueva de la Puenta (CP) caves in Mexico
have slopes of 0.170 (p-value = 0.020) and 0.333 (p-value = 0.0007),
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respectively (Fig. 6B). This difference in the slopes of the §'80/5!%C
covariation indicates a different degree of isotopic disequilibria. Note
that our regression analyses were undertaken only for data sets with 3 or
more samples.

The slope of 5'80/8'3C covariation in carbonate minerals due to CO,
degassing can be estimated using a Rayleigh Distillation Model (RDM)
(Mickler et al., 2004, 2006; Scholz and Hoffmann, 2008; El-Shenawy
et al., 2020). The estimated slopes for calcite formed under progres-
sive CO2 degassing in caves at 0-30 °C range between 0.919 and 1.040.
The observed slopes in rafts, natural speleothems, and farmed calcite
plates (0.284, 0.170 and 0.333, respectively) are significantly shallower
than their estimated slopes based on RDM (0.997, 0.962 and 0.967,
respectively; Fig. 6). These shallower slopes can be explained by two
potential mechanisms: (1) Oxygen Isotope Exchange (OIE) between DIC
species and H50 in cave water (Beck et al., 2005; Dreybrodt and Scholz,
2011; El-Shenawy et al., 2020) and (2) Carbon Isotope Exchange (CIE)
between DIC species in cave water and CO; in cave atmosphere (Drey-
brodt et al., 2016; Hansen et al., 2017; El-Shenawy et al., 2020). Under
complete or partial OIE, 80 depletion (or %0 enrichment) of the DIC
species due to CO, degassing is typically buffered or minimized by the
isotopic exchange with the large oxygen reservoir of cave water,
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Fig. 3. Clumped (A4; and Ag4g) versus 5'°C values for farmed calcite plates, speleothems (natural and synthetic), and cave rafts measured for this study. (A) A4y
versus 8'3C of farmed calcite plates. (B) A4y versus 513C of speleothems. (C) Ay4; versus 8'3C of cave rafts. (D) Ay4g Versus 5'3C of farmed calcite plates. (E) A4g and
513C of speleothems. (F) A4g versus 8'°C of cave rafts. The speleothem sample CB4-12-Wet had only 2 replicate analyses and is indicated with a gray symbol in panels
B and E. Similar plots are shown with the same value ranges for direct comparison of isotopic values from the various datasets. Error bars indicate the 95 % CI (light

gray) and the 68 % CI (dark gray).

decreasing the slope of the §'80/8'3C covariation in precipitating min-
erals (Fig. 6A). Pure CO5 degassing disequilibria is described by the RDM
as a 1:1 covariation, or 5'80/51%C slope = 1 (Mickler et al., 2006). This
slope is reduced with increasing contributions of OIE and CIE (Fig. 7A).
When the slope = 0, the 5!80 values are at equilibrium.

The OIE mechanism would decrease the slope of cave carbonate
minerals that grow at a slow rate (e.g., minerals formed in pools under a
thick water layer) becuase oxygen isotope exchange between the DIC
species and H20O in cave water proceeds on a time scale of several hours
at low temperature (Beck et al., 2005; El-Shenawy et al., 2020). In
contrast, OIE is not expected to significantly contribute to the slope of
fast-growing speleothems from a thin water film such as stalagmites and
stalactites (Dreybrodt et al., 2016). Further, a CIE mechanism is active in
a ventilated cave where cave air CO; is continuously replaced by at-
mospheric CO,. The average 5'3C value of cave air CO, ranges from —13
%o to —23 %o, which is in carbon isotope equilibrium with DIC species in
cave water, whereas atmospheric CO, has a higher §'3C value of
approximately —8 %o (McDermott et al., 2006). As a result, when the
cave air COj is partially or completely replaced by atmospheric CO, CIE
increases the 8'3C value of the DIC species in cave water and the
precipitating carbonate minerals would have decreased §%0/5'3C
covariation induced by COy degassing. CIE proceeds faster than OIE
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(Beck et al., 2005; Dreybrodt et al., 2016; Hansen et al., 2017).
El-Shenawy et al. (2020) demonstrated that a significant increase in the
513C value of stalagmite-like minerals due to CIE occurred in few hun-
dred seconds (see their Fig. 6a). Therefore, CIE is expected to impact the
CO, degassing slope in both fast- and slow-growing speleothems in
ventilated caves.

The cave rafts from Mexico are rapidly formed at the air-water
interface in three proximate caves, which are completely or partially
open to the atmosphere, allowing the ventilation of cave air (Kovacs
et al., 2018). The formation of rafts under these conditions suggests that
the CIE mechanism is the most likely cause of the shallower slope in their
5'80/8'3C covariation (Fig. 6). Likewise, speleothems and farmed
calcite from Cueva Bonita grew under a seasonal ventilation mode (i.e.,
low pCO; in winter and high pCO; in summer; see Fig. S3A in Wright
et al., 2022), allowing CIE to imprint the carbon isotope composition of
the forming minerals. However, some of these samples exhibit a large
spread in their 5!3C values with an approximately constant 5!0 value.
The effect of OIE could be due to a relatively thicker water layer on the
apex of speleothems and on the glass plate. Cueva de la Puente was
described as well-ventilated and the shallower §'%0/8'3C slope for its
farmed calcite samples corroborates this due to the significant impact of
CIE with limited to no effect of OIE. Additionally, regression analysis of
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Table 3

Extent of disequilibria (A8'80, AA47, AA4g) were calculated as the difference between the measured value and equilibrium value. We also compare reported and A4;-
predicted temperatures. The A4-predicted temperature was determined to agree with the measured cave temperature if the measured temperature is within the 95%
CI of the predicted temperature. The A4y-predicted temperature and equilibrium clumped iotope values were determined using calibrations from Anderson et al.
(2021) and Lucarelli et al. (2023a). Equilibrium §'®0 values were calculated using the temperature dependent relationship from Kim and O’Neil (1997) and reported
5'80yater values (Table S1).

Sample A8'%0 1SE 95 % AAyy 1SE 95 % Alyg 1SE 95 % T A47-T Ay7-T 1 95 T and Ag7-Dsg
Name (%o) a1 (%0) cl (%0) I co o cC? SE % Agr-T consistent with
CI agree equilibrium
Bl 0.78 0.12 0.23 —0.045 0.007 0.014 -0.172 0.033 0.065 25 41 43 3 5 N N
B3 0.59 0.02  0.05 —-0.030 0.013  0.026 —0.086 0.034  0.067 25 35 36 5 10 N N
B5 0.41 0.07 0.13 —0.022 0.005  0.009 —0.054 0.016  0.032 25 32 33 2 4 N N
F1 0.96 0.03 0.06 —0.026 0.004 0.007 -0.112 0.026 0.051 24 33 34 1 3 N N
F2 -0.91 0.02 0.04 0.014 0.018 0.035 —-0.010 0.046  0.090 24 20 20 6 11 Y Y
F3 0.84 0.05  0.09 —0.007 0.007  0.015 —0.057 0.018 0.035 24 27 27 3 5 Y N
F4 —0.91 0.11  0.22 —0.022 0.010  0.020 —0.065 0.014  0.027 24 32 33 4 7 N N
F5 0.04 0.10 0.20 —0.012 0.005 0.010 —0.040 0.008 0.015 24 28 29 2 4 Y N
R1 1.20 0.05  0.09 —0.009 0.020  0.040 -0.132 0.019 0.038 25 27 28 7 14 Y N
R2 0.50 0.02  0.04 —0.016 0.010  0.020 —0.052 0.019 0.038 25 30 31 4 7 Y N
R3 1.03 0.09 0.17 —0.031 0.012 0.023 —0.096 0.031 0.060 25 36 37 4 9 N N
R5 N/A 0.08 0.16 —-0.030 0.012  0.023 —-0.109 0.022  0.044 25 35 36 4 9 N N
CB-D6 0.13 0.04 0.08 0.019 0.017  0.034 0.035 0.015 0.028 18 12 12 5 10 Y Y
CB-D62 0.14 0.02 0.04 —-0.013 0.010 0.020 —0.015 0.020 0.039 18 23 23 4 7 Y Y
CB3 1.25 0.03 0.05 —0.011 0.015 0.029 -0.017 0.019 0.037 18 22 22 5 10 Y Y
CB4-Scar 0.46 0.03  0.05 0.014 0.015  0.029 0.021 0.033  0.065 19 14 14 5 9 Y Y
CB4-Scar2 0.19 0.05  0.09 0.010 0.023  0.044 0.020 0.029  0.056 18 16 15 7 13 Y Y
CB4-12- —0.04 0.00 0.01 —0.007 0.002 0.003 -0.017 0.061 0.119 18 21 21 1 1 N N
Wet
CB4-48-Dry  1.22 0.02  0.05 0.005 0.014  0.028 0.080 0.038  0.075 18 17 17 5 9 Y Y
CB4-82- 0.43 0.04 0.07 0.000 0.016 0.032 —0.028 0.036 0.071 18 19 19 5 10 Y Y
Wet
CB4-99-Dry  1.34 0.07 0.13 —0.007 0.013  0.026 —0.014 0.032  0.063 18 21 21 4 9 Y Y
CB4-Top 0.29 0.02  0.03 —0.022 0.017  0.033 0.041 0.033  0.064 18 26 27 6 11 Y Y
CP-D2 —-0.25 0.04 0.09 0.008 0.029 0.057 —0.059 0.036 0.070 18 16 15 8 16 Y Y
CP-D3a 0.74 0.11 0.21 —0.017 0.022  0.044 —-0.115 0.026  0.051 19 25 25 8 15 Y N
CP-D3a2 0.78 0.07 0.14 0.001 0.024  0.048 —0.047 0.026  0.050 20 20 20 8 15 Y Y
CP-D3a3 0.41 0.09 0.17 0.032 0.008 0.016 0.037 0.034 0.068 20 11 10 2 5 N Y
CP-D3b 0.79 0.04  0.08 —-0.033 0.008  0.015 —0.014 0.029  0.058 19 30 31 3 6 N N
CP-D3b2 0.39 0.10 0.20 0.009 0.018  0.035 —0.054 0.018 0.035 20 17 17 6 11 Y N
GC 0.54 0.09 0.17 0.015 0.014  0.028 0.025 0.018 0.035 14 10 10 4 8 Y Y
TM-D10 0.45 0.04 0.09 0.000 0.008 0.016 0.069 0.027 0.053 22 22 22 3 5 Y N
TNM —-0.07 0.06 0.11 0.031 0.021  0.042 0.065 0.019 0.038 23 13 13 6 12 Y N
CPY 1.29 0.02  0.04 —0.002 0.008 0.016 —0.003 0.018 0.035 7 9 9 2 5 Y Y
GLR 1.68 0.03 0.06 —0.006 0.012 0.024 —0.068 0.009 0.018 7 10 10 4 7 Y N
Moaning —-0.09 0.02  0.05 —-0.016 0.006  0.011 0.037 0.034  0.067 18 23 23 2 4 N N
Cave
MIE-15-95- 0.45 0.01 0.01 —0.011 0.005  0.009 —0.045 0.036  0.070 15 19 19 2 3 N N
9-FL-
Center
MIE-15-95- 1.06 0.02  0.05 —0.008 0.009 0.017 0.095 0.012  0.023 15 18 18 3 6 Y N
9-FU-
Edge
MIE-15-95- —0.06 0.01  0.02 0.005 0.005 0.010 0.034 0.030  0.059 15 14 14 2 3 Y Y
9-SL-
Center
MIE-25-95- 0.44 0.01  0.02 0.002 0.005 0.010 —0.004 0.017  0.034 25 24 25 2 4 Y Y
8-FL-
Center
MIE-25-95- 1.44 0.02  0.04 —-0.025 0.011  0.021 0.040 0.031  0.060 25 34 35 4 8 N N
8-FU-
Edge
MIE-32-95- 0.22 0.01 0.02 —0.010 0.012 0.024 —-0.067 0.015 0.028 32 36 37 5 9 Y N
3-FL-
Center
MIE-32-95- 1.77 0.02 0.04 0.003 0.005 0.010 —0.021 0.031 0.062 32 31 31 2 4 Y Y
3-FU-
Center
ASFA 1.30 0.02 0.03 —0.004 0.008 0.016 —0.088 0.032 0.063 18 20 20 3 5 Y N
MM1 N/A 0.02  0.03 —0.008 0.004  0.007 —0.054 0.026  0.050 24 26 27 1 3 Y Y
ZA-3 N/A 0.01 0.03 0.012 0.005 0.010 —0.037 0.023  0.045 24 20 20 2 3 N N

1 Anderson et al. (2021).
2 Lucarelli et al. (2023a).

105



Z.A. Parvez et al.

Geochimica et Cosmochimica Acta 366 (2024) 95-112

Calcite Plates Speleothems Cave Rafts
A AA,; (%) B AA; (%) c AA,; (o)
0.08- 0.08- 0.08+
0.06 0.06 0.06
0.04+ 0.04-{ 0.04-
o
o£2— % J 0.02 ‘ 0.024
30 (%) I A5"30 (%) d . L‘ o A5'80 (%) | \

2 A L #Wl1 f 2 2 A ‘e¥ ~+w i) 2 A N :i 2

-0.021 + -0.04‘— + L 002 4;% |
\ ® 4%
-0.04- -0.04- -0.04 &
-0.06- -0.06-{ -0.06-
-0.08- -0.08- -0.08-
D DA g (o) E DB g (%ho) F DD g (%)
0.24 0.24 0.2
o; 0.1 ¢+ 0.11
A5"80 (% Yvi# 18 ? + 180 (9
. oo) L . AB"80 (%0) | 0 AS"80 (%)
2 4 A\ 1 , 2 2 A A ¥

-0.14

i +i .

-0.29 0.2

Calcite Plates
A Mexico, Grutas de Catedral (unpublished)
. Mexico, Cueva de la Puente (Serrato et al., 2020)
. USA, California (Wortham et al., 2021)
v Mexico, Cueva Bonita (Wright et al., 2021)
@ Laos, Tham Doun Mai (Wang et al., 2019)
<> Laos, Tham Nguen Mai (unpublished)

Speleothems

‘ Mexico, Cueva Bonita (Wright et al., 2021)
A USA, California (Oster et al., 2009)

@ Artificial Cave (EL-Shenawy et al. 2020)
4 Ethiopia, Mechara Caves (Asrat et al., 2008)

¢% ij ?é 2 '1. -0.1;7 @%% 2
ot

Cave Rafts
$ Mexico, Cenote Monkey Dust (Kovacs et al., 2018)
Mexico, Cenote Feno (Kovacs et al., 2018)
E Mexico, Cenote Rainbow (Kovacs et al., 2018)

Fig. 4. Extent of disequilibria in A4y, A4g, and 5'80 values. AA4y, AAyg, and A8'80 values were calculated as the difference between measured sample values and
equilibrium values for clumped (Lucarelli et al., 2023a) and oxygen isotopes (Kim and O’Neil, 1997) based on independently determined cave temperatures and
8'80yater values. (A) AA4y versus AS'80 of farmed calcite plates. (B) AA4; versus AS'80 of speleothems. (C) AA,4; versus AS'80 of cave rafts. (D) AAyg versus AS'E0
of farmed calcite plates. (E) AA4g versus A5'%0 of speleothems. (F) AA4g versus A8'80 of cave rafts. The speleothem sample CB4-12-Wet had only 2 replicate analyses
and is indicated with a gray symbol in panels B and E. Error bars indicate the 95 % CI (light gray) and the 68 % CI (dark gray).

the artificial speleothem samples from the McMaster artificial cave was
not possible due to the limited number of samples from each experi-
mental condition (only one or two samples). However, the samples from
the upper watch glasses (FU samples) were shown to be affected by CIE,
whereas the lower watch glass samples were controlled by both the CIE
and the OIE (El-Shenawy et al., 2020). In summary, oxygen and carbon
isotope exchange between cave atmosphere/water and DIC species are
key controls on isotopic values, in combination with CO, degassing
during carbonate mineral precipitation in cave environments. The
contributions from these processes to measured isotopic values is diffi-
cult to disentangle using 5'0,/8'3C covariation alone.

5.2. Examining clumped isotope disequilibrium in caves using modeled
and measured values

By pairing As4g and Ay4; values, we can predict and model different
disequilibria processes (Guo, 2020; Bajnai et al., 2021, Parvez et al.,
2023; Lucarelli et al., 2023b). This can augment traditional degassing
disequilibria probing techniques, such as linear regression using RDM
(Figs. 6, 7). Dual clumped isotopes have been used to correct
disequilibria-induced temperature biases (Bajnai et al., 2021) through

trajectory predictions using the IsoDIC model (Guo, 2020), which is a
major advancement in our understanding of dual clumped isotope dis-
equilibria. However, universal application of this approach is somewhat
limited due to the complex nature of cave carbonate formation which
the IsoDIC model does not fully encompass (Guo, 2020). In the CO,
degassing and CO, absorption regime, IsoDIC focuses on speleothem,
biogenic carbonates (i.e., corals), and high-pH travertines. However, it is
acknowledged to oversimplify speleothem formation and coral calcifi-
cation processes (Guo, 2020).

Fig. 7B is a generic schematic of absorption and degassing processes
in AA47-AA4g space. COy degassing disequilibrium is predicted to
originate in quadrant 2 and evolve through quadrant 1 as oxygen iso-
topes exchange. A similar cycle occurs for CO, absorption disequilib-
rium as AA47.AA4g values evolve from quadrant 4 to quadrant 3. The
slopes determined from the origin to the initial departure from equi-
librium in both CO4 absorption and degassing disequilibria were used by
Bajnai et al. (2020) to correct clumped isotope temperature predictions
of warm- and cold-water coral (absorption) along with natural and
synthetic speleothems (degassing). However, we hypothesize this very
simplified correction may become far more difficult to make when cave
carbonates have additional isotopic buffering effects that displace them
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Fig. 5. Extent of disequilibria in sample A4, and A4g values for farmed calcite plates, speleothems, and cave rafts. AAy; and AAgyg values were calculated as the
difference between measured sample values and calculated equilibrium (Lucarelli et al., 2023a) for each sample based on independent constraints on cave tem-
peratures. Each quadrant is labelled with the dominant mechanism of disequilibria determined from IsoDIC model (Guo, 2020) calculations. (A) AA4; versus AA4g for
farmed calcite plates. (B) AA4y versus AAug for speleothems. C) AAy; versus AAyg for cave rafts. The linear regression slope for all cave raft samples, which may be
biased by CIE, is 2.181 + 0.632. The speleothem sample CB4-12-Wet had only 2 replicate analyses and is indicated with a gray symbol in panel B. Error bars indicate

the 95 % CI (light gray) and the 68 % CI (dark gray).

from the initial disequilibrium slopes.

In caves, oxygen and carbon isotope exchange can result in alter-
ations to the isotopic composition of the DIC pool which can affect both
A47 and A4g signatures. OIE is a homogenous process and based pri-
marily on (de)hydration and (de)hydroxylation (reactions (6) and (7)).
Homogenous (same phase) OIE between DIC and HyO reservoirs within
cave water can result in isotopic buffering of the 80 enrichment in the
DIC pool induced by CO, degassing (Beck et al., 2005; Mickler et al.,
2006; Dreybrodt and Scholz, 2011), resulting in migrations from the
traditional degassing pathway. In contrast, CIE is a heterogenous reac-
tion, where carbon isotope exchange occurs between DIC in cave water
and CO5 in cave atmosphere. Heterogeneous CIE between two phases
has been far less studied than OIE, and may result in Ayy and Asg
disequilibrium effects that are inconsistent with CO» degassing. Previous
research suggests that well-ventilated caves will exhibit greater amounts
of CIE (Dreybrodt and Scholz, 2011; Dreybrodt et al., 2016; Hansen
et al., 2017; El-Shenawy et al., 2020).

Disequilibria associated with cave rafts from Mexico recovered by
Kovacs et al. (2018) exhibit depletions in both A47 and Ayg, consistent
with effects from CIE (Fig. 5C). The relatively deep water (for example,
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compared to a thin film) of the Mexican cave pools would promote
greater residence times of DIC in the system, resulting in OIE and CIE,
corroborating the shallow §'80/5'30 slopes (Figs. 6A, 7A). In addition,
the extent of CIE effects on A4y and Ayg values of the cave rafts appears
to be a function of ventilation. Cenote Feno is considered to have the
least ventilation of the three Cenotes, with a small opening to atmo-
sphere. Cenotes Rainbow and Monkey Dust were considered well-
ventilated with large openings to the atmosphere (Kovacs et al.,
2018). Previous research indicates this effect is enhanced in well-
ventilated caves (Dreybrodt et al., 2016; Hansen et al., 2017; El-
Shenawy et al., 2020). This is consistent with samples collected from
Monkey Dust (B1, B3, B5) and Rainbow (R1, R2, R3, R5), which had
large and comparable departures from the equilibrium (origin in Fig. 5)
to the average AA4; and AAg4g values (AAyy, AAgg) for each cave
(Monkey Dust: AAs; = —0.032 4 0.007 %o, AAsg = —0.104 + 0.035 %o;
Rainbow: AAy; = —0.021 + 0.006 %o, AAyg = —0.097 + 0.017 %o),
corroborating a well-ventilated cave. Samples from Cenote Feno (F1, F2,
F3, F4, F5) had the smallest departure into quadrant 3 (AAs; = —0.011
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(Wright et al., 2022) were largely indistinguishable from equilibrium
+ 0.007 %o, AAgg = —0.057 + 0.017 %o), corroborating a poorly venti- values, with the majority of samples within error of equilibrium
(Fig. 5A). The A47-temperature values determined with these samples

lated cave system relative to the other Cenotes. ; N .
are consistent with reported temperatures (Table 3). Farmed calcite

Farmed calcite plates and speleothems recovered from Cueva Bonita
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plates recovered from Cueva de la Puente (Serrato, 2020) are consistent
with CIE occurring during CO2 absorption, which is consistent with the
5180/8'3C slope of 0.333 + 0.035 (Fig. 6B).

While 5'80/56!%C regression analysis could not resolve CIE or OIE in
the synthetic speleothems (El-Shenawy et al., 2020), we can attempt to
test for this with AA47 and AA4g values. The sample set from an artificial
cave (El-Shenawy et al., 2020) has relatively even distribution with
biases in quadrant 2 (CO5 degassing) and quadrant 3 (CIE) (Fig. 5B).
Samples MIE-25-95-8-FU-Edge and MIE-15-95-9-FU-Edge had the
greatest CO, degassing effects (Table 3) and were collected from the
upper glasses where the convex nature of the glass plate prevented
pooling of the drip water. This is consistent with what we would expect
to see with natural speleothems and associated CO, degassing phe-
nomenon (Fiebig et al., 2019; Guo and Zhou, 2019; Guo, 2020; Bajnai
et al., 2020). However, samples MIE-15-95-9-FL-Center and MIE-32-95-
3-FL-Center fall within quadrant 3, which indicates KIE associated with
CIE are present. This confirms what El-Shenawy et al. (2020) reported
for their samples collected from the lower watch glass indicating CIE and
OIE. We only observed CIE in our dataset because we analyzed a limited
sample set from their study. This was also consistent with speleothem
samples from Mexico, the U.S., and Ethiopia (Fig. 5B).

Dual clumped isotopes can be used to examine individual samples.
The sample GLR collected from Lilburn Cave (Wortham et al., 2021)
exhibited CIE, residing in quadrant 3 of Fig. 5A. This farmed calcite plate
was collected from a drip site located near the cave entrance with sea-
sonal ventilation variations. Sample TM-D10 collected from Tham Doun
Mai (Wang et al., 2019) resides directly in between quadrant 1 and 2,
indicating potential contributions to isotopic values from degassing and
OIE in a closed cave system (Fig. 5A). This can be due to increased
thickness of water film and pooling of water due to significant rainfall
(1200 mm) localized during the summer (June-September) monsoon
season (Wang et al., 2019). This accounts for what we see with sample
TNM collected from Tham Nguen Mai (unpublished), a proximate
location to Tham Doun Mai. This sample is a part of unpublished work,
so site information is limited, however, it resides in quadrant 1 (Fig. 5A),
similar to sample TM-D10, indicating OIE effects driving it back to
equilibrium. The speleothem sample Moaning Cave (Oster et al., 2009)
falls within quadrant 2, similar to samples CPY and GLR from Lilburn
cave, which are in the same region. Although cave ventilation infor-
mation was not provided for this sample, we can infer that there is
ventilation which is driving CIE. The samples collected from Mechara
(Asrat et al., 2008) and Tigray (unpublished) caves on the Ethiopian
highlands have similar biases from CIE. Sample MM1 recovered from
Mai Mekden cave was collected from a ledge proximate to the cave
entrance which provided good exposure to outside atmospheric CO,,
while ZA-3 was collected from a well-ventiliated wide, horizontal
chamber about 20 m from the entrance of the Zayei cave. Sample ASFA
collected from Mechara cave is located within 25 m of the cave entrance
in a vertical orientation. The Asfa chamber of the cave is well ventilated,
and based on the data presented in Fig. 5B, we infer that the ventilation
was sufficient to promote CIE.

5.3. Potential temperature reconstruction using cave carbonates

One of the most promising applications of the dual clumped isotope
method is its ability to test dis/equilibrium isotope conditions in fossil
speleothems and therefore, their potential as a terrestrial paleoclimate
archive. Measurements of A47-A4g have a characteristic equilibrium
relationship that does not depend on the drip water isotopic composi-
tion. We can use this tool to identify samples at isotopic equilibrium and
then determine paleotemperatures using a A47-temperature calibration,
or other methods for palaeothermometry based on oxygen isotopes
(such as fluid inclusion-carbonate mineral thermometry).

Here, 19 of 44 samples had A47-A4g values that were indistinguish-
able from equilibrium. Of these 19 quasi-equilibrium samples, 18 (95 %)
yielded A47 values that accurately predicted the independently reported
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formation temperature when utilizing a published calibration (Fig. 8;
Table 3). This is in stark contrast to the 25 samples that did not have A47-
A4g values consistent with equilibrium, where only 12 (48 %) accurately
predicted the reported formation temperature (Fig. 8; Table 3). This
supports prior findings that if samples have equilibrium dual clumped
isotope values, they can be used to accurately reconstruct temperatures
(Fiebig et al., 2019, 2021; Guo, 2020; Bajnai et al., 2020; Lucarelli et al.,
2023a).

6. Conclusion

We have conducted dual clumped (A47, A4g) and traditional stable
(6180, 530) isotope analysis of 44 modern cave carbonate mineral
samples, including natural and artificial speleothems, farmed calcite
plates, and cave rafts from 13 caves and cenotes. To determine dominant
disequilibria mechanisms, we used linear regressions of different iso-
topic measurements including 5'0/8'3C slopes, Rayleigh Distillation
Modeling, and dual clumped isotope analysis. Overall, 19 samples
formed in equilibrium based on A47-A4g measurements, and 18 of these
equilibrium samples accurately predicted reported cave temperatures.
In contrast, 25 The samples had disequilibrium A47-A4g values, and the
majority failed to accurately predict reported cave temperatures. These
findings suggest that dual clumped isotopes can be used to identify cave
carbonate minerals that formed under equilibrium conditions, thus, may
yield accurate A47-based terrestrial temperature reconstructions. We
suggest speleothems, specifically, would be a target for paleoclimate
reconstructions, as 44 % of speleothem samples achieved A47-Agg
equilibrium.
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Fig. 8. Comparison of A4;-temperatures determined for all cave carbonate
mineral samples analysed here versus reported cave temperatures. Overall, 19
out of 44 samples have reported temperatures within the 95 % CI of the A4-
temperatures (filled symbols). The 25 samples with A4,-temperatures that do
not accurately reflect formation temperature have open symbols, where 21
samples are biased by A4, values that are depleted relative to equilibrium. Error
bars indicate the 95 % CI (light gray) and the 68 % CI (dark gray).
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Some of the samples examined here have disequilibrium clumped
isotope values which are not explained by CO, degassing. We suggest
that samples that exhibit enrichment in both A4; and A4g values relative
to equilibrium (i.e., fall within quadrant 1 of our schematic of AA4y-
AA4g) are indicative of cases where there is homogenous oxygen isotope
exchange between DIC and H>O in cave water that can occur with longer
residence time due to various conditions, such as water layer thickness.
We hypothesize cave carbonate minerals may exhibit depletion in both
A4y and Agyg relative to equilibrium (i.e., fall within quadrant 3 of the
AA47-AA4g space of our schematic) because of heterogeneous carbon
isotope exchange between DIC in cave water and CO, in cave atmo-
sphere. This hypothesis is supported by Rayleigh Distillation Modeling
of traditional stable isotopes, and knowledge of cave conditions (i.e.,
increased ventilation) that indicate conditions conducive to isotope
disequilibria. Cave rafts examined here exhibit evidence for strong CIE
as indicated by a flattened slope in the Rayleigh Distillation Modeling
linear regression analysis and relatively large depletions in A47 and Asg
when compared to speleothems or farmed calcite plates. The extent of
A47 and Ayg disequilibrium has a correlation to relative cave ventilation.
Most farmed calcite plates and speleothems examined in this study
exhibit some degree of kinetic isotope effects associated with oxygen
isotope exchange or carbon isotope exchange, with a minority exhibiting
dominant CO; degassing effects as indicated by Rayleigh Distillation
Modeling, linear regression analysis, and deviations from A4;-Asg
equilibrium. Many of the samples analyzed in this study that exhibit
disequilibrium A47-A4g values due to oxygen and carbon isotope ex-
change are not explained through existing models for cave carbonates
which only account for isotopic effects from CO5 degassing, and repre-
sents an area for future work.
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