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Abstract

Oxygen isotopes are the most commonly applied speleothem proxy for reconstructing Quaternary changes in precipitation
and/or temperature. These interpretations are either limited to qualitative wetting and drying trends or rely on theoretical,
experimental and/or empirical equilibrium isotope fractionation factors for more quantitative constraints. These various frac-
tionation factors have similar temperature sensitivities, but their absolute values differ, and cave calcite does not appear to
generally precipitate in isotopic equilibrium with its drip water. Rapid CO, degassing paired with calcite precipitation, both
occurring under disequilibrium conditions, are a set of mechanisms commonly invoked to explain oflsets between observed
and equilibrium isotopic fractionation between cave calcites and drip waters. However, the relevance of these disequilibrium
mechanisms to speleothem records remains unresolved. Here, we compare measured 3'*0 values of modern speleothem calcite
from a tropical cave in Guam to calcite 8'%0 values predicted by a modified version of the ISOLUTION proxy system model.
This extends the global comparison of cave drip water and modern calcite 8'%0 values to higher temperatures. We initialize
the model using contemporaneous measurements of drip water (5'%0 values, [Ca '], and pH), and cave air (CO,, and T) from
four drip sites over 3.5 years of monitoring in the cave. Through this comparison, we show that for a slow drip-rate site,
ventilation-driven CO, degassing can explain seasonal variations in calcite oxygen isotope composition. At faster-dripping
sites in this cave, the seasonal effect is limited. At these sites, the DIC reservoir is replenished by new drips faster than its iso-
topic composition can be modified by degassing CO, and calcite precipitation, whether occurring each is occurring as an equi-
librium or kinetic process. For the slow drip rate site, however, this is the first observation of cave air CO, variations exerting
a control on cave calcite oxygen isotope values. The confirmation of ventilation-driven processes controlling oxygen isotope
values at a slow-drip site advances the process-based understanding of stalagmite formation that is required to move beyond
the wetter-or-drier paradigm and make quantitative interpretations of speleothem oxygen isotope records.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The issue of whether calcite-water oxygen isotope frac-
tionation in cave calcite can be described by isotope equilib-
rium has long challenged quantitative interpretations of
speleothem oxygen isotope records. Although early experi-
mental attempts to determine calcite-water oxygen isotope
equilibrium fractionation values (e.g., O'Neil et al., 1969;
Friedman and O’Neil, 1977; Kim and O’Neil, 1997) showed
good agreement with early theoretical models (e.g., Chacko
and Deines, 2008), measurements of cave calcite-water oxy-
gen isotope fractionation diverged strongly from these pre-
dictions of equilibrium (e.g., Mickler et al. 2004, 2006;
Tremaine et al., 2011; Daéron et al., 2019). This discrep-
ancy between speleothem measurements and calculated iso-
topic equilibrium has led researchers to question both the
assumption of equilibrium isotopic fractionation in cave
calcite precipitation (Mickler et al., 2006; Daéron et al.,
2019), as well as the validity of accepted equilibrium values
(Coplen, 2007; Daéron et al., 2019). Recent laboratory
studies of calcite precipitating slowly from thin films
(Polag et al., 2010; Day and Henderson, 2011; Affek and
Zaarur, 2014) or on seed crystals in a chemostatic solution
(Levitt et al., 2018) and of well-dated and very slow-
growing subaqueous calcite (Coplen et al., 2007; Daéron
et al., 2019) suggest that the commonly used experimental
values, determined by precipitating calcite from bulk solu-
tion (e.g. Kim and O’Neil, 1997), are not applicable to
the vast majority of speleothems and point to the existence
of rate-dependent, disequilibrium fractionation effects in
both natural systems and laboratory settings. In this study,
we use the term “‘disequilibrium fractionation™ after
Deininger and Scholz (2019) to collectively describe the
processes resulting in calcite deposited on stalagmites that
is not in oxygen isotope equilibrium with its corresponding
drip water at the time of drip impact on the speleothem sur-
face. This is an important distinction for speleothem paleo-
climate studies, because the immediate objective for most is
to reconstruct drip water oxygen isotope values from spe-
leothem calcite oxygen isotope values. The disequilibrium
fractionation processes that can interfere with these recon-
structions include kinetic isotope effects (as traditionally
defined by O'Neil et al, 1969) and open system,
Rayleigh-type processes (e.g., CO; degassing, evaporation,
and calcite precipitation) which may or may not involve
equilibrium isotope fractionation, but have the potential
to alter the oxygen isotope composition of the dissolved
morganic carbon (DIC) reservoir from which the calcite
precipitates.

The inability to constrain the degree to which isotope
fractionation (equilibrium or disequilibrium) is driven by
site-specific effects such as cave or speleothem geometry,
drip rates, or climate adds uncertainty to the interpreta-
tion of speleothem 6'*0 records that is difficult to quan-
tify. Recent laboratory precipitation experiments and
theoretical models predict a dependence of calcite-water
oxygen isotope fractionation factors on calcite growth
rate and pH (e.g., Watkins et al., 2013, 2014; Devriendt
et al., 2017; Hansen et al., 2019). The predicted depen-
dence is that higher calcite growth rates result in pH-

dependent kinetic isotope effects and non-equilibrium
calcite-water oxygen isotope fractionation, and slower
growth rates allow for pH-independent isotope fractiona-
tion nearer to equilibrium values (DePaolo, 2011;
Watkins et al., 2014). The effect of calcite growth rate
on calcite-water oxygen isotope fractionation is often
invoked in the literature to explain observed offsets
between cave calcite 6'°0 values and those expected for
equilibrium with drip water (e.g. Johnston et al., 2013,
Stoll et al., 2015). Stoll et al. (2015) demonstrated good
agreement between five speleothem calcite 8'%0 records
when adjusted for growth-rate-dependent -calcite-water
oxygen isotope fractionation, but did not report differ-
ences between calcite and water 6'0 values.

Calcite precipitation modeling can inform interpreta-
tions of isotope disequilibrium, but pairing calcite growth
rate models to isotopic models is nontrivial. Dreybrodt
(2008) described two models of isotope evolution during
calcite precipitation: (1) a continuous-flow model (FLOW:;
Romanov et al., 2008) where calcite grown near the drip
axis is in near oxygen-isotope equilibrium with the dripping
water and (2) a stagnant pool model, where DIC in a static
pool of water on the speleothem surface undergoes Ray-
leigh distillation before being replenished by the next drip.
The latter situation has been extensively modeled (Hendy,
1971; Dreybrodt and Scholz, 2011; Deininger et al., 2012;
Owen et al., 2018; Deininger and Scholz, 2019) and, to a les-
ser extent, used to explain carbon and oxygen isotope val-
ues of speleothems (Bar-Matthews et al., 1996; Mickler
et al. 2004, 2006, 2019). Watkins et al. (2014) modeled
calcite-DIC oxygen isotope fractionation factors as a func-
tion of the growth rate, rather than as a function of the drip
rate, using an ion-by-ion crystal growth model that distin-
guishes between the attachment and detachment of carbon-
ate and bicarbonate ions to and from the crystal surface, as
well as the oxygen-isotope composition of each. Most
recently, Guo and Zhou (2019) published a reaction—diffu-
sion model of carbonate precipitation, tracking the forward
and reverse reaction rates of the (de)hydroxylation of bicar-
bonate and of the (de)hydration of carbonic acid in the
water film for each isotopologue of the two DIC species.

Here, we use the results of seven years of monitoring at
Jinapsan Cave, Guam, including calcite grown on glass sub-
strates at four sites with growth rates ranging from 0.05-
20 mg/day, to test a model of oxygen isotope fractionation
in cave drip waters (ISOLUTION; Dieninger et al., 2012,
Dieninger and Scholz, 2019). This tropical cave is an ideal
site to consider CO,-degassing-driven and growth-rate-
driven disequilibrium fractionation, because the minimally
variable annual temperature (25.7-27.8 °C; Noronha
et al., 2017) and constant high humidity (95-100% RH;
Partin et al., 2012) of the tropical cave allow us to confi-
dently ignore temperature- and evaporation-driven eflects
on calcite-water oxygen isotope fractionation. Further-
more, growth-rate-driven changes in fractionation due to
surface entrapment of '°O during calcite precipitation are
largest at higher temperatures (Watson and Liang, 1995;
Watson, 1996, 2004; Dietzel et al., 2009; Day and
Henderson, 2011), and Jipansan Cave has a relatively high
temperature (~26 °C).
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2. SITE DESCRIPTION

The island of Guam (13.4 °N, 144.5 °E) is the largest and
southernmost island in the Mariana Islands volcanic arc.
Guam lies within the West Pacific Warm Pool and receives
2000-2500 mm of rainfall annually over distinct wet and
dry seasons, with ~70% of annual precipitation occurring
during the July-December wet season (Lander and Guard,
2003). The dry season is characterized by persistent north-
easterly trade winds, with most rain falling as light showers.
The wet season begins when the trade winds slacken, and
typically shift southeastward, resulting in more humid
and unstable atmospheric conditions over the island. For-
mation of convective clouds drive moderate to heavy down-
pours, which are responsible for the majority of wet-season
precipitation (Lander et al., 2001). Wet-season precipitation
is also affected by tropical cyclone activity, with ~30% of
Guam’s wet-season precipitation induced by tropical
cyclones (Kubota and Wang, 2009).

The northern half of the island comprises an uplifted
carbonate plateau containing numerous caves. Jinapsan
Cave is a small progradational collapse cave (Miklavic,
2011) located on the northernmost point of the island, near
Ritidian Point. The cave is located within 500 m of the
beach in limestone forest, an ecological classification
accounting for 34% of the land surface of Guam, described
by thin, calcic soils and tall >10 m broadleaf trees of mixed
species (Donnegan et al., 2004). The cave has a single
restricted opening, which is the highest point of the cave,
and consists of a single chamber, though large flowstones
and stalagmites form walls, which give the illusion of mul-
tiple rooms (Bautista et al., 2018). Mean daily cave air tem-
perature is 27 °C and is constant throughout the year.
Because of its tropical location, this cave does not undergo
the temperature-driven seasonal ventilation observed in
temperate-latitude caves (Wigley and Brown, 1976;
Buecher, 1999; James et al., 2015). Instead, seasonal varia-
tion in the direction and magnitude of the trade winds

—s— Flatman —»— Station 1

drives ventilation of Jinapsan Cave, with high ventilation
and low cave pCO, Dec-Jun, and low ventilation and high
cave pCO; Jun-Dec (Noronha et al., 2017).

Four drip sites are considered in this study: Flatman, Sta-
tion 1, Station 2, and Stumpy (See Fig. | of Partinetal., 2012;
Bautista et al., 2018). Drip water 3'*0 values from each site,
from July 2008 to November 2010, have been previously
reported by Partin et al. (2012), and extended to 2015 by
Beal et al. (2018). Drip water chemical composition has been
reported by Noronha et al. (2017) and Beal et al. (2018), and
calcite deposition rates at these sites have been reported by
Noronha et al. (2017). The first of these sites, Flatman, is
located in a pseudo-chamber (Midslide, 188 m®) 12.0 m
below the cave entrance and 24.2 m below the ground surface
(Bautista et al., 2018). The second and third drip sites, Sta-
tion 1 and Station 2, are located 1 m from each other in a
smaller pseudo-chamber (Shakey Room, 11m?), slightly
deeper in the cave, ofl of the main descent. These sites are
23.5 and 24.5m below the cave entrance, and 27.5 and
28.5m below the ground surface, respectively (Bautista
et al., 2018). Drip site Station 2 fed the stalagmite referred
to in Sinclair et al. (2012) as “*Big Guam” or “*Shakey” before
its collection for analysis. The final drip site considered in
this study, Stumpy, is in an even deeper pseudo-chamber
of the cave (Stumpy Room, 16 m®) connected to the Shakey
Room of Stations 1 and 2. This site is 27.8 m below the
entrance, and 34 m below the ground surface (Bautista
et al., 2018). The Stumpy drip site fed the “Little Guam”
or “Stumpy” stalagmite reported by Sinclair et al. (2012).
Hourly cave pCO, measurements, reported by Noronha
et al. (2017), were taken near site Stumpy.

3. METHODS
3.1. Cave Sample Collection

Sampling of cave drip water at Jinapsan Cave began in
early 2008, was established as a routine monthly collection

—e— Station 2 —— Stumpy
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Fig. 1. Measurements of drip interval and calculated drip rates for drip sites Flatman, Station 1, Station 2, and Stumpy. First reported by
Noronha et al. (2017). Higher drip rates (shorter drip intervals) correspond to increased water flux, whereas lower drip rates (longer drip

intervals) correspond to decreased water flux.
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program in August 2008, and was completed in September
2016. Samples were collected at seven drip sites and the
cave pool during this period (Partin et al., 2012, Noronha
et al. 2017, Beal et al., 2018). Results are reported in this
study from samples collected at four of the sites: Flatman,
Station 1, Station 2, and Stumpy. The monthly monitoring
program included collection of water and drip rate data and
calcite grown on glass substrates at all sites, and deploy-
ment/collection of loggers that recorded continuous cave
air CO, concentrations, temperature, barometric pressure,
and relative humidity at site Stumpy.

Drip water was collected in pre-weighed wide-mouthed
HDPE Nalgene bottles that were deployed under the drip
and left for ~24 hours. Collection bottles were weighed
and water was decanted into bottles in the cave and pre-
treated for a suite of geochemical analyses. Aliquots of drip
water for 6'°0 measurement were stored in 4 mL glass
dram vials with no headspace. These aliquots were refriger-
ated until analysis, with the exception of the time spent in
transit from University of Guam to the University of Texas
at Austin. Aliquots of drip water for analysis of cation con-
centrations were stored in acid-washed 30 mL HDPE Nal-
gene bottles and preserved with 60 pL of Seastar nitric acid.
When sufficient water remained after these aliquots had
been decanted, pH, conductivity, and water temperature
were measured using a Myron Ultrameter IT — 6P (Myron
L Company, Carlsbad, CA, USA).

Calcite was grown on 10 x 10 cm glass plates that were
frosted using glass beads to facilitate calcite nucleation.
Glass substrates were weighed with a Sartorius MCI RC
210P electronic balance (Sartorius, Goettingen, Germany)
before and after deployment in the cave to determine calcite
growth rate. A standard plate was weighed to reduce vari-
ability in plate weight measurements associated with static
electricity, humidity, and other environmental variables,
following the methods established by Banner et al. (2007).
Glass substrates were left in place for 3-12 weeks and were
removed and replaced during 24-hour water collection per-
iod. In January 2012, PVC holders for the glass substrates
were installed under each drip site to ensure consistent plate
orientation.

3.2. Cave Environmental Measurements

Cave CO, concentration was measured at 1-hour inter-
vals using a Vaisala GM70 CO, probe (0-5000 ppm mea-
surement range) and a Vaisala M 170 data logger (Vaisala
Corp, Helsinki, Finland). Beginning in 2012, the CO, log-
ging assembly was deployed in a modified Pelican dry box
(Pelican Products, Inc., Torrance, CA, USA) with ~
500 g of desiccant (W.A. Hammond Drierite Co. Ltd.,
Xenia, OH, USA) or generic vermiculite to avoid condensa-
tion at high humidity. Measurement errors associated with
this probe are CO,-dependent, at + (2% of the reading
+ 75 ppm CO,), or + 80-175 ppm CO, in measured cave
conditions. CO; measurements in supersaturated air are
considered unreliable due to water condensation. Cave air
temperature, pressure, and relative humidity were logged
at I-hour intervals using HOBO Micro-Station Data Log-
gers (HOBO, Onset, Bourne, MA, USA), with measure-

ment errors of £0.21 °C, +5% RH and 43.0 mbar,
respectively.

Drip rates (drips per minute) were measured monthly
and calculated by measuring the time elapsed between
drips. Standard protocol was to measure the interval
between four consecutive drips three times and to report
the average of these measurements as the drip interval (sec-
onds). When the drip interval exceeded 300 seconds, the
long drip interval was noted, but no measurement of drip
interval was taken.

3.3. Stable Isotope Analysis

A total of 140 glass substrate calcite samples (Flatman,
n=35; Station 1, n=32; Station 2, n=41; Stumpy,
n=32) and 278 drip water samples were analyzed (Flat-
man, n = 62; Station 1, n = 82; Station 2, n = 72: Stumpy,
n = 62) for carbon and oxygen stable isotope ratios. All
stable isotope analyses were carried out in facilities at the
University of Texas at Austin (UT). New water 5'%0 mea-
surements presented in this manuscript were analyzed on a
Thermo-Finnigan MAT-253 equipped with a Gas Bench II
via CO, equilibration at the UT Stable Isotope Lab for
Critical Zone Gases. For each measurement, 1| mL of water
was added to 12mL LabCo Exetainer vials which are
sealed and purged with 0.3% CO, in He and equilibrated
at 40°C for 8 hours. Results are normalized based on repli-
cate measurements of internal laboratory standards cali-
brated on the VSLAP-VSMOW scale with a long-term
analytical precision of + 0.2%¢ (20). Methods used for
previously-published water 6'*O measurements considered
in this manuscript are described by Partin et al. (2012).

The 3'®0 values of glass substrate calcite samples were
measured using a Thermo-Finnigan MAT-253 equipped
with a Gas Bench II or a Thermo-Finnigan Delta V
equipped with Kiel IV device. Approximately 300 pg of cal-
cite was collected from the center of the glass substrate with
a scalpel and transferred to 12 mL LabCo Exetainer vials.
Vials were flushed with He, and calcite samples were con-
verted to CO- via reaction with 103% H;PO, for 2 hours
at 50 °C. Delta values were normalized to the PDB scale
using a two-point calibration (NBS-18 and NBS-19 [AEA
standards), following a correction for run drift with an
internal standard of Cararra marble. Fifteen samples were
analyzed in the UT Analytical Laboratory for Paleoclimatic
Studies on a Thermo Finnigan Delta V equipped with Kiel
IV device using 30-50 pg of calcite using the methods
described by Partin et al. (2012).

3.4. Data Analysis

Calcite-water oxygen isotope fractionation factors are
calculated using the measured 6'%0,,.;,. for each glass sub-
strate and the average of all c)‘lSO,,.a,e,. measurements made
at the corresponding site while the substrate was deployed.
In cases where measured drip interval is unavailable, drip
interval is calculated from the mass of water collected, using
a density of 1.0 g¢/mL, and the mean drip volume of all sites
(0.07 mL). All drip water, calcite, and model results are
reported in Electronic Annex Tables Al and A2.
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3.5. Fractionation Calculations

Calcite-water oxygen isotope fractionation can be
reported using one of two commonly used expressions.
The per mil fractionation factor 1000/n(x) (Egs. (1)+2)),
is an exact form, reserved for theoretically, empirically, or
experimentally derived equilibrium fractionation relation-
ships. The alternative, A'*0,_,, (Eq. (3)), is inexact, but
commonly used to report observed fractionations, whether
or not they represent isotope equilibrium. In this paper,
A0, will be used for comparisons among the observa-
tions made in this study. The exact form, 1000/n(x), will
be used for comparisons with published calcite-water oxy-
gen isotope equilibrium relationships. Throughout the
paper, measurements of calcite 60 will be reported in
per mil on the Peedee Belemnite scale (%¢ PDB) and mea-
surements of water 6'°O will be reported in per mil on
the Vienna Mean Standard Ocean Water scale (%o
VSMOW). When direct comparisons are made between
water and calcite 6'%0 values, the water 6'*0 values will
first be converted to PDB. All §"*C values are reported in
%0 PDB.

per mil fractionation factor = 1000 In(x) (1)

1000 + (Slx()cah‘ila
e U ealeie
1000 + 6" Oyyrer

. . 18 .
Fractionation = A®0. ,, =6 Owteie — 6" Oruter (3)

3.6. Modeling

Two different model treatments, “Equilibrium™ and
“ISOLUTION,” were compared. In the simplistic Equilib-
rium treatment, the reservoir of water for each calcite sam-
ple was treated as a static reservoir of water with a fixed
oxygen isotope composition. In this treatment, the oxygen
isotope composition of calcite depends only on the oxygen
isotope composition of the drip water, the water tempera-
ture, and the calibration chosen for calcite-water oxygen
isotope equilibrium: either Kim and O’Neil (1997),
Coplen (2007), or Affek and Zaarur (2014).

The ISOLUTION treatment is more complex, account-
ing for oxygen isotope fractionating processes associated
with calcite precipitation between drips (Deininger et al.,
2012; Deininger and Scholz, 2019). To model the degree
of oxygen isotope disequilibrium fractionation occurring
on the stalagmite surface between drips, we used the ISO-
LUTION proxy system model introduced by Deininger
et al. (2012). This model is initialized by equilibrating water
with calcite and estimated or measured soil CO, concentra-
tions, and allowing the water to drip onto a speleothem sur-
face, where it partially displaces pre-existing water, degasses
CO,, evaporates, and precipitates calcite before it is par-
tially displaced by the next drip. Theoretical equilibrium
Ca®" concentrations were determined using PHREEQC
(Parkhurst and Appelo, 1999), with measured cave CO,
concentrations, measured cave air temperature, and, due
to water sample volume limitations, the mean of measured
drip water pH (8.0 £0.5) as inputs. To calculate calcite
deposition rates, ISOLUTION (Deininger et al., 2012;

Deininger and Scholz, 2019) was modified to accept mea-
sured drip-water [Ca?" ] rather than soil CO, concentrations
(Egs. (4)+6); Dreybrodt et al., 1998; Noronha et al., 2017)
and to use the calcite growth rate constant o, from Hansen
(2013; Eq. (4)), where dt is seconds between drips, o is water
film thickness, chosen to be 0.0001 meters (Noronha et al.,
2017).

3
Growth Rate {i] = W,[—5—] - 86400[—— ]-7'/""’”[”‘ ] (4)
day me-s

day  o[m]
o[£ = (Cltpen — Categu) [ % (1 = et
(5)
%, H = (0.52 m +0.04L"’U - T[K] + 0.004 L ”;{ 2]

-TIK]) - 107) (6)

ISOLUTION assumes that the water film is static
between drips. The DIC pool is assumed to be in chemical
and isotope equilibrium with the H,O pool before CO,
degassing begins. It is then altered by CO, degassing, which
forces a chemical disequilibrium between the DIC pool and
the cave atmosphere, leading to calcite precipitation. Both
CO, degassing and calcite precipitation alter DIC §'30 val-
ues from the original values of the DIC pool, in turn aflect-
ing the 5'%0 values of the precipitated calcite. We also note
that CO, degassing is accompanied by the dehydration of
carbonic acid and the dehydroxylation of bicarbonate, both
of which remove oxygen from the DIC pool. The ISOLU-
TION model considers CO, degassing as an isotope equilib-
rium process. Although both CO, degassing and its
associated processes and calcite precipitation pull the DIC
pool out of oxygen isotope equilibrium with the H,O pool,
further oxygen isotope exchange is not considered between
the H,0 and DIC pools. ISOLUTION allows for evapora-
tion to concentrate the DIC pool, but evaporation rates at
Jinapsan cave were assumed to be negligible, as humidity in
this cave is ~ 100% (Partin et al., 2012). In this study,
calcite-water oxygen isotope fractionation relationships fol-
lowing the calibrations of Kim and O’Neil (1997), Affek
and Zaarur (2014), or Coplen (2007) were used for the
calcite-water oxygen isotope fractionation step of the ISO-
LUTION calculations. Although we do not assume that
calcite precipitates in oxygen isotope equilibrium with
H,O0, these fractionation factors are useful for determining
calcite-bicarbonate oxygen isotope fractionation factors
(Table 1) (see Fig. 2).

It is also worth noting that although ISOLUTION can
model oxygen isotope disequilibrium, it does not explicitly
model kinetic isotope effects (KIE), the subset of disequilib-
rium isotope effects caused by differences in forward and
reverse reaction rates (O’Neil et al.,, 1969; Kim et al.,
2006; Dietzel et al., 2009; Gabitov et al., 2012; Watkins
et al,, 2013, 2014; Sade and Halevy, 2017; Chen et al.,
2018; Guo and Zhou, 2019). Each individual reaction mod-
eled by ISOLUTION uses equilibrium fraction factors.
Instead, oxygen isotope disequilibrium effects between cal-
cite and drip water in ISOLUTION arise from Rayleigh
fractionation of the bulk DIC pool (combined carbonate,
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Table 1
Oxygen Isotope Per Mil Fractionation Factors used in the Modified ISOLUTION Code.

Empirical: Fractionation Steps

Fractionation Steps* 1000/no. Equation 1000/na (@ 26 °C) Citation
A H,0) — HCOy,, %‘“0& 1.89 ~30.86 Beck et al., 2005
B COyy — H20y 2210 11212 40.31 Beck et al., 2005
£ GO — Oy -10001n %—1605150 14176 1.9585) /1000 + 1) ~1.07 Thorstenson and Parkhurst, 2004
Dy CaCOyy — H20p, L8100 27.88 Kim and O’Neil, 1997
Dy CaCOyyy — H2Oy ”4,‘”4 28.6 29.59 Coplen, 2007
Dy CaCOyy — H20y 1363100 _ 9379 28.98 Alflek and Zaarur, 2014
Derived: Reaction Products
Reaction Products + Steps™ 1000/ne Equation 1000/na (@ 26 °C)

E CaCOs) — HCOy,, A+ Dy —2.98
E CaCOs — HCOy,, A+ Dy -1.27
E; aC0Os) — HCOs, A+Ds —1.88
F COxg) — HCOy,, A+B+C 8.38
Derived: Bulk Product™

Reaction Components (O-Containing Molecules) 1000/ne Equation 1000/ne (@ 26 °C)
€] COsg) + CaCOs5) + Hy Oy — HC();(M” 1000/n —@(mm 4.3 Q(TIHI) + e (o) =375
i COyg) + CaCOy) + H20(y — HCOy 1000/n {3 i) 4 3 e(ﬂ) 13 elita) ~2.90
Gs COng) + CaCOs(y) + Hy0() — HCOy 1000/n %e(m) ;3 3 o) gl 1 (i) ~320

“ These steps do not imply balanced chemical reactions but are instead useful oxygen isotope equilibrium relationships that may have several
intermediate chemical steps.

* Combined oxygen-bearing products of CO, degassing-driven calcite precipitation: Calcite, water, and gaseous CO,. 1000In(x) for bulk
product — bicarbonate is weighted by mole fraction of oxygen in the bulk product.
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Fig. 2. Measurements of drip water and calcite 5'*0. Measurement uncertainty is shown as vertical error bars (1o). In each case, the multi-
year trend of the drip water signal is recorded in the calcite.

bicarbonate, and carbonic acid) as oxygen atoms are serious limitation of the model, explicit KIE modeling
removed through CO, degassing and calcite precipitation. would also require modeling reaction rates for each step
Although the lack of KIE modeling in ISOLUTION is a of the process, would double the number of fractionation



228 P.E. Carlson et al./Geochimica et Cosmochimica Acta 284 (2020) 222-238

factors, and significantly increase the complexity and com-
putational demand of the model, while eliminating the easy
comparison to the widely-used calcite-water oxygen isotope
equilibrium fractionation factors examined here.

4. RESULTS
4.1. Drip Rate Measurements

The four drip sites considered here represent a range of
drip rates and drip rate variabilities (Noronha et al., 2017;
Fig. 1). For better comparison among disparate drips, we
report the mean, standard deviation, range, and coeflicient
of variability (CV). The fastest dripping site, Flatman, has a
mean drip rate of 4.11 + 1.23 drips/min (range 1.58-6.32;
CV 0.30) over the monitored period (autumn 2008-
summer 2016). The slowest drip site, Stumpy, has a mean
drip rate of 0.12 4+ 0.06 drips/min (range 0.00-0.21; CV
0.43). The two intermediate sites, Stations 1 and 2, have
similar mean drip rates of 0.76 4 0.57 drips/min (range
0.00-3.08; CV 0.75) and 0.73 +0.28 drips/min (range
0.30-2.03; CV 0.27).

Three of the four drip sites showed significant drying
or wetting trends. The most significant of these is a dry-
ing trend observed at Station 2 (p=2 x 107'%; Wald
Test). When this trend was removed, the CV of the
detrended drip rates at Station dropped from 0.39 to
0.27. While a similar drying trend was observed at Sta-
tion 1 (p=2x 107%), removing the trend had less of an
effect on CV, lowering it from 0.75 to 0.71. Similarly,
at  Stumpy, removing a slight wetting trend
(p=4 % 1074 decreased CV from 0.48 to 0.43. No sig-
nificant trend was observed at site Flatman.

4.2. Drip Water and Calcite '®0 Measurements

Multi-year trends in the measured drip water §'%0
values are recorded in the measured substrate calcite 8'%0
values, but seasonal signals in drip water 8'0 values are
not as closely recorded in substrate calcite (Fig. 2) and
are therefore less likely to be accurately translated into
the speleothem record. The calcite 'O record may contain
a seasonal component not observed in the drip-water 330
record (Station 2, Stumpy) or miss high-amplitude, short-
duration excursions observed in the drip-water 8'%0 record
(Flatman, Station 1).

Because drip water was collected multiple times (typically
2 or 3) during each calcite growth period, drip water §'%0
measurements were averaged to directly compare them to
calcite "0 values. When compared in this way (Fig. 3), we
find strong correlations between averaged drip water and cal-
cite "0 values for Stumpy (r” = 0.45; p =2 x 107%), Sta-
tion 1 (r*=0.55; p=~6 % 107", and Flatman (r> = 0.64;
p=9x 1073), and a weak correlation at Station 2
(r?=0.17; pP=5x 10%). Station 2 also has a lower slope
(m =0.66+0.23) than Station 1 (m=1.28+0.24) or
Stumpy (m = 1.40 + 0.30). Flatman has an intermediate
slope (m = 01.01 + 0.13) that cannot be distinguished from
the higher or lower slopes. In all cases, significance is calcu-
lated from Pearson’s r with autoregression-corrected eflec-
tive degrees of freedom v (after Hu et al., 2017).

The relationships between the drip water 8'%0 signals
and the calcite 8'*O records can be further examined by cal-
culating the oxygen isotope fractionation (A'%0._,)
between each calcite-water pair (Fig. 4). These A'*0,_,, val-
ues range from 27.79 to 29.95 %0 PDB, with a mean near the
per mil equilibrium fractionation factors predicted by
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Fig. 3. Calcite 5'®0 values plotted against the average of drip water 8'%0 values over each calcite growth period for the four drip sites in this
study. Measurement uncertainty (1 o) for calcite is shown as vertical error bars. Standard deviations of multiple drip water measurements
from the same calcite growth period are shown as horizontal error bars. Best fit lines (least squares) are shown in black, with 90% confidence

bands of the best fit lines in gray.
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Coplen (2007), Tremaine et al. (2011), and Affek and
Zaarur (2014), but significantly higher than the per mil frac-
tionation factors predicted by Kim and O’Neil (1997) over
the temperature range of measured drip water (26.5 4+ 0.5
°C; 20) (Fig. 5). These data also extend the body of com-

T [°C]
35 30 25 20 15 10 5 0
+  Other Publications o
e  This Study .
367 —— Affek and Zaarur Line
—=-- Coplen Line - J
----- Kim and O'Neil Line e
344 == Tremaine Line . ’z/ ° -
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1000/T [K1

Fig. 5. Per mil fractionation factors calculated using averaged
values of drip water 8'%0, calcite '°0, and drip water (where
available) or cave air temperature for 370 cave calcite records
compiled from 56 studies (gray circles) and this study (black
circles). Oxygen 1sotope equilibrium fractionation as calculated in
Coplen (2007; dashed line), Tremaine et al. (2011; dash-dot line),
Affek and Zaarur (2014; solid line) and Kim and O™Neil (1997;
dotted line) is also shown. To see records plotted by study, see
Electronic Annex Fig. Al and Electronic Annex Table A3.

piled cave calcite-water oxygen isotope fractionation fac-
tors (e.g., McDermott et al., 2006; 2011; Tremaine et al.,
2011; Johnston et al., 2013) to warmer temperatures
(Fig. 5).

When we compare A%0, , to drip rate at all sites, we
find a significant negative relationship (¥ = 0.21;
p=4x107%), with faster drip rates associated with lower
AY%0, ., values, and slower drip rates associated with a
range from low to high A'®0,_,, values (Fig. 6). Correla-
tions within drip sites were less significant, with only
Stumpy (© =0.17; p=3 x 1072) and Station 2 (+* = 0.18;
p =5 x 10) showing significant correlations between drip
rate and A'®0,_,, values.

We find a similarly low, but still significant, correlation
(¥ =0.19; p=1x 107%) between A'0,_, and calcite
deposition rate (determined by weighing glass substrates),
with larger deposition rates associated with smaller
AIROC,“.. For this comparison, we calculate a molar growth
rate constant R, (umol calcite/m?/hr), assuming even calcite
growth on a 100 -+ 6 cm? glass substrate (Eq. (7)). The slope
of the observed A0, , — log(R,) relationship is —0.32
=+ 0.06 (90% confidence; Fig. 6), which is within the ranges
of the slopes observed in both field (-0.9 to 0.0; Feng et al.,
2012) and laboratory studies (—1.1 to —0.3; Dietzel et al.,
2009; Hansen et al., 2019). No site showed an indepen-
dently significant correlation between A'®0,_, and log(R,).

_ grams calcite (IE -2 mz) -

= hours deployed plate

(100.09 grams ca.lcite)l 1E6 umol

mol calcite mol

4.3. Calcite 8'>C Measurements

Stable carbon isotope compositions (ESBC) of the calcite
correlate with 8'%0 values (Fig. 7). The slopes (m) of the
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regression lines between calcite 3'*C and 8'%0 values at site
Stumpy (m = 1.9540.25) and site Station 2 (m=2.11

4 0.26) were the highest, with Station 1 only slightly lower
(m=1.37+0.41) and Flatman, the site with the highest
drip rate, significantly lower (m = 0.69 + 0.22). All correla-
tions were highly significant (p < 0.01). Because &'>C values
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—— Station 1: §¥C=1.37*6%0+41.29 r?=0.33 p=5.71e-03
—— Station 2: §3C=211+6'%0+4.73 r?=0.63 p=3.19e—08
—— Stumpy: 613C=1.95%6%0+4.62 =079 p=2.60e-04

Fig. 7. Substrate calcite 3"*C versus §'%0 values at each drip site,
with associated regressions, r° values, and p values. In the legend,
sites are listed in approximate descending order of drip rate, from
Flatman (fastest drip rate) to Stumpy (slowest drip rate). Stations 1
and 2 have similar long-term drip rate averages, but drip rates are
more variable at Station 1 than at Station 2.

of drip water DIC were not measured in this study, and
likely varied through time, the ISOLUTION model could
not be properly initialized for 8"3C calculations, and the
simulated 3'*C values were ignored.

4.4. Modeled Calcite 3'*0 Results

The two model treatments (equilibrium and ISOLU-
TION) combined with three empirical equilibrium fraction-
ation relationships (Kim and O'Neil, 1997; Coplen, 2007;
Affek and Zaarur, 2014) define six model variations. Each
model variation produced predicted calcite 3'®0 values that
moderately, but significantly correlated to measured calcite
3'%0 values, with 1~ values between 0.2 and 0.29, and p val-
ues ranging from 2.66 x 107" to 3.27 x 107'® (Fig. 8). Of
the six model variations, disequilibrium-fractionation-ena
bled using Affek and Zaarur (2014) (Affek-Zaarur/
ISOLUTION) best predicts our measured calcite 8'%0 val-
ues, with a root mean square error (RMSE) of 0.42%0 and a
mean offset of —0.13%e between modeled and measured cal-
cite 8'80. The Coplen/Equilibrium model (RMSE =
0.51%¢; offset = 0.22%0) better fits the data than either the
Affek and Zaarur/Equilibrium (RMSE = 0.59%0; off-
set =-0.37%) or Kim and O’Neil/Equilibrium
(RMSE = 1.56%0; offset =—1.49%¢) models, or the
Coplen/ISOLUTION (RMSE = 0.59%0; offset = 0.44%o)
and Kim and O’Neil/ISOLUTION (RMSE = 1.27 %; ofl-
set = —1.20%¢) models.

For the Affek-Zaarur/ISOLUTION model, differences
between the model and measured/empirical A0, ,, values
vary significantly by drip site (Fig. 9). Whereas the Affek-
Zaarur/ISOLUTION model does not significantly improve
predictions at Flatman, the site with the highest drip rates,
it significantly outperforms the Affek-Zaarur/Equilibrium
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model for Stumpy, the site with the slowest drip rate. At
sites with intermediate drip rates, Stations 1 and 2, inclu-
sion of the ISOLUTION model does address some of the
temporal variability of A'%0,_,, values. Accounting for pro-
cesses that might result in lack of oxygen isotope equilib-
rium between calcite and H,O on stalagmites explains the
seasonality observed in A0, values at Stumpy, espe-
cially after 2012, the year field measurements of CO, con-
centrations at this site improved.

5. DISCUSSION
5.1. Controls on calcite-water oxygen isotope fractionation

Although temperature is the primary control on calcite-
water oxygen isotope fractionation factors used by spe-
leothem scientists (Urey, 1947; McCrea, 1950; O’Neil
et al., 1969; Friedman and O’Neil, 1977; Kim and O’Neil,
1997; Tremaine et al., 2011; Affek and Zaarur, 2014), the
low wvariability in drip-water temperatures observed in
Jinapsan Cave (Noronha et al., 2017; Fig. 5; Electronic
Annex Table A1) rule out temperature variability as the pri-
mary control on A™0,_,, variability at this site.

We find first that (A) A'®0,_, negatively correlates to
both drip rate and calcite deposition rate (Fig. 6), and (B) that
these relationships are driven by variability between drip
sites, rather than within drip sites. The first observations
are consistent with CO,-degasing-driven isotope disequilib-
rium fractionation (Mickler et al., 2004; Miihlinghaus
et al., 2007; Deininger et al., 2012), as slower drip rates allow
for greater alterations of the DIC pool before the pool is
replenished by the next drip, and because calcite deposition
rates are significantly controlled by drip rates. The second
observation might be explained by the ~ 30-day resolution
of our drip rate monitoring, which is better-suited to charac-
terize differences between drip sites than to capture ephem-
eral changes in drip rates in a single site.

In the ion-by-ion model proposed by Watkins et al.
(2014), higher A'®0,_,, values are generally representative
of less growth-rate-induced kinetic fractionation, whereas
lower A'™0,_,, values are characteristic of more growth-
rate-induced kinetic fractionation. In both the Watkins
et al. (2014) ion-by-ion model and the Watson (2004) bicar-
bonate surface entrapment model, departure from equilib-
rium fractionation is represented by decreasing A0, ,,
values. These models, combined with the higher fractiona-
tion factors they assume, are therefore a possible alternative
explanation for some of our results in Jinapsan Cave, as
well as for calcite-water oxygen isotope fractionation
observed in other cave settings (e.g., Feng et al., 2012; see
also Daéron et al., 2019). These models cannot, however,
explain fractionation factors observed to fall above the
Coplen (2007) equilibrium line (33 of 133 samples in this
study; Fig. 9).

5.2. Using ISOLUTION to Test the Importance of Rayleigh
Fractionation

ISOLUTION models Rayleigh fractionation of the bulk
DIC pool to predict calcite 8'*0 values from input drip

water 5'%0 values, drip water physicochemical parameters,
and cave environmental parameters. The success of this
model varied significantly by drip rate and drip rate vari-
ability, better predicting A'®0,_,, values at slower and less
variable drip sites (Fig. 9, Fig. 6).

At the fast drip-rate site (Flatman; 4.11 + 1.23 drips/
min, 1o), the model performed no better than a simplistic
isotopic equilibrium model, but at the slow drip-rate site
(Stumpy; 0.12 + 0.06 drips/min, 1c), the model successfully
explained both observed A0, _, values and A"™0,_, vari-
ability. At the fast drip rate site, the modeled water reser-
voir is replenished before significant alteration of the DIC
pool can occur, whereas at the slow drip site, the water film
may remain un-replenished for minutes at a time, during
which CO,-degassing and calcite precipitation can pull
the DIC pool away from its original 8'%0 values: CO,-
degassing by increasing, and calcite precipitation by
decreasing, the 3'O values of the remaining DIC pool.

At the intermediate drip-rate sites (Station 1, 0.76 + 0.57
drips/min, lo; and Station 2, 0.73 £ 0.28 drips/min, loc),
the modified ISOLUTION model predicts a portion, but
not all, of the observed A0, _,, variability. This could be
explained by variability in drip rates, drip 'O values, or
[Ca®"] values not captured by monthly drip monitoring,
or by sources of kinetic fractionation and disequilibrium
that were not considered in this model, such as the pH-
dependent fractionation accounted for in the ion-by-ion
model (Watkins et al., 2014). Unidentified species in solu-
tion, like organic molecules or other metals, can also influ-
ence calcite deposition rates and growth habits (e.g.,
Inskeep and Bloom 1986; Granit, et al., 2003; Thli, et al.,
2016; Innocenti Malini et al., 2017; Tang et al.,, 2019),
and thereby possibly affect A'®0,_,, values (Watson, 2004
DePaolo, 2011).

At the intermediate and slow drip rate sites, measured
A®0,_,, values significantly exceeded equilibrium A%0o, .,
values predicted by Coplen et al. (2007; Fig. 9). Assuming
Coplen et al. (2007) represents a close approximation of
calcite-water oxygen isotope equilibrium, these values can-
not be explained by KIE alone, which decrease fractiona-
tion factors compared to equilibrium. The inclusion of
Rayleigh fractionation, which increases fractionation
factors in this system, allows ISOLUTION to model A]SOC.-
_,, values in excess of Coplen equilibrium.

5.3. Seasonal variability of A0, _,, values

At the Stumpy drip site, there is a clear seasonal vari-
ability in A0, _,, values. Because drip rate and drip 8'%0
variability are not seasonal at this site, we consider the sea-
sonality in A'"®0,_,, variability at Stumpy to be driven pri-
marily by seasonality of cave air CO, concentrations
(Fig. 10). The Stumpy site and, to a lesser extent, Station
1 and Station 2, are located in a small, partially-enclosed
section on the periphery of the cave (Partin et al., 2012;
Bautista et al., 2018) that is poorly ventilated, except during
the dry season when the trade winds are strong (Noronha
et al., 2017). Seasonal variations in cave air CO, concentra-
tions mimic A'®0,_,, shifts. We suggest that during inter-
vals of high CO,, less CO, degassing occurs, driving less
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reversed for A'%0, , During this period, greater departures from Aflek and Zaarur (2014) equilibrium are observed to coincide with periods
of low cave air CO,. This is particularly evident at sites Stumpy and Station 1, less-so at site Station 2, and not observed at site Flatman.
During periods of low cave air CO,, more drip-water degassing of CO, will occur, increasing the degree of alteration of the DIC reservoir
from its original 8'%0 values. See Electronic Annex Fig. A.2 for a comparison of monthly CO, measurements taken near Flatman and near
Stations 1 and 2 to the hourly CO2 measurements recorded near Stumpy.

alteration of the DIC pool from its original 880 values
(Deininger et al., 2012; Deininger and Scholz, 2019) and
thus calcite is precipitated with 8'%0 values closer to equi-
librium with water. This is the first demonstration, to our
knowledge, of an effect of cave CO, concentrations on cave
calcite 3'*0. This effect occurs to at a lesser degree at the
faster-drip sites Station 1, Station 2, and Flatman
(Fig. 10), which are also located in more well-ventilated
areas of the cave. A comparison of monthly CO, measure-
ments taken near Flatman and near Stations | and 2 to the
hourly CO, measurements recorded near Stumpy is
reserved for the Electronic Annex (Electronic Annex
Fig. A.2). Our results indicate that the processes resulting
in isotope disequilibrium fractionation are more important
at the site that is variably ventilated and has slow drip rates,
consistent with ISOLUTION sensitivity studies (Deininger
et al., 2012).

5.4. Seasonal Variability in §'3C Values

Although practical limitations of this study did not
allow us to measure 8'3C values of drip water DIC, and
thereby properly initialize ISOLUTION for carbon isotope
modeling, variations in measured substrate calcite 8'°C are
consistent with CO,-degassing-driven isotope disequilib-
rium fractionation at slower drip sites. It has long been
understood that certain processes leading to isotope dise-

quilibrium fractionation can exert similar controls over spe-
leothem &'%0 and 8'°C values (see Hendy, 1971;
Desmarchelier et al., 2000; Mickler et al., 2004; Mickler
et al., 2006). Rapid degassing of CO, with relatively low
8'*C and 8'®0 values can increase 5'°C and 3'®0 values
of the remaining DIC from which calcite may eventually
precipitate. Given constant initial DIC oxygen- and
carbon-isotope compositions, this effect would be greatest
at sites with slower drip rates, and during periods with
lower cave-air CO, (Mickler et al., 2006). Although con-
stant initial DIC §'3C values cannot be confirmed at these
sites, comparisons between substrate calcite 8'°C values
and cave air CO; concentrations (Fig. 11) generally show
increases in calcite 8'°C values coincident with periods of
low CO,. This relationship is clearest at the slower drip-
rate sites Station 1, Station 2, and Stumpy.

5.5. Covariation of Calcite 5'>C and $'®0 Values

Examining the best-fit slope (m) of measured calcite
313C versus 8'%0 values at a given drip site can provide
additional context to the results of the ISOLUTION model
(Fig. 7). Specifically, these slopes can provide a qualitative
estimate of the degree of oxygen isotope buflering between
the drip water and the drip water DIC pools, a process by
which changes in the 8'*0O values of the DIC pool are
reversed by complete or partial equilibration with the much
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Fig. 11. Daily average Jinapsan cave air CO, concentrations (black dots; logger located near site Stumpy; Noronha et al.. 2017) and substrate
calcite 3"°C values at all four drip sites (colored symbols and lines) for the period of well-constrained CO, measurements (post-3/26/2012;

Noronha et al.,

2017). Note that the y-axis is reversed for 8'°C. During this period, larger calcite 8'*C values are generally observed during

periods of low cave air CO,. This is particularly evident at the slower drip sites Stumpy and Station 1, less-so at site Station 2, and not

observed at the fastest drip site Flatman.

larger (in terms of total O atoms) H,O pool. This process,
which is currently unaccounted for in the ISOLUTION
model, can alter calcite and DIC 8'%0 values without alter-
ing 8'3C values. For speleothem samples with no 830
buffering between the H,O reservoir and the DIC reservoir,
Mickler et al. (2006) calculate a theoretical calcite 8'*C-
3180 slope of 0.52 at 26.1 °C. This slope increases with
the degree of H,O-DIC %0 buffering. In a fully
H,O-buffered system, CO, degassing will only alter DIC
and calcite 8'*C values, and the calcite 3"*C-3"%0 slope will
be vertical. As the hydration/dehydration and hydroxyla-
tion/dehydroxylation reactions that allow for this buffering
occur on timescales (hours to days for HCO;3 -dominated
solutions; see Watkins et al., 2013) longer than typical drip
rates at monitored drip sites and longer than typical CO,-
degassing rates (seconds to minutes; Dreybrodt and
Scholz, 2011; Hansen et al., 2013), partial H,O-DIC §'%0
buffering is expected. As drip rates increase, the water resi-
dence time (and, hence, the time for buffering) will decrease,
and the slope of the 3'°C-8'%0 relationship will decrease,
approaching 0.5.

The best-fit slopes m between substrate calcite '>C and
8'80 reported for each site (Fig. 7; Flatman, m = 0.69; Sta-
tion 1, m = 1.37; Station 2, m = 2.11; Stumpy, m = 1.95)
are consistent with the theoretical CO,-degassing-driven
8'*C-8"%0 slopes determined by Mickler et al. (2006) for
samples with intermediate H,O-DIC %0 buffering. The
site with the fastest drip rate (Flatman) is consistent with
the least H,O-DIC §'%0 buffering of all four sites, followed
by Station 1. When combined with the conflicting observa-
tion that the ISOLUTION model was least able to predict

calcite 3'%0 values at Flatman and Station 1 (Fig. 9), this
suggests: (A) H,O-DIC 8'*0 buflering is not a dominant
control of calcite 8'®0 values at these sites, and (B) there
likely exists a “Goldilocks” range of drip rates for the appli-
cation of the current ISOLUTION model. With drip rates
that are too fast, not enough CO, degassing can occur to
significantly alter the 3'%0 wvalues of the DIC pool (as
observed at site Flatman), and calcite 8'®0 variability
may instead be dominated by unmeasured variability in
drip water 8'*0 values. With drip rates that are significantly
slower than observed in this study, H,O-DIC §'%0 buller-
ing may minimize or prevent entirely changes to the 8'%0
values of the DIC pool, a process not currently accounted
for in ISOLUTION.

5.6. Limitations of the modified ISOLUTION Model

We find four primary limitations to the ISOLUTION
model. First, as discussed above, this model does not con-
sider H,O-DIC oxygen exchange as a potential mechanism
for altering DIC $'30 values over the residence time of the
drip. Because the sum effect of the processes considered by
ISOLUTION (i.e., CO, degassing, CO, (de)hydration,
bicarbonate (de)hydroxylation, and calcite precipitation)
is an oxygen-atom-weighted per mil bulk fractionation fac-
tor of -3.03%e at 30 °C (between HCOs,,, and the reaction
products COy(y), H2O(y, and CaCOsyy)), the overall effect of
CO> degassing and calcite precipitation is to increase 3'%0
values of the remaining DIC pool. Ignoring H,O-DIC
3130 buffering therefore canses ISOLUTION to overesti-
mate modeled calcite §'%0 values.
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Second, the ISOLUTION model treats the CO, degas-
sing step as a process occurring in isotope equilibrium that
has a relatively small per mil fractionation factor of
—1.05%¢. In cave conditions, however, CO, degassing
may be a kinetic process with a significantly more negative
per mil fractionation factor (Mickler et al., 2004; Affek
and Zaarur, 2014; Mickler et al., 2019). The assumption
of equilibrium CO, degassing, therefore, may cause an
underestimation of modeled calcite 5'%0 values, opposite
the eflect expected from unmodeled H,O-DIC 3§'%0
buffering.

Third, ISOLUTION treats the rate-limiting CO, hydra-
tion/HCO3 dehydroxylation step as occurring in isotope
equilibrium but chemical disequilibrium, neglecting to
explicitly model KIE during this step. KIE associated with
the CO, hydroxylation/HCO3 dehydroxylation step are
expected to yield fractionation factors smaller than
expected for isotope  equilibrium  fractionation
(McConnaughey, 1989; Clark et al, 1992; Devriendt
et al.,, 2017). In ISOLUTION, because the bulk oxygen iso-
tope fractionation factor between HCO3 and all reaction
products depends on the calcite-water oxygen isotope frac-
tionation factor chosen (See Table 1: G1, G2, G3), the over-
all effect of neglecting to model KIE also depends on the
choice of calcite-water oxygen isotope fractionation factor.
Each of the calcite-water oxygen isotope “equilibrium”
fractionation factors chosen here includes a degree of
KIE during CO, (de)hydroxylation/HCO3 (de)hydroxyla-
tion and underestimates true equilibrium values, with the
possible exception of the Coplen (2007) -calibration
(Daéron et al., 2019). By basing ISOLUTION off one of
these calibrations, ISOLUTION implicitly assumes that
the direction and magnitude of KIE in the modeled system
are similar to those in the experimental setup from which
the equilibrium fractionation factors were calculated.
Although this is not an ideal situation, it likely moderates
the drawbacks of neglecting to explicitly model KIE in
ISOLUTION.

Fourth, the ISOLUTION model takes a naive
approach to the speciation of DIC in solution and
assumes that all calcite precipitation occurs in equilibrium
with HCOj34, which is in turn in equilibrium with other
DIC species. Because either carbonate or bicarbonate ions
can attach to the «calcite crystal surface, the pH-
dependence of DIC speciation adds a slight pH depen-
dence to calcite-water oxygen isotope fractionation
(Watkins et al., 2013) that is unaccounted for by ISOLU-
TION. At the pH ranges observed at Jinapsan cave (6.61—
8.57), however, HCO5,,, comprises 67-98% of the DIC in
solution. If the low outlier pH value is removed, the
remaining pH values (7.76-8.57) correspond to a DIC
pool composed of 96-98% HCOs(,,). suggesting that pH
dependence is not significant at Jinapsan cave. This may
not be the case at drip sites with more variable chemical
compositions. Given the broad agreement between the
modeled and measured calcite 8'°0 values at drip site
Stumpy (and to a lesser extent, Stations 1 and 2), we inter-
pret this to mean that these four unmodeled effects are, in
combination, relatively insignificant compared to the

effects of Rayleigh fractionation at Jinapsan Cave, espe-
cially over seasonal timescales.

5.7. Implications for paleoclimate reconstruction

Although the importance of isotope disequilibrium frac-
tionation to speleothem 'O values has been recently chal-
lenged (Dreybrodt & Scholz, 2011; Dreybrodt, 2016;
Dreybrodt & Romanov, 2016), we find that at sites with slow
drips and extended periods with high and low cave-air CO»,
isotope disequilibrium fractionation can account for
temperature-independent shifts in A'%0Q,_,, values of 1-2%.
Shifts of this magnitude in a speleothem oxygen isotope
records could be otherwise interpreted as a 5-10 °C swing
in temperatures or a significant change in rainfall 5'%0 val-
ues. This is consistent with Deininger and Scholz (2019),
where independently-varied drip interval, cave air pCO,,
and drip water pCO, were each found to result in
ISOLUTION-modeled calcite 3'%0 values that varied on
the order of up to 1% at long drip intervals, with the stron-
gest controls exerted by drip rate and cave air pCO;. Neglect-
ing the effects of either could result in underestimating
paleotemperatures by up to 5 °C. Neglecting the combined
effects of drip interval, cave air pCO,, and drip water pCO,
could explain the larger offsets observed in this study.

Accounting for isotope disequilibrium fractionation on
the surface of the speleothem could therefore provide addi-
tional hypotheses to explain shifts within speleothem &'%0
timeseries. Furthermore, a variably ventilated chamber,
such as the Stumpy site, is not an optimal location to look
for a speleothem to reconstruct climate due to degree of iso-
tope disequilibrium fractionation, especially at a site with a
slow drip rate where the effect is magnified.

Because the degree of Rayleigh fractionation is con-
trolled by multiple variables, the paleoenvironmental
importance of disequilibrium fractionation is unclear.
The extent of disequilibrium fractionation could be mod-
ulated by increasing and decreasing drip rates, changes in
cave ventilation due to cave burial, exhumation, or col-
lapse, or due to changes in land surface cover altering
subsurface CO, concentrations. Interpreting the root
causes behind signals in a speleothem record likely
require multiproxy records and a comparative analysis
of coeval and co-located speleothems with different drip
rates.

The observation of CO,-driven seasonality in calcite
8180 wvalues also suggests the possibility of a new mecha-
nism for 80 cycle chronometry in certain high-
resolution speleothem records. Although cyclical §'%0
records have been used to inform speleothem chronologies
before, these cycles have previously been driven by changes
in precipitation 80 values (e.g., Treble et al., 2005;
Johnson et al.,, 2006; Orland et al., 2015), or seasonal
changes in cave air temperature (e.g., Feng et al., 2014;
Carlson et al., 2018). As many caves in temperate regions
are seasonally ventilated (Wigley and Brown, 1976;
Buecher, 1999; James et al., 2015), regular CQO,-driven
calcite 8'%0 cycles may provide additional chronological
constraints where drip rates are low, calcite growth is
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year-round, and seasonal changes in cave temperature or
drip 8'*0 are not significant.

6. CONCLUSIONS

Through a combination of proxy system modelling
and cave monitoring, we show that models that include
isotope disequilibrium fractionation through Rayleigh
fractionation can explain seasonal variations in calcite-
water oxygen isotope fractionation at slow and moderate
drip-rate sites. This control is exerted most significantly
in speleothems with slow and consistent drip rates in
variably ventilated chambers that experience large, sea-
sonal CO, change. Although this process has been exten-
sively modeled, its importance in speleothem oxygen
isotope records has been debated. Through the mecha-
nism of CO, degassing driving Rayleigh fractionation,
seasonal CO, variations can account for variation in oxy-
gen isotope fractionation factors at a slow drip-rate site
in Jinapsan Cave, Guam. This is the first time that
CO, concentrations have been observed as a primary
control on cave calcite oxygen isotope variability.
Although this control is less dominant at better ventilated
and faster or more variable drip-rate sites in Jinapsan
Cave, this finding provides important context to interpre-
tations of slow drip-rate speleothem records.
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