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ABSTRACT OF THE DISSERTATION

Green Chemistry — From Potential Boron Cluster Based Cathodes to Clumped Isotopes

Zeeshan Parvez

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2022

Professor Aradhna K. Tripati, Co-Chair

Professor Alexander Michael Spokoyny, Co-Chair

Green chemistry encompasses a broad range of topics that enable us to understand and
address major environmental issues. This dissertation advances multiple green chemistry topics
through three independent projects: 1) Development of boron cluster-based cathode materials for
use in developing a new approach to lithium-ion based energy storage. 2) Application of a
quantitative probing technique for kinetic isotope effects, using the dual-clumped isotope proxy,
to evaluate dissolved inorganic carbon transformation at geological sites being considered for use
as COz storage sinks. 3) Advancing dual clumped isotopes as a next-generation probing technique
to determine if terrestrial cave carbonate samples can be used to study climate through

palacothermometry and study kinetic isotope effects in speleothems.



Novel boron-cluster based molecules were synthesized for use as cathodes in lithium-ion
batteries. The Bi2(OC7H6COOH)12 cluster exhibited the greatest potential for use as a cathode
material in lithium-ion batteries. This novel molecule served as a scaffold for post-modification to
enhance cyclability in the solid state. Bi2(OC7HsCOOLIi)12, a derivative of Bi2(OC7H¢COOH)12,
was deemed compatible with cell design and reversibly cycled for one redox event at an E12 of 3.4
V vs Li/Li" in an in situ swagelock cell setup. However, this cluster suffered from specific capacity
issues associated with only one (out of 2) reversible redox event and a high molecular weight

relative to traditional metal oxides used in current generation cells.

CaCOs samples recovered from The Cedars, peridotite-associated springs located in Northern
California, were analyzed using the novel dual clumped isotope proxy to evaluate CO2
transformation processes and kinetic isotope effects and biases. Surface floe samples begin to
precipitate out of solution within the first hour of CO2 absorption, and the DIC pool requires a
residence time of approximately 100 hours to achieve isotopic equilibria. The A47/A4g slope of
samples from the Cedars (-2.803+0.500; 1.s.e.) agrees with published values from lab experiments
designed to constrain CO:2 hydrolysis-related kinetic fractionation (-2.91140.200). Ancient
travertine samples that are close to equilibrium in the A47-A4s space yield an average temperature
of 8.3+1.1 °C, suggesting that the conditions during that time were approximately 10°C colder
than present day temperature. The consistency of slopes in the multi-isotope space suggests the
A47-A4g dual carbonate clumped isotope framework can be applied to study CO:z-absorption
processes in applied systems including sites of interest for geological sequestration.

CaCOs samples from terrestrial cave sites at 13 localities from around the world were

analyzed using dual clumped isotope (A47-A4g) system. Data showed that 27 samples exhibited

isotopic equilibrium with the majority having A47-T predicted temperatures matching measured



temperatures. 17 samples exhibited isotopic disequilibria in the A47-A4s space. Of the latter suite
of samples, 15 fell within quadrant 3, 1 within quadrant 2, and 1 within quadrant 1 in the AA47-
AA4s space. Samples that fell within quadrant 2 exhibited traditional degassing disequilibria
consistent with previous speleothem studies. Samples which fell within quadrants 1 and 3 were
identified to have oxygen and carbon isotope exchange within the Rayleigh distillation model
approach, however the specific type of exchange could only be resolved in the AA47-AA4s space.
Samples within quadrant 1 were identified to have oxygen isotope exchange while samples within
quadrant 3 had carbon isotope exchange. Cave raft samples collected from Mexico exhibited the
largest carbon isotope exchange phenomenon with magnitudes of disequilibria into quadrant 3
correlating to the relative ventilation from caves that they were recovered from. This study
suggests the A47-A4s dual carbonate clumped isotope framework can be applied to varying types
of cave carbonate samples enabling quick identification of (dis)equilibria for use in paleoclimate

reconstruction applications.



The dissertation of Zeeshan Parvez is approved.

Richard B. Kaner

Rubin F. Yves

Chong Liu

Alexander Michael Spokoyny, Committee Co-Chair

Aradhna K. Tripati, Committee Co-Chair

University of California, Los Angeles

2022



Table of Contents

21 TeTe T To] (1 ele | ARY (=1 £ f ¢ HO SRR Xi
TRESIS OVCIVICW.......eeeeeeeeeiieerirereresiressressesssssssssssssssssssesssesssesssesssessssssssssssssssesssesssesssenssenssenssens 1

Chapter 1 — Synthesis of Novel Dodecaborate Clusters for Potential Lithium-lon Battery Applications

........................................................................................................................................................ 2
Chapter 2 - Paired dual carbonate clumped isotopes (A47-Ass) constrains kinetic effects and
timescales in peridotite-associated springs at The Cedars, Northern California .........ccccccueuviieennneene 2
Chapter 3 Paired A47-Ass constrains kinetic effects associated with cave carbonates...........ccccauuuueeent 3

Chapter 1 : Synthesis of Novel Dodecaborate Clusters for Potential Lithium-lon Battery
W] o] [Tols [ 1 Lo T2 X33 PPN 5
1Y ¢ 13 4 Yot PP TP PO PTTPTP 6
I 41 To T [Tt o oY 6
1.1.1  The [cosahedral Boron ClUSTEI ......cocc ittt e e e st e e e e e s eatae e e e e e eeabbeeeeeesesasataeeeeeesensnnseaaans 8
1.2 Methods and Materials ......cccciiieeiiiiiiiiiiieiccrreicerrenecrreeneereenseeteenssessenssssseenssessennssssasnnssssannns 9
1.2.1 Synthesis of B1,(OR)12 Molecular Clusters (Perfunctionalized) ...........ccooveeiieiiieiecieciecece e 9
1.2.2 Synthesis of B1,(OR)11(R’) Clusters (Monovertex Differentiated) .........ccceeceeriierieenieesee e 11
1.2.3 Synthesis of Metal-liNKed CIUSTEIS.......ccc.uiii ettt e e ettt e eete e e e etreeeeebaeeeeaseeeesaraeaeas 12
1.2.3 Electrochemical Testing in the Solid State ........ooieiiiii i e e e e e eanees 15
1.3 RESUILS ..ccuiiiieeiiiiiiiiiiiieiiiteeeeerreeeeereeasesreensessenssssseensssssennssssesnsssssennsssssennssssssnsssssennsssssennssssanns 15
1.3.1 B12(OR)12 Molecular Clusters (Perfunctionalized) ........c.eeeoeveeeeeieieeeiee et 15
1.3.2 METAI LINKEA CIUSTEIS. .. ueiieee ettt eeectteee e e ettt et e e e eeetb e e e e e e e e aabaeeeeeeeesasaeaeaeesesasssaeeaeeeenssnsaeseeeesannnnrees 22
S T8 3 Yo 1 (1] 1 2O U PSR 26
1.4 DiSCUSSION ..uieuiiiieiiieniiienierseiiienieienierseserssserensessssersssssessessssessssssensessssessssssenssssnsessnssssnsssenssssnssssnes 27
1.4.1 Clusters Insoluble in Common LIB Electrolyte SOIVENTS.......ccceiiieiriieiieeee ettt 27
1.4.2 The First Cluster to Cycle in SOlid State.......oouiiiiiiiieee e e 27
1.4.3 Theoretical SPECIfic CAPACILY ISSUES.....cccuuiiiiiiiee et ettt e ettt e e tte e e ettt eeeebe e e eeataeeesaraeeeentseeeenseeeesaseeanas 29
3 I 000 T Vol [T T T [N 29
Chapter 2 : Paired dual carbonate clumped isotopes (As7-Ass) constrains kinetic effects and
timescales in peridotite-associated springs at The Cedars, Northern California...................... 31
1Y o1 1 - T OO OUP P PUTRURORRPRt 32
P oY 10Tt o T o TSSO 33
0 B I TN @1 - T USSR 36
2.0, SerPENTINIZATION (i b ——————————————————————————arararararan 38
2.1.3 Dissolved Inorganic Carbon (DIC) Transformation in HaO......c.ueviioiieeiiiiiecciee e 41
2.1.4 Carbonate “Clumped” Isotope Geochemistry and NOTatioNn ........ccceeeeiiieieciee s e 42
2.1.5 Kinetic Fractionation in Clumped ISOtope SiZNAtUIES........ccocceieiiiiiieeeiieeeeee e e e e e e 44
2.2 Materials and Methods ........ceeuuiiiiiiiiieiiiiiiiiieeice s resnneessssssesssennssssssssssssssnnnsssns 46
B Y- 101 o o = USSR 46

Vi



2.2.2 Analysis and INSTrUMENTATION ......oeiiiiiiec ettt e et e e eate e e et ee e eeabaeeeeasaeeesabeeeeensaeeennnenas 50

2.2.3 Modeling of DIC-H20-CO; System UsSiNg ISODIC.........cceeiiiiiiiiieeeiieeeeciee e eetreeesitee e e tae e searaeeesabaeeeensaeeeennes 55
2.2.4 Modeling of CaCO3-DIC-H,0 System UsiNg COAD........ccccuiiiiiiieeeiieee et e eetre e e seeeeetaeesseaeeeesntaeeeensaeeeennnes 56
2.3 RESUILS ceeeeeeiiiiiiiiieeeeeiiiireenneeneeesrereennnssssssseseennnsssssssssreeennnsssssssssseennnnssssssssnseennnnsssssssnnsennnnnssnns 58
2.3.1 Clumped and Stable 1SOtOPE ANAIYSIS ....cccuiii ittt e e eate e e st e e e e et e e e staeeestbeeeesteeesanenas 61
2.3.2 Ayg-Dy7 Paired Clumped [SOTOPE ANAIYSIS ....veiiceieeeiiiie ettt ettt e e e rtte e e et e e eaae e e e eabeeeeataeesanaeas 67
0 Tl o) o] o ol L1y =To {01111 o1 5 [0 0 g I Lo =1 YA R 69
e R0 3 Y To Yo 11| [T Y= aror=1 [l ] - o] o -3 SR 72
2.4 DiSCUSSION ..uiiiiirenneniiiiiiiiiireneeiiiiiiiirsseesssiititrrssnsessessiimmessssssssssssmmesssssssssssstmmssnssssssssssnnesnnsssssss 77
2.4.1 Broad Patterns in Multi-Isotope Space: Comparison of Sample Sets........ccccvviiiiiiecciiieccee e 77
2.4.2 Patterns in (Dis)Equilibrium Within the CeAars .........uuieiiiiiiiie et e e e 78
2.4.3 Examination of Kinetic Isotope Effects in Calcite at The Cedars......cccovvirieiieeevciee e 83
2.4.4 Examination of Kinetic Isotope Effects Using MOdeliNg ......ccccueviiciieeiiiii e e e 84
2.4.5 Potential CO, Sequestration APPlICAtion ........ceiiuiiiiiiriiieee e 86
2.5 CONCIUSIONS ..covevrrieiineineenrenreenieenieenrssnsssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 88
Chapter 3 Paired As7-Ass constrains kinetic effects associated with cave carbonates.............. 90
1Y o 1 1 - T OO ORP P PUTTURORRRt 91
3.1 INTrOAUCTION cceviiiiiiiiirieiieereeerieereeereeerssessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnss 92
3.1.1 DIC Transformation iN HaO....uii ettt sttt st sre e st este e s b e e saaeebaesbeesabeesnseesateesaseennens 95
3.1.2 Migration of Meteoric Water from Surface Atmosphere to Subsurface Caves..........cccceeeeveeeviiieeecciieeens 96
3.1.3 Carbonate “Clumped” Isotope Geochemistry and NOTatioNn ........cccceeeiiiieeiiiee it 98
3.1.5 Kinetic Fractionation Clumped Isotope (As7 and Asg) SiBNALUTIeES........ccceeuiiiiiiiiiniini e 100
3.2 Materials and Methods ..ottt srrnessesssnsssssenassessensssssssnssssaes 101
3.2.1 Sample Collection and INFOrMAatiON .......cccuiiiieiiie ettt e et e e e ete e e eeareeeeeabeeeennes 101
3.2.2 Analysis and INStrUMENTAtION .......uviiiiie e e e e e e e e et e e e e e e s bbaeeeeeeesanbaneeaaeeanns 110
3.2.3 Qualitative Modeling of DIC-H20-CO2 System UsiNg ISODIC.........c.ceeeiiuieeieiiieeeeciieeecieee e e eieee e sivee e 114
3.3 RESUILS cuuiireeiiiiiieiiiitieietireeettreeiettenesiesrensssssennssessensssessensssssssnsssssennsssssenssssssenssssssnnsssssennssssann 115
3.3.1 Clumped (A47 and Asg) and Stable (523C and §'30) 1SOtoPe ANAIYSIS......cveveerevereereeeereereeeeer e 116
3.3.2 Isotopic Disequilibrium Analysis (AAs7, AAsg, aNd ASBO)....ovicvieeeieiceeeeeeeeeee e 124
B 0 1T ol 1Y o o 134
3.4.1 Assessing Disequilibria of Cave Carbonates using Traditional Stable Isotopes (6'3C and §%20) .............. 134
3.4.2 Framework for Assessing Cave Carbonate Disequilibria w/ Clumped Isotope (A7 and Agg) ......oeeaneee... 137
3.4.3 Application of Framework for Assessing Cave Carbonate Disequilibria w/ Clumped Isotope (As7 and Ags)
.......................................................................................................................................................................... 141
3.4.4 Paired clumped isotope analysis as a robust test of isotopic (dis)equilibrium in cave carbonates......... 144
3.5 CONCIUSIONS ceuuiiireniiiiiieiiiireeiiiiireieeitnesiestenesssstsnssesssssssesssnsssssssnsssssesnsssssensssssssnsssssssnssssssnnssasaes 145
Summary and Future Direction Of RESEAICH .............ccvvvrvvvvveeeniiisiiniiieneeesssssisssnensssssnsssssssnnnns 148
(60T 0] 1= e P TPP 149
(6 T-1 ] = 7 2SSO TTPS Y 150
(61T T o1 =T g 2 151

vii



Supplementary INfOrMQLION .............eeeeeeeeereeeenieereenusereenusseeresnssessenssseesssssssossesssssesssnssssssenns 152

S.1 Supporting Information: Synthesis of Novel Dodecaborate Clusters for Lithium-lon Battery
Y o o1 1Tk T Lo 3 N 153
S.1.1 Synthesis Of Precursor MOIECUIES .......coouiiiieiiiieiieeee ettt sttt beeenee s 153

S.2 - Paired dual carbonate clumped isotopes (A47-A48) constrains kinetic effects and timescales in

peridotite-associated springs at The Cedars, Northern California .......cccceeeeeciiiiirieeeenccciiennneenenne. 157
SO0 % R Yo 3 1[G \Y, FoTe 1Tl o TN Tk d [ o R SPUU 157
NI AN 60710 B\ ToTe [1 I oo [N E=1 d o] o 1 SPRT 158
S.2.3 Ag7 and A VS 8180 1SODIC IMOAEIING wvovevieeieeiieeeeecteeteete ettt ettt ettt te s et s besbesreeneeseessesaeteseeas 166

S.3 Paired A47-Ass constrains kinetic effects associated with cave carbonates..........ccceeeeeeeeeeennnneee 167
ST 200 A o101 (@ ¥ T Yo 1T I oo [U - o o T3 SR 167
S.3.2 Additional Site DeSCriPtioN FIGUIES .....cuuieeiiiiieieiieeeecieeesitteeeesteeestereesstteeessseeeesensaeeessaeeesssseeennsneessseeenan 167
S.3.3 Additional Graphs @nd Charts ........cooueeeiieiieiie ettt sb et e b e sbeeeanee s 168

=] =1 (=2 Lo = 172

viii



Table of Figures/Tables

Chapter 1

Figure 1.1 Structural characterization of Bi2(OC7HsCOOH)12....vvvvinit e 16
Figure 1.2 Cyclic voltammetry of Bi2(OC;HsCOOH)12 in MeOH..........ooiiiiiiiiiiiiiae 17
Figure 1.3 In-situ cyclic voltammetry of B2(OC7HsCOOH);» in standard swagelock cell.................. 18
Figure 1.4 Structural characterization of Bi2(OC7HeSCH3) 12,0 vvinviiiiiiiiiiii e 19
Figure 1.5 Mass spectrometry of Bio(OC7H6SCH3)12. .0 vvviiiiiiii e 20
Figure 1.6 Structural characterization of Bi2(OC7HsCOOCH3)12. .. vvvviiiiiiiii i, 21
Figure 1.7 Structural characterization of Bi2(OC7H6COOLI) 2. .. cuvvviiniiiiiii e 22
Figure 1.8 In-situ cyclic voltammetry of B2(OC7HsCOOLI),, in standard swagelock cell.................. 23
Figure 1.9 Structural characterization of Bi2(OC7HeCOOT1) 12,1 cuviiniiiiiiiiii i, 24
Figure 1.10 Structural characterization of B12(OC7HsCOOZN) 2. . c.vvvveiiiiiiiiiiiiiiiiieieieieeeeee, 25
Table 1.1 Solubility screening of various boron clusters in common electrolyte solvents................... 26
Chapter 2

Figure 2.1 Map of the Cedars site showing the location of samples...............cocooiiiiiiiiiiii s, 37
Figure 2.2 Processes associated with CO, absorption and transformation at the Cedars. Surface.......... 40
Table 2.1 Cedars sample infOrmation. .........c.ooeiiititi it et eeeie e e e e aeanennes 48-49
Table 2.2 Clumped and stable isotope data for all carbonate standards.....................cooiiiiiiiini, 53
Table 2.3 Clumped and stable isotope data for all samples collected from the Cedars.................. 59-60

Figure 2.3 Clumped (A47) and bulk stable isotope (5'*0 and §'*C) composition of modern and Holocene
surface spring carbonate samples at the Cedars. .............oooiiiiiiiiiiiiiiiii e, 63-64

Figure 2.4. Clumped (Ass) and bulk stable isotope (8'*0 and §"*C) composition of modern and Holocene
surface spring carbonate samples at the Cedars.............o.vviiiiiiiiii e, 65-66

Figure 2.5 Dual clumped isotope (A47 and A4s) comparison for modern and Holocene surface spring
carbonate samples at the Cedars. ... .....oouviriiii e e 68

Figure 2.6 Extent of disequilibria associated with clumped (A47 and A4s) and stable oxygen isotope

Figure 2.7 Dual clumped isotope (A47 and A4s) comparison for modern surface spring carbonate samples
at the Cedars compared using IsoDIC (Guo et al ., 2021) and COAD model (Watkins and Devriendt,



Figure 2.8 Clumped (A4; and A4s) and bulk oxygen (3'*0) isotope analysis of the Cedars with COAD
MOAE] OVETIAYEA. ... .ot 75

Figure 2.9 Dual clumped (A47 and Asg) isotope comparison of surface carbonates at the Cedars coupled

with [soDIC and COAD MOAEING. ......ouiiniiii e, 76
Chapter 3

Figure 3.1 Stable isotope (8'°C and 8'*0) and clumped isotope (A47 and Asg) model simulations of

Fa B TTo [0 10) o 140
Figure 3.2 Map of the world showing the location of sample groups and individual samples

LT 03 (<1« P 106-107
Table 3.1 Sample Information...........o.oiiuiiiiii e e e 108-109

Table 3.2 Clumped and stable isotope data for all carbonate standards used in Chapter 3 project....... 113
Table 3.3 Clumped and stable isotope data for all samples.............coovvviiiiiiiiiiiiiiiiiininnnn, 118-119

Figure 3.3 Clumped (A47 and As) and §'*0 composition of calcite plates, speleothems (natural and
synthetic), and cave rafts from various locations around the world..........................ooinal. 120-121

Figure 3.4 Clumped (A47 and As) and §'®O composition of calcite plates, speleothems (natural and
synthetic), and cave rafts from various locations around the world...........................o 122-123

Table 3.4 Extent of disequilibria and comparison of reported and predicted temperatures using Anderson
et al., (2021) CaliDration CUIVE. .. ...iutentintiet et et et et et et et et et et et ensansanraneaneeneensennness 126-128

Figure 3.5 Disequilibria analysis of cave rafts from Mexico (Kovacs ef al., 2018)........................ 129

Figure 3.6 Disequilibria analysis of calcite plates and speleothems from Cueva Bonita, Mexico (Wright e?
al., 2022) and calcite plates from Cueva de la Puente (Serrato, 2020)..........cceiviiiiiiiiiiiiiiainennn... 130

Figure 3.7 Extent of disequilibria associated with clumped (A47) and stable oxygen isotope (5'%0).....131
Figure 3.8 Extent of disequilibria associated with clumped (A47) and stable oxygen isotope (5'°0).....132

Figure 3.9 Extent of disequilibria (AA4; and AAag) plots for calcite plates (panel A), speleothems (panel
B), and cave carbonates (Panel C)..........ovuiiriiiiii 133



Biographical Sketch

Zeeshan Parvez is a Marine Corps veteran who served with the Marine Special Operations
Command as a critical skills operator, now known as the Marine Raiders. He conducted foreign
internal defense and unconventional warfare operations in support of Operation Enduring Freedom
from 2007 to 2011. For his service, he was awarded the Joint Service Achievement Medal, Navy
and Marine Corps Achievement Medal, Marine Corps Good Conduct Medal, and two meritorious

promotions to Corporal and Sergeant.

He completed a Bachelor of Science (B.Sc.) in Chemical Engineering from The
Pennsylvania State University in 2015. He concurrently completed his studies in Master of
Business Administration (M.B.A.) and a Master of Science (M.Sc.) in Chemistry from the
University of Rhode Island in 2017. At UCLA he was awarded the Tillman Foundation
scholarship, Sentinels of Freedom scholarship, and Center for Diverse Leadership in Science
fellowship. He is the founder of the Veterans in STEM initiative which was awarded a $300,000
National Science Foundation grant to support veterans in STEM fields and establish a
methodology for increasing veteran representation in STEM fields in higher education. He has
authorship on 5 peer-reviewed publication ranging from inorganic synthesis to probing techniques
for carbon dioxide transformation and storage application. As a Ph.D. candidate he concurrently
consulted for various companies in Southern California, developing business strategies for
incorporating technology into their company portfolios. In addition to this, he worked as a business
development manager for a recreational organization and competed in wingsuit piloting at the

professional level.

xi



Thesis Overview



Chapter 1 — Synthesis of novel dodecaborate clusters for potential lithium-ion battery
applications

Background: The dodecaborate cluster is a unique three-dimensional aromatic molecule
which can undergo functionalization at its vertices, analogous to classic aromatic compounds, such
as benzene. These clusters are chemically and thermally stable; possess reversible redox activity
in a tunable manner via per substitution of vertices; and can undergo perfunctionalization which
enables the augmentation and exploitation of unique terminal functional groups, such as, halogens,

ethers, esters, carbonates, and carbamates.

The goal of this research is to exploit the unique nature of these clusters and evaluate the
possibility of using it for the development of next generation energy storage systems. Most clusters
worked on in this research have three sequentially accessible redox states (-2, -1, and neutral) that
are tuned based on the ligands attached to the vertices. The research in this dissertation can be
broken down into three distinct sections: (1) synthesis of Bi2(OR)i2 molecular clusters
(Perfunctionalized), (2) synthesis of Bi2(OR)11(R’) clusters (monovertex differentiated), and (3)
synthesis of metal-linked perfunctionalized clusters. These three different approaches to cluster
synthesis were used to synthesize molecules and materials with an aim to integrate into lithium ion

battery systems.

Chapter 2 - Paired dual carbonate clumped isotopes (As7-Asg) constrains Kinetic effects and
timescales in peridotite-associated springs at The Cedars, Northern California

Background: The study of kinetic effects with respect to clumped isotopes is the foundation
of chapters 2 and 3 of this dissertation. Carbonates such as calcite, magnesite, and dolomite
represent a class of minerals that are ubiquitous in nature and have been studied by physical

chemists and geoscientists since the pioneering work of Harold Urey on thermodynamic controls



on their equilibrium isotope fractionations. Clumped isotope geochemistry is the study of multiply
substituted isotopologues, which are used to trace kinetic isotope effects, and at equilibrium, are
thermodynamically favored to form at lower temperatures. Unlocking this chemical information
requires the transformation of mineral carbonates to gaseous CO: for analysis on gas-source
isotope ratio mass spectrometers. The A47 clumped isotope signature measures the relative
abundance of ['*C'"*0'%0]. Applications for geothermometry assume that sufficient shuffling of
isotopes has occurred achieve isotopic equilibrium. Violation of this assumption leads to inaccurate
paleoclimate reconstruction and kinetic biases in A47. Only recently has instrumentation
technology progressed to the point where the second most abundant multiply substituted
isotopologue, ['2C'"*0'*0], reported as Asg, can be reliably measured. Pairing these two clumped

isotope signatures [A47-A4s] enables for the evaluation the magnitude and origin of kinetic biases.

In chapter 2 of this dissertation, paired clumped isotope signatures, A47 and Aass, of CaCOs3
samples recovered from highly alkaline springs, located in Northern California at the Cedars, are
analyzed. The Cedars are of interest as a natural laboratory for isotopic fractionation, and because
of the potential use of peridotites for geological carbon sequestration. The springs have a pH range
of approximately 11-12, due to their interactions with an ultramafic, peridotite body, which readily
undergoes serpentinization. These highly alkaline conditions result in large kinetic biases due to
the precipitation of mineral carbonates outside of isotopic equilibria. In this research, we evaluate
disequilibria within the dual clumped isotope (A47-A4s) space and compare isotopic data with

modeling.

Chapter 3 Paired A47-A4s constrains Kinetic effects associated with cave carbonates




Background: Terrestrial cave carbonates are used for paleoclimate reconstructions in
inland environments. Clumped isotope palacothermometry is a tool being explored for application
to cave carbonates because it only relies on the preferential clumping of heavy isotopes due to
temperature and does not require explicit information on the isotopic composition of the parent
fluid media, which can vary substantially both spatially and temporally in such settings. However,
the underlying assumption for clumped isotope thermometry is that the samples have achieved

isotopic equilibria — a condition that is not always met in the cave environment.

In chapter 3 of this dissertation, we evaluate cave rafts, speleothems (natural and synthetic),
and farmed calcite plate samples from 17 localities around the world. We use the dual clumped
isotope (A47-A4g) system to evaluate kinetic biases and draw correlations between these novel
measurements and the traditionally used Rayleigh distillation model. The goal of our research is
to evaluate the type and extent of kinetic biases associated with a variety of cave carbonate samples
and develop a probing framework which can evaluate samples for isotopic equilibria and screen

for potential use in paleoclimate reconstruction.



Chapter 1 : Synthesis of Novel Dodecaborate Clusters
for Potential Lithium-Ion Battery Applications



Abstract

Efficient energy storage is one of the largest hurdles when scaling up renewable energy
production to combat climate change. Herein, we explore the potential application of boron
clusters within a modern lithium-ion battery. Novel boron-cluster based molecules were
synthesized for their potential use as cathodes due to their chemical stability, 2e” redox activity,
and tunable nature. The B12(OC7HsCOOH)12 cluster exhibited the greatest potential for use as a
cathode material in lithium-ion batteries due to its insolubility in common electrolyte solvents.
This novel molecule served as a scaffold for post-modification to enhance cyclability in the solid
state. B12(OC7HsCOOLi)12, a derivative of B12(OC7HsCOOH)12, was deemed compatible with cell
design and reversibly cycled for one redox event at an E12 0f 3.4 V vs Li/Li" in an in situ swagelock
cell setup. However, this cluster suffered from specific capacity issues associated with only one
(out of 2) reversible redox event and a high molecular weight relative to traditional metal oxides

used in current generation cells.

1.1 Introduction

Climate change is an ever-growing concern that threatens our collective future. To combat
this, a multiple pronged approach must be adopted where CO2 emissions are not only reduced, but
greenhouse gases are actively removed from the atmosphere (IPCC, 2014, 2018). Speculations
indicate that the primary source of global-zero carbon energy will be derived from electricity
generation from renewable sources (IRENA, 2018). However, the ability to store this energy for
use will be a critical piece of the overall strategy (Smith, 2021). Wind and solar sources are feasible
renewable solutions, however both sources are restricted by the intermittence of energy sources,

among other factors (Lewis, 2016). Battery-based energy storage could partly ensure consistent

6



and reliable energy supply when coupled with these renewable sources. Lithium-ion batteries
(LIBs) can be coupled with photovoltaics (PV)s with promising applications in PV-based
communal grids. Compared to other batteries, LIBs have the fastest charging and discharging
cycles with efficiencies of up to 99% (Opiyo, 2016). This makes research in expanding the

potential for LIBs a critical piece in developing a long-term strategy to combat climate change.

LIBs offer a wide range of benefits over other battery systems such as no memory, high
specific capacity and voltage, excellent cycling performance, little self-discharge, and a wide
temperature threshold for operation (Wang et al., 2017; Chen et al., 2021). This opens the need to
expand research in further developing this technology to meet future energy storage demands. The
LIB consists of four major parts: cathode, anode, separator, and electrolyte (Dunn et al., 2011).
All four of these components must work in sync for proper charge and discharge. The cathode
generally consists of transition metal oxides such as LiCoO2, which have dominated the LIB
industry for portable and grid storage applications (Mizushima et al., 1981; Ozawa, 1994;
Whittingham, 2004). However, due to the high cost of Co and ethical issues related to sourcing
other alloy mixtures including Ni, Mn, and Al are being explored. Lower cost and capacity
increases associated with Ni put it at the forefront of research, however lower thermal stability,
greater reactivity with electrolyte, sensitivity to the environment, and the formation of surface
films (Faenza et al., 2017) result in limitations. To overcome some of these limitations it is
important to expand our understanding of cathodes which deviate from the traditional metal oxide

combination.

Icosahedral dodecaborate clusters represent a unique class of molecules which exhibit great
thermal and chemical stability; undergo electrochemically tunable and reversible redox events;
have great functionalization potential; and can have their solubilities modified through cation
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exchange or ligand functionalization (Hawthorne and Pitochelli, 1960; Knoth et al., 1962;
Hawthorne, 2003, 2009; Wixtrom ef al., 2016; Axtell et al., 2018). The adjustable nature of these
clusters enables them to be modified to adhere to different electrolyte and anode combinations.
The tunable nature forwards the potential to adjust voltage windows with respect to other LIB
components. By integrating modified clusters into cathode mixtures, we can determine their

potential use as cathode material substitutes to the current transitional metal oxides.
Background

1.1.1 The Icosahedral Boron Cluster

The icosahedral borane cluster [Bi2H12]* was theoretically predicted by Libscomb et al.
(1954), followed by subsequent studies by Longuet-Higgens et al. (1955) who proposed the stable
form existed in a di-anionic state. The first icosahedron dodecaborane [Bi2H12]* cluster was first
successfully isolated and characterized by Pitochelli and Hawthorne (1960). This dodecaborane
cluster was further persubstituted by Knoth and Muettereties (1962, 1964). Within the past two
decades this per substitution was further expanded to include hydroxyl functional groups
[B12(OH)12]* (Peymann et al., 1999; Saylik et al., 1999; Hawthorne, 2003; Ivanov et al., 2003;
Peryshkov et al., 2009; Gu and Ozerov, 2011). Among all the perfunctionalized derivatives the
closo-[B12(OH)12]* allowed for a favorable pathway for further functionalization by forming
carbonate, carbamate, ester, and ether linkages (Peymann et al., 1999; Maderna et al., 2001; Farha
et al., 2005; Jalisatgi, Satish; Kulkarni, Vikas; Tang, Betty; Houston, Zachary; Lee, Mark;
Hawthorne, 2011).

Under controlled oxidation conditions, the [Bi2Hi2]? anion leads to an irreversible cluster
degradation which forms a B-B dimer (Wiersema and Middaugh, 1969). With the

perfunctionalization of this cluster, Hawthorne and coworkers reported that the Bi2(OCH2Ph):2
8



cluster can exist in three distinct charge states which are accessible via two sequential and quasi-
reversible one-electron oxidation reactions of the parent di-anionic parent species. Additional
perfunctionalizations have been performed which indicate similar patterns of redox activity and
the ability to modify the voltage windows via ligand modification or substitution (Farha et al.,
2005; Lee et al., 2007; Wixtrom et al., 2016, 2018; Axtell et al., 2018; Barton et al., 2019).
While it has been well established that the dodecaborate cluster shows reversible
cyclability in the solution phase, its’ cyclability in the solid state has yet to be explored. By
understanding its’ behavior in the solid state and the properties that allow the cluster to remain
insoluble in common electrolyte solvents, we can begin to explore the possibilities of this cluster

being used in ion battery applications.

1.2 Methods and Materials

Various boron cluster molecules were screened for use as cathodes, however only those

that Parvez et al. worked on are explicitly described below.
1.2.1 Synthesis of B12(OR)12 Molecular Clusters (Perfunctionalized)

B12(OC7;HsCOOCH3) 12

0
2/ 1 TBA* —I
CH;CN
OH Hunlg s Base
12
uwave 148)(3 4{1m|n \_®_<)

150 mg (0.183 mmol) of TBA2B12(OH)12, 0.6 mL (3.00 mmol) of N,N-Diisopropylethylamine,

and 1.26 g (5.50 mmol) of Methyl 4-(bromomethyl)benzoate was dissolved in 2 mL (40 mmol) of



acetonitrile. This reaction mixture was subjected to a microwave assisted reaction at 140 °C for 45
minutes. The acetonitrile was then removed through rotary-evaporation, and then subjected to
silica gel separation using 100% ethyl acetate to remove residual Methyl 4-
(bromomethyl)benzoate and N,N-Diisopropylethylamine. 100% acetone was then used to elute the
cluster from the column. Upon removal of the acetone, this yielded a solid mixture of
TBAB12(OC7HsCOOCH3)12 and TBA2B12(OC7HsCOOCH3)12 weighing 0.399 g (88% yield) in
total. This solid mixture of oxidation states was then chemically oxidized to the neutral form
dissolving it with 0.064 g (0.544 mmol) of NOBF4 in acetonitrile. This reaction was allowed to
proceed for 12 hours. A reddish-brown solid precipitated out of the solution, which was filtered
and washed with additional acetonitrile to remove any borates and additional NOBFa4. This solid

was dried under heat and vacuum to give 0.197 g (60% yield).
TBAxB12(OC7H6COOH)12

+ +
_I -2/-1 TBA CH4CN:H,0 (2:1) —I -2/-1 TBA
TBAOH (72 equiv)

o Reflux 120C (1 5h)
f W) % ""“‘2 min str < W, <J
12

30 mg (0.012 mmol) of the precursor material, Bi2(OC7HsCOOCHS3)12, was dissolved into
a 2:1 solution of MeCN:H20. 55 equivalence (0.78 mmol), relative to Bi2(OC7HsCOOCH3)12 of
tetrabutyl ammonium hydroxide (TBAOH) was added to the mixture and allowed to reflux at 120
°C for 1.5 hours. During the reflux process, the product goes from a mixture of redox states to the
-2 redox state, denoted from the color change from purple to clear. Following reflux, the

acetonitrile was removed through rotary evaporation. 84 equivalence (12.07 mmol) of HCI,

relative to Bi2(OC7HsCOOCH3)12, at a concentration of 1 mM, was added dropwise to the stirring
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solution. The solution turns pink as more HCI is added with the product precipitating out of
solution, indicating a completion of the reaction. This mixture is allowed to stir for no longer than
1 minute after precipitate has formed (or 5 minutes from introduction of HCl), and thoroughly

washed with H20 to remove any residual HCL.
TBA2B12(OC7H6SCH3) 12

25 mg (0.03 mmol) of TBA2B12(OH)12 was added to a microwave vessel with 60
equivalence (35 mL, 0.57 mmol) of 4-(methylthio)benzyl chloride, 0.10 mL (0.57 mmol) of N,N-
Diisopropylethylamine. The previously mentioned reagents were dissolved into 1 mL of
acetonitrile and microwaved for 20 minutes at 140 °C. The mixture was then subjected to rotary
evaporation to remove excess acetonitrile and any unreacted 4-(methylthio)benzyl chloride. The

resulting product was tested for purity through GC/MS and TLC.
1.2.2 Synthesis of B12(OR)11(R’) Clusters (Monovertex Differentiated)

Bi2NO2(OC7Fs)11

NO2 2 2TBA* F
—I F. F CH3CN Hunig's Base
+
OH) Br. F uwave 148 Cdtat min
" NOBF,

100.40 mg of TBA2B12(OH)11NO2 was dissolved into 1 mL of acetonitrile with 0.47 mL
N,N-Diisopropylethylamine (Hunig’s Base) and 1.96 mL (12.98 mmol) of 2,3,4,5,6-
Pentafluorobenzyl bromide in a 10 mL microwave vial. This solution was subjected to heated (140
°C), microwave assisted synthesis. The yellow-orange solution was then subjected to rotary

evaporation to remove all remaining acetonitrile. The product was then subjected to a slurry-
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packed silica gel column with a 35:65 (EtOAc:Hexane) mobile phase solvent. This was used to
remove any remaining 2,3,4,5,6-Pentafluorobenzyl bromide which had not reacted. Upon
discharge of the 2,3.4,5,6-Pentafluorobenzyl bromide, the target cluster was eluted using 100%
acetone. The acetone was then removed by rotary evaporation. The remaining product, a mixture
of multiple redox states (TBA2B12NO2(OC7Fs)11 and TBAB12NO2(OC7Fs)11, was then subjected
the heated high vacuum overnight to remove any residual acetone. This product was then dissolved
into 2 mL of acetonitrile with 31 mg (0.27 mmol) of NOBF4 under inert atmosphere and then
subjected to stirring at room temperature overnight. The oxidized product, Bi2NO2(OC7Fs)11 was
washed with minimal, cold acetonitrile to remove any residual NOBF4, and then subjected to

heated (120 °C) high vacuum overnight. This cluster was synthesized by Wixtrom et al. (2018).
1.2.3 Synthesis of Metal-linked Clusters

Bi2(OC7HsCOOZn) 12

-2/-1 TBA* 2/ 1 TBA"

\_@_,{) * 122Zn(NOj), 6H,0 TE At \—©—<;>2n
Solvent Exchange (CHCI3)

50 mg (0.02 mmol) of Bi2(OC7H¢COOH)i2 was dissolved into 5 mL of N,N-
dimethylformamide using sonicated agitation. 75 mg (0.25 mmol) of Zn(NO3)2-6H20 was then
subsequently added to the previous mixture and thoroughly dissolved through sonicated agitation.
The mixture was subjected to solvothermal heating at 120 °C for approximately 5 days. During
this time, the solution goes from a dark purple color to completely white. Upon completion of the
solvothermal synthesis the resulting material was thoroughly washed with DMF, and subjected to

a solvent exchange using CHCIl3 over the course of 5 days. The CHCl3 was swapped out every day
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during this 5-day period. Upon completion of this, the resulting material was heated to 100 °C to

remove any residual CHCls.

B12(OC7HsCOOTi) 12

-2/-1 TBA* -2/-1 TBA*
1.5mL DMF —I

Solvothermal Heating

(>7 160C (48h)
A oL AR e PO )

20 mg (0.01 mmol) of Bi2(OC7HsCOOH)12 and 12 equivalence, 30 pL (0.12 mmol), of
titanium (IV) isopropoxide was dissolved in 1 mL of N,N-dimethylformamide using sonicate
assisted agitation. The mixture was subjected to solvothermal heating at 160 °C for 2 days. Upon
completion of the solvothermal synthesis, the gel-like material was isolated and thoroughly washed
with N,N-dimethylformamide. This material was then subjected to a solvent change using CHCl3
for 5 days. The CHCIl3 was swapped out daily for the 5-day duration. Upon completion of this the

product was subjected to 100 °C heating overnight to remove any residual CHCls.

B12(OC7H6COOL1)12

] ° LiOH —| 2L

MeCN:H,0 (2 1)

Brog) — - Bfod)

150 mg of the previous precursor, Bi2(OC7HsCOOCH3)12, was dissolved in 150 mL of a
2:1 mixture of H20 and acetonitrile. 60 mg (1.5 mmol) LiOH was subsequently added to this
mixture and allowed to reflux at 120 °C for 2.5 hours. The cluster undergoes two reduction events

which is indicated by a color change from reddish-brown to purple (neutral to monoanionic), and
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purple to clear (monoanionic to dianionic). The solvent from the reaction mixture was evaporated
and the solid recovered. The crude solid material recovered was then subjected to separation using
a G-50 medium grade Sephadex size exclusion column and water as the effluent solvent. Fractions
were collected in 15 mL test tubes, and the first 3 fractions were collected. The other fractions
were subjected to subsequent size exclusion columns to separate. The water was thoroughly
evaporated using heat and vacuum and the solid was collected, yielding 45 mg (30% yield) of
purified product. This product was then subjected to a thorough sonication and filtration cycle

using dry THF. The material was then subjected to high vacuum at 60 °C.

The resulting material, Bi2(OC7HsCOOLi1)12 showed no solubility in commonly used
organic electrolyte battery solvents, including various carbonate solvents and THF. It did however

show particularly good solubility in H20.

This material was structurally characterized through nuclear magnetic resonance
spectroscopy (NMR), infrared spectroscopy (IR), scanning electron spectroscopy (SEM), and

powder x-ray spectroscopy (PXRD).

Electrochemical testing of the L12B12(OC7H¢COOLIi)12 cluster was performed in Swagelok
style cells assembled in an argon-filled glovebox, using a Li metal combined counter and reference
electrode and a Whatman GF/D borosilicate glass fiber sheet as a separator. 1M LiPFs in ethylene
carbonate and dimethyl carbonate (1:1 w/w) was used as the electrolyte (LP30). The as prepared
Li2B12(OC7H6sCOQOL1)12 cluster was dried under vacuum and introduced into the glovebox. The
material was then carbon coated Li2B12(OC7HsCOOL1)12 cluster was subsequently cycled as a
loose powder with a typical electrode mass of 5 mg. Cyclic voltammetry was performed using a

sweep rate of 0.1 mV/s with a typical voltage window of 3.0-4.0 V (vs Li/Li").
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1.2.3 Electrochemical Testing in the Solid State

Electrochemical testing was conducted using a common swagelock cell. The anode
consisted of lithium metal and the electrolyte solution consisted of common carbonate solvents or
tetrahydrofuran with 1M of LiPFs. The cathode was a loose powder electrode with approximately
20% Super P carbon and 80% target cluster. The loose powder was ball milled for 10 minutes to
facilitate homogenous mixing of the two components. A standard 0.1 mV/s sweep rate was used

on cycling unless otherwise stated. All electrochemical testing was performed by Bashian et al.

1.3 Results

Only clusters synthesized for cathode related applications are characterized and analyzed.
Clusters created by collogues for other applications are mentioned, however structural
characterization and testing is not provided. Structural characterization of the B12(OC7F5)11NO2

was performed by Wixtrom et al. (2018)

1.3.1 B12(OR)12 Molecular Clusters (Perfunctionalized)

Structural characterization through BNMR and HNMR was performed as a standard on all
perfunctionalized clusters that were soluble in standard deuterated solvents. Additional
characterization (i.e. PXRD, IR, etc.) was performed on clusters that showed promising

characteristics for use in LIB cathodes.

TBAxB12(0OC7HsCOOH) 12
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Figure 1.1 Structural characterization of B12(OC;H¢COOH);,. HNMR and BNMR indicate a
perfunctionalized cluster with carboxylic acid functionalized arene ring. The proton on the carboxylic
acid is not present in the HNMR spectra due to potential deuterium exchange. PXRD indicates a material
which does not have long range order. IR spectra indicates the presence of appropriate functional groups.
A) BNMR spectra B) HNMR spectra w/ labeling on figure. Carboxylic acid proton is not visible due to
deuterium exchange. C) PXRD spectra D) IR spectra w/ functional groups labeled.
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Figure 1.2 Cyclic voltammetry of Bi2(OC;HsCOOH);> in MeOH. Cluster shows two distinct, reversible
redox states with Ei, =-0.26 V and 0.24 V vs Fe/Fe".
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Figure 1.3 In-situ cyclic voltammetry of Bi2(OC7HsCOOH):; in standard swagelock cell. Cathode was
made by mixing carbon and B2(OC;HsCOOH):» together. Common carbonate-based electrolyte solution
with 1M LiPF¢ was used. CV was terminated after 3 cycles due to degradation of the signal.
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Figure 1.4 Structural characterization of B;2(OC7HsSCH3)12. Both BNMR and HNMR indicate a
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Figure 1.5 Mass spectrometry of Bi2(OC7HsSCH3)12. Experimental values were compared against
simulated values and yielded good agreement.
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Figure 1.6 Structural characterization of Bi2(OC7HsCOOCH3)12. Both BNMR and HNMR indicate a
perfunctionalized cluster with protons labeled. A) BNMR spectra B) HNMR spectra with respective
protons labeled peaks. Unlabeled peaks are H,O and residual solvent.
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1.3.2 Metal Linked Clusters
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Figure 1.7 Structural characterization of Bi2(OC7HsCOOLi);2. BNMR and HNMR indicate a
perfunctionalized borane cluster with ligand protons identified. IR spectra indicates a slightly shifted
carbonyl group relative to B12(OC7;H¢«COOH);,. PXRD indicates no long-range order of the molecule. A)
BNMR spectra B) HNMR spectra C) PXRD spectra D) IR spectra
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Figure 1.8 In-situ cyclic voltammetry of Bi2(OC7;H¢COOLI1): in standard swagelock cell. 10 cycles were
performed at a sweep rate of 0.1 mV/s.
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Figure 1.9 Structural characterization of Bi2(OC7HsCOOTi)12. NMR characterization could not be
performed as this material was insoluble in common deuterated solvents. Characterization was performed
through IR, TGA, PXRD, EDS, SEM, and XPS. PXRD spectra indicates no long-range order. TGA
indicates two distinct events associated with solvent removal (shaded gray) and organic material

degradation (shaded yellow). EDS and XPS indicate the presence of boron, carbon, titanium, and oxygen.
A) IR spectra B) TGA C) PXRD spectra D) EDS of structure E) SEM w/ 100 pm of resolution F) XPS

spectra.
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Figure 1.10 Structural characterization of B2(OC;H¢COOZn),,. NMR characterization could not be
performed as this material was insoluble in common deuterated solvents. Characterization was performed
through TGA, PXRD, EDS, and SEM. PXRD spectra indicates crystalline structure with long-range
order. TGA indicates two distinct events associated with solvent removal (shaded gray) and organic
material degradation (shaded yellow). EDS and XPS indicate the presence of boron, carbon, titanium, and
oxygen. A) EDS spectra B) SEM image w/ 1 um of resolution C) TGA D) PXRD
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1.3.3 Solubility

Table 1.1 shows the solubility of synthesized clusters in common electrolyte media. Table

1.1 reflects only a handful of clusters that were tested. Clusters with similar variations of ligands

and terminal functional groups had similar solubilities in target solvents.

Ethylene

Diethyl

Dimethyl

Propylene

Carbonate | Carbonate | Carbonate | Carbonate | Tetrahydrofuran
Metal-linked Clusters —

Molecular
B12(OR)11(R”)

B12(OC7F5)11(NO2)

Soluble

Soluble

Soluble

Soluble

B12(OC7H6COOLi)12 Insoluble | Insoluble | Insoluble | Insoluble Insoluble
B12(OC7H6COOT1)12 Insoluble Insoluble | Insoluble Insoluble Insoluble
B12(OC7H6COOZn)12 Insoluble | Insoluble | Insoluble | Insoluble Insoluble
Molecular Bi2(OR)12
Clusters
B12(OC7HsCOOCHS3)12 Soluble Soluble Soluble Soluble Soluble
B12(OC7H2F5)12 Soluble Soluble Soluble Soluble Soluble
B12(0OC2Hs)12 Soluble Insoluble Soluble Soluble Insoluble
B12(OC7HeCOOH)12 Insoluble Insoluble | Insoluble Insoluble Insoluble
B12(OC7H3(CF3)2)12 Soluble Soluble Soluble Soluble Soluble
B12(0OC7H6SCH3)12 Soluble Soluble Soluble Soluble Soluble

Soluble

Table 1.1 Solubility screening of various boron clusters in common electrolyte solvents. If the cluster
showed any solubility at any redox state, it was listed as soluble.
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1.4 Discussion

1.4.1 Clusters Insoluble in Common LIB Electrolyte Solvents

The first major hurdle when applying these boron clusters to LIB cathode applications was
to determine solubility in common electrolyte solvents. Even a partial bit of solubility at any redox
state would lead to degradation of the cathode and reduced cyclability of the cell after subsequent
charge/discharge cycles. The solubilities of the various clusters in common electrolyte solvents
can be seen on Table 1.1. A large proportion of the tested molecular B12(OR)12 clusters show some
degree of solubility in common electrolyte media at one or more charge states. This was consistent
with most alkyl or arene perfunctionalized clusters that were ionically balanced by tetrabutyl
ammonium or tetryethyl ammonium. This was the same case for the mono-vertex differentiated
cluster, which had similar solubility properties as the perfunctionalized -clusters.
B12(OC7H¢COOH)12 was the only Bi2(OR)i2 molecular cluster to show insolubility in the target
electrolyte solvents. This cluster was further analyzed through in-situ cyclic voltammetry to

determine feasibility for use in an LIB.

Metal linked clusters showed the most promise in terms of solubility. The
B12(OC7H6COOH)12 cluster was used as a base scaffold for linking the clusters through a metal
intermediary by exploiting the reactive, terminal, carboxylic acid functional groups. Zn, Ti, and Li
were successfully coordinated to the terminal functional groups. All three of these clusters were

insoluble in common electrolyte solvents.

1.4.2 The First Cluster to Cycle in Solid State

The B12(OC7HsCOOH)12 cluster was electrochemically analyzed through solution phase
and in-situ cyclic voltammetry. The solution-based approach, conducted in MeOH, identified two
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distinct redox events with half-wave values (E12) of -0.26 V and 0.24 V (Figure 1.2) vs Fc¢/Fc".
This was consistent with the electrochemical activity of other arene functionalized clusters, in that
three charge states exist resulting in two distinct redox events. This would allow for a 2e” transfer
during cell cycling. However, when this cluster was subjected to in-situ cyclic voltammetry using
the swagelock cell, there was only one redox event with an approximate Ei2 value of 3.4 V vs
Li/Li" (Figure 1.3). Subsequent cycling of this cluster around the redox event voltage results in a
major degradation of the current intensity. This was hypothesized to have been due to the solubility
changes associated with the cluster in different redox states. Because this cluster was never isolated
in any state other than a mixture of -2 and -1 redox states, it was possible that when the cluster

goes to the neutral state, it becomes soluble in carbonate-based electrolytes.

This prompted us to modify our approach and explore different options for meeting the
(in)solubility requirements as well as electrochemical activity in the solid state. Due to the
reactivity of the carboxylic acid terminal functional groups, we opted to react with metal atoms to
reduce solubility while retaining electrochemical activity. Bi2(OC7HsCOOTi)12 and
B12(OC7HsCOOZn)12 were tested through in-situ cyclic voltammetry using the swagelock setup.
However, these specific clusters did not show any significant sign of redox activity during in-situ
cyclic voltammetry in the swagelock cells. Our hypothesis for this was that the metal centers
terminal functional groups and the metal centers prevented redox activity of the cluster. In light of
this, we began exploring Li" variations of the Bi2(OC7HeCOOH)12 cluster. The
B12(OC7HsCOOLIi)12 was a derivative of this cluster and showed the greatest promise in the solid
state. The cyclic voltammetry spectra (Figure 1.8) show reversible cycling at an Ei2 of 3.4 vs
Li/Li". Through the 10 cycles performed, there is notable degradation of the current that stabilizes

after cycle 8-10. This was promising in the regards that this was the first cluster to show redox
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activity in solid state. However, because this cluster only had one redox event, the theoretical

capacity of the cell during a 2¢” transfer (Q: 28 mAh g!) was cut in half.
1.4.3 Theoretical Specific Capacity Issues

The tunable nature of these clusters coupled with the potential for a reversible 3e” transfer,
make these clusters very appealing for energy storage applications. However, the tunability of
these clusters generally requires the addition of ligands which increase the molecular weight,
lowering the theoretical specific capacity of the cluster. The theoretical capacity of LiCoOz2, a
standard metal oxide cathode, is 274 mAh g with a practical capacity of around 140 mAh g’!
(Deng, 2015) The theoretical capacity of the lightest target cluster LizB12(OH)12 is 77 mAh g\,
The B12(OC7HsCOOL1i)12 cluster which was able to cycle in the solid state had a theoretical
specific capacity of 28 mAh g™!, which was reduced to 14 mAh g! after the discovery of only one
reversible redox event during in-situ cyclic voltammetry. This could be addressed in the future
with the addition of electrochemically active metal centers which could contribute to the electrons
transferred, or exploring clusters that exhibit 3 redox events, correlating to a potential 3¢ transfer.
Stauber et al. (2020) discovered that a third redox event of B12(OCsHi1)12 from the neutral form
resulted in a super-oxidized cationic variation of the cluster. This enables the potential transfer for
3e” which could be used to adjust the theoretical specific capacity to higher values. This is
promising in the regards that other clusters may also possess this capability and have yet to be

explored.

1.5 Conclusion
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Exploring additional avenues for energy storage is an important endeavor which must be
explored at every level to develop new technology which can help address future energy storage
demands. The icosahedral boron cluster platform opens the opportunity to explore different
pathways for energy storage, by designing a new style of tunable cathode. Our research explored
the first application of the icosahedral boron cluster for use as a cathode in a lithium-ion cell. It
was able to reliably cycle with le™ transfer in the solid state. Notably, the current shows signs of
degradation in the oxidative direction. Theoretical specific capacity concerns relating to overall
molecular weight exist as it relates to overall performance relative to current metal oxide standards.
These concerns are something that can be addressed by exploring clusters with additional redox

events and/or reducing the weight of the ligands attached.
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Chapter 2 : Paired dual carbonate clumped isotopes
(A47-A48) constrains Kinetic effects and timescales in
peridotite-associated springs at The Cedars, Northern
California
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Abstract

The Cedars, located in Northern California, represents a class of sites where large-scale geological
CO; sequestration can take place. The area is characterized by a chain of highly alkaline springs resulting
from CO,-charged meteorological water interacting with a peridotite body. Serpentinization resulting
from this interaction at depth leads to the sequestration of various mineral carbonates into veins
accompanied by a release of Ca?* and OH" enriched water to the surface, creating an environment which
promotes rapid precipitation of CaCOs at surface springs. This unique environment enables us to apply the
recently developed As7-Ass dual clumped isotope analysis to probe kinetic isotope effects and timescales
of CO; transformation. We analyze CaCOs recovered from various localities and identify significant kinetic
fractionations associated with CO, absorption in a majority of samples, with As; enrichment and Agg
depletion relative to equilibrium. Surface floes exhibited the largest kinetic isotope effects (AA47: 0.157%.o,
AAss: -0.708%0). Surface floe samples begin to precipitate out of solution within the first hour of CO,
absorption, and the DIC pool requires a residence time of approximately 100 hours to achieve isotopic
equilibria. The As7/04s slope of samples from the Cedars (-2.803+0.500; 1.s.e.) agrees with published
values from lab experiments designed to constrain CO; hydrolysis-related kinetic fractionation (-
2.911+0.200). The A47/8%0 slope (-0.008+0.001), and A47/8*3C slope (0.008+0.001) agree with literature
values reported from lab experiments and from a peridotite in Oman. The average modern samples that
are close to equilibrium in the A47-Ass space yield an average temperature of 17.9+2.4 °C and is in good
agreement with the modern temperature of the Cedar springs (17.0+1.0 °C). Ancient travertine samples
that are close to equilibrium in the A47-Ass space yield an average temperature of 8.3+1.1 °C, suggesting
that the conditions during that time were approximately 10°C colder than what they are now. The
consistency of slopes between in the multi-isotope space suggests the A47-Ass dual carbonate clumped
isotope framework can be applied to study CO,-absorption processes in applied systems including sites of

interest for geological sequestration.
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2.1 Introduction

Climate change is an ever-growing concern that threatens our collective future. With the
rapid input of greenhouse gases into the atmosphere, we have reached a point where the reduction
of greenhouse gas emissions needs to be coupled with active removal to prevent the global average
temperature increase from exceeding model projections of 1.5 to 2 °C (IPCC, 2014, 2018). This
need has brought negative emission technologies and strategies to the forefront of research efforts.
Carbon dioxide removal from the air has been proposed in various forms, including, but not limited
to, direct air capture with subsequent geologic sequestration, carbon mineralization via enhanced
weathering, and increasing carbon storage in soils and biomass. While each of these approaches
has its strengths and weaknesses, it is likely that multiple strategies will need to be used in parallel
to reach global carbon dioxide reduction goals, which are 10 Gt/yr by 2050 and 20 Gt/yr by 2100
(UNEP, 2017; Pacala et al., 2019). Because the CO2 captured during this time must be stored such
that it remains permanently removed from the atmosphere carbon mineralization and underground
sequestration into natural geological formations (Pacala et al., 2019) offer a distinct advantage.
While underground sequestration in geological formations is promising (Kelemen et al., 2019),
and one of the most cost-effective prospective options (McCollum et al., 2018), in-situ
sequestration through carbon mineralization can be achieved at similar storage cost of around $7-
$30 per ton of CO2 sequestered (McCollum et al., 2018; Pacala et al., 2019). In particular, carbon
mineralization involves the long-term and non-toxic sequestration of CO2 through its chemical
transformation into a solid form, such as carbonates (W Seifritz, 1990; Lackner et al., 1995; Pacala

etal., 2019).

Because CO:2 transformation associated with carbon mineralization is into carbonate
minerals, sites with an abundance of divalent cations, such as Mg?* and Ca**, commonly found in
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peridotite bodies (Bruni ef al., 2002; Vinet and Zhedanov, 2011; Paukert et al., 2012; Zhang and
DePaolo, 2017) are of interest as they can ionically bind and facilitate mineral precipitation. It is
hypothesized that serpentinization, a process that involves the hydration of ultramafic minerals,
facilitates the carbon mineralization process, which leads to the formation of serpentine and
various carbonates (Bruni et al., 2002; Vinet and Zhedanov, 2011; Falk et al., 2016; Garcia del
Real et al., 2016; Kelemen et al., 2017; Suzuki et al., 2017; de Obeso and Kelemen, 2018).
Peridotites that could be targeted for sequestration exist worldwide (e.g., Figure 2.1), and thus,
research into the dynamics of COz transformation at these sites using isotopic tracers and other
approaches is of interest (Cipolli ef al., 2004; Marques et al., 2008; Morrill et al., 2013; Falk et
al., 2016; Christensen et al., 2021). At these sites, highly alkaline, high-pH, NaCl, and CaOH
charged fluids occur (Figure 2.2; Cipolli et al., 2004; Marques et al., 2008). These fluids are
typically supersaturated with serpentine, indicating that they have interacted with ultramafic rock
which has undergone serpentinization (Kelemen and Matter, 2008; Paukert ef al., 2012; de Obeso

etal.,2017; Kelemen et al., 2017, 2018; Fones et al., 2019).

Clumped isotope analysis measures the relative abundance of multiply substituted
isotopologues, which have a temperature-dependent preference of aggregation based on relative
zero-point energies (Ghosh et al., 2006; Schauble et al., 2006). The measurement of carbonate
clumped isotopes in minerals precipitated from alkaline fluids has a potential to constrain kinetic
isotope effects (Tripati et al., 2015; Bajnai et al., 2020; Guo et al., 2020; Lucarelli et al., 2022).
One prior study has examined clumped isotopes in carbonate veins from the Oman ophiolite (Falk
et al., 2016) with a focus on the most abundant multiply-substituted isotopologue of CO3, m/z 63
(BC"®0'%0,), measured via gas source isotope ratio mass spectrometry of CO: with m/z 47

(3C'B0'%0 — A47), referring to parts per thousand excess of this isotopologue in a sample relative
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to a stochastic value) (Eiler and Schauble, 2004; Upadhyay et al., 2021). Their findings showed
that that carbonate veins from these highly alkaline systems exhibit significant enrichments in the
A47 signature, accompanying a depletion in the 5'%0 and §'3C signatures, consistent with kinetic
isotope effects (KIEs) associated with CO2 absorption-driven disequilibria processes related to the

CO2 hydroxylation reaction being expressed (Falk et al., 2016).

Here, we build on their work using the novel dual carbonate clumped isotope approach that
combines A47 with a second clumped isotope signature (12C'802 - A4g) and measure carbonate
minerals from alkaline springs at The Cedars, a coastal mountain range with associated peridotite
located in Northern California. Our goal is to mechanistically evaluate disequilibria, timescales
associated with mineral precipitation, and test a framework established with theory (Tripati et al.,
2015; Guo, 2020; Watkins and Devriendt; 2022); experiments (Lucarelli et al. 2022); and field-
collected samples (Bajnai ef al., 2020; Lucarelli et al., 2021). The dual measurement of A47 and
As4g has been theoretically and experimentally shown to have a characteristic equilibrium
relationship, and thus the measurement of A47-A4g can be used to identify disequilibrium, examine
the origin of KIEs in dissolved inorganic carbon (DIC) and carbonate minerals, and can be used to
study the timescales associated with carbonate and mineral evolution through modeling (Hill et
al., 2014; Tripati et al., 2015; Fiebig et al., 2019, 2021; Guo, 2020; Bajnai et al., 2020; Lucarelli

etal., 2021).

Herein, we investigate how the isotopic composition of the precipitated carbonate minerals
are affected by the highly alkaline spring environment of The Cedars. We examine the measured
departures from equilibrium values of clumped (A47 and Asg) and bulk (§'°C and §'%0) and

compare measured values to modeled values from simulations to study the origin of KIEs and
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timescales associated with DIC pool equilibration and mineral evolution. Finally, we compare our
results to published work from other peridotites bodies and evaluate our approach for its potential

use in geological COz sequestration applications.

Background

2.1.1 The Cedars

The Cedars is part of the Northern California coastal mountain range, located at
N38°37°14.84”/W123°08°02.13, and consist of peridotites in contact with part of the Franciscan
Subduction Complex (FSC) (Figure 2.1). The FSC consists of primarily greywacke-type
sandstone, greenstone, radiolarian chert, and minor foraminiferal limestone (Blake et al., 2012).
The peridotite body has an approximate surface area of 22.4 km? (3.5 km width / 6.4 km length)
and extends 1-2 km below the surface (Coleman, 2000). The peridotite body consists primarily of
olivine, orthopyroxene, and clinopyroxene in varying proportions as harzburgite (75% olivine and
25% orthopyroxene/clinopyroxene) and dunite (100% olivine) (Coleman, 2000). Interactions
between the peridotite body and groundwaters derived from multiple sources has resulted in
serpentinization of 5-20% of the ultramafic body, particularly around the perimeter that is in
contact with the FSC, which is predominantly composed of sheared serpentine (R.G. Coleman,
2000; Blake et al., 2012). Groundwater discharge from the ultramafic body is highly alkaline,
enriched in Ca®" and OH, and is brought to the surface through various springs in the area
(Coleman, 2004; Sleep et al., 2004) where it mixes with relatively neutral pH surface waters
charged with atmospheric COz at an elevation between ~275 m and 335 m ASL (Barnes and

O’Neil, 1969; Morrill et al., 2013).
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Figure 2.1 Map of the Cedars site showing the location of samples. Sample groups shown in right panel
re: NS1 (Samples: A, Q,), Grotto Pool Springs (GPS)(Samples: J, K, L), Barnes Spring Complex (BSC)
(Samples: AA, Alpha, Gamma C1, P, PA-C2, PB-C2, PE-C2, PE-C3, S, T1, T2, T3a, T3b, T4, T5, U, V,
X), and New Pool (Samples: B). The “Wedding Cake” is located at the NS1 location above the Mineral
Falls. Modified from Christensen et al. (2021)
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2.1.2 Serpentinization

Serpentinization can be described by Equations 1-3 listed below. Olivine {(Mg, Fe)2SiO4}
and pyroxene {(Ca, Mg, Fe)2Si20¢)} react with CO2-charged water to form serpentine, magnetite,
and carbonates. These carbonate minerals, MgCOs (magnesite), CaMg(CO3)2 (dolomite), and
CaCOs (calcite) are sequestered as solids into veins within the peridotite body. Ongoing
serpentinization of mantle peridotite bodies by meteoric waters can be identified by highly alkaline
water in proximate springs, stable isotope ratios of precipitated carbonate minerals, the formation
of travertines in the carbonate precipitant mix and carbonate veins in the hosting peridotite body
(Bruni et al., 2002; Cipolli et al., 2004). Barnes and O’Neil et al. (1969) conducted early research
on ultramafic formations undergoing serpentinization and developed a conceptual model for the
process that is illustrated in Figure 2.2. Meteoric groundwater charged with atmospheric CO2
reacts with the peridotite body near the surface and forms water that is rich in Mg**-HCO3™ - Type
1 waters (Barnes and O’Neil et al., 1969). As this water moves underground and comes in contact
with the peridotite body, the serpentinization process is catalyzed by CO2-charged H20, leading to
the precipitation of MgCO3 (magnesite) and small amounts of CaMg(CO3)2 (dolomite) and CaCO3
(calcite) into veins in the peridotite. A sharp elevation in pH accompanies the mineral precipitation
due to the enrichment of the water solution with OH™ anions. This Type 2 water also exhibits
significant enrichment in Ca®" cations and DIC depletion. Type 2 water is brought up to the surface
which then interacts with Type 1 waters, instantly supersaturating the fluids with respect to

carbonates and leading to the precipitation of calcite, aragonite, and travertine in surface springs.

— 2Mg5Si,05(0OH), D
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Mg,Si0, + 2C0,

- 2MgCO; + SiO0, (2)

Mg,Si0, + CaMgSi, 0, + 2C0, + 2H,0

— 2MgSi,0s(0H), + CaCO5 + MgCOs5 (3)
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Figure 2.2 Processes associated with CO, absorption and transformation at the Cedars. Surface waters
from meteoric sources are enriched with CO; from the atmosphere (“Type 1” waters) and then seep into
the ground and interact with ultramafic peridotite. Through a series of serpentinization reactions, various
carbonate minerals precipitate (calcite, magnesite, and dolomite) and are sequestered in pores and
fractures resulting in veins in the peridotite body. Reaction by-products are ejected into pore waters
(“Type 2” waters) which are enriched in Ca* and OH™ ions and depleted in CO,, are shuttled to the
surface. Type 1 and Type 2 interact at the surface in the presence of atmospheric CO» resulting in rapid

precipitation of CaCO;. Terminology from Barnes et al. (1969).

40



2.1.3 Dissolved Inorganic Carbon (DIC) Transformation in HO

COg2 dissolution and transformation in aqueous media follow reactions 4-8. Due to the high
alkalinity (pH = 11.5) of the Cedars system, CO: uptake into the water is increased (Livansky,
1982; Devriendt et al., 2017). Once the COz is dissolved in an aqueous solution, it undergoes
hydration or hydroxylation reactions leading to the formation of HCOs', as seen in reactions 4 and
6. These two reactions are the most important in understanding '®0/'°0 isotopic equilibration as
they provide the only route for the direct exchange of O atoms between H20 and DIC (Zeebe and
Wolf-Gladrow, 2001). Reactions 6-8 show the pathway from HCO3™ to CO3* and splitting of water
molecules. These reactions also contribute to clumped and oxygen isotope equilibration of DIC in

an aqueous solution.
€O, + H,0 & HCO; + H* (4)
CO, + OH- & HCO3 (5)
HCO; + OH™ < H,0 + C0% (6)
HCO; < H*+ C0%- (7)
H,0 & H* + OH™ (8)

The amount of time required for isotopic equilibrium to be achieved is governed by the
temperature-dependent forward and reverse rate constants for the hydration and hydroxylation
reaction pathways (Zeebe and Wolf-Gladrow, 2001; Tripati et al., 2015; Guo, 2020), as well as
DIC speciation. DIC speciation is a function of temperature and pH (Uchikawa and Zeebe, 2012;
Tripati et al., 2015). Reactions 1-3 proceed more slowly at elevated pH and reduced temperature

such that oxygen and clumped isotope disequilibrium can occur unless there is sufficient time to
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reach equilibrium (Beck ef al., 2005; Zeebe and Wolf-Gladrow, 2001; Tripati et al., 2015; Guo,
2020). At pH > 10, similar to what is observed in Type 1 and Type 2 waters in massive peridotite
bodies like the Cedars, the time to reach equilibration is significantly increased due to DIC
speciation being dominated by COs*, resulting in low concentrations of CO2 remaining for
isotopic exchange reactions 1 and 2 (Beck et al., 2005; Hill ef al., 2014; Tripati et al., 2015; Weise
and Kluge, 2020). If the DIC pool does not have sufficient time to achieve isotopic equilibrium,

disequilibrium isotopic compositions may be recorded in the mineral.

2.1.4 Carbonate “Clumped” Isotope Geochemistry and Notation

There are 20 different isotopologues of CO2, with four that are singly-substituted and
contain either a heavy isotope of carbon or oxygen. The singly substituted variants are the most
abundant and makeup about 99.99% of carbonate ions in minerals (Eiler and Schauble, 2004; Eiler,
2007). The remaining 16 are multiply substituted “clumped” variations that contain heavy isotopes
of carbon and/or oxygen (Ghosh et al., 2006). Below are examples of two isotopic
disproportionation reactions (Polyakov et al., 2005) of interest as they generate isotopologues of

carbonates that have relative abundances within the detection limits of modern instrumentation.

[12cl6018016o]2- 4 [13cl60160160]2- PN [12cl60160160]2-+ [13cl60180160]2- (9)

[12cl60180160]2—+ [12cl80160160]2— <> [12cl60160160]2—+ [12C180180160]2- (10)

While there are many versions of the isotopic disproportionation reactions, like the ones
above, reactions 9 and 10, respectively, yield the most abundant m/z 63 (67 ppm) and m/z 64
isotopologues (12 ppm) (Ghosh et al., 2006). The temperature dependency of these
disproportionation reactions and the preference of heavy isotope aggregation as a function of

mineral precipitation temperature is the basis of the carbonate clumped isotope thermometer
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(Ghosh et al., 2006; Schauble et al., 2006) However, one critical caveat to this correlation is that
the carbonate isotopologues must be at isotopic equilibrium. This means that the preferential
aggregation of heavy isotopes must not be inhibited and that it must achieve equilibrium conditions

at the respective temperature. (Ghosh et al., 2006)

No current technique 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 COz, respectively, by phosphoric acid digestion and measured in a gas-source

isotope-ratio mass spectrometer (Ghosh et al., 2006).

The A47 and Ass quantities refer to the abundance of m/z 47 ['80!*C!'%0] and m/z 48
['80"2C!80] CO2 isotopologues relative to a stochastic or random distribution, described by

equations 11 and 12,

Ay = [(%—1)—(%2—1)—(%2—1)]*1000 (11)
Aug = [(iiz - 1) 2« (i_i: - 1)] 1000 (12)

where Ri and Ri" represent the measured and stochastic ratios of i/44 isotopologue (Eiler and
Schauble, 2004; Z. Wang et al., 2004; Affek and Eiler, 2006). We report all values of A47 on the
Intercarb-Carbon Dioxide Equilibrium Scale (I-CDES) (Bernasconi ef al., 2021), which adjusted
to an acid digestion temperature of 90 °C. Ass values are reported in the Carbon Dioxide

Equilibrium Scale at 90 °C, CDES90 (Lucarelli et al., 2021).
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The conversion of carbonate minerals into gaseous CO: has a temperature dependent
preferential removal of O'®relative to O'® and is corrected by an acid fractionation factor (AFF),

denoted by y in Equations 13 and 14.

Dy = Dg3+y (13)

Ayg = Dgsat+y (14)

No AFF is applied to measured values but was used for the comparison of measured A47
and Aas values to theoretical A¢3 and Aes values. The reference frame and temperature to which the
value is being converted also dictates the value of y. In the I-CDES reference frame, for the
conversion of Ae3 to As47, the AFF varies from 0.188 to 0.197 from calcite precipitation
temperatures ranging from 1000 °C to 0 °C, respectively (Hill et al., 2014; Tripati et al., 2015;
Bernasconi et al., 2021; Lucarelli et al., 2021). For the temperature ranges of the samples collected
from The Cedars, we use the AFF y=0.196 for the conversion of Ae3 to A47 (Lucarelli et al., 2021).
For the conversion of Aes4 to Ass, in the CDES90 reference frame (Hill et al., 2014; Tripati et al.,

2015), we use 0.131 (Lucarelli ef al., 2021) as the AFF.

2.1.5 Kinetic Fractionation in Clumped Isotope Signatures

Various mechanisms have been proposed to explain isotopic disequilibria in clumped and
stable isotope signatures. Tang et al. (2014) hypothesized that kinetic fractionation observed in
inorganic calcite precipitation experiments at pH > 10 occurred due to the DIC pool not having
sufficient time to achieve isotopic equilibrium prior to mineral precipitation and DIC speciation
favoring CO3> at higher pH (Beck et al., 2005; Hill et al., 2014, 2020; Tripati et al., 2015). COz

(de)hydration and (de)hydroxylation reactions have also been hypothesized to give rise to isotopic
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disequilibrium through CO2 absorption or degassing pathways (Guo, 2020; Boettger and Kubicki,
2021). CO2 absorption dominant disequilibria processes, arising from (de)hydration and
(de)hydroxylation reactions, have been seen in many hyperalkaline springs, and in the Oman

ophiolite, due to the favorable increase in COz absorption in H20 at elevated pH (Falk ez al., 2016).

Kinetic isotope effects have been reported for A47 in most Earth-surface carbonate mineral
species (Daeron et al., 2019). KIEs in biotic and abiotic systems associated with (de)hydration and
(de)hydroxylation reactions can drive deviations from clumped isotope equilibrium (Ghosh et al.,
2006; Guo, 2009; Saenger et al., 2012; Falk et al., 2016; Spooner et al., 2016), as can CO2
degassing, as exhibited kinetic fractionation in the carbonate mineral-clumped isotope signatures
of speleothems (Affek et al., 2008; Guo et al., 2011). Biotic carbonate minerals such as brachiopod
shells (Bajnai ef al., 2018) and coral skeletons (Thiagarajan et al., 2011; Saenger et al., 2012;
Tripati et al., 2015; Kimball et al., 2016; Spooner et al., 2016) are known to have biological effects

that lead to kinetic departures in clumped isotope signatures.

Kinetic biases should also be expressed in the novel dual clumped isotopes system of A47-
Ass (Tripati et al., 2015; Hill et al., 2020; Fiebig et al., 2019; Guo and Zhou, 2019; Guo, 2020;
Bajnai et al., 2020; Lucarelli et al., 2021, 2022). It is important to note that KIE trajectories are
not well constrained due to the limited number of studies that have been conducted. Guo et al.
(2020) aimed to constrain KIEs in A47, A4s, and 8'30 in the HCO3 endmember in (de)hydration
and (de)hydroxylation reactions occurring in COz absorption, CO2 degassing, and DIC-H20
exchange driven disequilibria pathways. Bajnai et al. (2020) provided regressions relative to

equilibrium values to correct kinetic biases of carbonate mineral samples from warm and cold-
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water coral, belemnite, stalagmite, speleothems, and brachiopod in A47-A4g dual clumped isotope
space (Fiebig et al., 2019; Bajnai et al., 2020a). These studies did not, however, explore the
possible magnitude of the KIEs especially in the CO2 absorption regime operating at the kinetic
limit. Lucarelli ef al. (2022) conducted lab experiments where CaCO3 was precipitated at high pH
in the presence and absence of carbonic anhydrase, and measured samples in the A47-A4s dual
clumped isotope space. They found significant KIEs arising from CO:2 hydroxylation and DIC
speciation, and their hypothesis was that they were operating at the kinetic limit due to the

associated rapid precipitation in their experiments.

2.2 Materials and Methods

2.2.1 Sampling

Cedars Samples

The CaCOs3 samples used for this study were collected from The Cedars by Christensen et
al. (2021), spanning eight visits in 2013, 2014, 2016, and 2018. Four major sites, seen in Figure
2.1, were sampled: (1) NS1 “Wedding Cake” (Samples: A, Q), The Barnes Spring Complex (BSC)
(Samples: AA, Alpha, Gamma, C1, P, PA-C2, PB-C2, PE-C2, PE-C3, S, T1, T2, T3a, T3b, T4,
T5,U, V, X), Grotto Pool Springs (GPS) (Samples: J, K, L), and the “New Pool” (Sample: B). The
“Wedding Cake,” where some of the samples were taken, is at the NS1 location above the Mineral
Falls. Water samples from the high pH springs were taken using a 0.22 pm Millipore filter unit,
acidified to a pH of 2 using HNOs, and collected in high-density polyethylene (HDPE) bottles.
The pH of the water was measured onsite using a Thermo-Scientific, Orion hand-held pH meter.
Other CaCOs samples were collected from several different localities within the circled regions

adjacent to the springs seen in Figure 2.1: (1) partially consolidated materials from rims of pools;
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(2) precipitates from the surface of pools, also known as floes; (3) dendritic forms and
encrustations from sites of creek-spring mixing; (4) unconsolidated material, also known as snow,
from the bottom of the pools; and (5) solid, old travertine deposits, taken as a hand sample,
representing different layers, collected from the BSC. Any consolidated, or partially consolidated
surface materials were skimmed from the surface or captured on screens based on the location they
were collected from. Specific sample information including composition and location of recovery
is listed in Table 2.1. Temperature measurements were taken of the water source at the time of
CaCOs recovery. All terminology used to describe samples in this paper are after Christensen et

al. (2021).
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Sample

Name Sample Composition Location Notes
A Travertine NS1 ;K;if;liginCake -Rim
AA Arag 91%; Calc 1%; Brucite 8% BSC Mixed Water (BSC + Creek)
Alpha Travertine BSC Xifﬁ;gincake -Rim
B Unspecified (Non-Travertine) New Pool +MiCXrZ(::l§] ater (New Pool Spring
Cl Arag 86%; Calc 7%; Brucite 7% bottom BSC Snow - Bottom of Pool
Gamma Travertine BSC E(i)l;lmc;ft'i\;\;edding Cake
J Unspecified (Non-Travertine) GPS Unspecified
Arag 25%; Calc 20%; Hydromagnesite
K 50%; Nitromagnesite 2%; Nesquehonite GPS Snow - Bottom of Pool
3%
L Unspecified (Non-Travertine) GPS Pool Floe
P Arag 78%; Calc 18%; Brucite 4% BSC Pool Floe
PA-C2 Unspecified (Non-Travertine) BSC Snow - Bottom of Pool
PB-Cl1 Arag 86%; Calc 7%; Brucite 7% BSC Snow - Bottom of Pool
PB-C2 Arag 46%; Calc 49%; Brucite 5% BSC Outer Edge Surface
PE-C2 Arag 78%; Calc 18%; Brucite 4% BSC Outer Edge Surface
PE-C3 Unspecified (Non-Travertine) BSC Snow - Bottom of Pool
Q Unspecified (Non-Travertine) NS1 Wedding Cake - Floe
S Unspecified (Non-Travertine) BSC Mixed Water (BSC + Creek)
T1 Travertine BSC Hand Sample - Multiple Layers
T2 Travertine BSC Hand Sample - Multiple Layers
T3a Travertine BSC Hand Sample - Multiple Layers
T3b Travertine BSC Hand Sample - Multiple Layers
T4 Travertine BSC Hand Sample - Multiple Layers
T5 Travertine BSC Hand Sample - Multiple Layers
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Unspecified (Non-Travertine) BSC Pool Floe

Unspecified (Non-Travertine) BSC Pool Floe

X Unspecified (Non-Travertine) BSC Pool Floe

Table 2.1 Cedars sample information. Sample name, locations, and notes were provided by Christensen
etal. (2021).
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2.2.2 Analysis and Instrumentation

All isotopic measurements were made using two Nu Instruments Perspective isotope ratio
mass spectrometers (IRMS) over the time frame 2019 to 2021. Both Nu Instruments Perspective
IRMS systems produce statistically indistinguishable A47 (Lucarelli ef al., 2021; Upadhyay et al.,
2021) and Aass data (Lucarelli ef al., 2021) with standards that agree with published values from
other labs for A47 (Bernasconi et al., 2021) and A4s (Bajnai et al., 2020; Swart et al., 2021). The
general configuration for sample processing on these two instruments is (1) phosphoric acid
digestion and conversion of CaCOs3 to CO2 gas, (2) CO2 gas purification, and (3) Nu Instruments
Perspective IRMS system. For descriptive purposes, these instruments will be labeled NulP IRMS
1 and NulP IRMS 2. Clumped isotopic measurements were performed on evolved CO2 produced
using a common acid bath (CAB) approach. In this approach, 0.4-0.6 mg CaCOs samples were
subjected to phosphoric acid digestion at 90 °C for approximately 20 minutes, leading to the
evolution of COz2 gas, which is then subjected to intensive purification. NulP IRMS 1 used an in-
house built, automated system commonly referred to as the “Autoline,” a modified version of the
Passey style system (Passey et al., 2010), further described below. The “system consists of (1) a
Costech Zero Blank autosampler or custom-built Fairbanks device made of stainless steel that is
capable of pulling high vacuum, (2) a CAB for phosphoric acid digestion of samples that are
reacted for 20 minutes at 90 °C, (3) cryogenic traps (dry ice and ethanol, and liquid nitrogen) for
COz purification through removal of water and other gases with low vapor pressures, and
collection of CO2, (4) a Gas Chromatograph (GC) column (UHP Helium carrier gas, Porapak
Type-Q TM 50/80 mesh column packing material) held at -20 °C during the gas transit to separate
COz from the remaining components of the produced gas mixture, (5) an in-line elemental-silver

wool (Sigma-Aldrich) column before the GC column to remove sulfur compounds from the gas
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mixture, and (6) a final cryogenic purification stage before transfer of COz into the bellows of the
mass spectrometer. The use of a GC column packed with Porapak-Q and helium as a carrier gas
enables this system to handle larger samples with significant organic content and small amounts
of pure carbonate compared to other systems (Upadhyay et al., 2021). Upon leaving the Autoline,
CO2 gas was further purified through an Adsorption Trap (AdTrap), an-inline, short GC column
packed with Porapak Type-Q™ 50/80. On the NuIP IRMS 2 system, the gas was sent directly to
the AdTrap. Upon purification, the gas is transferred to the IRMS system, which continuously
references a standard CO:2 gas against the sample gas through a changeover block system. All
samples, except for sample Gamma (Table 2.1), had a minimum of three replicates run and
analyzed, regardless of which instrument they were run on. The number of replicates run was
dictated by the amount of sample provided, how precise the data was, and robustness of standards.
One sample (Gamma) had insufficient material for three replicate analyses and is denoted with an

open shape in figures.
Description of Nu Instruments Perspective IRMS

The Nu Perspective IRMS is a mass spectrometer that is optimized for clumped isotope
analysis with secondary electron suppression, which reduces the signal-to-noise ratio. Energy
filters and quadratic lenses fitted in front of the Faraday collector array drives the suppression.
Both NulP IRMS 1 and NulP IRMS 2 have identical mass spectrometer configurations. The
detectors for masses 44, 45, and 46 are registered through 3x108, 3x10'°, and 3x10!' Q resistors,
respectively. The detectors for masses 47, 48, and 49 are registered with 3x10'> Q resistors.
Detectors for masses 47, 48, and 49 are shielded by secondary electron suppressors. A dual-inlet
system allows for the input of the sample gas and a reference gas controlled by a bellows system
that inputs both gasses through a changeover block, so the sample and reference gases can be
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compared in real-time. This bellow system has four blocks of 15 cycles for a total of 60 cycles of
sample to standard comparison with an 8-second changeover delay and 20 seconds of integration
per cycle for a total integration time of 1200 seconds. There are continuous pressure adjustments
using a Newtonian zeroing technique, with balancing to achieve 80 nA (or 16 V) on mass 44 at
every acquisition, compared to just at the beginning of the block (Lucarelli et al., 2021; Upadhyay

etal., 2021).
Standardization and data processing

The CO2 reference gas used to establish real-time comparison to unknown sample
compositions was sourced from Oztech and has an isotopic composition as follows: 8'30v-smow =
24.9 %o; 8'3Cv-ppB = -3.56 %o. CaCO3 standards, for which all A47 and A4s are presented relative
to, include Carmel Chalk, CMTile, ETH-1, ETH-2, ETH-3, ETH-4, and Veinstrom (Lucarelli et
al., 2021; Upadhyay et al., 2021). International standards ETH-1 and ETH-2 were the primary
standards used to make non-linearity corrections associated with both A47 and A4s raw data. Mean
values for A47, A4g, 8'%0, and §'°0 of the CaCO3 standards are given in Table 2.2 and raw and

standardized data for all standards and samples will be archived on EarthChem upon publication.
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- As7 1.cos) (%0) Ass coEson) (%0) | °0v.p5 (%0) | 8°Cy.ro (%0)
CMTile 0313 0.145 11.524 2.031
Carmel Chalk 0.592 0.237 3.948 2183
Veinstrom 0.713 0.272 -12.612 -6.166
ETH-1 0.205 0.132 2187 2.028
ETH-2 0.209 0.132 18.671 710.162
ETH-3 0.613 0.247 1741 1.706
ETH-4 0.451 0.201 1881 7102

Table 2.2 Clumped and stable isotope data for all carbonate standards. All A47 data is presented in the I-
CDES reference frame and the Ass data is presented in the CDES90 reference frame. ETH-1 and ETH-2
are used to make non-linearity corrections to the raw data.
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Data was processed and corrected using Easotope 64-bit, release version 20201231 (Cédric
M. John and Bowen, 2016) with [IUPAC parameters (Brand et al., 2010; Daéron et al., 2016). The
A47 and Asg clumped isotope signatures are in the I-CDES and CDES90 reference frames,
respectively. The I-CDES reference frame is also in the 90 °C temperature, so no additional
corrections have to be applied to compare A47 g-cpes) and Aas (cpeseo) (Bernasconi et al., 2021;

Lucarelli et al., 2021; Upadhyay et al., 2021).

Equilibrium Values

Oxygen isotope equilibrium is calculated for calcite samples at The Cedars using a
temperature of 17.5 °C and water §'*Ov.ppB 0f -35.5 %o (Christensen et al., 2021) and the equation
of Kim and O’Neil (1997). A47 and A4s equilibrium is calculated using a temperature of 17.5 °C

and the reported relationships from Lucarelli ez al. (2021).

(15) D47 1-cDESEQ
= [0.6646 + 0.0009] — [0.0032 + (3.033 X 105)]T
+[(1.012 x 107°) + (2.449 x 10~7)]T?
—[(1.559 x 1078) + (6.717 x 10710)]T3

+[(9.251 x 10712) + (5.802 x 10713)]T*
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(16) A4g cpES90 EQ
= [0.2842 £ 0.0009] — [0.0014 + (3.048 x 10~)]T
+ [(5.741 x 107°) + (2.437 x 10~7)]T?
—[(1.017 x 1078) + (6.749 x 10~1°)]T3

+ [(6.570 x 10712) + (5.830 x 10713)]T*

An equilibrium A4s/A47 relationship, Equation 17, was determined experimentally by Lucarelli et

al. (2021) and is used here to provide a reference for equilibrium conditions.

(17) A4-8(CDES90)

+(0.3692 + 0.065)A2, (¢ psso0)

2.2.3 Modeling of DIC-H,O-CO; System Using IsoDIC

To study the evolution of the CO3>" endmember in a CO2 absorption driven pathway that
simulated the conditions of The Cedar’s springs, we used the IsoDIC modeling software developed
by Guo et al. (2019, 2020). This modeling software predicts kinetic isotope fractionation in
clumped isotopes in a DIC-H20-CO: system. It simulates (de)hydration and (de)hydroxylation
reactions 1-5, for the evolution of CO2 to CO3*, and the isotopologue reactions involving all major
isotopes of C and O. This equates to a total of 155 reactions. The forward and reverse rate constants
were estimated using Equation 18 below,

k* = aKIE * k (18)
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where £ is the rate constant of the isotopically non-substituted reactions, and axie 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, Equation 1 and 2, are the only reactions that contribute to isotopic
fractionation where Equations 3-5 are assumed to be at equilibrium due to their relative rates of
reaction when compared to Equations 1 and 2 (Guo, 2019, 2020a).

Parameters measured in-situ from The Cedars were used to simulate conditions associated
with The Cedars Springs (Morrill et al., 2013). The following parameters were input into the
IsoDIC software to perform modeling in the COz absorption regime: (1) solution temperature: 17.5
°C, (2) solution pH: 11.5, (3) air pCO2: 400 ppm, (4) §'3C air: -8.431 %o, (5) 8'%0 air: 0.144 %o.
The system evolution time parameter was set to 1, 10, 50, 100, and 1000 hours to simulate different
timescales for the evolution of the HCO3 and COs* DIC species. The equations used by this model

are described in greater detail in the Supplementary Materials, S.2.1.
2.2.4 Modeling of CaCO3-DIC-H20 System Using COAD

To model the KIEs in both the clumped isotope and stable isotope data, of the mineral
carbonates with respect to the conditions at The Cedars, we used the COAD (carbon, oxygen, a,
A) model adapted from the ExClump38 model (Chen et al., 2018; Uchikawa et al., 2021). The
COAD model uses two MATLAB scripts to simulate KIEs associated with exchange reactions
with the DIC-H20 system and crystal growth reactions in the CaCO3-DIC system (Watkins and
Devriendt, 2022). We used this in conjunction with the IsoDIC model because it takes mineral
growth rate into account, which has been hypothesized to influence the clumped isotope
composition (Tripati e al., 2015). It takes an ion-ion approach first developed by Chen et al. (2018)
for calculations associated with C and O isotopes. This ion-ion model was then expanded by
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Uchikawa et al. (2021) to include A47, and was subsequently labeled ExClump38. It was further
expanded to include A4s by Watkins ef al. (2022). The isotope kinetic fractionation factors (KFFs)
used in the IsoDIC software (Guo, 2020a) were used in the COAD model. Eight differential
equations model the chemical and isotopic evolution of DIC species in solution. Nine additional
differential equations are used to calculate the §'30, §'*C, A47, and Ass of the CaCO3 (Watkins and
Hunt, 2015; Watkins and Devriendt, 2022). In addition to modeling the five major reactions,
Equations 1-5, that IsoDIC uses, it also considers mineral growth rate reactions in the mineral
precipitation script of the COAD model. The equations used for this can be seen in Equations 19

and 20 below.

Ca?* + HCO; o CaCO;+ HY (19)
Ca?* + C0¥ o CaCos (20)

The rate constants associated with Equations 17 and 18 are mass-dependent (Watkins and
Hunt, 2015), and the flux of precipitated CaCO3 is controlled by the concentrations of [Ca?*] and
[COs*]. In contrast to the IsoDIC model, this model only describes the most abundant
isotopolouges for the respective masses, while IsoDIC describes all isotopolouges in the DIC-H20
system. A more thorough description of the equations used can be viewed in Supplemental
Materials, S.2.

For our purposes, this model was used to simulate §'*0, §'3C, A47, As4s, and molar
precipitation rate of CaCOs3 (Rp) using modified parameters from Christensen et al. (2021) for The
Cedars, which were updated due to an error in the code originally used in the study. Those
parameters are in Supplemental Materials, S.2. Code is available on the Tripati Lab Github at

(https://github.com/Tripati-Lab/Parvez-et-al.-2022-Cedars-)
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2.3 Results
All clumped isotope and stable isotope data are reported in Table 2.3. The equilibrium

regions shown on all figures are from Lucarelli et a/ (2021).

58



Sample | Number of | 8Cv. 3180 v. A471-CDES A48 CDES90
Name | Replicates | pps(%o) 1s.d. poB (%0) | 1s.d. | AS%O (%o) 1s.e. | AAy (%o) 1s.e. | AAgs | End Member
A 4 -14.053 0.035 -3.593 0.061 -2.060 0.644 0.005 | 0.032 0.256 0.017 | -0.006 | Equilibrium
AA 4 -12.417 0.006 -2.897 0.150 -1.364 0.654 0.014 | 0.042 0.193 0.086 | -0.069 | Equilibrium
Alpha 4 -9.580 0.061 -2.793 0.012 -1.260 0.651 0.003 | 0.039 0.173 0.029 | -0.088 | Equilibrium
B 3 -11.977 0.021 -3.700 0.010 -2.167 0.637 0.008 | 0.025 0.237 0.009 | -0.024 | Equilibrium
Cl 5 -16.157 0.040 -7.900 0.122 -6.367 0.762 0.036 | 0.150 0.141 0.031 | -0.121 | Mixed
Gamma 2 -18.255 0.205 -13.395 | 0.035| -11.862 0.665 0.103 | 0.053 -0.093 0.104 | -0.354 | Mixed
! 4 -13.227 0.046 -0.073 0.139 1.460 0.600 0.004 | 0.011 0.000 0.000 | -0.261 | Equilibrium
K 10 -15.625 0.135 -7.203 0.183 -5.669 0.728 0.011 | 0.116 0.140 0.032 | -0.122 | Mixed
L 5 -23.447 0.047 -15.170 | 0.036 | -13.637 0.787 0.006 | 0.176 -0.221 0.015 | -0.483 | Disequilibrium
P 5 -27.302 0.008 -19.272 | 0.040 | -17.739 0.786 0.012 | 0.174 -0.274 0.032 | -0.536 | Disequilibrium
PA-C2 3 -20.053 0.150 -10.557 | 0.127 -9.024 0.714 0.014 | 0.102 -0.036 0.064 | -0.298 | Mixed
PB-C1 3 -17.417 0.031 -8.573 0.064 -7.040 0.715 0.026 | 0.103 -0.019 0.038 | -0.280 | Mixed
PB-C2 3 -20.160 0.099 -12.340 | 0.014 | -10.807 0.733 0.012 | 0.121 -0.416 0.180 | -0.677 | Disequilibrium
PE-C2 6 -21.978 0.182 -14.595 | 0.320 | -13.062 0.768 0.008 | 0.157 -0.299 0.081 | -0.561 | Disequilibrium
PE-C3 4 -16.135 0.148 -7.965 0.219 -6.432 0.689 0.012 | 0.077 0.007 0.094 | -0.254 | Mixed
Q 5 -17.617 0.029 -6.743 0.051 -5.210 0.695 0.016 | 0.083 0.168 0.011 | -0.093 | Equilibrium
S 3 -11.690 0.014 -2.640 | 0.057 -1.107 0.612 0.011 | 0.000 0.174 0.029 | -0.088 | Equilibrium
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T1 8 -9.806 0.076 -3.279 | 0.115 | -1.745 0.623 0.015 | 0.012 0.162 0.024 | -0.100 | Equilibrium
T2 9 -14.660 0.034 -9.733 1 0.070 | -8.199 0.705 0.015 | 0.094 0.015 0.058 | -0.246 | Mixed
T3a 9 -14.775 0.060 -9.113 | 0.209 | -7.579 0.737 0.031 | 0.125 -0.019 0.033 | -0.280 | Mixed
T3b 3 -13.795 0.049 -7.875 | 0.177 | -6.342 0.702 0.023 | 0.090 0.013 0.046 | -0.249 | Mixed
T4 -9.980 0.079 -3.537 1 0.075 | -2.004 0.662 0.023 | 0.050 0.171 0.018 | -0.090 | Equilibrium
T5 3 -9.243 0.025 -3.057 | 0.040 | -1.524 0.661 0.020 | 0.049 0.175 0.030 | -0.086 | Equilibrium
U 8 -26.603 0.049 -18.671 | 0.064 | -17.138 0.769 0.009 | 0.157 -0.446 0.077 | -0.708 | Disequilibrium
8 -23.780 0.082 -14.802 | 0.094 | -13.269 0.794 0.013 | 0.182 -0.206 0.031 | -0.468 | Disequilibrium
8 -22.430 0.081 -15.504 | 0.083 | -13.971 0.678 0.014 | 0.066 -0.158 0.050 | -0.420 | Disequilibrium
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Table 2.3 Clumped and stable isotope data for all samples collected from the Cedars. All A4y data is presented in the I-CDES reference frame and
the A4s data is presented in the CDES90 reference frame. Calculations to determine AA47 and AAss values were performed using Equations 15 and
16 from Lucarelli e al. (2021). Calculations to determine AS'*O values were performed using the temperature dependent relationship determined
by Kim and O'Neil (1997).




2.3.1 Clumped and Stable Isotope Analysis

A47 of modern (triangles) and Holocene (squares) calcite samples from The Cedars are
plotted against §'%0 and §'3C in Figure 2.3 and compared to calcite samples from alkaline springs
in the Oman ophiolite (Falk ef al., 2016) and inorganic calcite precipitated experimentally at high
pH (Lucarelli et al., 2022). The A47q-cpEs), 8'*Ov-ppB, and 8'°Ov-rps range for The Cedars calcites
(this study) are 0.600%o to 0.794%o, -19.3%0 to -0.1%o, and -27.3%o to -9.2%o respectively. These
values broadly overlap with the Oman calcite A47(cpEss0), 8'*Ov-ppB, 8'*Ov-ppB Which are 0.583%o
t0 0.791%o, -16.7%o0 to 0.6%o0, and -27.2%o to -3.8%o respectively, and with the inorganic calcite
samples grown at 5, 10, 15, and 25 °C at pH greater than 10, with values of 0.686%o to 0.849%o, -
26.1%0 to -9.8%o, and -31.6%0 to -12.2%0 respectively. A subset of the Lucarelli et al. (2022)
experiments incorporated carbonic anhydrase (CA), an enzyme known to accelerate isotopic
equilibration (Berg et al., 2002).

Linear regressions through each of these three sample sets are in strong agreement. The
A47/8'80 and A47/8'3C data of the Cedars calcites exhibit slopes of -0.008+0.001 and -0.008+0.001,
respectively. A47/8'%0 and A47/8'3C data from the Oman data (Falk et al., 2016) exhibit slopes of -
0.006+0.002 and -0.005+0.002, respectively, and the experimental calcite precipitates (Lucarelli
et al., 2022) have slopes of -0.008+0.001 and -0.008+0.002, respectively.

Figure 2.4 compares Asgto 8'%0 and §'°C for the Cedars samples compared to data from
high pH inorganic calcite precipitation experiments (Lucarelli et al., 2022). The A4scpes9o) range
for The Cedars is -0.446%o to 0.290%o, while the A4scpesoo) ranges for the high pH inorganic calcite
precipitation experiments is -0.356%o to 0.265. A4s/5'%0 and A4s/3'3C regression slopes from both

datasets are in agreement, with the Cedars calcites data exhibiting values of 0.036+0.003 and
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0.034+0.004, respectively, and experimental calcite data slopes of 0.039+0.003 and 0.038+0.009,

respectively.
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Figure 2.3 Clumped (A47) and bulk stable isotope (5'*0 and §'*C) composition of modern and Holocene
surface spring carbonate samples at the Cedars. Results are compared to equilibrium values (Lucarelli et
al.,2021). Panels B and D also show similarity of these results to inorganic calcite experimental values
grown at variable temperature and pH (indicated by sample labels) and with and without carbonic
anhydrase (CA), an enzyme known to accelerate isotopic equilibration (Berg et al., 2002; Lucarelli ef al.,
2022), and data from carbonate veins precipitated from Type 1 waters at a peridotite in Oman (Falk et al.,
2016). The Oman sample data was published in the CDES25 reference frame and was converted to the
CDESO90 reference frame using an adjustment factor of 0.092%o (Henkes et al., 2013). All other A4; data is
presented in the I-CDES reference frame (Bernasconi et al., 2021) A) A4; and §'%0 for the Cedars. A
linear regression indicates a slope of -0.008+0.001, with a §'*Oppp range of -19.3%o to -0.1%o and a A7
cpEs) range of 0.600%o to 0.794%o. B) A7 and 8'*0 for the Cedars compared to other samples. The Oman
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data exhibit a slope of -0.006+0.002 with a §'"*Opps range of -16.7%o to 0.6%o and a As7cprsoo) range of
0.583%o to 0.791%o. The experimental data exhibit a slope of -0.009+0.001 with a 5'*Oppg range of -
26.1%o to -9.8%o0 and a A4z (cpEsoo) range of 0.686%o to 0.849%o. C) As7 and §'°C for the Cedars. The slope
is -0.008+0.001 with a 8"*Cppp range of -27.3 %o to -9.2 %o and a A47 q.cprsyrange of 0.600%o to 0.794%o.
D) A47 and §"°C for the Cedars compared to other samples. The Oman data exhibit a slope of -
0.005+0.002 with a 8"*Cppp range of -27.2%o to -3.8%o and a A47 (cpEsooy range of 0.600%o to 0.794%o. The
experimental data exhibit a slope of -0.008+0.002 with a §"*Cppp range of -31.6%o to -12.2%o and a
A47(CDES90) range 0f 0.686%o0 to 0.849%o.
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Figure 2.4. Clumped (Ass) and bulk stable isotope (8'*0 and §"*C) composition of modern and Holocene
surface spring carbonate samples at the Cedars. Results are compared to equilibrium values (Lucarelli et
al.,2021). Panels B and D also show similarity of these results to inorganic calcite experimental values
grown at variable temperature and pH (indicated by sample labels) and with and without carbonic
anhydrase (CA), an enzyme known to accelerate isotopic equilibration (Berg et al., 2002). (Lucarelli et
al., 2022). A) Asg and 8'%0 for the Cedars. A linear regression indicates a slope of 0.036+0.003 with a
8"®Oppp range of -19.3%o to -0.1%o and a Auscpeseo) range of -0.446%o to 0.290%o. B) Ass and §'*O for the
Cedars compared to other samples. The experimental data exhibit a slope of 0.039+0.003 with a §'*Opps
range of -26.1%o to -9.8%o and a Asgcpeseo) range of -0.356%o to 0.265%o. C) Ass and §'°C for the Cedars.
The slope is is 0.034+0.004 with a 8'*Cppp range of -27.3%o to -9.2%o and a Aas (cpEseo) range of -0.446%o
t0 0.290%o. D) Ass and 8"*C for the Cedars compared to other samples. The experimental data exhibit a
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slope of 0.038+0.009 with a '*Oppp range of -31.6%o to -12.2%o and a AsgcpEseo) range of -0.356%o to
0.265%o.
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2.3.2 A43-A47 Paired Clumped Isotope Analysis

Dual clumped isotope (A47 and A4g) values for The Cedars samples from this work are
shown in Figure 2.5, along with a comparison to synthetic calcites (Lucarelli et al., 2022). Samples
fall in three regions corresponding to an equilibrium endmember, mixed endmember, and
disequilibrium endmember. The equilibrium endmember includes samples A, AA, Alpha, B, S,
T1, T4, and T5, and are within error of nominal equilibrium values (Lucarelli et al., 2021). The
mixed endmember region includes samples C1, Gamma, K, Q, PA-C2, PB-C1, PE-C3, T2, T3a,
T3b, and X. The disequilibrium endmember, also referred to as the kinetic endmember region,
includes samples L, P, PB-C2, PE-C2, V, and U, and exhibits the greatest departure from the
equilibrium calibration curve. Sample U exhibits the greatest KIEs amongst the entire sample set
(8'80v-ppB = -18.7%0, 8'3*Cv-pDB = -26.6%0, A47(1-cDES) = 0.769%0, A4g(CcDES90) = -0.446%0), seen in
Table 3.3. The sampling location of each sample can be seen in Figure 2.1. Linear regression of
the data set from the Cedars yields -2.803+0.500. The slope from Lucarelli’s study is -2.91140.200
and was constructed using all samples precipitated at 15 °C to better match the measured

temperatures of the Cedars, at 17 °C.
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Figure 2.5 Dual clumped isotope (A47 and A4s) comparison for modern and Holocene surface spring
carbonate samples at the Cedars. Results are compared to equilibrium values. Panel B also shows the
similarity of these results to inorganic calcite experimental values grown at variable temperature and pH
(indicated by sample labels) and with and without carbonic anhydrase (CA), an enzyme known to
accelerate isotopic equilibration (Berg et al., 2002; Lucarelli et al., 2022b). Data falls into three regions
corresponding to different endmembers: Equilibrium, disequilibrium, and mixed. The disequilibrium
endmember region includes samples that exhibit the largest kinetic isotope effects and includes samples
primarily recovered from surface floes. The equilibrium region was defined using values from Lucarelli et
al. (2021), and overlaps with samples that are within error of equilibrium that are from areas at the Cedars
where surface and spring waters mix, and Holocene-age travertine samples. The mixed region includes
“snow” samples recovered from the bottom of the highly alkaline springs, a small portion of surface floes,
and Holocene-era travertine samples. Panel C compares the extent of disequilibria with temperature-
dependent equilibrium, based on Lucarelli ef al. (2021), and using 17.5 °C as the average temperature of
the Cedars for calculations. Panel D compares data from the Cedars to experimentally determined
disequilibria departure vectors by Lucarelli ef al. (2022). A) A47 and Ass for the Cedars. A linear
regression indicates a slope of -2.803+0.500 with a A47i-cpes) range of 0.600%o to 0.794%o0 and a Asgcpesoo)
0f'-0.446%o to 0.290%0. B) A47 and Ass for the Cedars compared with high pH inorganic calcite
precipitation experiment data (Lucarelli ef al., 2022), with temperature and pH by each experimental
sample. The experimental data for 15 °C samples exhibit a slope of -2.976+0.034 (Lucarelli et al., 2022)

and is shown because it is from samples grown under conditions that are the closest to site temperatures
of 17.5 °C.
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2.3.3 Isotopic disequilibrium analysis

Isotopic disequilibrium values were calculated using mean sample values and the equation for
oxygen isotope equilibrium from Kim and O’Neil et al. (1997) and for A47 and A4s equilibrium
from Lucarelli et al. (2022). These values are shown in Figure 2.6 and Table 3.3. A§'®0 values
range from -17.739%o to 1.460%o, while AA47 and AAa4s values are -0.011%o to 0.182%o and -0.708
to -0.006 respectively. The slopes of the A8'80-AA47, AS'80-AAss, and AA47- AAsg are -
0.008+0.001, 0.037+0.004, and -2.803+0.216 respectively. For comparison, values from calcites
grown at variable temperature and pH are -0.008+0.001, 0.039+0.003, and -3.791+0.652
respectively. The AA47-AA4s slope for the calcite precipitation experiments is reflective of only
high pH grown samples at varying temperatures. The slope reported in this study for samples at

15 °C is -2.911+0.200. These values and theoretical vectors/trajectories are shown in Figure 2.6.
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Figure 2.6 Extent of disequilibria associated with clumped (A4; and Ass) and stable oxygen isotope (5'°0).
AA47 and AAss were calculated by measuring the difference between the measured clumped isotope signal
versus the equilibrium clumped isotope signature. Equilibrium values were calculated by using the
temperature dependent clumped isotope equations for equilibrium, determined experimentally by
Lucarelli et al. (2021). A§'*0 was determined using the temperature-dependent relationship from Kim and
O’Neil et al. (1997). The temperature used for all calculations was set to 17.5 °C. Inorganic calcite
precipitation values are presented (blue diamonds) and were grown at variable temperature and pH, with
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and without carbonic anhydrase (Lucarelli ez al., 2022b). A) AA4; and AS'®0 of the Cedars and inorganic
calcite precipitation values. Independent linear regressions of the Cedars data and inorganic calcite
precipitation values both indicate a slope of -0.008+0.001. B) AA47 and A§'®0 of the Cedars and inorganic
calcite precipitation values. Independent linear regressions of the Cedars data and inorganic calcite
precipitation experiments indicate slopes of 0.037+£0.004 and 0.039+0.003 respectively. C) AA47 and AAsg
for the Cedars and inorganic calcite precipitation values. Independent linear regressions indicate a slope
0f -2.803+0.216 and -3.7914+0.652. The slope from Lucarelli et al. (2022) for samples precipitated at 15
°C at variable pH was reported as -2.91140.200. The linear regression conducted in this study comprises
of samples varying from 5, 10, 15, and 25 °C w/ and w/o carbonic anhydrase. D) AA47 and AAs for the
Cedars with disequilibria departure vectors overlayed.
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2.3.4 Modelling calculations

We used the IsoDIC model (Guo and Zhou, 2019; Guo, 2020) to study the evolution of DIC
as function of system evolution time in the Cedars (Figure 2.7A). The model simulates the
predicted disequilibrium pathway of A47 and A4s in DIC species and in the composite DIC pool.
For these calculations, we assume a CO2-absorption dominated setting, and predict the isotopic
composition of HCO3™ and COs* after 0, 1, 10, 50, 100, and 1000 hours.

Conditions for surface floe samples (Samples: L, P, U, V, PE-C2, PB-C2, and X), presented in
bold green, were measured and are used for model input parameters. The calculations for the
remaining samples assume modern values for the composition of fluids. We note that equilibrium
endmember modern samples are collected from locations where surface creek (pH = 8.7) and
spring waters (pH = 11.5) are mixing, resulting in a potential drop in pH to an intermediate value
(pH = 8.7 to 11.5) that would reduce equilibration times from the longer values associated with
highly alkaline solutions. Holocene sample calculations use assumed values and yield plausible
numbers that are similar to modern values.

The COAD model was used to predict the isotopic compositions of calcite, and factors in
mineral precipitation rate (Watkins and Devriendt, 2022). Figure 2.7 and 2.8 overlays the COAD
model simulations of HCO3", CO3*", equilibrated inorganic carbon (EIC), and CaCO3 in A4s-A47,
A47/8'80, and A4s/3'%0 plots. Similar plots including HCO3  and CO3* generated from IsoDIC are
included in the Supplementary Materials, S.3. All parameters and equations used by these models
can be seen in the Supplementary Materials, S.1 and S.2. The box model takes mineral growth into
account so that the CaCOs3 species can be compared directly with the samples collected from The

Cedars.
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Figure 2.9 compares the IsoDIC model and COAD box model predictions for the evolution of
CO3? and CaCOs3 respectively. Figures 10A and 10B show A47 and A4g with respect to Logio(Rp),
where Ry is the molar growth rate of CaCO3 in mol m™ s™!. The BSC average point is the averaged
growth rate and respective clumped isotope signature associated. This is an estimated growth rate
measured by Christensen ef al. (2021) of floes collected from the BSC springs location. Samples
U, V, and X were used for this averaging as they were collected from the point where these growth

measurements were taken.
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Figure 2.7 Dual clumped isotope (A47 and A4s) comparison for modern surface spring carbonate samples
at the Cedars compared using IsoDIC (Guo et al., 2021) and COAD model (Watkins and Devriendt,
2021). Panel A shows the evolution of clumped isotope signatures (A47 and Asg) of HCO;™ and CO;? with
respect to time intervals using IsoDIC. IsoDIC evaluates the disequilibria associated with the DIC pool.
Panel B shows the evolution of clumped isotope signatures (A7 and Ass) of HCO3', CO52, CaCOs, and
equilibrated inorganic carbon (EIC) using the COAD model that also examines fractionation due to
variable growth rate. Modern samples highlighted in bold green reflect those collected from the surface of
springs and are consistent with the input parameters for each model. Results are compared to equilibrium
values (Lucarelli et al., 2021). A) A47 and Ass with IsoDIC modeling overlayed, for the Cedars. IsoDIC
model calculations used the following parameters: solution temperature — 17.5°C, solution pH - 11.5, air
pCO; - 400ppm, air 8"*Cy.ppp -8.431%o, air §'*Ov.ppp: 0.144%o0. B) A47 and Asg with COAD model

overlayed, for the Cedars. Model parameters are the same as those used in IsoDIC. Information on model
calculations can be found in the SI.
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Figure 2.8 Clumped (A47 and Ass) and bulk oxygen (5'*0) isotope analysis of the Cedars with COAD
model overlayed. The box-model simulates the evolution of the clumped isotope signature (A47 and Ass)
of HCO5", CO5%, CaCOs, and equilibrated inorganic carbon (EIC) using parameters consistent with the
modern surface floe conditions. The modern surface floe samples are seen in bold green. Parameters for
this box model can be seen in SI. The approximate equilibrium regions were determined by calibration
data, from Lucarelli e al. (2021), in the dual clumped isotope space. A) Graph of A47/5'*0 with box
model simulation overlayed using COAD model (Watkins and Devriendt, 2021). B) Graph of A43/8'%0

with box model simulation using COAD model (Watkins and Devriendt, 2021). Information on model
calculations can be found in the SI.
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Figure 2.9 Dual clumped (A47 and A4g) isotope comparison of surface carbonates at the Cedars coupled
with IsoDIC and COAD modeling. The [soDIC model only simulates the disequilibria associated with the
DIC pool, where the COAD model takes mineral precipitation into account. The measured difference at
the disequilibria endmember region is approximately 0.10%o, accounting for the mineral precipitation
effects associated with the precipitation of CaCOj; from solution. [soDIC parameters from Figure 2.6A
were used to create the IsoDIC curve for the COs* species. Parameters from Figure 2.6B were used to
create the box-model curve for CaCOs;. The equilibrium relationship shown is from Lucarelli et al.
(2021). Information on model calculations can be found in the SI.
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2.4 Discussion

2.4.1 Broad Patterns in Multi-Isotope Space: Comparison of Sample Sets

The similarity in A47/8'%0 and A47/8'3C regression slopes for the Cedars data, high pH
precipitation experiments (Lucarelli ef al., 2022), and data from surface springs and veins in the
Samail ophiolite of Oman (Falk et al., 2016) (Figure 2.3) point to the same processes driving
disequilibrium in each system. However, regional, and possible local and temporal, variations in
the §'%0 of waters, and 8'*C of DIC, also are reflected in these data (Figure 2.3). For example, the
Oman dataset (Falk ef al., 2016) may have larger fluctuations in §'°C and §'*0 due to the amount
and type of samples analyzed, and greater fluctuations in DIC §'*C and meteoric water §'%0, due
to the significantly larger area, 200 x 50 km, of the Oman site (Christensen et al. 2021). The
experiments (Lucarelli et al., 2022) sourced DIC from NaHCOs3 dissolved in lab-purified water,
and used a sealed permeable membrane apparatus adapted from Tang et al. (2014). This approach
yields isotopically lighter 8'*C and §'%0 values compared with naturally precipitated samples that

derive their DIC pool from atmospheric COz that dissolves in meteoric waters.

In contrast, the A47-A4g dual clumped isotope approach (Figure 2.5) allows for mechanistic
fingerprinting of the processes associated with disequilibria, and a rough estimation of timescales
for equilibration. This dual clumped space represents a major advancement in the clumped isotope
field as data from different localities, natural and synthetic, can be directly compared without
knowledge of additional parameters such as the isotopic composition of the parent fluid or DIC
source. The Cedars data has some samples that exhibit an enrichment in A47 accompanied by a
depletion in Ass, similar to what was observed in high pH samples without CA in calcite

precipitation experiments (Lucarelli et al., 2022) (Figure 2.5B). The range in slope in their
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precipitation experiments was produced by varying pH from 8.3 to 11.0, and temperatures from 5,
10, 15, and 25°C to study kinetic effects associated with CO2 hydrolysis and were between -
2.455+0.024 and -3.071%0.011 (Lucarelli et al., 2022). The A47-A4s slope observed with our data
set, -2.803+0.500, is statistically indistinguishable from their results. Thus, the comparable A47-
Aasg slopes, and the AA47-AAass values (Figure 2.6C), for The Cedars samples and experimentally
precipitated carbonates robustly confirm that disequilibria is occurring through a similar pathway
that is largely associated with CO2 hydroxylation. We note a similar trend was also observed by
Bajnai et al. (2020) during their dual-clumped evaluation of cold-water coral, warm-water coral,
and brachiopods, and in coral data reported by Lucarelli et al. (2021), which both studies concluded

exhibited COz-absorption related kinetic biases in the dual-clumped isotope space.

2.4.2 Patterns in (Dis)Equilibrium Within the Cedars

Modern and Ancient Samples

Modern samples fall within each of three (equilibrium, mixed, and disequilibria)
endmembers. Modern samples L, P, U, V, and X collected from pool floes, primarily from the
BSC location, exhibited the greatest KIEs. Modern samples PA-C2 and PE-C2 were collected from
the outer edge surface of the BSC, where similar conditions to the pool floe samples led to high
KIEs. The modern “snow” samples C1, K, PA-C2, and PB-C1 exhibited moderate KIEs and fell
between equilibrium and disequilibrium endmembers. Modern samples A, AA, B, and S that were
collected from rim formations and areas where fresh creek water mixed with spring water fell
within the equilibrium endmember region. All modern samples collected from mixing waters, floes
from the surface of springs, and pool snow are predominantly composed of a mixture of aragonite,

calcite, and other isomorphs of CaCOs.
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Ancient travertine samples T2, T3a, and T3b display intermediate disequilibrium (Figure
2.5A), where travertine samples T1, T4, and T5 fell within the equilibrium endmember region.
This distinction between the two populations could be due to post-depositional events such as
recrystallization in the presence of surface and groundwater mixing, which could have shifted
disequilibrium isotopic values towards equilibrium. This would be analogous to what Falk et al.
(2016) hypothesized occurred in Oman, where the absence of aragonite in travertine samples may

have indicated post-depositional events had taken place, thereby influenced isotopic values.

Locational differences

Sample location within The Cedars was a major factor influencing whether bulk and
clumped isotopic data exhibited departures from equilibria, likely linked to variations in DIC
sources (i.e., Type 1 and Type waters) and equilibration time. Samples exhibiting the greatest KIEs
(disequilibrium endmember region in Figure 2.5A) were collected from floes at the surface pools,
and in two cases (PE-C2 and PB-C2), along the outer edge surface of the pool at the BSC locality.
Those showing the smallest KIEs (equilibrium endmember region), were travertine samples
collected from rim formation at the NS1 locality and modern CaCO3 samples collected from points
where mixing water sources converged at the New Pool and BSC localities. Below we discuss the
processes that are causing (dis)equilibrium effects on isotope signals in more detail. We discuss
this within the context of a published “thin-film model” and “box-model” which was used to
described bulk carbon and oxygen stable isotope disequilibria at different locations at The Cedars
(Christensen et al., 2021) developed. The thin film model was used to describe processes
associated CaCOs precipitation and DIC evolution at a depth of 100um from the surface of the
springs. The box-model was used to describe the same processes associated with the bulk volume
of the pool below 100um from the surface.
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Disequilibrium Endmember Region

Samples U, P, L, V, PE-C2, and PB-C2 lie at the kinetic endmember region in the A47-Ass
space, with sample U exhibiting the greatest KIEs. These samples are floes collected from the
surface of pools located at the BSC and GPS locations (Figure 2.1). At these two localities, KIEs
could be related to the rapid uptake of CO2 at the surface, leading to similarly rapid carbonate
mineral precipitation at the air and water interface. These results would be consistent with the
interpretations of bulk stable isotopic data by Christensen et al. (2021), who investigated the
dynamics associated with CaCOs precipitation and stable isotope fractionation associated with
surface floes, and argued that at the Cedars, KIEs may be the largest when CaCOs precipitates at
the surface of the springs. The BSC location had a high saturation state () value of ~13, while
the GPS location had an Q value of ~5. The rate of COz uptake at the surface layer, at the BSC
location, was calculated at 1.6 x 10~ mol kg-soln™!, several orders of magnitude higher than the
concentration of the bulk pool. The rate of Ca*" replenishment from the springs at the BSC was
determined to be 1.5 x 10°° mol s™!, which is comparable to the DIC flux from the atmosphere. The
COz taken from the atmosphere is converted to HCOs", via hydroxylation reaction (Equation 2),
with rapid and near-quantitative conversion to CO3*. With this higher influx of CO2 and
precipitation of CaCOs3, the surface pH is reduced slightly from 11.5, in the bulk pool springs, to
11.0 at the surface (Christensen et al., 2021a). However, the pH is still high enough to favor CO3*
DIC speciation (Uchikawa and Zeebe, 2012b; Tripati et al., 2015) preventing isotopic equilibrium
through exchange reactions associated with the other DIC species. In addition to this, because the
concentration of the DIC is so high at the surface due to the large CO2 gradient between the water

and atmosphere, the supersaturation state of CaCOs3 is also considerably high further promoting
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rapid precipitation of CaCOs outside of isotopic equilibrium, as indicated by the thin film model

(Christensen ef al., 2021).
Equilibrium Endmember Region

As seen in Figure 2.5A, most equilibrium endmembers include modern and old travertine
samples. A, Alpha, T1, T4, and TS5, which were collected at BSC. Modern CaCO3 samples AA, B,
and S, recovered from mixing water sources (spring and creek) also fell within the equilibrium
endmember region. The compositions of both the modern and ancient samples reflect the
composition of isotopically equilibrated DIC from the creek or surface water (7.8-8.7 pH) that
occasionally mixes with the high-pH springs (Christensen et al., 2021a). Samples AA, B, and S,
were recovered from waters mixed from the springs and creek where the pH and the influx of Ca?*
are reduced, leading to potentially more favorable conditions for isotopic equilibration in the DIC-
H20-CO:2 system. In the case of modern and ancient travertine samples A, Alpha, T1, T4, and T5,
their proximity to the equilibrium line suggests that the isotopic composition closely reflects
isotopically equilibrated creek water rather than atmospheric CO2 (Beck et al., 2005; Christensen
et al., 2021), indicating that mixing of water sources had taken place, resulting in the sharp
disparity in clumped and stable isotope signatures relative samples in the disequilibrium
endmember region. Christensen et al. (2021) hypothesized that because ancient travertine samples
would have surface DIC as the primary carbon source, they could be used to provide
paleoenvironmental data on past precipitation and surface/creek water temperatures. Given these
samples exhibit A47 and A4s values consistent with equilibrium, we suggest they can be in fact used

for the study of paleoclimate.

We applied a published calibration equation (Anderson et al., 2021a) to modern samples

that precipitate from intermediate pH waters, which the dual clumped isotope measurements

81



indicate form at equilibrium (AA47-AA4g; green symbols near the origin in Figure 2.6C). This
calculation yields temperatures that are similar to modern mean annual values of 17.0+1.0 °C
(Christensen et al., 2021). Sample S, J, B yield temperatures of 19.3+3.4 °C, 22.8+1.3 °C, and
11.5+2.5 °C respectively. The average modern temperature, of samples close to equilibrium, was
17.9+2.4 °C, and is in good agreement with modern temperature conditions. The ancient sample
that formed at equilibrium as determined from the dual clumped isotope measurements (AA47-
AAasg; orange symbols near the origin in Figure 2.6C). The estimated temperatures of the ancient
samples Alpha, T1, T4, and T5 are 6.3£1.6 °C, 16.2+4.4 °C, 4.7+£6.3 °C, and 4.9£5.6 °C. The
average temperature of the ancient travertine samples close to equilibrium was 8.3+1.1 °C. This
suggests that the temperatures where approximately 10 °C cooler when they formed, and this is

corroborated by literature values (Malamud-Roam et al., 2006).

Mixed Endmember

Samples in this region are from multiple sites at The Cedars, with the majority being from
“snow” that was recovered from the bottom of the pools. The term snow is used to describe the
physical appearance of fine particulates of CaCOs aggregating at the bottom of the pools.
However, their texture is similar to surface floe samples (Christensen et al., 2021). The thin-film
model for surface dynamics suggests that as the surface floes thicken or are perturbed by falling
debris, CaCOs3 aggregates detach and sink deeper into the springs (Christensen et al., 2021). The
floes would carry some surface waters with the particles (Christensen ef al., 2021), and thus could
mix in a pool of DIC that is not in isotopic equilibrium to particles that comprise snow, driving
KIEs in the clumped and bulk stable isotope signatures. Even though these detached layers,
composed of a mixture of particle aggregates and solution, have moved away from the surface,
where the majority of rapid precipitation is occurring, isotopic equilibration of DIC within the
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detached layer is still hindered by the high pH (11.5), which favors hydroxylation, and CO3*" as
the most abundant DIC species. Given water temperatures, DIC in this fragmented layer can retain
its kinetic signature for tens of days at a pH of 11.5 (Usdowski et al., 1991; Beck et al., 2005)
which can contribute to the KIEs in dual clumped isotopes and bulk stable isotopes. DIC mixing
can also drive deviations from equilibrium in A47 and Ass (Lucarelli et al., 2022). Thus, our
hypothesis for why these samples are in an intermediate location relative to equilibrium and
disequilibrium endmembers is due to location-specific conditions associated with the mixing of

creek and spring waters.

2.4.3 Examination of Kinetic Isotope Effects in Calcite at The Cedars

Several factors control the expression of KIEs in carbonate minerals at the springs samples
from The Cedars. These include the hydroxylation favored pathway, DIC speciation, increased
rate of COz uptake into the system, and mineral precipitation prior to isotopic equilibria. Because
Type 1 and 2 waters are readily mixing at the surface, a hyperalkaline environment (pH > 11) is
created due to excess OH™ anions present in Type 2 fluids. At a pH greater than 10, the
hydroxylation pathway represents 95% of reactions transforming COz to HCO3™ (McConnaughey,
1989). This high pH also creates an environment that facilitates a more rapid uptake of CO2 into
the aqueous media (Lerman and Stumm, 1989) due to the concentration gradient created by the
DIC speciation preference of CO3*" at pH above 10 (Hill ef al., 2014; Tripati et al., 2015). This
condition coupled with the rapid precipitation of CaCO3; due to the high saturation state
(Christensen et al., 2021) creates a stronger gradient, further facilitating the uptake of CO2 from
the atmosphere. Because the forward reaction associated with Reaction 2 is >1000 times the
reverse reaction (Christensen et al., 2021), it creates a pathway that is essentially unidirectional.
We hypothesize this is preventing backwards conversion which is essential for O isotope exchange
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that would facilitate 3'80, A47, and A4s equilibrium. The high pH results in a much greater
equilibration time, >100 hours (Figure 2.6A), being required for the DIC pool to achieve clumped
and oxygen stable isotopic equilibria prior to mineral precipitation. As the system moves into the
deeper parts of the spring pool (below 100 um), there are additional fluxes including advection
and diffusion of Type 2 waters, CaCOs3 precipitation, and EIC contribution from the surface. Most
samples forming in the deeper parts of the springs at the Cedars (samples Q, X, etc.) are in the
mixed or equilibrium endmember regions that suggests they achieved an equilibrium, or were

progressing towards equilibrium, relative to the surface floes.

2.4.4 Examination of Kinetic Isotope Effects Using Modeling

IsoDIC modeling of disequilibria in the DIC that uses input parameters taken from the
surface floe conditions of the Cedars predicted the range of A47 and A4s signatures in DIC at The
Cedars. The model was used to generate the predicted pathway of disequilibria associated with
HCOs™ (purple dashed line) and CO3?" (blue dashed line) with respect to residence time (purple and
blue nodes) in the system, seen in Figure 2.6A. In this figure, there is a rapid departure away from
equilibria with a disequilibria maxima achieved at the 1-hour mark of DIC introduction into the
system. This initial departure rebounds back to equilibria as the system has more time equilibrate,
which is eventually achieved prior to the 100-hour mark. Due to the hydroxylation dominating
pathway and pH dependent DIC speciation, the migration back to equilibria at these conditions is
very slow. Thus, in the CO3* prediction it underestimates the kinetic departure in the A47 direction
correlating to a rebound back to equilibria prior to 1-hour. We suggest this DIC species to be the
more appropriate simulation due to the pH-dependent speciation that would favor CO3?*. This
approach can be used to predict the approximate timeframe associated with precipitation at the
surface, which we hypothesize to be within the first hour of COz introduction into the surface
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spring system. A caveat is that this model only considers the KIEs associated with the DIC pool

and does not factor those associated with mineral precipitation.

Because the [soDIC model did not consider KIEs associated with mineral precipitation,
modeling through COAD model was performed with the same parameters used for the IsoDIC
model. This box-model seen in Figure 2.6B shows a very similar trend as the IsoDIC model in
terms of migration from equilibrium to disequilibrium endmember region. Because the box-model
takes mineral precipitation into account, there is a very small difference between the CaCO3 and
CO3* simulated curves (~0.01%o). We hypothesize there should be a minimal difference between
the two as the COAD model accounts for CO3* removal from a system that already is at an elevated
pH where CO3* is the favored DIC species. However, a difference of ~0.10%o exists between the
simulated CO3** disequilibria from IsoDIC to the predicted calcite disequilibria from the box-
model (Figure 2.8). This difference can be explained by KIEs associated with mineral precipitation
that is not factored into IsoDIC. Each model provides different sets of tools, where the IsoDIC
model provides greater insights into the timescales associated with achieving (dis)equilibrium
within a DIC pool, while when mineral growth is moderately rapid, mineral compositions, which
can differ from the DIC pool, are slightly more (~0.10%o) accurately predicted by the COAD

model.
Differences Between Box-Model Predicted Values and Observations

Comparison of The Cedars data with box model calculations shows that most samples fall
in line with predicted calcite values and within the bounds of simulated HCO3™ and CO3?" values,
except for sample U (8'80v-ppB = -18.7%o, A47 1-cDES) = 0.769%o0), X (8'30v-ppB = -15.5 %0, A47 (-
cpes) = 0.678 %o) and Gamma (8'*Ov-ppB = -13.4%0, A47 (1-cDES) = 0.665%0) (Figure 2.7A). The

model accurately simulates the A47 (1-cpes) of samples falling in the disequilibrium endmember
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region. For A4s (cpEs9o, the box model accurately simulates the data with only one sample, PB-C2
(8'"80v-pDB = -12.3%o0, A4g (cDES90) = -0.416%0), outside of the HCO3™ and CO3* simulated bounds.
(Figure 2.7B). Values of samples falling in the disequilibrium region is well simulated, with the
model accurately predicting the isotopic composition of sample U (8'*0v-ppB = -18.7%o, A4s(CDES90)
= -0.446%o), which exhibits the greatest KIEs. However, the model underestimates A47 and Aassg
values of samples in the equilibrium endmember. This underestimation could be due to
heterogeneity in natural conditions where isotopic equilibrium is occurring, such as pH alteration
from mixing of waters, which was not simulated by the model, but would impact A47 and Aass

values (Lucarelli et al., 2022).

2.4.5 Potential CO; Sequestration Application

The primary motivation of this study was to apply the dual clumped isotope framework
(A47-Aa4s) to study processes associated with CO2 absorption and transformation in waters, of broad
relevance to a number of systems, including application to sites that are of interest for possible
carbon sequestration. There is interest in peridotites for the potential to sequester CO2 through
carbon mineralization. While the Cedars represents an area for potential CO2 sequestration
applications, its relative size, approximately 44 km* (R.G. Coleman, 2000), is small compared to
analogous sites, such as that in the Samail ophiolite, Sultanate of Oman, at approximately 21000
km? (Kelemen and Matter, 2008). This would equate to a CO2 sequestration potential of 7.7x10"3
tons (Kelemen and Matter, 2008) at the site in Oman, compared to an extrapolated, based on
volume, 1.6x10"" tons of CO2 at the Cedars site.

Our work on carbonates forming in surface springs provides insight on the potential use of
these springs as secondary or auxiliary sequestration points for CO2. Due to highly alkaline water
conditions, which are known to increase the uptake of CO2 (Lerman and Stumm, 1989), and the
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rate of calcite precipitation (Korchef and Touaibi, 2008), these sites would be able to sequester
additional COz through carbon transformation and sequestration into the springs themselves. This,
of course, would not be the primary point of CO: sequestration due to their limited size relative to
the peridotite of interest, but an auxiliary location to increase the overall efficiency of sequestration
for the entire system. COAD modeling enables us to determine and predict the rates of precipitation
associated with the respective system through the dual clumped framework. Because the COAD
model adheres to the Cedar’s dataset, it was accurately used to predict the A47 and A4s signatures
of the surface floe calcite with respect to molar precipitation rate (Rp) (Figure 10). By expanding
this analysis to analogous sites, we can use the same modeling framework to predict the rates
associated with mineral precipitation, enabling us to evaluate them for use as secondary auxiliary
sequestration points.

Additionally, the robustness of the paired A47-A4s framework (including AA47-AA4s) when
comparing results from The Cedars to experiments, and similarity in §'%0-A47 (and A§'80-AA47)
(Figure 2.3A and 2.6A) of Cedars calcites to both Samail carbonates and experiments, suggests
this will be a useful tool to combine with disequilibria modeling to evaluate processes that affect
carbon absorption, equilibration, mixing, and mineralization, including in cases where there is not
without prior knowledge of the bulk stable isotope composition of fluids and dissolved inorganic
carbon. This becomes a powerful tool when evaluating multiple sites and may be beneficial for the
development of methodologies that can be used to predict isotopic compositions to compare to

data from sequestration sites.
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2.5 Conclusions

Through our research, we have analyzed calcite samples collected from springs at The
Cedars, located in a peridotite body in Northern California, through a A47-A4s dual clumped isotope
lens. This work brings together data from a geological site with lab experiments and with theory.
Our work suggests kinetic biases in dual clumped and bulk stable isotope values arise due to
carbonate minerals precipitating out of highly alkaline parent media through a CO2 absorption-
driven disequilibrium pathway. Results are comparable to inorganic lab calcite precipitated at high
pH (Lucarelli ef al., 2022), with significant KIEs including A47 enrichments and A4s depletions
relative to equilibrium. Our analysis indicates that the largest KIEs are from samples recovered
from surface floes where there is sufficient contact with the spring waters and the atmosphere
where CO2 absorption and rapid precipitation conditions are favored. Modern samples that were
close to equilibrium occur in locations where significant mixing of surface and spring waters
occurs, and as well as in ancient travertine samples. Samples in a mixed endmember region include
one surface floe sample, “snow” samples recovered from the bottom of springs, and an ancient
travertine sample. We successfully modeled the KIEs associated with a CO2 absorption-driven
disequilibrium process through two different modeling frameworks.

This work builds on prior work on bulk stable isotopes and A47 at the Samail ophiolite and
sets up the potential use of the A47-A4g dual clumped isotope system in potential sites of interest
for geological sequestration, as a universal approach for determining (dis)equilibria. It also adds
to an emerging body of work that uses the dual clumped isotope measurement to evaluate if
samples can be used for A47 palacothermometry. Future research at analogous sites can evaluate if
the A47-A4s dual clumped isotope space technique can be used to probe for and locate potential on-

land CO2 sequestration sites, through a relatively non-invasive technique. We recommend
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expansion of research into carbonate minerals precipitating from peridotite veins to compare
surface and subsurface processes and better understand the feasibility of these sites for CO2

sequestration.
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Chapter 3 Paired A47-A4s constrains Kinetic effects
associated with cave carbonates
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Abstract

Cave carbonates are an important archive of terrestrial paleoclimate and have been
analyzed using different proxies to develop climate reconstructions. A few studies have explored
the potential for carbonate clumped isotope thermometry as a tool for constraining past
temperatures at a small number of localities. To date, most papers have reported that isotopic
equilibrium is rarely observed in such systems, and that kinetic isotope effects associated with CO2
degassing impact the mass-47 clumped isotope signature (A47). Here, we examined 44 cave
carbonate samples of various types from 13 localities for (dis)equilibrium using paired dual
clumped isotope ratios (A47 and Ass), in concert with light stable carbon and oxygen isotope ratios.
Using a Raleigh distillation model, we confirm carbon isotope exchange and oxygen isotope
exchange trajectories, and examine the relationship with dual clumped isotope disequilibria (AA47
and AA4g). Data showed that 27 samples exhibited isotopic equilibrium in AA47-AA4s, and thus the
majority of samples yield A47-T predicted temperatures within error of measured modern
temperatures. However, 17 samples exhibited isotopic disequilibria in the A47-A4s space. We find
that while traditional degassing effects are present in some stalagmite samples, most exhibit kinetic
effects associated with different processes, which we hypothesize reflects isotopic buffering
effects on clumped isotopes that can be considerable and cannot be overlooked, and could be
studied using proxy data and modeling based approaches in the future. Carbon isotope exchange
is associated with depletion of both A47 and A4g relative to equilibrium, while oxygen isotope
exchange is associated with enrichment of both A47 and A4s relative to equilibrium. Cave rafts
collected from proximate locations in Mexico exhibit the largest negative departures in AA47-AAas,
with relative cave ventilation impacting the magnitude of isotopic disequilibria. This study

suggests the A47-A4s dual carbonate clumped isotope framework can be applied to varying types

91



of cave carbonate samples enabling identification of (dis)equilibria for use in paleoclimate

reconstruction and the probing of kinetic isotope effects.

3.1 Introduction

Cave carbonates (speleothems) have been widely used as terrestrial paleoclimate archives
(Bar-Matthews et al., 1997; Wang et al., 2001; Burns et al., 2003; Fleitmann et al., 2003; X. Wang
et al.,2004). Speleothems can be dated accurately through U-series disequilibrium dating methods
(Richards and Dorale, 2003; Scholz and Hoffmann, 2008). Because cave temperatures typically
reflect mean annual surface temperatures (Poulson and White, 1969; McDermott et al., 2006),
temperature proxies have been targeted for palacothermometry. Oxygen isotopes 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
between calcium carbonate and water (Kim and O’Neil, 1997). However, quantitative
interpretation of oxygen isotopic ratios in terrestrial carbonates is hampered by the lack of
constraints on the isotopic composition of waters, and on the magnitude of isotope disequilibria
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
application of this paleothermometer (Dreybrodt, 1988; McDermott, 2004; Matthew S. Lachniet,
2009). In addition, fractionation associated with prior calcite precipitation and isotopic exchange
between CO: in the cave atmosphere further complicate the use of this proxy (Mickler et al., 2006;
Dreybrodt et al., 2016; Hansen et al., 2017, 2022). While in modern samples this can be

circumvented by controlled studies where the bulk isotopic composition of cave drip waters are
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monitored at the approximate time and location of precipitation, the potential for variation further

back in time, with older speleothems, complicate reconstructions.

Alternate temperature proxies have also been used in speleothems to varying degrees of
success. They include Mg/Ca and alkenone unsaturation indexes as indirect proxies (Bar-
Matthews et al., 2003; Almogi-Labin ef al., 2009), analyzing isoprenoid tetraether (TEXs6) found
in speleothems (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), nontraditional Ca-isotope analysis (Owen et al.,
2016), and clumped isotope palaeothermometry (Ghosh et al., 2006; Schauble et al., 2006; Affek

et al., 2008; Meckler et al., 2015; Kluge et al., 2014; Daeron et al., 2019).

Here, we examine factors influencing dual carbonate clumped isotopes in speleothems.
Clumped isotope palacothermometry evaluates the thermodynamically driven preference of heavy
isotope aggregation based on zero-point energies, from which a temperature dependent
relationship is derived (Wang et al., 2004; Ghosh et al., 2006; Schauble et al., 2006; Eiler, 2007,
2011; Tripati et al., 2015). By measuring the relative abundance of the multiply substituted
isotopologue of CO2, m/z 47 (1*C'"*0'0 — A47), correlating to the A47 clumped isotope signature,
accurate paleotemperature information can be extracted. This approach has been used to
successfully evaluate glacial-interglacial temperature changes (Affek et al., 2008; Meckler et al.,
2015) and the slow growing speleothems of the Devil’s Hole and Corchia Caves (Kluge et al.,
2014; Daeron et al., 2019). However, one of the major caveats of this system is the underlying
assumption that the mineral has achieved isotopic equilibrium prior to precipitation (Ghosh et al.,
2006). Empirical observations suggest CO2 degassing disequilibria effects cause enrichments in
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5'30 and a depletion in the A47 signatures (Daéron et al., 2011; Kluge and Affek, 2012; Affek and
Zaarur, 2014). In such cases, speleothems exhibit a temperature bias of 10°C or more when
compared to mineral formation temperatures (Kluge et al., 2013). Isotopic disequilibria is observed
in cave monitoring studies as well as synthetic precipitation experiments which have reported
speleothem fractionation factors, that are between kinetic and equilibrium endmember values
(Tremaine et al., 2011; Day and Henderson, 2011; Johnston ef al., 2013; Hansen et al., 2019, El-
Shenawy et al., 2020). One of the oldest and most used tests for probing disequilibria is the
Hendy’s test used for speleothems (Hendy, 1971). However, this test is not universal for all cave

carbonates (Dorale and Liu, 2009).

The novel paired dual clumped isotope (A47 and A4s) system can provide another method
for probing disequilibria (Tripati et al., 2015) including in cave carbonates (Bajnai ef al., 2021).
Recent advancements in mass spectrometry have enabled the measurement of the less abundant
m/z 48 isotopologue (**C'*0'80 - 44g) at sufficient precision for such applications (Fiebig et al.,
2019; Bajnai et al., 2020; Lucarelli et al., 2021). Dual clumped isotope measurements of A47 and
Asg have been theoretically and experimentally shown to have an equilibrium relationship, and
constrained boundaries for disequilibrium trajectories in dissolved inorganic carbon (DIC) pools
and carbonate minerals, which can be used to identify the origin of kinetic isotope effects (KIEs),
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; Lucarelli et al., 2021). Bajnai et al. (2021) and Lucarelli et al. (2021) successfully used this
paired dual clumped isotope (A47 and A4s) space to assess equilibrium conditions associated with
modern and Pleistocene Devil’s Hole cave carbonate samples, and confirmed consistent
temperature over the past 570 ka.
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Herein we analyze different types of cave carbonate samples from 13 localities around the
world, formed under natural and synthetic conditions, through a bulk stable isotope (5'°C and
5'%0) paired clumped isotope (A47 and A4g) lens. We evaluate equilibrium, study the extent and
type of kinetic isotope effects (KIEs) associated with our samples, explore complexities associated

with different sample groups, and discuss future applications.

Background
3.1.1 DIC Transformation in HO

CO2 dissolution and transformation in aqueous media follow the reactions 1-5 below. Once
the COz is dissolved in an aqueous solution, it undergoes (de)hydration or (de)hydroxylation
reactions leading to the formation of HCO3", as seen in reactions 1 and 2. These two reactions are
the most important in '*0/!°O isotopic equilibration as they provide the only route for the direct
exchange of O atoms between H20 and DIC (Zeebe and Wolf-Gladrow, 2001). Reactions 3-5 show
the pathway from HCO3™ to CO3?" via (de)hydration and (de)hydroxylation, and also contribute to

the clumped and oxygen isotope equilibration of DIC in an aqueous solution (Guo, 2020).
€0, + H,0 & HCO; + H* (1)
CO, + OH™ & HCO3 (2)
HCO3 + OH < H,0+ C0%~ (3)
HCO; < H*+ C0%- (4)

H,0 & H* + OH~ (5)
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For clumped isotope analysis, it is crucial that isotopic equilibrium is achieved in the DIC
pools prior to carbonate mineral precipitation (Ghosh et al., 2006). Isotopic equilibrium is achieved
when the DIC and H20 have had sufficient time to isotopically equilibrate through the previously
listed set of reactions. The (de)hydration reactions dominate in cave environments because of the
neutral pH in the cave water. The amount of time required for isotopic equilibrium to be achieved
is governed by the temperature-dependent forward and reverse rate constants for the hydration and
hydroxylation reaction pathways (Zeebe and Wolf-Gladrow, 2001). If the DIC pool does not have
sufficient time to achieve isotopic equilibrium, KIEs and disequilibrium isotopic compositions

may be recorded in the mineral.
3.1.2 Migration of Meteoric Water from Surface Atmosphere to Subsurface Caves

Meteoric water seeps through various subsurface zones prior to introduction into cave
systems. Its interactions along the way dictate its bulk isotopic composition of §'%0 and §'°C as it
enters the cave environment. These zones normally include surface atmosphere, soil, karst, and
cave atmosphere environments. In the surface environment, the bulk isotopic composition of
meteoric water is modified and adjusted per the hydrological cycle (Dansgaard, 1964; Craig and
Gordon, 1965). Upon entry into soil the meteoric water is introduced to an environment which
generally has a high pCOxz that forces an equilibration of pCOz dissolved in the water (Dreybrodt
and Scholz, 2011). In this environment, the bulk isotopic composition of carbon is dictated by
environmental factors. An example of which is the shift in §'3C based on the type of vegetative
decay. C3 plants generally induce a -26%o0 average adjustment, where C4 plants induce a -13%o
(McDermott, 2004; McDermott et al., 2006). The oxygen isotopic composition, 3'%0, is derived
from the meteoric water, but generally fractionates due to evaporation, transpiration, canopy
interception, or runoff (Fetter, 2018). This results in a 3'30 that is the amount-weighted mean of
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infiltrating waters that can be further modified by evaporation (Tang and Feng, 2001; Clark and
Fritz, 2013).

Following the soil zone is the epikarst and karst zone, which is the upper surface of bedrock
and is characterized by solutional features along the joint and bedding planes where water is stored
or mixed (Yonge et al., 1985; Klimchouk, 2000; Williams, 2008). The timing and amount of
recharge that occurs in this zone dictates the resulting cave drip 5'%0 value (Lachniet, 2009). This
zone can also cause the saturation state of the drip water to vary over time, thus influencing timing
of calcite deposition (Treble et al., 2005; Baldini et al., 2006). Seasonal variations greatly influence
the recharge of this zone thus directly influencing the cave drip and cave air pCOz that imparts
seasonal bias on the cave carbonate records (Baldini et al., 2008; Mattey et al., 2008). Partial
calcite precipitation in these karst aquifers is also known to occur and only recharge waters that
are saturated with CaCOs will participate in the deposition of speleothem CaCOs in the caves
(Lachniet, 2009)

The final zone that is encountered is the actual cave system. In this zone the partial pressure
gradient of the pCOz from the cave atmosphere and the cave drip water influences the degree of
degassing that occurs, defined by reaction 6 below. In this zone degassing leads to the removal of
CO: from the cave drip waters resulting in an increase in pH from around 5.0 to between 6.8 to
8.9, based on if the cave is an open or closed system (Dreybrodt, 1988). This leads to the DIC
speciation to favor HCO3™ with approximately 96% abundance, and through Rayleigh distillation
it begins to enrich the solution with heavy isotopes (Lachniet, 2009). In addition to this, isotopic
exchange with the cave atmosphere can also influence the final isotopic composition of the mineral

precipitant. The pCO:z from the cave atmosphere is influenced by the CO2 degassing from the
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carbonate solutions, vadose COz originating from biological decay (Benavente ef al., 2010), and

atmospheric COz that enters through cave ventilation (Spétl ez al., 2005).

H,0 + CO, + CaCO5 & Ca?* +2HCO;  (6)

Interactions with all these zones, and seasonal variations can greatly affect the bulk isotopic
composition along with the degree of kinetic fractionation which is imparted on the final mineral
precipitant. Because of this, it is very difficult to extrapolate historical isotopic conditions without

explicitly monitoring the respective site.

3.1.3 Carbonate “Clumped” Isotope Geochemistry and Notation

There are 20 different isotopologues of CO2, with four that are singly-substituted and
contain either a heavy isotope of carbon or oxygen. The singly substituted variants are the most
abundant and makeup about 99.99% of carbonate ions in minerals (Eiler and Schauble, 2004; Eiler,
2007). The remaining 16 are multiply substituted “clumped” variations that contain heavy isotopes
of carbon and/or oxygen (Ghosh et al., 2006). Below are examples of two isotopic
disproportionation reactions (Polyakov et al., 2005) of interest as they generate isotopologues of

carbonates that have relative abundances within the detection limits of modern instrumentation.

[12cl60180160]2- + [13cl60160160]2- PN [12cl60160160]2-+ [13cl60180160]2- (9)

[12cl60180160]2-+ [12cl8016016o]2- < [12cl60160160]2-+ [12C18018016012- (10)

While there are many versions of the isotopic disproportionation reactions, like the ones
above, reactions 9 and 10, respectively, yield the most abundant m/z 63 (67 ppm) and m/z 64

isotopologues (12 ppm) (Ghosh et al., 2006). The temperature dependency of these
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disproportionation reactions and the preference of heavy isotope aggregation as a function of
mineral precipitation temperature is the basis of the carbonate clumped isotope thermometer
(Ghosh et al., 2006; Schauble et al., 2006) However, one critical caveat to this correlation is that
the carbonate isotopologues must be at isotopic equilibrium. This means that the preferential
aggregation of heavy isotopes must not be inhibited and that it must achieve equilibrium conditions

at the respective temperature (Ghosh et al., 2006)

No current technique 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 COz, respectively, by phosphoric acid digestion and measured in a gas-source

isotope-ratio mass spectrometer (Ghosh et al., 2006).

The A47 and Asg quantities refer to the abundance of m/z 47 ["*O3C!°O] and m/z 48
['8O0"2C!80] CO2 isotopologues relative to a stochastic or random distribution, described by

equations 11 and 12,

Ayy = [(zg -1)- (f;f ~1)- (%2 —1)] = 1000 (11)

Aug = [(i‘“’ - 1) — 2« (2‘;6 - 1)] 1000 (12)

*
48 46

where Ri and Ri" represent the measured and stochastic ratios of i/44 isotopologue (Eiler and

Schauble, 2004; Z. Wang et al., 2004; Affek and Eiler, 2006). (Bernasconi et al., 2021)

The conversion of carbonate minerals into gaseous CO2 has a temperature dependent
removal of O'® versus O'® and is corrected by an acid fractionation factor (AFF), denoted by y in

Equations 13 and 14.

99



Ay = Dg3t+y (13)

Ayg = Dgst+y (14)

No AFF is applied to measured values but was used for the comparison of measured A47
and Aag values to theoretical Ae3 and Acs values. The reference frame and temperature to which the
value is being converted also dictates the value of y. In the I-CDES reference frame, for the
conversion of Ae3 to As47, the AFF varies from 0.188 to 0.197 from calcite precipitation
temperatures ranging from 1000 °C to 0 °C, respectively (Hill et al., 2014; Tripati et al., 2015;
Bernasconi et al., 2021; Lucarelli et al., 2021). For the temperature ranges of the samples collected
from the Cedars, we use the AFF y=0.196 for the conversion of Aes3 to A47 (Lucarelli et al., 2022).
For the conversion of Aes (Hill ef al., 2014) to Ass, in the CDES90 reference frame (Hill et al.,

2014; Tripati et al., 2015), we use 0.131 (Lucarelli ef al., 2021) as the AFF.

3.1.5 Kinetic Fractionation Clumped Isotope (A47 and A4s) Signatures

One of the key underlying assumptions is that the carbonate species is within isotopic
equilibrium prior to mineral precipitation (Ghosh et al., 2006). When this condition is not met, it
can affect the heavy isotope distribution and give clumped isotope signatures that do not agree to
the equilibrium calibration values. Kinetic departures such as this exist in most Earth-surface
carbonate minerals (Daeron et al., 2019) in both the biotic and abiotic sphere. On the biotic side,
brachiopod shells (Lowenstam, 1961; Carpenter and Lohmann, 1995; Bajnai et al., 2018; Rollion-
Bard et al., 2019) and coral skeletons (McConnaughey, 1988; Cohen and McConnaughey, 2003;
Rollion-bard et al., 2010; Thiagarajan et al., 2011; Saenger et al., 2012b; Kimball et al., 2016;
Spooner et al., 2016) are all known to have biotic effects that influence mineral precipitation and
can lead to kinetic fractionation. On the abiotic side of the spectrum KIEs associated with
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(de)hydration and (de)hydroxylation reactions can cause departures from equilibrium (Ghosh e?
al., 2006; Guo, 2009; Saenger ef al., 2012; Falk et al., 2016; Spooner et al., 2016). In the abiotic
spectrum speleothems are also known to exhibit kinetic fractionation in their carbonate mineral
clumped isotope signatures due to CO2 degassing effects which are facilitated by the environment
from which they precipitate from (C. H. Hendy, 1971; Affek et al., 2008; Guo et al., 2011;
Mcdermott et al., 2011; Wainer et al., 2011).

Various mechanisms have been proposed to explain isotopic disequilibria in clumped and
stable isotope signatures. In lab experiments, Lucarelli ef al. (2022) observed kinetic fractionation
in calcite precipitated from elevated pH solutions. This phenomenon has been hypothesized to
have occurred due to the DIC pool not achieving isotopic equilibrium prior to mineral precipitation
due to the system not having sufficient time to achieve isotopic equilibria and DIC speciation
preference as a function of pH (Beck et al., 2005; Hill et al., 2014, 2020; Tripati et al., 2015). In
cave settings, it is known that upon the exposure of the seepage water to cave atmosphere, CO2
degassing out of the water occurs because of the pCO:2 gradient between the cave water and the
cave atmosphere (Dreybrodt, 1988; McDermott et al., 2006; Lachniet, 2009). This CO2 degassing
leads to an enrichment of 8'80, accompanied by a depletion in the A47 clumped isotope signature
(Dagron et al., 2011; Kluge and Affek, 2012; Affek and Zaarur, 2014). Kinetic biases, during the
early stages of degassing, result in an enrichment of the A4s clumped isotope signature (Fiebig et

al.,2019; Guo and Zhou, 2019; Guo, 2020; Bajnai et al., 2020).

3.2 Materials and Methods

3.2.1 Sample Collection and Information
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Samples were collected from 13 localities shown in Figure 3.2 and tabulated in Table 3.1.
A brief description of each respective site and recovered samples is provided below. Additional

details on collection method, recovery protocols, and processing are in listed citations.

3.2.1.1 Cenote Rainbow, Feno, and Monkey Dust, Mexico Cave Samples (Kovacs et al. 2018)

These cave raft samples, collected by Kovacs et al. (2018), were from three cave systems
located in the Yucatan Peninsula. The cave systems from where they were collected 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, and
RS were collected from Cenote Rainbow. The Cenote Rainbow cave system is 2.2 km inland
(20°29°52.44°N,87°15°29.65”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 1394 m in length and 13.7 m in depth is considered semi-enclosed. The water level
of the cave fluctuated from 0.34 m and 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 Sistema 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 the 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 considered completely
open to atmosphere. The water level of this cave fluctuated from 0.41 m to 1.15 m. An additional

map with locations of the respective cenotes can be seen in S.3.2 of the Supplemental Information.

3.2.1.2 Cueva Bonita, Mexico Cave Samples (Wright et al. 2022)
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Farmed calcite plates and naturally occurring speleothem samples were collected by
Wright ef al. (2022) from the Cueva Bonita (23°N, 99°W; 1071m above sea level) caves located
in the northern-most tropical rainforest 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 samples CB4-12-Wet, CB4-48-Dry,
CB4-82-Wet, CB4-99-Dry, and CB4-Top. Farmed calcite plates were collected using frosted glass
plates that were placed under cave drip water. Speleothem samples were collected via core

sampling.

3.2.1.3 Cueva de la Puente, Mexico Cave Samples (Serrato, 2020)

Farmed calcite plates were recovered from Cueva de la Puente in San Luis Potosi, Mexico
(21.98°N, 100.57°W) by Serrato et al. (2020). The cave is located at an elevation of 2109 m above
sea level and the local geology is dominated by upper Cretaceous limestone fluorite deposits with

thin soil cover.

3.2.1.4 Lilburn Cave, California, United States (Wortham et al. 2021)

Farmed calcite samples GLR and CPY were recovered by Wortham ef al. (2021) from the
Lilburn Caves in Sequoia and Kings Canyon National Park located in Central California. GLR was
recovered from a site located 30m away from the surface entrance to the cave system. CPY was
recovered further away from the surface entrance at 61m. Cave drip from stalactites were subjected
to collection under sanded watch glasses of approximately 10cm in diameter were used to initiate

calcite growth.

3.2.1.5 Moaning Cave, California, United States (Oster et al. 2009)
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Speleothems were collected by Oster et al. (2009) from the Moaning Cave (38.06°N,
120.46°W) located in California Sierra Nevada mountain range. The samples were collected
through core sampling of stalagmite where the drip center was well defined. U-series dating

indicates an age of approximately 10.37+0.25 ka putting it in the early Holocene era.

3.2.1.6 Tham Doun Mai Cave, Laos (Wang et al., 2019, Griffiths et al., 2020)

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

were taken for analysis about 200 m from the entrance of the cave.

3.2.1.7 Tham Nguen Mai Cave, Laos (Unpublished)

Samples labeled TNM were collected from the Tham Nguen Mai cave located in
Khammouane Province Laos. The cave is 2189 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 Jan 2019 and Mar 2020. Site information was provided by

Kathleen Johnson (UC Irvine).

3.2.1.8 McMaster Artificial Cave Samples (El-Shenawy et al., 2020)

Synthetic speleothem samples were grown in an artificial cave that simulated cave drip and
stalagmite growth. A pure CaCOs3 saturated solution with a pCOz level of 14000-18000 ppmv was
distributed to a 35 cm long Pyrex tube channel (e.g., stalactite) that allowed for CO2 degassing to
occur before the water impinges the upper watch glass (e.g., stalagmite) at a distance of 85 cm and
then flow into the lower watch glass (e.g., pool). The solution was injected into the long tube at
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three 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 pCOz of approximately 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.

3.2.1.9 Mechara and Tigray Caves, Ethiopian Highlands (Asrat et al., 2008)

Sample ASFA was collected by Asrat et al. (2008) from the Rukiessa cave in the Mechara
cave system, that is located in the Southeastern part of the Ethiopian highlands. The Rukiessa
cave’s entrance is located 1 km east of the eastern bank of the Mechara river (09°51°N, 37°65’E,
elevation: 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 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 stalacites, 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.
The ZA-3 sample is collected from Zayei cave (13.5586°N, 39.1454°E) and has similar conditions
and collection location as the May Mekden cave. Both caves are part of the Tigray Cave system.
These two samples are not from dripping caves, so no drip water stable isotope information is

available.
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Figure 3.2 Map of the world showing the location of sample groups and individual samples recovered. A) Moaning Cave, USA, California
samples: MC (Oster et al. 2009) B) Liliburn Cave, USA, California samples: CPY and 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 et al. 2021) D) Grutas de Catedral, Mexico samples: 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-
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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)
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Sample Name Sample Type Location Recovery Dates Source Citation
B1 Cave Raft Monkey Dust (Borge) Cenote, Mexico May 2014 - May 2016
B3 Cave Raft Monkey Dust (Borge) Cenote, Mexico May 2014 - May 2016
B5 Cave Raft Monkey Dust (Borge) Cenote, Mexico May 2014 - May 2016
F1 Cave Raft Feno Cenote, Mexico May 2014 - May 2016
F2 Cave Raft Feno Cenote, Mexico May 2014 - May 2016
F3 Cave Raft Feno Cenote, Mexico May 2014 - May 2016
; Kovacs et al., (2018)
F4 Cave Raft Feno Cenote, Mexico May 2014 - May 2016
F5 Cave Raft Feno Cenote, Mexico May 2014 - May 2016
R1 Cave Raft Rainbow Cenote, Mexico May 2014 - May 2016
R2 Cave Raft Rainbow Cenote, Mexico May 2014 - May 2016
R3 Cave Raft Rainbow Cenote, Mexico May 2014 - May 2016
R5 Cave Raft Rainbow Cenote, Mexico May 2014 - May 2016
CB-D6 Farmed Calcite Plate | Cueva Bonita, Mexico May 2018 - May 2020
CB-D62 Farmed Calcite Plate | Cueva Bonita, Mexico May 2019 - Feb 2020
CB3 Farmed Calcite Plate | Cueva Bonita, Mexico Jan 2017 - Jan 2018
CB4-12-Wet Speleothem Cueva Bonita, Mexico June 2018 - May 2019
CB4-48-Dry Speleothem Cueva Bonita, Mexico June 2018 - May 2019 .
. X Wright et al., (2022)
CB4-82-Wet Speleothem Cueva Bonita, Mexico June 2018 - May 2019
CB4-99-Dry Speleothem Cueva Bonita, Mexico June 2018 - May 2019
CB4-Scar Farmed Calcite Plate | Cueva Bonita, Mexico May 2018 - May 2019
CB4-Scar2 Farmed Calcite Plate | Cueva Bonita, Mexico May 2019 - Feb 2020
CB4-Top Speleothem Cueva Bonita, Mexico June 2018 - May 2019
CP-D2 Farmed Calcite Plate | Cueva de la Puenta, Mexico Apr 2017 - May 2018
CP-D3a Farmed Calcite Plate | Cueva de la Puenta, Mexico May 2018 - May 2019
CP-D3a2 Farmed Calcite Plate | Cueva de la Puenta, Mexico May 2019 - Nov 2019 Serrato, (2020)
CP-D3a3 Farmed Calcite Plate | Cueva de la Puenta, Mexico Nov 2019 - Feb 2020 ’
CP-D3b Farmed Calcite Plate | Cueva de la Puenta, Mexico May 2018 - May 2019
CP-D3b2 Farmed Calcite Plate | Cueva de la Puenta, Mexico May 2019 - Nov 2019
GC Farmed Calcite Plate | Grutas de Catedral, Mexico Apr 2017 - May 2018 unpublished
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Farmed Calcite Plate

Wang et al., (2019); Griffith

TM-D10 Tham Doun Mai, Laos Feb 2015 - Feb 2017 et al., (2020)
TNM Farmed Calcite Plate | Tham Nguen Mai, Laos Jan 2019 - Feb 2020 unpublished
CPY Farmed Calc%te Plate L%burn Cave, Cal?forn%a, Un?ted States May 2018 - Feb 2020 Wortham ef al., (2021)
GLR Farmed Calcite Plate | Liburn Cave, California, United States May 2018 - Feb 2020

MC Speleothem Moaning Cave, California, United States Mar 2006 - Jul 2009 Oster et al., (2009)
MIE-15-95-9-
FL-Center Artificial Speleothem | McMaster-Carr University, Ontario, Canada | N/A
MIE-15-95-9-
FU-Edge Artificial Speleothem | McMaster-Carr University, Ontario, Canada | N/A
MIE-15-95-9-
SL-Center Artificial Speleothem | McMaster-Carr University, Ontario, Canada | N/A
MIE-25-95-8- EL-Shenawy et al., (2020)
FL-Center Artificial Speleothem | McMaster-Carr University, Ontario, Canada | N/A v
MIE-25-95-8-
FU-Edge Artificial Speleothem | McMaster-Carr University, Ontario, Canada | N/A
MIE-32-95-3-
FL-Center Artificial Speleothem | McMaster-Carr University, Ontario, Canada | N/A
MIE-32-95-3-
FU-Center Artificial Speleothem | McMaster-Carr University, Ontario, Canada | N/A
ASFA Speleothem Machara Caves, Ethiopia, Africa Apr 2004 - Sep 2007 Asrat et al., (2008)
MMI1 Speleothem Tigray Caves, Ethiopia, Africa N/A unpublished
ZA-3 Speleothem Tigra Caves, Ethiopia Africa N/A

Table 3.1 Sample information. Sample names, type, recovery location, recovery dates, and citation source are provided. Information associated
with samples GC and TNM was provided by co-author Kathleen Johnson (UC Irvine); and ASFA was provided by co-author Daniel Gebregiorgis
(Georgia State University).
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3.2.2 Analysis and Instrumentation

All isotopic measurements were made using Nu Instruments Perspective IS isotope ratio
mass spectrometers (IRMS) over the time frame ranging from 2020 to 2022. The Nu Instruments
Perspective IRMS system produces statistically indistinguishable A47 (Lucarelli et al., 2021;
Upadhyay et al., 2021) and Ass data (Lucarelli et al., 2021; Upadhyay et al., 2021) with standards
that agree with published values from other labs for A47 (Bernasconi ef al., 2021) and A4 (Bajnai
et al., 2020; Swart et al., 2021). The general configuration for sample processing on these two
instruments is (1) phosphoric acid digestion for the conversion of CaCO3 (s) to CO2(g), (2) CO2
(g) purification, (3) IRMS system for quantitative detection of isotopes, and (4) a data processing
station which uses Easotope (Cédric M John and Bowen, 2016) for processing and applying data
corrections. Clumped isotopic measurements were performed on evolved CO2 produced using a
common acid bath (CAB) approach. In this approach, ~0.5 mg CaCO3 samples were subjected to
phosphoric acid digestion at 90 °C for approximately 20 minutes, leading to the evolution of CO2
gas, which is then subjected to intensive purification. This purification is accomplished using an
Adsorption Trap (AdTrap), an-inline, short GC column packed with Porapak Type-Q™ 50/80.
Upon purification, the gas is transferred to the IRMS system, which continuously references a
standard CO:2 gas against the sample gas through an automated changeover block system. All
samples, except for sample CB4-12-Wet, had a minimum of three replicates run and analyzed,
regardless of which instrument they were run on. The number of replicates run was dictated by the
amount of sample provided, how precise the data was, and robustness of standards. One sample
(CB4-12-Wet) had insufficient material for three replicate analyses and is denoted with an open

symbol in all of the figures.

Description of Nu Instruments Perspective IRMS
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The Nu Perspective IRMS is a mass spectrometer that is optimized for clumped isotope
analysis with secondary electron suppression, which reduces the signal-to-noise ratio. Energy
filters and quadratic lenses fitted in front of the Faraday collector array drives the suppression. The
detectors for masses 44, 45, and 46 are registered through 3x108, 3x10'°, and 3x10'!' Q resistors,
respectively. The detectors for masses 47, 48, and 49 are registered with 3x10'? Q resistors.
Detectors for masses 47, 48, and 49 are shielded by secondary electron suppressors, tuned to screen
out secondary electrons. A dual-inlet system allows for the input of the sample gas and a reference
gas controlled by a bellows system that inputs both gasses through a changeover block, so the
sample and reference gases can be compared in real-time. This bellow system has four blocks of
15 cycles for a total of 60 cycles of sample to standard comparison with an 8-second changeover
delay and 20 seconds of integration per cycle for a total integration time of 1200 seconds. There
are continuous pressure adjustments using a Newtonian zeroing technique, with balancing to
achieve 80 nA (or 16 V) on mass 44 at every acquisition, compared to just at the beginning of the

block (Lucarelli et al., 2021; Upadhyay et al., 2021).
Standardization and data processing

The CO2 reference gas used to establish real-time comparison to unknown sample
composition was sourced from Oztech with an isotopic composition as follows: §'*Ov.smow = 24.9
%o; 8'°Cv-ppB = -3.56 %o. CaCO3 standards, for which all A47 and Asg are presented relative to,
include Carmel Chalk, CMTile, ETH-1, ETH-2, ETH-3, ETH-4, and Veinstrom (Lucarelli ef al.,
2021; Upadhyay et al., 2021). International standards ETH-1 and ETH-2 were the primary
standards used to make non-linearity corrections associated with both A47 and A4s raw data. Mean
values for A47, Agg, 8'%0, and §'°0 of the CaCO3 standards are given in Table 3.2 and raw and
standardized data for all standards and samples will be archived on EarthChem upon publication.
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Data was processed and corrected using Easotope 64-bit, release version 20201231 (Cédric
M. John and Bowen, 2016) with [IUPAC parameters (Brand et al., 2010; Daéron et al., 2016). We
report all values of A47 on the Intercarb-Carbon Dioxide Equilibrium Scale (I-CDES) (Bernasconi
et al.,2021), at an acid digestion temperature of 90 °C. The A4g values are reported in the Carbon

Dioxide Equilibrium Scale at 90 °C, CDES90 (Fiebig et al., 2019; Lucarelli ef al., 2022).
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- A47 a-cpEs) (%0) A48 (cpES90) (%0) ?JO?V'SMOW 83 Cv_rpB (%0)
CMTile 0.313 0.145 29.349 2.031
Carmel Chalk 0.592 0.237 26.850 -2.183
Veinstrom 0.713 0.272 17.918 -6.166
ETH-1 0.205 0.132 28.665 2.028
ETH-2 0.209 0.132 11.672 -10.162
ETH-3 0.613 0.247 29.125 1.706
ETH-4 0.451 0.201 11.528 -10.2

Table 3.2 Mean clumped and stable isotope values determined for all carbonate standards used in this study.
All A47 data is presented in the I-CDES reference frame and the Agg data is presented in the CDES90
reference frame. ETH-1 and ETH-2 are used to make non-linearity corrections to the raw data.

113



Equilibrium Values

Oxygen isotope equilibrium is calculated for calcite samples at the varying caves using the
reported temperature and water §'*0v.ppB that was measured, or reported, in conjunction with the
relationship determined by Kim and O’Neil (1997). The A47 and A4s equilibrium is calculated with
respect to reported temperature conditions using relationships from Lucarelli ef al. (2022)

A47 I-CDES EQ= (0037 i 0002) X 106T_2 + (0178 i 0009) (15)

Ass cpEsso so= (0.015 £ 0.0005) X 10572 + (0.078 + 0.006) (16)

An equilibrium A4s/A47 relationship, Equation 17, was determined experimentally by

Lucarelli ef al. (2022) and is used here to provide a reference for equilibrium conditions.

A48(CDES90): (0.429 i 0.010)A47 (I—CDES) - (0.006 i 0.006) (17)

3.2.3 Qualitative Modeling of DIC-H20-CO2 System Using IsoDIC

To qualitatively illustrate the evolution disequilibria in the DIC pool, specifically CO3*",
we used the IsoDIC modeling software developed by Guo et al. (Guo, 2019; Guo, 2020). This
modeling software predicts kinetic isotope fractionation in clumped isotopes in a DIC-H20-CO2
system. It simulates (de)hydration and (de)hydroxylation reactions 1-5, for the evolution of CO2
to CO3%, and the isotopologue 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 Equation 18

below,
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k)k = Qgg * k (18)

where k is the rate constant of the isotopically non-substituted reactions, and axie 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, Equation 1 and 2, are the only reactions that contribute to isotopic
fractionation where Equations 3-5 are assumed to be at equilibrium due to their relative rates of
reaction when compared to Equations 1 and 2 (Guo, 2019, 2020).

The following parameters were input into IsoDIC to perform modeling in the absorption
and degassing regimes: Degassing (1) solution temperature: 25.0 °C, (2) solution pH: 8, (3) air
pCO2: 300 ppm, (4) 83 Cv-ppB air: -10.00 %o, (5) §'®0v-smow air: 41.46 %o (6) system evolution
time: 12h (7) clumped T: 25.0 °C; Absorption 1) solution temperature: 25.0 °C, (2) solution pH: 9,
(3) air pCO2: 3000 ppm, (4) §'3*Cv-ppB air: -10.00 %o, (5) 8'%0v-smow air: 41.46 %o (6) system
evolution time: 12h (7) clumped T: 25.0 °C. These values do not correlate to a specific cave or
environment, and are default parameters used by Guo et al., (2020) when he explained the model.
Conversions from De3 and Des were conducted using the AFFs previously listed. AA47 and AA4sg
plots were created using the same temperature equilibrium equations used by Guo et al., (2020).

The equations used by this model are described in greater detail in the Supplementary Materials,

S.3.1.

3.3 Results

All clumped and stable isotope data are reported in Table 3.3. The three different variations
of cave carbonates include speleothems (diamonds), farmed calcite plates (circles), and cave rafts

(triangles). Temperature predictions, seen in Table 3.4, were made using the A47-T calibration
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curve reported by Anderson et al., (2021). Temperatures were listed as agreeing if the reported

and predicted values fell within 1 s.e. of each other.

3.3.1 Clumped (A47 and A4s) and Stable (5'3C and §'30) Isotope Analysis

Plots of clumped isotope (A47 and A4g) and stable isotope (8'°C and 8'30), with respect to
sample type, can be seen in Figures 3.3 and 3.4. Plots of clumped isotope (A47 and A4s) and stable
isotope (8'°C and 8'*0) with all samples aggregated can be viewed in the Supplementary
Information (SI) (S.3). Plots of paired (A47-A4s) clumped isotope and aggregated extent of

disequilibria (AA47-AA4g) can be viewed in the SI (S.3).
3.3.1.1 Cave Rafts

The A47 a-cDES), A47 (cDES90), 8'3Ov-smow, and 8'*Cv-rps range for the cave rafts from three
proximate cenotes, Rainbow, Feno, and Monkey Dust, (samples: B1, B3, BS, F1, F2, F3, F4, F5,
R1, R2, R3, RS), collected by Kovacs et al. (2018), are 0.550%0 to 0.610%o, 0.119%o to 0.275%o,

24.616%o0 to 25.502%o, and -6.115%o to —5.432%o respectively.
3.3.1.2 Calcite Plates

The A47 -cDES), A48 (CDES90), &' *Ov-smow, and §'°Cv-rps range for the calcite plates from
Cueva Bonita (CB-D6, CB-D62, CB3, CB4-Scar, CB4-Scar2) collected by Wright et al. (2022)
are 0.601%o to 0.634%o, 0.234%0 to 0.274%o, 25.722%o to 26.802%o, and -12.866%o to —5.328%o
respectively. The A47 (-cpEs), Ads (cDES90), 8'*Ov-smow, and §'*Cv-rps range for the calcite plates
from Cueva de la Puenta (CP-D2, CP-D3a, CP-D3a2, CP-D3a3, CP-D3b, CP-D3b2) collected by
Serrato (2020) are 0.579%o to 0.639%o, 0.171%0 to 0.271%o, 21.464 %o to 22.215%o, and -10.798%o

to —8.508%o respectively. The A47 (-cDES), Ads (CDES90), &' *Ov-smow, and 8'*Cv.rpB range for calcite
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plates from Liburn Cave (CPY, GLR) collected by Wortham et al. (2021) are 0.640%o to 0.645%o,
0.236%o to 0.239%e0, 22.087%0 to 22.474%o, and -8.675%0 to —9.720%o respectively. The A47 (-cDES),
Adg (cDES90), 8'80v-smow, and 8'*Cv-rps for individual calcite plate samples collected from Grutas
de Catedral (GC), Tham Doun Mai (TM-D10), and Tham Nguen Mai (TNM) can be found in

Table 3.3.

3.3.1.3 Speleothems

The A47 (1-cDES), Ads (CDES90), &'*Ov-smow, and §'*Cv-pps range 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) are 0.606%o to 0.617%o, 0.265%o0 to 0.305%o, 25.513%o0 to 26.896%o, and -
11.065%o to —7.406%o respectively. The A47 1-cDES), A48 (CDEs90), 8'2Ov-smow, and §'*Cv-rpB range
for the synthetic speleothem 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-Shenawy et al/ are 0.564%o to 0.629%o, 0.169%o to
0.315%o0, 20.069%0 to 24.324%o, and -29.041%0 to —15.428%o0 respectively. Information on the
individual cave sample collected from Moaning Cave, California, USA (sample: MC) (Wortham
et al., 2021); Mechara Caves, Ethiopia, Africa (ASFA); and Tigray Caves, Ethiopia, Africa (MM1

and ZA-3) can be found in Table 3.3.
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00 v.

A4g

Replicates | 6"*C v.ppp A47 1 (CDES90)
Sample Name (n) (%0) 1s.d. | smow (%) | 1s.d. | cpes)(%o) | 1 s.e. (%0) 1 s.e.
Bl 3 -10.977 | 0.021 25.027 0.197 0.550 0.007 0.119 0.026
B3 5 -10.710 | 0.007 24.976 0.049 0.566 0.013 0.163 0.034
B5 5 -11.038 | 0.056 24.724 0.145 0.573 0.005 0.194 0.014
Fl 4 -11.433 | 0.040 25.023 0.067 0.570 0.004 0.149 0.022
F2 5 -11.510 | 0.138 25.042 0.043 0.610 0.018 0.204 0.019
F3 5 -11.660 | 0.086 25.011 0.107 0.589 0.007 0.172 0.018
F4 5 -11.010 | 0.055 24.697 0.246 0.574 0.010 0.182 0.014
F5 5 -11.428 | 0.160 24.761 0.165 0.602 0.018 0.275 0.069
R1 3 -10.347 | 0.136 25.257 0.072 0.587 0.020 0.123 0.016
R2 4 -11.790 | 0.079 24.616 0.034 0.579 0.010 0.197 0.017
R3 5 -9.530 0.131 25.320 0.189 0.564 0.012 0.147 0.029
R5 5 -10.084 | 0.094 25.502 0.181 0.565 0.012 0.144 0.018
CB-D6 5 -9.916 0.054 25.747 0.089 0.634 0.017 0.267 0.016
CB-D62 4 -9.920 0.034 25.722 0.034 0.601 0.010 0.263 0.010
CB3 4 -5.328 0.005 26.802 0.047 0.602 0.015 0.264 0.030
CB4-12-Wet 2 -10.310 | 0.057 25.513 0.007 0.607 0.002 0.265 0.054
CB4-48-Dry 13 -9.499 0.067 26.776 0.088 0.615 0.009 0.304 0.046
CB4-82-Wet 5 -9.834 0.064 25.984 0.123 0.617 0.013 0.265 0.053
CB4-99-Dry 5 -7.406 0.140 26.896 0.145 0.606 0.013 0.305 0.026
CB4-Scar 5 -12.866 | 0.061 25.945 0.057 0.627 0.015 0.274 0.024
CB4-Scar2 5 -12.224 | 0.051 25.747 0.105 0.623 0.023 0.234 0.012
CB4-Top 6 -11.065 | 0.102 25.847 0.148 0.607 0.011 0.267 0.050
CP-D2 6 -10.798 | 0.357 21.464 0.106 0.623 0.029 0.264 0.034
CP-D3a 5 -8.796 0.388 22.166 0.238 0.595 0.022 0.171 0.027
CP-D3a2 5 -8.654 0.202 22.043 0.148 0.610 0.024 0.211 0.024
CP-D3a3 5 -10.376 | 0.438 21.537 0.187 0.639 0.008 0.271 0.030
CP-D3b 4 -8.508 0.041 22.215 0.081 0.579 0.008 0.247 0.039
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CP-D3b2 5 -9.848 0.294 21.659 0.224 0.618 0.018 0.201 0.030

GC 5 -10.542 0.244 23.601 0.189 0.641 0.014 0.263 0.021

TM-D10 5 -14.446 0.071 21.818 0.098 0.603 0.008 0.324 0.035

TNM 5 -14.754 0.103 21.168 0.122 0.632 0.021 0.266 0.024

CPY 7 -9.720 0.040 22.087 0.044 0.645 0.008 0.236 0.010

GLR 7 -8.675 0.093 22.474 0.056 0.640 0.012 0.239 0.029

MC 7 -8.228 0.081 22.753 0.051 0.600 0.006 0.235 0.028
MIE-15-95-9-FL-Center 4 -24.298 0.057 23.889 0.014 0.612 0.005 0.215 0.037
MIE-15-95-9-FU-Edge 4 -27.795 0.103 23.768 0.049 0.616 0.009 0.315 0.004
MIE-15-95-9-SL-Center 5 -15.428 0.228 24.324 0.025 0.629 0.005 0.282 0.024
MIE-25-95-8-FL-Center 5 -23.306 0.050 21.636 0.022 0.596 0.005 0.233 0.016
MIE-25-95-8-FU-Edge 8 -28.804 0.097 22.064 0.058 0.569 0.011 0.280 0.027
MIE-32-95-3-FL-Center 5 -20.734 0.040 20.069 0.024 0.564 0.012 0.169 0.014
MIE-32-95-3-FU-Center 7 -29.041 0.070 20.874 0.059 0.578 0.005 0.237 0.021
ASFA 6 -7.405 0.019 29.745 0.037 0.610 0.008 0.181 0.022

MMI1 7 -4.640 1.217 28.026 0.732 0.590 0.003 0.185 0.018

ZA-3 7 -1.013 1.401 24.550 1.376 0.614 0.006 0.183 0.016

Table 3.3 Clumped and stable isotope data for all samples. All A47 data is presented in the I-CDES reference frame and the A4z data is presented in
the CDES90 reference frame. Calulations to determine AA47and AAsg values were performed using Equations 15 and 16 from Lucarelli ez al. (2022).
Calculations to determine A3'*0 values were performed using the temperature dependent relationship determined by Kim and O'Neil (1997).
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Figure 3.3 Clumped (A4; and A4g) and §'*0 composition of calcite plates, speleothems (natural and synthetic), and cave rafts from various
locations around the world. A) A4;and §'%0 of farmed calcite plates. B) As7and 5'*0 of speleothems. C) As7and §'%0 of cave rafts D) Assand 5'°0
of farmed calcite plates E) Az and 3'%0 of speleothems F) Assand §'30 of cave rafts
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Figure 3.4 Clumped (A4 and A4g) and §'*0 composition of calcite plates, speleothems (natural and synthetic), and cave rafts from various
locations around the world. A) A4;and §"°C of farmed calcite plates. B) A4;and §'°C of speleothems. C) As7and §"°C of cave rafts D) Assand §°C
of farmed calcite plates E) Ass and 8"°C of speleothems F) A and 8'°C of cave rafts
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3.3.2 Isotopic Disequilibrium Analysis (AA47, AAss, and A5'30)

Isotopic disequilibrium values were calculated using the mean sample values against
oxygen isotope equilibrium (Kim and O’Neil, 1997) and clumped isotope (A47 and Aas)
equilibrium equation values (Lucarelli et al., 2022). These values are shown in Figure 3.7, 3.8, and
3.9; and Table 3.4. Samples were designated at equilibrium if the standard error of AA47 and AA4s

fell within range of the origin of Figure 3.9.

3.3.2.1 Cave Rafts

The AA47, AAss, and AS'30 range of the cave rafts collected from Cenote Feno, Rainbow,
and Monkey Dust, in Mexico (Kovacs et al., 2018) are -0.046%o to 0.013%o, -0.128%0 to 0.028%e,
and -0.914%o to 1.201%o respectively.

3.3.2.2 Calcite Plates

The AA47, AAsg, and AS'3O range of the calcite plates farmed by Wright et al. (2022) from
Cueva Bonita, Mexico are -0.013%o to 0.019%o, -0.021%0 to 0.019%o, and -0.127%o to 1.247%o
respectively. The AA47, AAsg, and AS'0 range of the calcite plates farmed by Serrato (2022) from
Cueva de la Puente, Mexico are -0.033%o to 0.032%o0, -0.083%0 to 0.019%o, and -0.246%0 to
0.786%o respectively. The AA47, AAss, and AS'®0 range of the calcite plates farmed by Wortham
et al. (2021) from Liburn Cave, California, USA are —0.008%o to -0.003%o, -0.033%o to -0.029%.,
and 1.290%o to 1.677%o respectively. The AA47, AAss, and AS'®O for individual calcite plate
samples collected from Grutas de Catedral (unpublished), Tham Doun Mai (Wang et al., 2019;

Griffiths et al., 2020), and Tham Nguen Mai (unpublished) can be found in Table 3.4.
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3.3.2.3 Speleothems

The AA47, AAsg, and AS'80 range for the speleothem samples from Cueva Bonita, Mexico,
collected by Wright et al. (2022) are -0.008%o to 0.003%o, 0.010%o to 0.051%., and -0.042%o to
1.340%o respectively. The AA47, AAsg, and AS'O range for the artificial speleothem samples
synthesized by EL-Shenawy et al. (2020) are -0.025%o to 0.005%o, -0.070 %o to 0.057%., and -
0.061%o to 1.773%o respectively. Information on the individual cave sample collected from the
Moaning Cave, USA (Wortham et al., 2021); Mechara Caves, Ethiopia (Asrat et al., 2008); and

Tigray Caves, Ethiopia (unpublished) can be seen in Table 3.4.
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Dual

Clumped Reported AT
ASBO | ASBO | AAs7 | AAg7 | AAgs Ahse .0 Isl:) toll))e Temgera ture | Predicted e Agreement
0 48 S.C. .C.

Sample (%0) s.d. (%o) s.e. (%0) Equilibrium C) Tem?oe(lj';lture (Y/N)
Name (Y/N)

F2 -0.914 | 0.150 | 0.013 | 0.038 | -0.044 0.031 Y 24 20 6 Y

F5 0.040 | 0.170 | 0.005 | 0.038 | 0.028 0.081 Y 24 23 6 Y
CB-D6 0.127 | 0.092 | 0.019 |0.038 | 0.012 0.164 Y 18 13 5 Y
CB-D62 | 0.145 | 0.035 | -0.013 | 0.031 | 0.009 0.084 Y 18 23 3 Y

CB3 1.247 | 0.048 | -0.011 | 0.036 | 0.010 0.095 Y 18 23 5 Y
CB4-48-

Dry 1.221 | 0.090 | 0.002 | 0.030 | 0.049 0.180 Y 18 18 3 Y
CB4-82-

Wet 0.429 | 0.127 | 0.003 | 0.034 | 0.010 0.124 Y 18 18 4 Y
CB4-99-

Dry 1.340 | 0.150 | -0.008 | 0.034 | 0.051 0.085 Y 18 21 4 Y
CB4-Scar | 0.455 | 0.059 | 0.014 | 0.036 | 0.019 0.074 Y 19 15 4 Y
CB4-Scar2 | 0.192 | 0.108 | 0.010 | 0.043 | -0.021 0.024 Y 18 17 7 Y
CB4-Top | 0.291 | 0.152 | -0.007 | 0.032 | 0.012 0.061 Y 18 21 4 Y

CP-D2 -0.246 | 0.109 | 0.007 | 0.050 | 0.009 0.150 Y 18 17 8 Y
CP-D3a2 | 0.775 | 0.152 | 0.001 | 0.045 | -0.042 0.115 Y 20 21 9 Y
CP-D3b2 | 0.392 | 0.231 | 0.009 | 0.039 | -0.052 0.229 Y 20 18 5 Y

GC 0.542 | 0.194 | 0.014 | 0.036 | 0.003 0.096 Y 14 11 4 Y
TM-D10 | 0.454 | 0.101 | 0.000 | 0.029 | 0.074 0.249 Y 22 22 3 Y

CPY 1.290 | 0.046 | -0.003 | 0.030 | -0.033 0.037 Y 9 2 Y

GLR 1.677 | 0.058 | -0.008 | 0.034 | -0.029 0.160 Y 11 4 Y
MIE-15-
95-9-FL-

Center 0.452 | 0.015 | -0.011 | 0.026 | -0.043 0.049 Y 15 19 1 Y
MIE-15-
95-9-SL-

Center -0.061 | 0.026 | 0.005 |0.026 | 0.024 0.036 Y 15 14 1 Y
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MIE-25-

95-8-FL-
Center | 0.436 | 0.023 | 0.002 |0.026 | -0.013 0.028 Y 25 24 2 Y
MIE-32-
95-3-FL-
Center | 0.217 | 0.025 | -0.011 | 0.032 | -0.070 0.026 Y 32 36 5 Y
MIE-32-
95-3-FU-
Center | 1.773 | 0.061 | 0.002 |0.025 | -0.002 0.032 Y 32 31 2 Y
CB4-12-
Wet -0.042 | 0.007 | -0.007 | 0.022 | 0.010 0.022 Y 18 21 N
TNM | -0.069 | 0.126 | 0.031 |0.042 | 0.017 0.042 Y 23 14 N
MC -0.093 | 0.053 | -0.016 | 0.026 | -0.020 0.176 Y 18 23 N
MIE-25-
95-8-FU-
Edge 1.441 | 0.060 | -0.025 | 0.031 | 0.034 0.038 Y 25 34 4 N
RI 1.201 | 0.090 | -0.009 | 0.040 | -0.125 0.028 N 25 28 7 Y
MIE-15-
95-9-FU-
Edge 1.063 | 0.051 | -0.008 | 0.030 | 0.057 0.016 N 15 18 3 Y
ASFA 1.298 | 0.039 | -0.004 | 0.029 | -0.074 0.034 N 18 20 3 Y
Bl 0.775 | 0.090 | -0.046 | 0.027 | -0.128 0.038 N 25 41 3 N
B3 0.591 | 0.150 | -0.030 | 0.034 | -0.085 0.045 N 25 36 5 N
BS 0411 | 0.100 | -0.022 | 0.025 | -0.053 0.026 N 25 32 2 N
F1 0.961 | 0.070 | -0.027 | 0.024 | -0.099 0.033 N 24 33 1 N
F3 0.835 | 0.190 | -0.008 | 0.028 | -0.076 0.029 N 24 27 2 N
F4 -0.908 | 0.060 | -0.023 | 0.030 | -0.066 0.025 N 24 32 4 N
R2 0.499 | 0.220 | -0.016 | 0.030 | -0.051 0.028 N 25 30 4 N
R3 1.028 | 0.110 | -0.031 | 0.032 | -0.100 0.040 N 25 36 4 N
RS N/A | NA | -0.030 | 0.032 | -0.104 0.030 N 25 36 4 N
CP-D3a | 0.738 | 0.246 | -0.017 | 0.043 | -0.083 0.043 N 19 26 7 N
CP-D3a3 | 0.409 | 0.193 | 0.032 |0.029 | 0.019 0.029 N 20 11 2 N
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CP-D3b 0.786 | 0.084 | -0.033 | 0.028 | -0.006 0.028 N 19 30 N
MM1 N/A N/A -0.009 | 0.024 | -0.06 | 0.02943132 N 24 26 N
ZA-3 N/A N/A 0.015 ]0.026 | -0.07 | 0.02782649 N 24 19 N

Table 3.4 Extent of disequilibria and comparison of reported and predicted temperatures using Anderson et al., (2021) calibration curve. Agreement
criteria is if extent of disequilibria is within 1 s.e. of origin and predicted temperature is within 1 s.e. of reported temperature.
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Figure 3.5 Disequilibria analysis of cave rafts from Mexico (Kovacs et al., 2018). Panel A analyzes the
variation of 8"°C and §'*0 using the Rayleigh distillation model (RDM) method. Panel B uses the extent
of disequilibria (AA47 and AAs4g) in the dual clumped isotope space. In both plots cave raft samples were
not separated during analysis as they would yield similar results. A) §'*0 and §"*C covariation plot with
linear regression analysis of cave rafts. Slope of aggregate cave raft samples is 0.284+0.085. B) AA47 and
AAsg plot of all cave raft samples. Slope of all samples from the origin is -3.06+0.512.
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Figure 3.6 Disequilibria analysis of calcite plates and speleothems from Cueva Bonita, Mexico (Wright et
al., 2022) and calcite plates from Cueva de la Puente (Serrato, 2020). Panel A analyzes the variation of
8"3C and "0 using the Rayleigh distillation model (RDM) method. Panel B uses the extent of
disequilibria (AA47 and AAs) in the dual clumped isotope space. In the case of samples from Cueva
Bonita, samples were not separated based on sample type in this analysis for accurate comparison of
RDM and AA47-AAss method A) 8'*0 and §"*C covariation plot with linear regression analysis. Slopes of
sample set from Cueva Bonita and Cueva de la Puente are 0.170+£0.058 and 0.333+0.035 respectively. B)

AA47 and AAsg analysis.
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Figure 3.7 Extent of disequilibria associated with clumped (A47) and stable oxygen isotope (8'°0). AAs7
was calculated by measuring the difference between the measured clumped isotope signal versus the
equilibrium clumped isotope signature, using the temperature-dependent relationship developed by
Lucarelli (2022) A3'"O was determined using the temperature-dependent relationship established by Kim
and O’Neil et al. (1997). Temperatures varied by the location of recovery and were explicitly measured
by collaborators. A) AA4; and AS'®O of farmed calcite plates. B) AA47 and AS'*0 of speleothems. C) AAy4y

and A8'%0 of cave rafts.
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Figure 3.8 Extent of disequilibria associated with clumped (A47) and stable oxygen isotope (5'%0). AAs7
was calculated by measuring the difference between the measured clumped isotope signal versus the
equilibrium clumped isotope signature, using the temperature-dependent relationship developed by
Lucarelli (2022) A5'®0 was determined using the temperature-dependent relationship established by Kim
and O’Neil ef al. (1997). Temperatures varied by the location of recovery and were explicitly measured
by collaborators. A) AAss and A0 of farmed calcite plates. B) AAss and AS'*0 of speleothems. C) AAss
and A8'®0 of cave rafts.
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Figure 3.9 Extent of disequilibria (AA4; and AAss) plots for calcite plates (panel A), speleothems (panel
B), and cave carbonates (panel C). AA47 and AAss were calculated by measuring the difference between
the measured clumped isotope signal versus the equilibrium clumped isotope signature, using the
temperature-dependent relationship developed by Lucarelli ef al. (2022). The temperatures varied by the
location of recovery and were explicitly measured by collaborators. A) AA47 and AAss extent of
disequilibria plot of farmed calcite plates. B) AA47 and AA4s extent of disequilibria plot of farmed

speleothems. C) AA47 and AA4s extent of disequilibria plot of cave rafts.
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3.4 Discussion

Analysis was performed using two separate approaches; one that focused on the traditional
stable isotope (8'°C and 8'%0) approach, and the second focusing on a clumped isotope (A47 and

Aa4g) approach.

3.4.1 Assessing Disequilibria of Cave Carbonates using Traditional Stable Isotopes (5'*C
and 5'30)

Carbonates in cave environments are mainly formed via CO2 degassing out of calcite
(CaCO3) saturated water that is triggered by the pCO: gradient between this calcite saturated water
and cave atmosphere (Dreybrodt, 1988; Hansen et al., 2013). Fast CO2 degassing tends to result
in a coherent increase (i.e., covariation) in $'30 and 8'*C values of the dissolved bicarbonates and
consequently in those of the precipitating carbonates due to the preferential loss of '*C and '°O
(Mickler et al., 2004; Scholz et al., 2009; Day and Henderson, 2011; El-Shenawy et al., 2020). At
the onset of CO2 degassing, precipitating carbonates would be close to carbon and oxygen isotopic
equilibrium with parent water. However, progressive CO2 degassing leads to a positive deviation
of the precipitating carbonates from the initial carbon and oxygen isotopic equilibria (Dreybrodt
and Scholz, 2011). Therefore, a positive correlation between §'0 and §'°C values of cave
carbonates is a robust indicator of isotopic disequilibria (Hendy, 1971; Mickler et al., 2006). The
carbonate samples, collected from natural caves in this study, show a significant positive
correlation (p-value of < 0.02) between §'%0 and §'°C values, suggesting that these carbonates
formed at isotopic disequilibria with cave water (see their Fig. 1). The calcite rafts from Mexico
exhibit a §'%0 - 8!°C covariation with a slope of 0.284 (p-value = 0.008; Figure 3.5). While the
farmed calcite plates 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 =
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0.0007), respectively (Figure 3.6). This difference in the slopes of the §'*0 - §'3C covariation
indicates a different degree of isotopic equilibria. Note that our regression analyses are undertaken
only for the data sets of three or more samples from the same cave system tested in this study.
The slope of §'30 - §'3C covariation in carbonates due to CO2 degassing can be estimated
using a Rayleigh Distillation Model (RDM) (Mickler et al., 2004; Mickler et al., 2009; Scholz et
al., 2009; El-Shenawy et al., 2020). The estimated slopes for calcite which is formed under
progressive CO2 degassing in caves at 0 - 30 °C range between 0.919 and 1.040, respectively (i.e.,
Slope=1). The observed slopes in rafts, natural speleothems, and farmed calcite plates (i.e., 0.284,
0.170 and 0.333) are significantly shallower than their estimated slopes based on RDM (i.e., 0.997,
0.962 and 0.967; Figures 3.5 and 3.6). These shallower slopes can be explained by two potential
mechanisms: (A) OIE: Oxygen Isotope Exchange between DIC species and water (Beck et al.,
2005; Dreybrodt and Scholz, 2011; El-Shenawy et al., 2020) and (B) CIE: Carbon Isotope
Exchange between DIC species in water and CO2 in cave atmosphere (Dreybrodt ef al., 2016;
Hansen et al., 2017; El-Shenawy et al., 2020). Under complete or partial OIE, '°O depletion (or
180 enrichment) of the DIC species due to CO2 degassing is typically buffered or minimized by
the isotopic exchange with the large oxygen reservoir of cave water, decreasing the slope of the
8'%0 - §'3C covariation in precipitating carbonates (Figure 3.2A). For example, a OIE mechanism
would decrease the slope of cave carbonates that grow at a slow rate (e.g., cave carbonates formed
in pools under a thick water layer). A relatively slow growth rate of carbonate could thus allow a
higher degree of the OIE, which is completed within 24 hours and 9 hours at 15 and 25 °C,
respectively, and also contribute to the lowering of the slope of §'*0 - §'°C covariation in
carbonates (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 (Dreybrodt and Romanov, 2016).
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On the other hand, a CIE mechanism is active in a ventilated cave where cave air CO: is
continuously replaced by atmospheric CO2. The average §'°C value of cave air CO2 ranges from -
16 %o to -22 %o that is in carbon isotope equilibrium with DIC species in cave water whereas
atmospheric CO2 has a higher §'*C value of about -8 %o. As a result, when the cave air CO: is
partially or completely replaced by atmospheric COz, CIE increases the §'C value of the DIC
species in cave water and the precipitating carbonates would decrease the slope of §'30 - §'3C
covariation in carbonates induced by CO:2 degassing. CIE proceeds faster than the OIE (Beck et
al.,2005; Dreybrodt et al., 2016; Hansen et al., 2017). El-Shenawy et al. (2020) demonstrated that
a significant increase in the §'°C value of stalagmite-like carbonates due to CIE occurred in few
hundred seconds (see their Fig. 6a). Therefore, CIE is expected to impact the CO2 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 their shallower slope of the §'%0 - §'°C covariation.
Likewise, speleothems and farmed calcite from Cueva Bonita cave grew under a seasonal
ventilation mode (i.e., low pCO: in winter and high pCOz2 in summer; See Fig. S3a in Wright e¢
al.,2021), allowing CIE to imprint the carbon isotope composition of these carbonates. However,
some of these carbonates exhibit a large spread in their §'°C values with a more or less constant
5'%0 value, suggesting an additional effect of the OIE during carbonate precipitation. 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 cave was described as well ventilated and the shallower slope of §'%0-
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8'3C covariation in its farmed calcite samples corroborates this due to the significant impact of
CIE with limited/no effect of OIE.

In this study, the regression analysis of the synthetic speleothem samples from the
McMaster artificial cave is not possible due to the limited number of samples from each
experimental condition (one or two samples). However, the samples from the upper watch glasses
(FU samples) were shown to be affected by the CIE whereas the lower watch glass samples were
controlled by both the CIE and the OIE (See Fig. 6a, 7 and 8 in El-Shenawy et al., 2020). In
summary, carbon and oxygen isotope exchange are key mechanisms along with CO2 degassing in
the process of carbonate precipitation in cave environments. However, it is difficult to resolve
these effects using bulk stable isotopes alone, thus we look at paired clumped isotope (A47 and A4s)

analysis to resolve.

3.4.2 Framework for Assessing Cave Carbonate Disequilibria with Dual Clumped Isotopes
(A47 and A4s)

By pairing A4s and A47 signatures, we can predict, and model different disequilibria
processes. This in turn can augment traditional degassing disequilibria probing techniques, such
as linear regression using RDM (Mickler et al., 2004, 2006; Miihlinghaus et al., 2009) seen in
Figure 3.1A. Dual clumped isotopes have been used to correct disequilibria-induced temperature
biases through trajectory predictions using the IsoDIC modeling (Fiebig et al., 2019; Guo, 2019,
2020; Bajnai et al., 2020). 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 et al., 2020). The IsoDIC model represents a major advancement in our

understanding of dual clumped isotope disequilibria. In the CO2 degassing and CO2 absorption
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regime, IsoDIC focuses on speleothem, biogenic carbonates (i.e. corals), and high-pH travertines.
However, it is acknowledged to oversimplify speleothem formation and coral calcification
processes (Guo et al., 2020), which can affect its universal use in quantitative applications, such
as temperature corrections.

Figure 3.1B, is a generic representation of the absorption and degassing process in the
AA47-AAss space. CO2 degassing is predicted to originate and propagate in quadrant 2 and 1; and
absorption in quadrants 4 and 3. In the case of degassing, quadrant 2, a departure away from
equilibria is observed with a rebound moving into quadrant 1. As oxygen isotopes equilibrate, it
returns to equilibrium through quadrant 1. A similar cycle occurs with respect to CO2 absorption
disequilibria where an initial migration from the origin propagates into quadrant 4 and return back
to equilibrium through quadrant 3. The initial trajectory slopes of departure from the origin in both
absorption and degassing disequilibria is what Bajnai et al., (2020) used to successfully correct
clumped isotope paleothermometer temperature predictions of warm and cold-water coral
(absorption) along with natural and synthetic speleothems (degassing). However, this very
simplified correction becomes far more difficult to make when cave carbonates have additional
isotopic buffering effects that can remove them from the initial linear regression.

Carbon and oxygen isotope exchange in a homogenous and heterogeneous manner can
result in alterations to the isotopic composition of the DIC pool which can affect both A47 and A4s
signatures. OIE is a homogenous process and based primarily on (de)hydration and
(de)hydroxylation reactions 1-2. Homogenous OIE between DIC and H2O reservoirs within cave
water (same phase) can result in isotopic buffering of the 30 enrichment in the DIC pool induced
by CO2 degassing (Beck et al., 2005; Mickler et al., 2006; Dreybrodt and Scholz, 2011) resulting

in migrations from the traditional degassing pathway. CIE is a heterogenous exchange, where
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carbon exchange occurs from the DIC and atmospheric CO2 reservoirs. Heterogeneous CIE
between the DIC in cave water and the CO:2 of cave atmosphere (two phases) has been far less
studied than OIE, and can result in disequilibrium effects that are inconsistent with degassing
(Tremaine et al., 2011; Dreybrodt et al., 2016; Hansen et al., 2017; EL-Shenawy et al., 2020). In
Figure 3.1A, pure degassing disequilibria is described by the RDM as a 1:1 covariation, or S~1, in
the $'*0 and 8'3C space (Mickler ef al., 2006). This slope is reduced with increasing contributions
of OIE and CIE. When S~0, the 8'%0 values are at equilibrium. Previous research suggests that
well ventilated caves will exhibit greater amounts of CIE (Dreybrodt and Scholz, 2011; Dreybrodt

et al.,2016; Hansen ef al., 2017; EL-Shenawy et al., 2020).
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Figure 3.1 Stable isotope (8'°C and 8'*0) and clumped isotope (A47 and Ass) model simulations of
disequilibria. Panel A simulates degassing disequilibria using the Rayleigh distillation model (RDM).
Panel B simulates disequilibria in the degassing (dark yellow) and absorption (blue line) directions using
IsoDIC (Guo et al., 2019, 2020) modeling. A) 5"*C and §'*0 simulation. A slope value, S, at
approximately 1 simulates pure degassing disequilibria. Oxygen Isotope Exchange (OIE) and Carbon
Isotope Exchange (CIE) shift the slope to lower values where S<1. Complete OIE results in S=0 where
the 8'%0 values are at isotopic equilibrium. B) AA4; and AAsg simulation of disequilibria. Default
parameters from Guo et al., (2020) were used for both simulations. Quadrants 1 to 4 are listed and
indicate the type of disequilibria we expect to see in each respective quadrant.
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3.4.3 Application of Framework for Assessing Cave Carbonate Disequilibria w/ Clumped
Isotope (A47 and A4s)

The dual clumped isotope (A47 and Asg) approach allows us to analyze the extent of
disequilibria (AA47-AA4g) in each sample, with information provided by both the direction and
magnitude of disequilibria. Figures 3.8 and 3.9 show the extent and type of disequilibria associated
with each cave carbonate sample. Expanding OIE and CIE into the AA47-AAss space, we
hypothesize that OIE drives the migration of samples to quadrant 1 and CIE to quadrant 3. In the
case of traditional degassing, disequilibria propagate in quadrant 2 with a depletion in A47 and
enrichments in §'%0 (Daéron et al., 2011; Kluge and Affek, 2012; Affek and Zaarur, 2014) (Figure
3.2B). This also correlates to an enrichment in A4s (Fiebig et al., 2019; Guo, 2020; Bajnai et al.,
2020). Increased isotopic equilibration pushes the disequilibria into quadrant 1 through an OIE
pathway. In the case of CIE, we hypothesize that this resides in quadrant 3. However, we do not
believe samples that fell in quadrant 3 followed an absorption pathway, rather a diffusion pathway.
Previously discussed modifications due to CIE could result in a depletion of both A47 and Aas
values, propagating the disequilibria into quadrant 3. However, thorough confirmation of this

phenomenon is still required and could be accomplished through calcium isotopes.

Disequilibria associated with cave rafts recovered by Kovacs et al. (2018) appear to
migrate away from clumped isotope equilibria in quadrant 3 as indicated by depletions in both
AA47 and AA4s (Figures 3.7 and 3.8). Traditional speleothem and cave samples exhibit a CO2
degassing disequilibria phenomenon, driven by thin film dynamics and a large pCO2 gradient
between the cave atmosphere and drip water. All cave rafts samples recovered are within or have
1 s.e. within quadrant 3 of Figure 3.9. The thickness of these pools would easily promote greater

residence times of DIC in the system allowing for OIE and CIE, corroborating what we see in the
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stable isotope analysis. However, within the clumped isotope space we can explicitly resolve the
extent of CIE on the cave raft as a function of ventilation. Cenote Feno is considered to have the
least ventilation of the three Cenotes, with a small opening to atmosphere. Cenotes Rainbow and
Monkey Dust were considered well ventilated with large openings to the atmosphere (Kovacs et
al., 2018). Previous research into the CIE affects and their relationship to cave ventilation indicates
that this effect is enhanced in well ventilated caves (Dreybrodt et al., 2016; Hansen et al., 2017,
EL-Shenawy et al., 2020). We can corroborate this with our three samples in the greatest
magnitude of migration from origin to quadrant 3 correlating to greater cave ventilation. Samples

(B1, B3, B5) collected from Monkey Dust and Rainbow had large and comparable magnitudes
(M) of departure from origin into quadrant 3 (Monkey Dust = AA,,: -0.032+0.029, AA,g: -
0.089+0.036, M:0.094; Rainbow = AA,,: -0.022+0.034, AA.s: -0.095+0.032, M:0.097),
corroborating a well ventilated cave. Samples (F1, F2, F3, F4, F5) from Feno had the smallest
magnitude of departure into quadrant 3 (AA,;: -0.007%0+0.032, AA,g: -0.051+0.039, M: 0.052),

corroborating a poorly ventilated cave system relative to the other Cenotes.

Farmed calcite plates and speleothems recovered from Cueva Bonita (Wright ef al., 2022)
were mostly indistinguishable from equilibrium values (i.e., within 1 s.e. of equilibrium).
Temperature predictions from A,; agree with temperature observations. Stable isotope analysis of
the population from this indicates some CIE and/or OIE contributions based on the §'*0-§"°C
covariation slope of 0.170. However, we cannot resolve if CIE or OIE are explicitly causing this
through this approach only. Using Figure 3.9, we can see there is a bias towards quadrants 1 and
2 which indicate that there is a preference for degassing and OIE which is present in both
speleothem and farmed calcite plate samples. As discussed previously we attribute OIE to thick

water layers on farmed calcite plates and potential pooling of water on the tops of the speleothems.
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Farmed calcite plates recovered from Cueva de la Puente (Serrato, 2020) have most samples
yielding a bias towards quadrants 3 which confirms CIE being the predominant effect with OIE
exhibited by sample CP-D3a3 and CP-D2. This corroborates what we see in Figure 3.6 with a

slope of 0.333 and &'3C values shifted to isotopically enriched values.

While the traditional regression analysis approach could not be used to indicate carbon or
oxygen isotope exchange in the synthetic speleothems (EL-Shenawy et al., 2020) due to limited
population size, we can attempt to resolve this in AA47-AA4g (Figure 3.9). The sample set from has
relatively even distribution with biases in quadrant 2 (degassing) and quadrant 3 (CIE). Samples
MIE-25-95-8-FU-Edge and MIE -15-95-9-FU-Edge had the greatest degassing effects 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 traditional speleothems
and associated degassing phenomenon (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. However, we only see CIE indicated by our dataset because we analyzed a limited

sample set from their study.

While stable isotope regression analysis can only evaluate sample populations of three or
more, we can use dual clumped isotopes to examine individual samples collected from each cave
locality. Samples GLA and CPY collected from Lilburn Cave (Wortham et al., 2020) exhibited
CIE, residing in quadrant 3 of Figure 3.9. Both of these farmed calcite plates were collected from
drip sites that were located near the cave entrances with seasonal ventilation variations. Sample

TM-D10 collected from Tham Doun Mai (Wang et al., 2019) resides directly in between quadrant
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1 and 2, indicating OIE effects or a closed cave. This can be due to increased thickness of water
film and pooling of water due to significant rainfall (1200mm) localized during the summer (June-
September) monsoon season (Wang et al., 2019). This can also account 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 we can see
in Figure 3.9 that it resides in quadrant 1, similar to sample TM-D10, indicating OIE effects driving
it back to equilibrium. Speleothem sample MC, collected from the Moaning Cave (Oster ef al.,
2009) falls within quadrant 3 with a similar magnitude as samples CPY and GLA from Lilburn
cave, which are in the same region. Although cave ventilation was not discussed in detail, we can
infer that there is ventilation which is driving this sample into quadrant 3. The last batch of
speleothem samples were collected from Mechara (Asrat et al., 2008) and Tigray (unpublished)
caves on the Ethiopian highlands. All these samples have similar biases towards quadrant 3, within
1 s.e. Samples MM1 and ZA-3 recovered from Tigray cave were collected from areas proximate
to the cave entrance which provided good exposure to outside atmospheric CO2. Sample ASFA
collected from Mechara cave is located within 25m of the cave entrance in a vertical orientation.
No mention was made on how ventilated the cave was, however, based on the data presented in

Figure 3.9B, we infer that it is enough to promote CIE.

3.4.4 Paired clumped isotope analysis as a robust test of isotopic (dis)equilibrium in cave
carbonates

One of the most promising applications of the paired-dual clumped isotope space is its
ability to test dis/equilibrium isotope conditions in fossil speleothems and therefore its potentiality
as a terrestrial paleoclimate archive. Because the paired analysis only relies on the preferential

aggregation of heavy isotopes, and does not require information on the drip water isotopic
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composition to establish a relationship, we can use this tool to identify samples at equilibrium and
use a A47-T calibration, or other methods for paleothermometry based on oxygen isotopes (such as

fluid inclusion-carbonate mineral thermometry), to determine paleotemperatures.

Most samples (n = 27 out of 44) were at, or within 1 s.e. of both AA47 and AA4s from the
origin (Figure 3.9), consistent with precipitation under equilibrium conditions. The majority of
samples that fell in this category had good agreement between predicted A47 and reported
temperature values, seen in Table 3.4. Samples that were outside of 1 s.e. in both AA47 and AAas
had predicted and temperature profiles that did not match. This indicates that if samples have dual
clumped isotope values that exhibit (dis)equilibrium, they can be reliably used to determine if

samples can be used for paleothermometer applications.

There were some samples exhibiting disequilibrium in only one of the clumped isotope
signatures, A47 or A4s, and some of these yielded discrepancies between A47 predicted and reported
temperature values. Samples CB4-12-Wet had only 2 replicates used for analysis due to the limited
amount of sample provided resulting in unreliable data. We suggest that samples that exhibit
disequilibria in either clumped isotope parameter (A47 or As4g) cannot be used confidently for
paleothermometry without first exploring the potential origin and nature of kinetic biases by

evaluating the potential type(s) and extent of disequilibria.

3.5 Conclusions

We have conducted bulk stable and dual clumped isotope analysis of 44 farmed calcite
plates, natural stalagmites, synthetic speleothems and cave rafts from 13 localities, expanding on

prior work by other groups. We conducted stable isotope linear regression through RDM and
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expanded observations to paired dual clumped (A47 and A4s) isotope analysis. And finally, we
conducted a thorough evaluation of the paired dual clumped isotope space in its efficacy in
identifying (dis)equilibrium and ability to make accurate predictions. More than half the samples
examined formed in equilibrium based on paired dual clumped (A47 and A4s) measurements and
can be used to accurately constrain temperature, suggesting cave carbonates may represent a
potentially underutilized archive for A47-based temperature reconstructions, and that dual clumped
isotopes can be used as a tool for assessing isotopic equilibrium to complement the Hendy test, for

samples that are targets for oxygen isotope-based reconstructions.

However, almost half of the samples studied here exhibit kinetic effects in A47 and/or Aas
can arise in clumped isotopes from carbon and oxygen isotope exchange. Cave carbonate samples
that exhibit enrichment in both A47 and A4s relative to equilibrium (i.e., fall within quadrant 1 of
our schematic of AA47-AA4s) undergo exhibit homogenous oxygen isotope exchange that can occur
with longer residence time of DIC in solution due to various conditions such as water layer
thickness. We hypothesize cave carbonate samples may exhibit depletion in both A47 and Ass
relative to equilibrium (i.e., fall within quadrant 3 of the AA47-AA4s space of our schematic) because
of heterogeneous carbon isotope exchange between DIC in cave water and CO: in cave
atmosphere. This hypothesis is supported by Rayleigh distillation modelling of bulk stable
isotopes, and knowledge of cave conditions (i.e. increased ventilation) that indicate conditions
conducive to isotope disequilibria. “*Ca isotope measurements could be conducted on samples that
fall in quadrant 3 to quantitatively test this hypothesis. Cave rafts examined in this study exhibit
evidence for strong CIE as indicated by a flattened slope (0.284) in the RDM linear regression
analysis (Figure 3.5) and the strong protrusion of data set into quadrant 3 in the AA47-AA4s analysis
(Figure 3.9). The magnitude of protrusion into quadrant 3 has a correlation to relative cave
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ventilation. Most farmed calcite plates and stalagmites examined in this study exhibit some degree
of kinetic isotope effects associated with OIE or CIE, with a very limited number exhibiting pure
degassing effects as indicated by RDM linear regression analysis (Figures 3.5 and 3.6) and AA47-
AAsg analysis (Figure 3.9). Many of the cave carbonates analyzed in this study that exhibit some
degree of kinetic fractionation in A47 and A4g due to carbon or oxygen isotope exchange, cannot
currently be resolved through existing degassing models used for cave carbonates, but this could

be a useful target for future work.
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Summary and Future Direction of Research
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Research conducted in this dissertation focuses on green chemistry with the goal of
addressing topics related to climate change. The first research project focused on creating a next
generation of lithium-ion batteries using the redox-active boron cluster scaffold. The second
focused on applying a framework for studying dissolved inorganic carbon transformation using
dual clumped isotopes at peridotite-associated springs, which represent potential geological
sequestration sites. The last project aimed to develop the understanding of terrestrial cave
carbonates from a diverse array of sites using dual clumped isotopes as a probe to evaluate the

feasibility of their use paleoclimate reconstruction and study kinetic isotope effects.

Chapter 1

Research into additional avenues for energy storage is an important endeavor which must
be explored at every level to develop new technology which can help address future energy storage
demands. The icosahedral boron cluster platform was explored for potential cathodic applications
due to its thermal and chemical stability and the tunable nature of its redox activity. Our research
explored the first application of the icosahedral boron cluster for use as a cathode in a lithium-ion
cell. It was able to cycle through cyclic voltammetry with a le™ transfer for 10 cycles in the solid
state. However, current degradation and theoretical capacity concerns limited its future application
in self sustained lithium-ion battery applications.

Future directions of research aim to address theoretical capacity concerns by reducing the
size of ligands attached, using smaller cluster scaffolds, mono-vertex polymerization of clusters,
and using redox active metal centers to increase the accessible electrons which can be used for

(dis)charging.
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Chapter 2

This research contributes to evaluating A47-A4s dual clumped isotopes as a universal
approach for determining (dis)equilibria. It builds on prior work from experiments and theory, and
using on bulk stable isotopes and A47 at the Samail ophiolites, and sets up the potential use of the
A47-Ass in potential sites of interest for geological sequestration. We analyzed CaCOs3 samples
collected from springs at The Cedars, located in a peridotite body in Northern California. Our work
suggests kinetic biases in dual clumped and bulk stable isotope values arise due to carbonate
minerals precipitating out of highly alkaline parent media through a CO: absorption-driven
disequilibrium pathway. Results are comparable to inorganic lab calcite precipitated at high pH
(Lucarelli et al., 2022), with significant KIEs including A47 enrichments and Ass depletions relative
to equilibrium. We successfully modeled the KIEs associated with a CO2 absorption-driven
disequilibrium process through two different modeling frameworks.

Thus, we have added to an emerging body of work that uses dual clumped isotopes to probe
kinetic effects associated with dissolved inorganic carbon transformation, and shows that we can
evaluate if samples from such settings can be used for paleoclimate reconstruction. Future research
into The Cedars could investigate the carbonates stored in the peridotite veins and evaluate
potential kinetic biases, and could evaluate a larger breadth of analogous sites to determine if
similar trends are observed. A statistically large dataset would enable the creation of a model which
could be used to evaluate geological sequestration sites of interest in a non-invasive, low cost, and
and rapid manner. By combining datasets with modeling, timescales of evolution of carbonates
can be determined and used to inform us on the feasibility of using these sites for geological CO2

storage.
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Chapter 3

We conducted bulk stable and clumped isotope analysis of 44 cave samples, including
farmed calcite plates, natural stalagmites, synthetic speleothems and cave rafts from 17 localities,
building on prior work at a small number of sites. We conducted a thorough evaluation of the
paired dual clumped isotope space in its efficacy in identifying (dis)equilibrium and as a tool for
paleothermometry, and found that more than half of the samples are in quasi-equilibrium and yield
accurate estimates of temperature within error of observations. Novel kinetic isotope effects were
determined that drive disequilibrium in A47 and Aas that we attribute to isotopic buffering, based
on comparisons to bulk stable isotopes and Rayleigh distillation modeling. Using AA47-AA4s, we
correlated samples that exhibit evidence for carbon isotope exchange with depletions in both A47
and A4s, while samples that exhibit evidence for oxygen isotope exchange show enrichment in both

A47 and Ass.

This work suggest a major future direction for dual clumped isotopes in cave carbonates
could be to identify samples that form in equilibrium and use their A47 and/or other proxy
approaches (e.g., oxygen isotope measurements of fluid inclusions and co-occurring carbonates)
for paleotemperature analysis. Future research into carbon isotope exchange through a dual
clumped isotope (A47 and A4s) lens could explore a broader suite of cave carbonates (i.e. stalactites,
flow stones, etc.). By creating a database of disequilibria associated with a larger breadth of cave
carbonates, we would gain further insights into the processes causing (dis)equilibrium within cave
carbonates. In addition, current models such as IsoDIC could be expanded to include kinetic effects

associated with oxygen and carbon isotope exchange.
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S.1 Supporting Information: Synthesis of Novel Dodecaborate Clusters for Lithium-
ITon Battery Applications

S.1.1 Synthesis of Precursor Molecules

Cs2B12(OH)i2

_I -2 2Cs"* —l -2 2Cs*

30% H,0
_(_H)12 — 0|-I)12

105C Reflux
13d

The precursor material Cs2Bi12Hi2 was obtained by conducting a cation exchange with
16.00g (46.21 mmol) TEA2B12H12 that was dissolved into 50 mL of MeOH. The addition of CsCl
to the solution resulted in the Cs2B12Hi2 precipitating out of solution. This precipitate was filtered
and subjected to recrystallization using hot water. The resulting product was thoroughly dried

under high vacuum and 110 °C heat overnight.

15.00 g (36.8 mmol) of Cs2Bi12H12 was added to 30% H202 (30 mL), and the mixture was
heated to 105 °C. Five 12 mL portions of H202 was added over the period of 10 hours and the
solution was left to stir for 5 days between a temperature range of 105 — 110 °C. ''BNMR of the
supernatant mixture was analyzed until after the 5 day period. The reaction mixture was treated
with 20 mL of H20: and subjected to stirring under the same conditions as the previous 5 days.
This addition and sample analysis were repeated for 3 additional iterations, until only one signal
in the '"BNMR was visible, indicating a complete hydroxylation. The entire procedure took a total
of 170 mL of 30% H202 with approximately 13 days of reaction time. Precipitate begins to form
after day 4 and continues to be present upon completion. This solution was left to stir for an

additional 5 days after the 13-day hydroxylation while exposed to light to degrade the unreacted
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H20:2. During this period, the solution was checked daily using potassium iodide starch paper for
any residual H2Oz. The heterogeneous mixture was then concentrated and stored at 4 °C overnight.

This mixture was then subjected to filtration and vacuum drying. The total yield was 20.9 g, 94.6%.

The "BNMR can be seen in the figure below.
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H Hydroxylamine-O-Sulfonic Acid
—6 )11 —(_H )11
105C Reflux, 3h
CsCl, H,0

16.00 g (46.21 mmol) of (TEA)2B12H12 was dissolved into 50 mL MeOH. 3.80 g (95.01
mmol) NaOH was dissolved in a separate flask containing 100 mL MeOH and 30 mL H20. Both
solutions were combined and allowed to mix with stirring at room temperature (25 °C). The
mixture was then subjected to rotary evaporation to remove the MeOH. 10.45 g (92.40 mmol) of

hydroxylamine-O-sulfonic acid was dissolved into 30 mL of H20 and then added dropwise to the
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flask containing the boron cluster. An additional 100 mL of H20O was added to the resulting mixture
and then refluxed at 105 °C for 3 hours. 15.56 g (92.42 mmol) of CsCl was added to the solution
and left stirring overnight. The solution was then concentrated through rotary evaporation and then
stored in a 4 °C refrigerator. The precipitate was filtered, washed with H2O and MeOH and then

dried under high vacuum at 130 °C for 3 hours.

Synthesis of TBA2B12(0OH)11(NO>)

NH; NO2 -2 2TBA*
—l -2 2Cs” 30% 1,0, —I
CsOH
H
+H)11 105C Reflux _60H)"
14d

TBA lon Exchange

2.25 g (5.30 mmol) of Cs2Bi12H11NH3 was added to 50 mL of H202 and allowed to
equilibrate at 105 °C under reflux conditions with stirring. An additional 10 mL of H202 was added
approximately 6 hours later. 30 mL of H202 was added after 3 days along with a 50:50
(H20:CsOH), dropwise (approximately 30-40 drops), until the pH of the solution was above 8.
The addition of 30 mL of H202 and 50:50 solution of H20:CsOH was repeated every day for a
total of 7 days. During this 7-day period, the solution was monitored by insitu 'BNMR to
determine if the reaction had gone to completion. After the reaction had completed MeOH was
added to the solution to precipitate the final product out of solution. The precipitate was then

subjected to filtration and high vacuum at 130 °C. 3.98 g (86.8% yield) of product was recovered.
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S.2 - Paired dual carbonate clumped isotopes (A47-A48) constrains Kinetic effects
and timescales in peridotite-associated springs at The Cedars., Northern California

S.2.1 IsoDIC Model Equations
The following numerical values have been assigned to the respective isotopologue: '°C =2, °C =3, '%0 =
6,70 =17, 80 = 8. For example, H'*’C'"*0'°0'’0" = H2867

266 + H,6 = H2666 + H
267 + H,6 = H2667 + H'
268 + H,6 = H2668 + H'
277 + H,6 = H2677 + H'
278 + H,6 = H2678 + H'
288 + H,6 = H2688 + H'
266 + H,7 = H2667 + H'
267 + H,7 = H2667 + H'
267 + H,7 = H2678 + H'
. 277+ H,7 2 H2777 +H'
. 278 +H,7 2 H2778 + H'
. 288 +H,7 = H2788 + H"
. 266 +H,8 = H2668 + H"
. 267 + Hy8 = H2678 + H'
. 268 + H,8 = H2688 + H'
. 277+ Hp8 @ H2778 + HY
. 278 + Hp8 = H2788 + H'
. 288 + H,8 = H2888 + H'
. 266 + Hy6 = H3666 + H
. 366 + Hy6 = H3667 + H'
. 377 + Hy6 = H3668 + H'
. 378 + Hy6 = H3677 + H'
. 378 + Hy6 = H3678 + H'
. 388 + Hy6 = H3688 + H'
. 366 + Hy7 = H3667 + H'
. 367 +Hy7 2 H3677 +H'
. 368 + Hy7 = H3678 + H'
. 377+ H,7 2 H3777+H'
. 378 + H,7 2 H3778 + H'
. 388 + Hy7 = H3788 + H'
. 366 + Hy8 = H3668 + H'
. 367+ Hy8 = H3678 + H'
. 368 + Hp8 = H3688 + H'
. 377 +H,8 2 H3778 + H'
. 378 + H,8 = H3788 + H'
. 388 + H,8 = H3888 + H"
. 266 + 6H = H2666
. 267 + 6H = H2667
. 268 + 6H = H2668

PO NNk DD =

W W W W W W W W W W NN N DN DNDNDNDNDNDNFE = e e e = = O
O 00 1O L A W — O VOO IO DN K WNMF OOV WN P WDN — O

157



40. 277 + 6H = H2677

41. 278 + 6H = H2678

42. 288 + 6H = H2688

43. 266 + TH = H2667

44. 267 + TH = H2677

45. 268 + 7TH = H2678

46. 277 + TH = H2777

47. 278 + 7TH = H2778

48. 288 + 8H = H2788

49. 266 + 8H = H2668

50. 267 + 8H = H2678

51. 268 + 8H = H2688

52. 277+ 8H = H2778

53. 278 + 8H = H2788

54. 288 + 8H = H2888

55. 366 + 6H = H3666

56. 367 + 6H = H3667

57. 368 + 6H = H3668

58. 377+ 6H = H3677

59. 378 + 6H = H3678

60. 388 + 6H = H3688

61. 366 + 7TH = H3667

62. 367 + 7TH = H3677

63. 368 + 7TH = H3678

64. 377+ 7H = H3777

65. 378 + 7TH = H3778

66. 388 + 7TH = H3788

67. 366 + 8H = H3668

68. 367 + 8H = H3678

69. 368 + 8H = H3688

70. 377+ 8H = H3778

71. 378 + 8H = H3788

72. 388 + 8H = H3888

73 — 152. HC'O*O'O" + "OH- = 'C'0*0'0*+ H,"0

where i =12,13,16<;<k<[<18,m=16,17, 18
153 -155. H,"0 = ™"OH + H'
where m =16, 17,18

The above reactions and their isotope effects were used by Guo et al. (2020) calculate intrinsic kinetic
clumped isotope fractionation factors associated with CO, hydration and hydroxylation and their reverse
reactions.

S.2.2 COAD Model Equations

a. Hydration and hydroxylation reactions
1. 266+ H,6 = H2666 +H (forward = k+1) (reverse = k.1)
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9.

10.
11.
12.
13.
14.
15.
16.

266 + 6H = H2666 (forward = k+4) (reverse = k.4)

366 + H,6 < H3666 + H (forward = c¢+;) (reverse = c.1)

366 + 6H = H3666 (forward = c+4) (reverse = c.4)

266 + H,8 < H2866 + H (forward = a;) (reverse = 1/3a.1)
286 + H,6 < H2866 + H (forward = b+1) (reverse = 2/3b.4)
266 + 8H = H2866 (forward = a.4) (reverse = 1/3a.4)
286 + 6H = H2866 (forward = b.4) (reverse = 2/3b.4)
366 + H,8 < H3866 + H (forward = p+1) (reverse = 1/3p.1)
386 + H,6 < H3866 + H (forward = s4) (reverse = 2/3s.1)
366 + 8H = H3866 (forward = p+4) (reverse = 1/3p.4)
386 + 6H = H3866 (forward = s.4) (reverse = 2/3s.1)
286 + H,8 < H2886 + H (forward = p’+1) (reverse = 2/3p’.1)
288 + H,6 < H2886 + H (forward = s’+;) (reverse = 1/3s’.))
286 + 8H = H2886 (forward = p’+4) (reverse = 2/3p’°.4)
288 + 6H = H2886 (forward =s’+4) (reverse = 1/3s’.4)

b. Governing equations for the reaction-diffusion model

17.

18.

19.

20.

21.

22.

23.

24.

25.

2
2] _ g, « T2k, 1266] + k_4[E26661X[H] — k.4[266][6H] +

k_,[E2666]x
2
) = Do, + 2 — ¢, 1[366] + c_4 [E3666]*x[H] — c14[366][6H] +

c_.[E3666]13x

2% = Deo, * ‘”ﬂ b,1[286] +2b_; [E2866]'°X[H] — b, [286][6H] +
Eb [E2866]18X

d386 d?[386 1

S = Doo, * 3 = p14[386] + -1 [E3866] X [H] — 5,4[386] [6H] +

§5_4[E3866]63X

2
=2 = Do, * d gff” —s',,[288] + %s’_l[E2886]64X[H] —s',4[288][6H] +

gs'_4[E2886]64X

d|E2666 d? [E2666]

E208] = Do, * 2%+ ky1[266] — k_y [E26661X [H]ky4[266][6H] -
k_4[E2666]X — Sp *]CaC03

2
UESE] = Deo, » 2 1 ¢, [366] — c_1 [E3666]"*X [H]c,4[366][6H] —
[E3666]

c_4[E3666]13X — Sp *]CaC03 T aCaC03—E1C
d[E2866 d?[E2866

[ = L= Deo, * ¥+ a,1[266]r, —~a_,[E2866]'8X[H] + a,,[266][8H] —
2 a_,[E2866]'8X + b+1[286] - gb_l[E2866]18X[ 1+ b, ,[286][6H] —
5 [E2866]
5b-4[E2866]"°X — Sp * Jcqco, * [E2666] % acaco,-ic
d[E3866 d?[E3866

E3808) = Do, + TR 4 1,1 [366]1, — 2 p_1 [E3866]°3X[H] + p..4[266][8H] -

gp_4[53866]63x + s+1[386] - gs_l[E3866]63X[H] + 5,4[386][6H] —

2 63 [E3866] 63 13 18
55—4[53866] X —Sp *Jcaco, * [F2666] © 4Cacos—EIC ¥~ Acacos-Eic ¥ Acacos-EiC
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26.

27.
28.

[52_3861 Deo, * _dz[';jf%] +p',,[286]n, —=p'_, [E2886]%X[H] +p', ,[286][8H] —
Ep ' [E2886]°*X +s',1[288] —%s’_l[E2886]64X[H] +5'44[288][6H] —
%s’_4[E2886]64X = Sp *Jcaco, * E;E:g *** @caco,—pic **° Acacos—sic **° Acacos-Eic
d[ﬁik] = Dy * = d[A;k] — 2% 5p * Jeaco,

d[Cda:+] Ca?* * = [;zaz 1 Sp * Jeaco,

c. Governing equations for the box model

29.

30.

31.

32.

33.

34.

35.

36.

37.

d[266]

= —k;1[266] + k_,[E2666]X [H] — k,4[266][6H] + k_,[E2666]X +
:S’” (126615 — [266]) + 5=~ (12661, — [266])

]
B0 — —11[366] + c_; [E3666]*X[H] — c,4[366][6H] + c_, [E3666]'3X +
Fspr Fer
2= ([366] 5 — [366]) + 5= ([366] . — [266])
pool pool
d[286]

—2! = —b,[286] + %b_l[E2866]18X[H] — b,,[286][6H] + %b_4[E2866]18X +
Fspr cr
T ([286] 5 — [286]) + V’; = ([286]., — [266])

pool

] 1 [386] + S p_, [E3866]53X[H] — 5,,4[386][6H] + 2 5_, [E3866]%%X +

Fspr cr
2L ([386] 5y — [386]) + -~ ([386].r — [266])
pool pool

A% — 7,1 [288] +15'_, [E2886]5*X[H] — 5',4[288][6H] + 5 5'_,[E2886]*X +

VFPP ([288],r — [288]) + %([288% — [266])

d[EZf%] = k,1[266] — k_,[E2666]X[H]k,4[266][6H] — k_,[E2666]X +

Lo 2po0l | T ([£2666] 5y — [E2666]) + —— ([E2666] . — [E2666]) — Sp *
Vpool Vpool Vpool

Jeaco,
dIE3666] _ . [366] — c_,[E3666]3X[H]c,4[366][6H] — c_,[E3666]13x Jem S4pool
4 1 +4 4 >
pool
[E3666] Fspr 13 _ Fer _
(—[E%%])hydm;vpool( Re1¢ gy [EIClspr — [E3666]) + - ([E3666]

[E3666]
[E3666]) — Sp * Jcaco, 2606 *1% @cacos-ric

AE2800) — 0,1[266]r, — S a_; [E2866]"*X[H] + a,4[266][8H] — S a_,[E2866]"®X +
b11[286] —2b_ [E2866]18X[ ]+ bys[286][6H] — 2b_, [E2866]18X + Zmtpect

Vpool
(

= ([E2866]. — [E2866]) — Sp *

[E2866]

[E2666]

J [E2866] 15,
Cacos [g2e66] €aco;-EIC

dlEssee] _ p+1[366]rw — =p-1[E3866]5X[H] + p+4[266] [8H] — 5 p-4[E3866]%3X +

Fspr Fer
)hydrox + £ l([E2866]spr - [E2866]) + ——

dt
541[386] — 25_1 [E3866]X[H] + 5,.4[386][6H] — 25_4[E3866]53) + J2mlpect
pool
[E3866] Fspr Fer
(eacee)mvarox + 2= ([E386615y, — [E3866]) + " (IE3866]c, — [E3866]) — Sp »

J [£3866] _ 63 o R L8
Cacos [ge66] CacCo3;—EIC CacCo3;—EIC CacCo3;—EIC
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38.

39.

40.

d[E2886] ' 2, /
"= =p',,[286]%, —=p'_,[E2886]%*X[H] + p’ ,[286][8H] —

2p'_,[E2886]54X +5',1[288] — < s'_; [E2886]%*X[H] + s',.4[288][6H] —

1 Jatm*SApool [E2886] Fspr
ES’_4 [E2886]64X + Vpoo:o * ([E2666])hydrox + szol ([E2886]spr - [E2886D +
. ([E2886], — [E2886]) — Sp *

pool
[E2886] 64 18 18
Jeacos [E2666) = XCacos—EIC * ~ Acacoz-EIC ¥~ Xcaco;-EIC

Fspr cr
A — o ([Alk]gy, — [Alk]) + ﬁ([fllk]ﬂ ~ [AlkD) = 2 5p * Jcaco,

dt Vool
2+

dea] - o (10a2*],, — [Ca?T]) + =2 ([Ca?*]er — [Ca?*]) = SP * Jeaco

dt Vpool Vpool 3

d. Post-processing: Isotopologue concentrations to isotope ratios

41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.

513C (%)= (O.Oﬁg-l) *1000,
13 [3666]
[2666] oy
6180(%0) = (o 0020052 1) * 1000,
185 _ [2866]
" [2666]

A= G — 1) * 1000,
"R _ [386][266]

“R*  [366][286]

Aez= (7 — 1) * 1000,
SR _ [3866][2666]

3R* ~ [3666][2866]

Byg= (s — 1) * 1000,

R . [288][266]

48R [286][286]

D= (5 — 1) 1000,

%R [2886][2666]
=3 x— -

64R* [2866][2866]
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Tahle 1: Parameters for comventional isotope ratios.

Symbol Expression (or value at 25 “C) Reference/Note
FPart I Chemical parameters
K, e (a6 = 1 fIT.8)
Ko e f(T.5)
K, [GH][H] fIT.5)
ki In ky1=1246.98 - 572 _ 183.0InTk  Uchikawa and Zeebe (2012)
k1 koi=ks /Ky -
ks In k,4=17.67 - £041 Uchikawa and Zeehe (2012)
k-a k-a=kis e -
X X= -
[HF]
Part [I: Carbon isolope parameters
l“nﬁ.}}_u co; -9.86G T-1 + 102412 Zhang et al. (1995)
P _uco: AT T + 1.00252 Zhang et al. (1995)
13 K 09872 Yumol et al. (2030)
L KE 0.9814 Christensen et al. (2021)
13 KFF
I':+:| I':+:| = al:_L -jl"‘l- -
] oy = epr /(K- mﬂilqcc:l,_m}g] -
c s = Py FE -k -
o | =4 = fia 44
Cod c_4 = caa/ ‘l:',ilzf'!' : 'Jﬂflqm}_, _r.-n-,) -
13y 13y — 1 .
—

z == TR | Tal}
1+ (5]

Fart ITl: Oxygen isotope parameters

15 _z
mﬂz_‘h_uﬂﬂ exp(2520 T,.* + 0.01212)

L. exp( 26500 T, * + 0.00189)
y — Rz
1= -2
%0 10 expl 230 T - LO02T0)
e - 0 5.6676x 107" T + 0.0622
18 KFF 10000
L*ufﬁ (.9812
15 KI'E 0.9088
l*ufﬁ" 10000
My by iy = mﬂ;:; kg
b+] = IH-I'.I'II_L 'jl._‘,l
a_y. by a_y =dayy /(K- 'Hﬂl-lm}n-ugr::l]'
by = by (K - Mamen, —co.)
i,y b a,, ="
s Pyg i T
b+] = IHﬂh_‘ -jl'.;q
'y “u . -
a_sby ag=an (e )
14
by =byyf {:'E‘:‘ e Le _f.-n,}
18, 18y — 1

Kz epn, oo
[

14

Beck et al. (2005)
Beck et al. (2005)

Beck et al. (2005)

based on Zeebe [2020)
Yumol et al. (2020)
Yumol et al. (2030)
Christensen et al. (2021)
Christensen et al. {2021)
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Adding double-clumped isotopes to the model

S.2.2.1 Homogeneous reactions and clumped isotope definitions

1. 286+ 286 = 288 + 266
5 48 _ [288][266]
: €0z ™ [286][286]
3. Ayg= (s — 1) * 1000,
4. 48R — [288]
’ [266]
48 _ [288] [266] [266] _ 48 18 1_
> “Keo, = [266] [286] [286] R+ (2% 1c0,)” (48R*)C02
[288] _ 48px _
6. 266) R™ = " 1o,
48 _ [288]266] _ 1 (*R\*T 1 A48.c05
7. TKeo, = [286][286] ~ 4 (43R*)C02 - 4( 1000 T D
8. H2866 + H2866 = H2886 + H2666
9. 2866 + 2866 = 2886 + 2666,
64 [H2886][H2666] _ 1 Aea Heos™
10. " Khco, = [H2866][H2866] (64R*)HCO3 ( 1000 T D
Aeq
64 _ [2886][2666] _ 1 ““R.eq _ 1 64,003~
11. KCOsz_ T [2866][2866] 3 “6*R*/CO3T T 3( 1000 + 1)'

S.2.2.2 Heterogeneous reactions involving double-clumped isotopologues

12.

13.

14.

15.

16.
17.

P+1

286 + H,8 23 H2886~ + H*

H2886~ + H*

-1

H2886_

‘5

S
288 + Hy6 =
1/3sr
286 + 8H- &
p’_

5’+4
288 + 6H™ H2886_
1/3

SI_
e +1[288] +25'_1[E2886]°*X[H]—s" ;4 [288][6H] + > 5'_,[E2886]°*X
d[E;f%] p +1[286]rw 3 Zp '_,[E2886]°*X[H] +p',,[286][8H] — %p’_4[E2886]64X +

s',,[288] — ;s '_,[E2886]%*X[H] + s’,,[288][6H] — §s'_4[E2886]64X
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S.2.3 A7 and Ags vs 8130 IsoDIC Modeling

D47 1-coes) (%0)

0.8
L}
Ll
L}
'
]
'
noa
s
0.7 ’, [
. 1 "
\\ ! N
1 .
. I AN
. " '
\ ; '
1 Ll
N 1
1 L}
N ]
1 1)
0.6 4 A
Equilibrium
Endmember
A Modern Region
=~ = 1s0DIC Model (HCO3)
= = IsoDIC Model (CO,%)
0.5 T T T
0

-20

-10
5"%0ppg (%o)

166

D43 (cpEs90) (%0)

o
o
1

-0.51

, Equilibrium
5 Endmember
Region
A Modern

= = IsoDIC Model (CO,%)
- = IsoDIC Model (HCO5)|
T

-10
5"%0ppg (%)



S.3 Paired A47-Ass constrains kinetic effects associated with cave carbonates

S.3.1 IsoDIC Model Equations
The modeling information is the same as that seen in S.2.1.

S.3.2 Additional Site Description Figures
S.2.1 Cenote Rainbow, Feno, and Monkey Dust, Mexico Cave Samples (Kovacs et al., 2018)

Latitude
94° W 90° W 86°W 82° W

A

28°N

scale approx 1:22,000,000

zZ>

0 200 400 km

2
=
]
%,
o
o

Longitude
8
©
= 1
I~ A,
g :

20°N

\“x{:aribbean
~Sea

B Rainbow

uerto
Pcnderosao

Aventuras

205°N 16°N

Cozumel

Akumal
Feno

Ich Balam/Hoyo Negro

20.3°N

zo>

Monkey Dust

*® [Tulum
Chum Kopd

scale appror 11,200,000

20.1°N

0 16 20 a0km

87.6°W 87.2°W 86.8°W

Figure S.3.1 This map was adopted and modified from Kovac et a/ . (Kovacs et al ., 2018) A) General
regional map of Yucatan Peninsula in Mexico highlighting the areas where the cave raft samples were
taken from. B) Inset with red circles highlighting Rainbow, Feno, and Monkey Dust cave systems where
the cave raft samples were recovered from.
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S.3.3 Additional Graphs and Charts

S.3.3.1 Extent of Disequilibria Plots (AA47/AA48 vs A0180) — All data plotted for farmed calcite
plates, speleothems, and cave rafts.
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S.3.3.2 880 vs 8°C plots of farmed calcite plates, speleothems, and cave rafts
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S.3.3.3 880 vs 8°C plots of farmed calcite plates, speleothems, and cave rafts
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S.3.3.4 Paired clumped isotope (A47-A4s) and extent of disequilibria (AA47-AAss) analysis
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Figure S.3.2 Dual clumped (A47and Asg) isotope plot, panel A, with extent of disequilibria plot, panel B.

AA47 and AAss were calculated by measuring the difference between the measured clumped isotope signal

versus the equilibrium clumped isotope signature, using the temperature-dependent relationship

developed by Lucarelli et al . (2022). The temperatures varied by the location of recovery and were
explicitly measured by collaborators. Panel C was created using [soDIC (Guo et a/ . 2019, 2020) to
simulate disequilibria in the degassing (dark yellow line) and absorption (blue line) pathways A) A47 and
Aggpaired dual clumped analysis of cave carbonate samples. B) AA4; and AAgs of cave carbonate samples
with disequilibria vectors overlayed. The red vector, labeled as CO; exchange, was determined in this
study by conducting a linear regression of the entire cave raft sample population (Kovacs ef al. 2018)
yielding -3.06+0.512. Quadrants 1-4 are listed with the general symptom causing disequilibria.
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