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Abstract  33 

Triple oxygen isotope (Δ’17O) measurements in CO2 using the platinum catalysed CO2-O2 34 

exchange method require precise determination of oxygen isotope exchange fractionation 35 

factors (18αCO2/O2

Pt  and 17αCO2/O2 

Pt ). These catalysed exchange fractionation factors are typically 36 

determined at elevated temperature (~750 oC). However, large inter-laboratory inconsistencies 37 

have been reported in these factors, primarily attributed to thermal-gradient-induced 38 

fractionation arising from portions of the exchange reactor extending beyond the heated zone 39 

(hereafter referred to as the cold zone). This study experimentally determines 40 

18αCO2/O2

Pt  ,17αCO2/O2 

Pt and triple oxygen isotope exponent (θCO2/O2

Pt ) by systematically reducing 41 

cold zone over a temperature range of 600 to 1000 °C using novel setup alongside conventional 42 

exchange reactor configurations. The novel setup enabled uniform heating of CO2-O2 mixture, 43 

effectively eliminating thermal gradient and yielded exchange fractionation factors and 44 

exponent in near-perfect agreement with the revised theoretical equilibrium values. In the 45 

conventional reactors, reduction of the cold zone improved agreement with equilibrium values; 46 

nevertheless, notable discrepancies from theoretical predictions remained even at cold zone 47 

proportion of 25%. A crossover between 18αCO2/O2

Pt  and 17αCO2/O2 

Pt (17αCO2/O2 

Pt > 18αCO2/O2

Pt ) was 48 

observed beyond certain temperature depending on the cold zone, reflecting kinetic effects 49 

induced by thermal gradient. These results establish that the theory-experimental discrepancies 50 

in exchange fractionation factors are driven by thermal gradient and reveal a robust exponential 51 

correlation between these factors and hot zone volumes. Here, we propose a new framework 52 

to standardize fractionation factors accounting for the hot and cold zones of the exchange 53 

reactor, which is crucial for inter-laboratory consistent Δ’17O measurements in CO2. 54 
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1. Introduction 63 

The deviations from the expected proportionality between δ18O and δ17O, though small, have 64 

the potential to provide deeper insights into the reaction pathways involved in both mass-65 

dependent and mass-independent realms (Thiemens and Heidenreich, 1983; Thiemens et al., 66 

2012; Bao et al., 2016; Miller and Pack, 2021a). Focusing on the 17O anomaly in CO2, the 67 

signature is increasingly being utilised to estimate stratosphere-troposphere exchange fluxes, 68 

atmospheric CO2 budget, terrestrial and marine gross primary productivity (Thiemens et al., 69 

2014; Laskar et al., 2016, 2019, 2020; Liang et al., 2017a, 2017b, 2023; Koren et al., 2019) and 70 

palaeo-hydroclimatic variability (Passey et al., 2014; Passey and Ji, 2019; Bergel et al., 2020; 71 

Huth et al., 2022; Sha et al., 2020, 2023, 2024a). However, the isobaric interference of 72 

13C16O16O with 12C17O16O necessitates an exceptionally high mass resolving power (>56,000). 73 

Even at such resolution, achieving high-precision measurements of 17O in CO2 is challenging 74 

due to its low natural abundance and signal suppression by the intense tail of the 13C16O16O 75 

peak. This technical challenge has spurred the development of several alternative techniques 76 

that either produce O2 from CO2 or transfer the oxygen isotopic signature of CO2 to O2. These 77 

include fluorination by BrF5, methanation-fluorination, CO2-H2O exchange-fluorination, CO2-78 

CeO2 exchange-laser fluorination and Pt catalysed CO2-O2 exchange (Bhattacharya and 79 

Thiemens, 1989; Hofmann and Pack, 2010; Barkan and Luz, 2012; Mahata et al., 2013; Passey 80 

et al., 2014). The CO2-O2 exchange method, which has been first introduced by Mahata et al., 81 

2013 with subsequent modifications by Barkan et al., 2015, remains the most adopted 82 

technique due to its clean and simple approach with the best available measurement precision. 83 

Mahata et al., 2013 determined the δ17O of CO2 by measuring the δ18O of CO2 before exchange 84 

and δ18O and δ17O of O2 before and after exchange. For that, they used the slope of the line 85 

connecting the initial and final isotope ratios and applied a minor correction based on the 86 

deviation of the final ratios from this line. Presently, δ17O of CO2 is mostly measured using the 87 

calibrated isotope exchange fractionation factors (18αCO2/O2

Pt  and 17αCO2/O2

Pt ). The ratio of natural 88 

logarithms of the two oxygen isotope fractionation factors is termed as the triple oxygen isotope 89 

exponent (θCO2/O2
). The deviation of δ’17O from that expected for a given δ’18O, based on a 90 

reference slope, is referred to as the triple oxygen isotope anomaly (Δ’17O). The reference slope 91 

is denoted as λ when multiple fractionation processes are involved and as θ when the 92 

fractionation process is defined (Passey et al., 2014; Miller and Pack, 2021b; Aron et al., 2021). 93 

θCO2/O2
=  

ln 17αCO2/O2

ln 18αCO2/O2

  94 



 95 

∆′17O =  δ′17O −  λreference × δ′18O ; δ′ =  ln (
Rsample

Rstandard
) 96 

The temperature at which the exchange is carried out by most researchers is ~750 °C. The 97 

18αCO2/O2
 and 17αCO2/O2

, at this temperature, derived from internal partition function ratios 98 

using CO2 datasets from Tashkun and Harvey, 2025 and our oxygen datasets, are 1.004390 and 99 

1.002323, respectively (discussed in section 2.4). Replacing CO2 datasets with that of Huang 100 

et al., 2017, the corresponding values become 1.004490 and 1.002377. The slight differences 101 

in the calculated values arise primarily from the uncertainty in the zero-point energy (ZPE) 102 

differences between CO2 isotopologues. But the experimentally determined 18𝛼CO2/O2

Pt , 103 

17𝛼CO2/O2

Pt  and θCO2/O2

Pt , at 750 °C, are far from theory and vary significantly across laboratories, 104 

ranging from 1.00051 to 1.00227, 1.00048 to 1.00135 and 0.5 to 0.9, respectively (Barkan et 105 

al., 2015; Fosu et al., 2020; Adnew et al., 2022). As the use of the proxy advances with 106 

expansion into new fields, establishing high-precision, consistent inter-laboratory values has 107 

become increasingly critical. Deviations from the equilibrium conditions were originally 108 

thought to derive from heterogeneous processes, but Adnew et al., 2022 ruled out this 109 

possibility and suggested that thermal diffusion effects cause these deviations. Following up 110 

on this proposition, Wei et al., 2024 conducted thermal-diffusion experiments on pure O2, pure 111 

CO2 and their mixtures without Pt to isolate thermal gradient effects from exchange reactions. 112 

They discussed how ∆δ18Ohot-cold and fraction of gas in the hot zone influence the fractionation 113 

factors of Pt-catalysed exchange reactions based on their thermal diffusion experiments. 114 

However, in their experiments, as only half of the designated hot zone was heated in the 115 

furnace, a thermal gradient must have existed within the presumed hot zone itself. The 116 

assumption of a simple two-zone (hot and cold) model along the entire extraction line is 117 

oversimplified and may have contributed more to the observed discrepancies in θO2

TG 118 

(fractionation exponent of thermal diffusion for O2) than a different temperature range in the 119 

previous study.  120 

In the present study, we introduce modifications to the existing methods, incorporating key 121 

innovations to estimate αCO2/O2

Pt  values across reactors with varying cold zone, ranging from 122 

78.9 to 0%. A key challenge addressed in this study is exchanging CO2-O2 in complete absence 123 

of thermal gradient effects, which is essential to confirm that any deviation from the theoretical 124 

αCO2/O2

Pt  values arise only from such effects. As thermal gradients are unavoidable in reactors 125 

used by most laboratories for Δ’17O measurements in CO2, it is critical to develop a framework 126 



for standardizing triple oxygen isotope measurements under varying proportions of hot and 127 

cold zones to avoid interlaboratory inconsistencies. The specific objectives of this study are to: 128 

(i) accurately determine 𝛼CO2/O2

Pt  and  θCO2/O2

Pt  values while progressively minimising the 129 

thermal gradient effects to nil, (ii) experimentally verify the underlying reasons for large 130 

deviations from theoretical predictions and (iii) recommend appropriate 𝛼CO2/O2

Pt  values to 131 

establish a standardized method for triple oxygen isotope measurements in CO2. 132 

 133 

2. Materials and methods 134 

2.1 Experimental setup 135 

Figure 1 illustrates the in-house high vacuum setup designed for triple oxygen isotope 136 

measurements. High-purity CO2 and O2 gases (99.999%), sourced from ATCO Atmospheric 137 

and Speciality Gases Private Limited, Ahmedabad, are introduced into the system via stainless 138 

steel tubing. The gas pressure during transfer is regulated using Setra™ pressure transducers 139 

connected to the vacuum system. The system’s main component, the exchange-reactor, consists 140 

of two sections separated by a high vacuum valve, necessary for sequential transfer of the two 141 

gases before exchange. The CO2 extracted from various sources such as carbonates, air and 142 

water-CO2 equilibration experiments is cryo-trapped in the lower section of the exchange 143 

reactor. An approximately equal amount of O2 is expanded from an isotopically known tank 144 

into the upper section keeping the middle valve closed. The two gases are mixed and heated at 145 

the desired temperature keeping only the lower section inside the heater.  Heating is performed 146 

using Watlow™ ceramic fibre heaters, controlled through an Autonics™ temperature controller 147 

and monitored in real time using LabView software.  148 

2.2 CO2-O2 exchange experiments under different proportions of hot and cold zones 149 

In order to study the influence of the thermal gradient on the exchange equilibrium, a series of 150 

experiments with varying proportions of hot and cold zones have been performed. For all 151 

experiments, a 1:1 mixture of CO2 and O2 gases with known values of isotopic composition 152 

was prepared (δ18OO2
 = 26.399 ‰, δ17OO2

= 13.332 ‰, δ18OCO2
=1.185 ‰ and δ17OCO2

= 153 

0.593 ‰). The isotopic compositions of these CO2 and O2 were measured at Academia Sinica, 154 

Taiwan. CO2 was transferred into an evacuated glass flask (to a pressure of ~250 torr), after 155 

which O2 was carefully introduced from the oxygen cylinder through the vacuum line until the 156 

total pressure doubled (~500 torr), resulting in equal proportions of CO2 and O2 in the flask. 157 

The O2 pressure outside the glass flask was maintained at a significantly higher level to prevent 158 



back-diffusion of CO2 from the flask. The oxygen isotope fractionation factors of exchange, 159 

18𝛼CO2/O2

Pt  and 17𝛼CO2/O2

Pt , and triple oxygen exponent θCO2/O2

Pt were determined at four 160 

temperatures across the range of 600 to 1000 °C. Exchange reactors with four different 161 

configurations were designed to modify the volume percent remaining outside the heater 162 

(referred to as the cold zone hereafter). In the first set of experiments, the mixture was heated 163 

in the presence of 150 mg Pt-sponge in the exchange reactor with 78.9% cold zone for 1.5 164 

hours. It has been previously reported through controlled experiments that δ18O and δ17O may 165 

take longer than an hour to stabilise to the steady-state values within 0.01-0.02% (Mahata et 166 

al., 2013; Adnew et al., 2022; Barkan et al., 2015). For the second set, the CO2-O2 mixture was 167 

exchanged over Pt only in the lower part of the reactor keeping the middle valve closed (see 168 

Fig. 1), thereby restricting the cold zone to 62.2%. Further, a special ‘reduced cold zone’ reactor 169 

was devised to constrain the cold zone to 45%. There was no middle valve separating this 170 

reactor into two sections, limiting its use to heating a CO2-O2 mixture and making it unsuitable 171 

for routine sample measurements. We attempted to further reduce the cold zone of this modified 172 

reactor to 25% and exchange reactions were conducted at ~700 °C. However, the borosilicate-173 

quartz seal, due to its thermal sensitivity, failed during high-temperature exchange. Also, a few 174 

initial high-temperature exchange experiments produced inconsistent results, likely because 175 

the Pt at the base was not thermally stable due to the heater-reactor geometry. 176 

During collection after exchange, CO2 was first trapped in the U-trap (Fig. 1) in liquid nitrogen 177 

and O2 was collected on silica pellets dipped in liquid nitrogen for about 5 minutes. Afterwards, 178 

CO2 was collected from the U-trap. All exchange experiments at each reactor temperature were 179 

conducted in at least triplicate. Each sample was measured over five cycles, with signal 180 

intensities ranging from 3000 to 4000 mV for O2 (mass 32) and 6000-8000 mV for CO2 (mass 181 

44). Measurements were conducted with an integration time of 10 seconds and an idle time of 182 

24 seconds between cycles. The reported errors represent the 1-σ standard deviations from 183 

replicate measurements.  184 

To completely eliminate the cold zone, an innovative approach was adopted. The CO2-O2 185 

mixture together with conditioned Pt was sealed in quartz tubes which were heated inside a 186 

muffle furnace at 650 °C, 700 °C, 750 °C and 800 °C. The furnace ensured homogeneous 187 

heating of the tubes forming ‘no cold zone’ reactors. After heating, the sealed tubes were 188 

immediately quenched in water to halt further isotopic exchange, as it is well established that 189 

the two gases do not exchange under normal conditions (Katakis and Taube, 1962). The 190 

exchanged gases were recollected using a break-seal arrangement in the same vacuum-setup 191 



and analysed, following the procedure described above. To validate the attainment of 192 

equilibrium in these experiments, we performed another experiment in which the mixture was 193 

heated to 650 °C for two hours and then the temperature was increased to 800 °C for another 194 

two hours. After exchange with O2 at 650 °C, the CO2 would have attained a higher δ18O of 195 

17.51 ‰ (Table S2) from its original value of 1.18 ‰ as for the normal heating at 650 oC. Now 196 

when the temperature is increased to 800 °C where the fractionation factors are lower, the δ18O 197 

of CO2 will have to decrease from its original value to reach the steady-state value rather than 198 

increasing from the usual 1.18 ‰. Exchange experiments were limited to temperatures ≤ 800 199 

oC owing to furnace instability at higher temperatures. 200 

2.3 Determining the oxygen fractionation factors for CO2-O2 exchange 201 

The isotopic compositions of the exchanged gases were analysed using a stable isotope ratio 202 

mass spectrometer (MAT 253) in dual-inlet mode at Physical Research Laboratory, 203 

Ahmedabad. The δ18O and δ17O of O2 were measured directly. The final δ18O and δ13C of the 204 

CO2 were measured with an internal precision of 0.05‰. The δ13C of CO2 served as a control 205 

to identify any fractionation that might have occurred during sample collection, as it is expected 206 

to remain constant throughout the exchange. The heaters employed, however, had relatively 207 

higher temperature fluctuation of ±5 °C, resulting in added errors across repeated batches. The 208 

β values, the CO2/O2 molar ratio (Mahata et al., 2013; Barkan et al., 2015), calculated using 209 

oxygen mass balance during exchange are close to 1 as expected for a mixture prepared with 210 

approximately equal amounts of CO2 and O2.  211 

β =  
δ18OInitial(O2 ) − δ18OFinal(O2 )

δ18OFinal(CO2 ) − δ18OInitial(CO2 )
  212 

The 18𝛼CO2/O2

Pt  for exchange could be directly calculated while 17𝛼CO2/O2

Pt  was derived from the 213 

known initial δ17O of CO2 using procedure described in Barkan et al.(Barkan et al., 2015).  214 

 17𝛼  =  
1

𝛽
  {[

𝛿17𝑂𝐼𝑛𝑖𝑡𝑖𝑎𝑙((𝐶𝑂2 ) + 1)𝛽  + (𝛿17𝑂𝐼𝑛𝑖𝑡𝑖𝑎𝑙(𝑂2 ) + 1)

[(𝛿17𝑂𝐹𝑖𝑛𝑎𝑙(𝑂2 ) + 1)]
] − 1} 215 

 216 

2.4 Theoretical estimation of 18𝛂𝐂𝐎𝟐/𝐎𝟐
 and 17𝛂𝐂𝐎𝟐/𝐎𝟐

 217 

Thermodynamic equilibria for the oxygen isotope exchange between gaseous O2 and CO2 is 218 

expressed as 219 



𝑖OO + CO2  ⇌  O2  +  C𝑖OO , 220 

where i indicates a heavy isotope with mass number 17 or 18, have been calculated according 221 

to statistical theory, pioneered by Bigeleisen and Mayer, 1947 and Urey, 1947 (BMU, 222 

hereafter). Here, we refine our previous calculations (Adnew et al., 2022; Prokhorov et al., 223 

2019). The fractionation factor for the above isotope exchange equilibrium reaction is given by    224 

(Prokhorov et al., 2019; Adnew et al., 2022). The fractionation factor for the above isotope 225 

exchange equilibrium reaction is given by     226 

 𝑖αCO2/O2
=

𝑄(O2)

𝑄(𝑖OO)

𝑄(C𝑖OO)

𝑄(CO2)
=227 

(
𝑀(O2)𝑀(C𝑖OO)

𝑀(𝑖OO)𝑀(CO2)
)

3/2
𝑄𝑖𝑛𝑡(O2)

𝑄𝑖𝑛𝑡(𝑖OO)

𝑄𝑖𝑛𝑡(C𝑖OO)

𝑄𝑖𝑛𝑡(CO2)
 𝑒

−(
𝜖0(O2)−𝜖0(𝑖OO)+𝜖0(C𝑖OO)−𝜖0(CO2) 

𝑘𝑇
)
  (A) 228 

In this equation, M denote molecular masses and 𝜖0  the ZPEs, whereas Q and Qint stand for 229 

total and internal partition functions, respectively. 230 

𝑄𝑖𝑛𝑡 = ∑ 𝑑𝑖𝑒
−

𝜖𝑖
𝑘 𝑇𝑖    (B) 231 

The internal partition function Qint is the sum over all internal states viz, ro-vibrational and 232 

electronic states i with state degeneracy 𝑑𝑖 and energy 𝜖𝑖 above 𝜖0. We note in passing that the 233 

relative uncertainty of iαCO2/O2 is factually the quadratic sum of four independent contributions: 234 

the relative uncertainties of the two internal partition function ratios 𝑄𝑖𝑛𝑡(C𝑖OO)/𝑄𝑖𝑛𝑡(CO2) 235 

and 𝑄𝑖𝑛𝑡(𝑖OO)/𝑄𝑖𝑛𝑡(O2) and the relative uncertainties of the ZPE difference terms 236 

exp ((𝜖0(O2) − 𝜖0( OO 
𝑖 )/𝑘𝑇) and exp ((−𝜖0(CO2) + 𝜖0(C OO 

𝑖 )/𝑘𝑇). The contributions from 237 

atomic and molecular masses in eq. (A) can be safely neglected due to their high accuracy.  238 

Electronic excited states will play only a small role in the evaluation of the partition functions 239 

and they are just considered in the case of O2. For di-oxygen, these excited states have adiabatic 240 

energies of ~1 eV (7918 cm-1) or more above the ground electronic state and, compared to ro-241 

vibrational states in the ground state, those in the first excited electronic state have therefore 242 

an additional relative weight of 1.3×10-4 at 1000 °C. The effect on the ratio of partition 243 

functions of two isotopologues of the same molecule is smaller, because these have similar 244 

state energies on the same potential energy surface and error cancellation occurs when dividing 245 

the two similar partition functions. The same arguments apply even more to CO2 with the 246 

lowest excited electronic state energies being ~ 4 to 5 eV (Spielfiedel et al., 1992; Ma et al., 247 

2014). At these energies, the Boltzmann factor in eq. (B) becomes as low as 10-16 at 1000 °C, 248 



and these states can thus be completely neglected in the evaluation. If the energies of all states 249 

up to a sufficiently high threshold are known to spectroscopic accuracy, one can directly 250 

evaluate the above sums (eq. B). We have done so using the CO2 data provided by Huang et 251 

al., 2017, which are based on theoretical molecular calculations, improved by comparison with 252 

spectroscopic observations. Note, however, that due to inadvertently using dJ = J instead of dJ 253 

= (2J+1) as rotational degeneracy factors in the calculation of partition sums of CO2
 254 

(unpublished work), Adnew et al., 2022 have obtained slightly different results than we do here. 255 

Internal partition function ratios, such as 𝑄𝑖𝑛𝑡(C𝑖OO)/𝑄𝑖𝑛𝑡(CO2) from our calculation agree 256 

with a former direct sum evaluation (unpublished work) for relevant temperatures above 257 

500 °C to ≲10-4 relative, which is close to rounding errors of ~5×10-5. Moreover, there is even 258 

better agreement with the newly recommended values of  𝑄𝑖𝑛𝑡(C𝑖OO)/𝑄𝑖𝑛𝑡(CO2) from 259 

Tashkun and Harvey, 2025, where differences are smaller than 2×10-5 over the temperature 260 

range between 100 and 1300 K. However, the main uncertainty of α due to CO2 stems from the 261 

ZPE difference terms 𝜖0(C𝑖OO) − 𝜖0(CO2). The two data sets22,23, yield ZPE differences that 262 

differ by 0.06 cm-1 and 0.03 cm-1 for 18O and 17O containing isotopologues, respectively. This 263 

leads to deviations between the two calculations of about 1.1×10-4 (for 18O) and 0.6×10-4 (for 264 

17O) at low (800 K), and 6.7×10-5 and 3.6×10-5 at high (1300 K) temperatures. Without any 265 

further a-priori knowledge, we use the values at 800 K derived from the two completely 266 

independent theoretical approaches to estimate relative uncertainties 𝑢𝑟(𝑄𝑖𝑛𝑡(C𝑖OO)/267 

𝑄𝑖𝑛𝑡(CO2)) = 0.11 ‰ and 0.06 ‰, for 18O and 17O respectively.   268 

For the partition functions of O2, we have previously (Huang et al., 2017; Janssen and Tuzson, 269 

2010)  used the analytical BMU approach, even though it has not yet been demonstrated 270 

whether the approach can actually be applied correctly to O2. While the BMU method has 271 

originally been developed for closed shell molecules, its direct application to molecular oxygen 272 

neglects that the molecule has an electronic fine structure due to its non-zero total electron spin, 273 

which includes spin-spin and spin-rotation terms (Yu et al., 2012). Even though these fine 274 

structure couplings are quite sizable on the order of a few cm-1, they have only a very weak 275 

isotope dependence and could possibly cancel in the calculation of partition function ratios. In 276 

the case of oxygen, however, quantum mechanical symmetry rules restrict allowed states of the 277 

symmetric 16O2 isotopologue to odd quantum numbers N for the molecular rotation, while odd 278 

and even rotational states of the asymmetric isotopologues 17OO and 18OO are allowed. This 279 

implies that the rotational ground state of the homonuclear O16
2 molecule has a higher quantum 280 

number (N = 1) and rotational energy than the heteronuclear molecules in their N = 0 states. As 281 



a consequence, one obtains an anomalous ZPE scaling with a difference ratio of 282 

(𝜖0( OO17 ) − 𝜖0(O2)) (𝜖0( OO18 ) − 𝜖0(O2))⁄  = (–12.379 cm-1) / (–22.869 cm-1) = 0.541, as 283 

compared to (–11.669 cm-1) / (– 22.145 cm-1) = 0.527 when fine structure effects and symmetry 284 

restrictions are ignored. Previous calculations that neglected electron spin and symmetry 285 

restrictions on the ZPEs therefore must be subject to systematic error, which should become 286 

most apparent at low temperatures. In order to avoid such bias, we have included electronic 287 

fine-structure effects in our calculation. The details of the calculation will be presented 288 

elsewhere (unpublished work).  Here, we just summarise the most salient conclusions, and 289 

report on the uncertainty estimate in the relevant temperature range between 800 and 1300 K 290 

(or about 500 to 1000 °C). The calculations are based on a global evaluation of spectroscopic 291 

constants of all O2 isotopologues made by Yu et al., 2014, 2012, which includes all three lowest 292 

electronic states with vibrational states up to ν = 35 for the ground electronic state and ν = 17 293 

for the two lowest excited states. Energy levels for all stable isotopologues are provided in the 294 

supplementary material of the study (Yu et al., 2014), but are restricted to rotational quantum 295 

numbers N smaller than 66, roughly corresponding to energies below 6080 cm-1. This is too 296 

small to accurately calculate partition functions for temperatures up to 1300 K. We have 297 

therefore added energies for missing ro-vibrational states in the electronic ground state by 298 

extrapolating term energies towards higher rotational excitation using the spectroscopic 299 

constants provided by Yu et al., 2014. The validity of this approach has been checked by 300 

comparing our calculated internal partition functions for all six isotopologues of O2 to the 301 

results presented in Table 1 of Yu et al., 2012 which cover the temperature range between 9.375 302 

and 300 K, and to the very recent internal partition function of 16O2 provided by Furtenbacher 303 

et al., 2025. Based on an even larger set of spectroscopic data and more excited electronic 304 

states, the latter covers the temperature range between 1 and 5000 K and also specifies 305 

uncertainties as a function of temperature. Our calculations agree with the results of Yu et al., 306 

2014 and our agreement with (Furtenbacher et al., 2025) under 1300 K is always better than 307 

5×10-7. The relative standard uncertainty of Qint (
16O2) indicated by (Furtenbacher et al., 2025) 308 

for this temperature range is 2×10-5 or smaller. Even their highest value is smaller than the 309 

uncertainties that we have determined in the evaluation of CO2. The uncertainty of the ZPE 310 

differences can be conservatively estimated using the evaluation of ZPEs and their uncertainties 311 

from (Irikura, 2007). Based on a smaller set of spectroscopic data and using a less complete 312 

and more ancient set of molecular constants than Yu et al., 2014, Irikura, 2007 obtains a 313 

standard uncertainty of 4.5×10-3 cm-1 for the ZPE of 16O2 when the Dunham terms up to the 314 



sixth order are available. 𝜖0( OO 
𝑖 ) − 𝜖0(O2) is thus accurate to 0.01 cm-1 or better, thus leading 315 

to an uncertainty of less than 2×10-5 at temperatures as low as 500 °C.  316 

To summarize, in the 500 °C to 1000 °C range, the uncertainties of 18αCO2/O2
 and 17αCO2/O2

 are 317 

dominated by the uncertainty in the ZPE differences between CO2 isotopologues. They lead to 318 

amount to standard uncertainties of 0.11 ‰ and 0.06 ‰ for 18αCO2/O2
 and 17αCO2/O2

, 319 

respectively.  320 

3. Results 321 

3.1 Variations in 18𝜶CO2/O2

Pt  and 17𝜶CO2/O2

Pt  with varying cold zone volumes 322 

Measured 18𝛼CO2/O2

Pt  and 17𝛼CO2/O2

Pt values with varying cold zone volumes are presented in 323 

Figure 2 and Supplementary Information Table S2. The values are compared with the 324 

theoretically predicted equilibrium values. When no cold zone was present, i.e., the entire CO2-325 

O2 mixture was uniformly heated inside the furnace, the measured 18𝛼CO2/O2

Pt  and 17𝛼CO2/O2

Pt  326 

matched the theoretical predictions within experimental uncertainty. Although the experimental 327 

values at all temperatures are marginally higher than theoretical estimates, the deviations are 328 

insignificant. To confirm that this small offset was not due to incomplete equilibration, an 329 

additional experiment was conducted in which the mixture was first equilibrated at 650 °C and 330 

subsequently heated to 800 °C. The rationale was that at 650 oC, 18𝛼CO2/O2

Pt  and 17𝛼CO2/O2

Pt  would 331 

attain relatively higher equilibrium values, and subsequent heating at 800 oC would lower them 332 

again. The consistency between this two-step experiment and direct equilibration at 800 oC 333 

confirmed attainment of complete isotopic equilibrium (Fig. 2). The potential causes of the 334 

minor systematic deviation have been detailed in the section 4.3.  As the hot zone volume 335 

decreased, the deviation from the theoretical 18αCO2/O2
 and 17αCO2/O2

 values became more 336 

pronounced. For instance, at a cold zone proportion of approximately 45%, the deviations were 337 

~0.004 for 18αCO2/O2
 and ~0.002 for 17αCO2/O2

at 750 °C. These discrepancies continued to 338 

grow with further increase in cold zone volume, indicating a progressive departure from 339 

equilibrium conditions. The 18𝛼CO2/O2

Pt  and 17𝛼CO2/O2

Pt  obtained from the limited exchange done 340 

at ~700 °C keeping 25% cold zone still deviated from the corresponding theoretical predictions 341 

by 0.002 and 0.001 (Supplementary Information Table S4). 342 

An important observation related to exchanges involving a cold zone is the behaviour of the 343 

fractionation factors 18𝛼CO2/O2

Pt  and 17𝛼CO2/O2

Pt . These values are greater than 1 at lower 344 



temperatures, but drop below 1 once the temperature exceeds a certain threshold (Fig. 2 and 345 

3). Notably, the specific temperature at which this transition occurs depends on the fraction of 346 

the cold zone. Similar trends were reported by Adnew et al., 2022 and predicted by the model 347 

in Wei et al., 2024 . In setups without a cold zone, the α values consistently remain above 1 and 348 

close to the theoretical equilibrium values, gradually approaching 1 as the temperature 349 

increases (Fig. 2 and 3). The transition behaviour has been attributed to thermal diffusion 350 

effects between the hot and cold regions in setups with a cold zone.  351 

Another intriguing observation is the crossover of α values: at lower exchange temperatures, 352 

17𝛼CO2/O2

Pt  is lower than 18𝛼CO2/O2

Pt , but at higher temperatures, this trend reverses (Fig. 3). The 353 

temperature at which this crossover occurs also depends on the fraction of the hot zone. This 354 

crossover is not observed in the absence of a cold zone, consistent with theoretical expectations. 355 

Although Adnew et al., 2022 reported that the crossover coincides with the exchange-inflection 356 

temperature (temperature at which α transits from >1 to <1), our results show that this is not 357 

always the case (Fig. 3). In our experiments, the temperature at which the crossover occurs 358 

does not necessarily align with the α = 1 transition point (Fig. 3). 359 

3.2 Comparing  𝛉𝐂𝐎𝟐/𝐎𝟐

𝐏𝐭  among reactors with varying cold zones 360 

The average θCO2/O2

Pt  value of 0.529 (± 0.015), calculated from the sealed quartz tubes in the 361 

temperature range 650 to 800°C, agree well with the theoretical value of 0.529 (Fig. 4, 362 

Supplementary Information Table S1 and S2). Conceptually, θ is an intrinsic property of a 363 

defined process (Bao et al., 2016). The reaction occurring in conventional exchange reactor is 364 

a combination of isotope-exchange and thermal diffusion leading to a large variability in 365 

θCO2/O2

Pt  values (Fig. 4). These values are much beyond the canonical range in exchange 366 

reactions conducted at or above the crossover temperature associated with the respective cold 367 

zone. Wei et al., 2024 predicted a relationship between θCO2/O2

Pt  and 18𝛼CO2/O2

Pt which is included 368 

in Figure 4 using our revised equilibrium 18αCO2/O2
 value and θO2

TG from their diffusion 369 

experiments. Although negative θCO2/O2

Pt  have been predicted under conditions of extreme 370 

thermal diffusion by their model, increasing cold zones do not produce such behaviour. An 371 

exception is the ~880°C experiment with 45% cold zone. The large deviation observed for this 372 

data arises from the diverging behaviours of θCO2/O2

Pt (by definition) under these conditions: 373 

ln17αCO2/O2
approaches zero while ln18αCO2/O2

becomes negative (Fig. 4) leading to an 374 

amplified and unstable θCO2/O2

Pt value. 375 



4. Discussion 376 

4.1 Experimental versus theoretical 𝜶CO2/O2

Pt   377 

Theoretically αCO2/O2
 values for exchange are expected to be larger than 1 and approach unity 378 

at very high temperature (Richet et al., 1977; Adnew et al., 2022). Moreover, 18αCO2/O2
 should 379 

always be greater than 17αCO2/O2
. However, in the experimental exchange done in reactors with 380 

varying volumes outside the heater, the 𝛼CO2/O2

Pt  values are not always greater than 1 due to 381 

thermal diffusion between hot and cold zones. The 𝛼CO2/O2

Pt  values are higher than 1 at lower 382 

temperatures and decrease to less than 1 above a certain temperature in all three reactors with 383 

78.9%, 62.2% and 45% cold zones. The temperature of this exchange-inflection point increased 384 

with decreasing cold zones (Fig. 3). Fractionation due to thermal-gradient can explain the 385 

selective enrichment of O2 over CO2 after the exchange-inflection point. Wei et al., 2024 386 

showed that oxygen isotope fractionation of O2 is greater than that of CO2 when subjected to 387 

identical thermal gradient conditions and was attributed to isotopic fractionation due to thermal 388 

diffusion. The latter topic has been discussed in details by Jones and Furry, 1946. The O2 in the 389 

cold zone of the reactor is more enriched in heavy isotopes compared to CO2, resulting in values 390 

of 17𝛼CO2/O2

Pt  and 18𝛼CO2/O2

Pt  lower than 1. 391 

A cross over temperature in 𝛼CO2/O2

Pt  values was also observed: below this temperature, 392 

18𝛼CO2/O2

Pt  is greater than 17𝛼CO2/O2

Pt  whereas above it, 17𝛼CO2/O2

Pt  exceeds 18𝛼CO2/O2

Pt . This 393 

inversion, where the abundance of 17O surpasses that of 18O in both CO2 and O2, suggests the 394 

involvement of a kinetic effect during the exchange process caused by thermal gradient 395 

between the cold and hot zones. Such thermal gradient caused a systematic deviation from the 396 

isotopic equilibrium, even though thermodynamic equilibrium was attained after 0.5 to 1 hour 397 

of heating.  All other previous studies (e.g. Mahata et al., 2013; Barkan et al., 2015; Adnew et 398 

al., 2022; Wei et al., 2024) that employed setups with distinct hot and cold zones also likely 399 

observed thermodynamic equilibirum states that were significantly offset isotopically due to 400 

thermal diffusion. The thermal gradient induced kinetic effect was supported by clumped 401 

isotope measurements in CO2 and O2 following heating of a CO2 - O2 mixture in a typical setup 402 

with both hot and cold zones (unpublished data; personal communication, Mao-Chang Liang), 403 

because Δ47(CO₂) and Δ36(O₂) values were far from equilibrium.  In our system, the crossover 404 

temperature does not coincide with the exchange-inflection temperature. The overlap of these 405 

two points observed by Adnew et al., 2022 is likely coincidental and may result from the 406 

specific geometry of their experimental setup. Notably, the crossover is not observed in 407 



exchanges conducted within sealed quartz tubes heated uniformly. These experiments attained 408 

isotopic equilibrium, showing close agreement with theoretical predictions. The minor 409 

discrepancies observed between the theoretical values and those from no-cold zone 410 

experiments fall within the expected uncertainty of the experimental values. The experiments 411 

in which the gas mixtures were first heated to 650°C for two hours and subsequently at 800 °C 412 

for another two hours yielded 𝛼CO2/O2

Pt  values indistinguishable from those obtained in 413 

experiments heated directly at 800°C, further confirming the attainment of complete 414 

equilibrium under uniform heating conditions. 415 

At 750 °C, the offsets in 18𝛼CO2/O2

Pt  determined with 0%, 45%, 62.2% and 78.9% cold zones are 416 

0.0003, 0.004, 0.004 and 0.005, respectively, from the theoretical value of 1.00449. This 417 

implies that reducing cold zone volumes in the exchange reactor alone may not be sufficient to 418 

achieve precise triple oxygen measurements in carbonates. Moreover, the reactor configuration 419 

makes it challenging to further minimise the cold zone in routine measurements. Interestingly, 420 

the results show a strong dependence of αCO2/O2

Pt  on hot zone volume, offering a potential 421 

pathway for standardizing the exchange reactions. 422 

4.2 Relation between 𝛂CO2/O2

Pt  and reactor configuration 423 

An exponential relationship between the fractionation factors and the hot zone volumes has 424 

been established at 750°C (Fig. 5). Although the exact hot and cold zone volumes are subject 425 

to some uncertainty due to the irregular geometry of the reactor tubes, the observed trend 426 

remains significant. Further, to test the validity of fractionation factors derived from the 427 

exponential relation in figure 5, an isotopically different CO2 was exchanged with the same O2. 428 

The δ18O value of this new CO2 was 37.23 ‰ in contrast to the original CO2 having δ18O value 429 

of 1.18 ‰. It is to be noted that the δ18O value of the new CO2 was higher than that of O2 (26.40 430 

‰), unlike the previous case. The exchange was carried out in two different reactors with 431 

41.9% and 62.2% cold zones. The measured 18𝛼CO2/O2

Pt  were in good agreement with those 432 

expected from the exponential fit (Supplementary Information Table S3). This exponential 433 

relationship was also tested at 700°C including fractionation factors from the additional 434 

exchange reaction conducted with 25% cold zone proportion (Supplementary Information 435 

Figure S1 and Table S4). The observed trend was significant and provided further validation of 436 

the proposed framework. 437 



In practical setups, complete elimination of cold zone is not feasible. Therefore, it is essential 438 

to calibrate triple oxygen isotope exchange setups based on a fixed configuration of hot and 439 

cold zones, and accurately determine the associated fractionation factors. For setups similar to 440 

ours, where the hot and cold zone volumes are constrained, the recommended fractionation 441 

factors reported here may be applicable. However, before adopting them as standardized 442 

factors, this should be verified experimentally by independent groups. We also plotted selected 443 

𝛼CO2/O2

Pt values from previous studies that employed similar experimental setups (Fig. 5). Due 444 

to the lack of detailed information regarding the hot and cold zone proportions in those studies, 445 

we assumed a 50:50 ratio between the heated and cold sections of the reactors in all the cases. 446 

Most of these values showed significant deviations from our fitted curve, with the exception of 447 

the data from Adnew et al., 2022  in which the authors explicitly stated that half of the reactor 448 

was within the heating zone and results are in good agreement with our fitted line. The 449 

discrepancies observed for other studies highlight the importance of accurately characterizing 450 

the thermal geometry of the reactor when interpreting fractionation factors. 451 

4.3 Limitations 452 

We observed a small but systematic deviation from the theoretical fractionation values, as 453 

discussed earlier. This discrepancy likely stems from a combination of factors, including (i) 454 

uncertainties in the theoretical zero-point energy calculations (though these are expected to be 455 

small, on the order of ~0.0005), (ii) experimental errors such as potential biases in the 456 

18αCO2/O2
 and 17αCO2/O2

 values of the CO2 and O2 used for exchange, and (iii) slight 457 

inaccuracies in assigning the actual experimental temperature. Liang et al., 2023 reported a bias 458 

of ~0.001 in θCO2/O2
 between Academia Sinica and the Hebrew University of Jerusalem, and a 459 

difference of ~0.04‰ in Δ′17O. As our CO2 and O2 were calibrated in Academia Sinica, small 460 

offsets in the δ17O and δ18O values of the exchange gases could contribute to the deviations 461 

from theoretical expectations. Temperature assignment introduces another potential source of 462 

bias. The exchange temperature was taken as that measured when the sealed quartz tube was 463 

inside the furnace. However, once the furnace is opened and the tube is rapidly quenched in 464 

water, brief partial exchange of the CO2-O2 mixture at lower temperatures cannot be completely 465 

ruled out. This could introduce a consistent temperature-related offset across all experiments. 466 

An exchange occurring at temperatures 30–50 °C lower than assumed would be sufficient to 467 

explain the observed discrepancies between theoretical and experimental values. 468 

Unfortunately, estimating the actual effective re-equilibration temperature for these setups 469 



remains challenging. Further experiments conducted independently by other laboratories will 470 

be essential to refine the exchange fractionation factors and improve the robustness of triple 471 

oxygen isotope measurements in CO2. 472 

4.3 Broader implications for triple oxygen isotopes measurements in CO2 473 

17O has emerged as a promising proxy that complements 18O in tracing the global hydrological 474 

cycle and reconstructing palaeo-environments, particularly in archives where d-excess is not 475 

commonly available. Recent studies have used Δ’17O in carbonates to quantify past relative 476 

humidity conditions, for example, parent water derived from speleothems (Sha et al., 2020, 477 

2023) and palaeo-seawater reconstructions from foraminifers (Sha et al., 2024b). These 478 

investigations report sensitivities of approximately 1 permeg Δ’17O per % relative humidity 479 

change. Such levels of sensitivity underscore the need for highly precise and inter-laboratory 480 

comparable Δ’17O measurements. However, reported Δ’17O of international carbonate 481 

standards show measurable discrepancies across laboratories (Supplementary Information 482 

Table S5 and S6). For instance, Δ’17O values of CO2 derived from NBS-18 span a range of 483 

~106 permeg across studies employing Pt-catalysed exchange method (Liang et al., 2017a; Sha 484 

et al., 2020; Fosu et al., 2020; Barkan et al., 2019) and are much lower than those obtained 485 

using the reduction-fluorination method (Passey et al., 2014; Passey and Ji, 2019; Wostbrock 486 

et al., 2020; Huth et al., 2022). Differences in acid digestion temperature between the two 487 

methods were initially proposed as a potential source of this discrepancy. However, Wostbrock 488 

et al., 2020 performed acid digestion at 25℃ followed by reduction-fluorination and reported 489 

values consistent with those obtained at 90℃ by Passey et al., 2014. We suspect that the 490 

significantly lower Δ’17O values measured for NBS-18, NBS-19 and IAEA-603 using Pt-491 

catalysed exchange than reduction-fluorination method may partly reflect kinetic effects 492 

induced by thermal gradient. Consequently, consensus Δ’17O values based on the Pt-catalysed 493 

exchange remain ambiguous, as the associated exchange fractionation factors are neither 494 

consistent amongst laboratories nor aligned with theoretical predictions. Our novel approach 495 

that allows exchange under true equilibrium (0% cold-zone) and has yielded fractionation 496 

factors and exponents consistent with theory, can be utilized to verify Δ’17O values of the 497 

standards at true equilibrium. Importantly, the exercise also demonstrates that if setup-specific 498 

exchange fractionation factors 𝛼CO2/O2

Pt  are used, the final Δ’17O values should remain 499 

consistent across laboratories. We suspect that the exchange fractionation factors used in the 500 

above cases were not set-up specific causing the inter-laboratory discrepancies. Further 501 



detailed analysis of the standards using the present approach will help validate and strengthen 502 

this methodology. 503 

5. Conclusions 504 

We have experimentally verified that oxygen fractionation factors and exponent during Pt-505 

catalysed CO2-O2 exchange in reactors have a combined influence of oxygen isotope-exchange 506 

between CO2 and O2 and thermal-gradient-induced kinetic fractionation. The fractionation 507 

factors and exponent determined from uniformly heated samples show good agreement with 508 

the theoretical values based on equilibrium modelling. This gives definitive evidence that 509 

isotope exchange reaches to complete isotopic equilibrium during uniform heating whereas the 510 

steady state achieved in exchange reactors with cold zones is shifted away from isotopic 511 

equilibrium even though thermodynamic equilibrium states were attained. Further θ, supposed 512 

to be an intrinsic property of the exchange process, is observed to be varying because of these 513 

kinetic effects. These kinetic effects can be further verified by analysing clumped isotopes in 514 

exchanged CO2 and O2, which can provide a constraint on their effective exchange 515 

temperatures. The determined fractionation factors of exchange with varying reactor-516 

configurations showed a defined exponential correlation with the hot zone volumes of the 517 

reactor. Thus, we propose a new framework to standardize 17𝛼CO2/O2

Pt  and 18𝛼CO2/O2

Pt  accounting 518 

for the hot and cold zones of the exchange reactor for accurate triple oxygen measurements in 519 

CO2.  520 
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in Supplementary Information. They contain theoretical predictions of fractionation factors and 532 



results of the Pt-catalysed exchange conducted using isotopically different gas mixtures across 533 
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 709 

Figure 1. Schematic showing the in-house vacuum setup for Pt-catalysed CO2-O2 exchange for 710 

triple oxygen measurements in CO2 711 

 712 

 713 

Figure 2. (a) 18𝛼CO2/O2

Pt  and (b) 17𝛼CO2/O2

Pt  values determined with varying cold zone volumes 714 

viz. 78.9%, 62.2%, 45% and 0%. The deviation from the theoretical predictions (presented in 715 

Supplementary Information Table S1) increases with increasing cold zones. The shaded regions 716 

along the theoretical curves represent the uncertainties. 717 

 718 

 719 

Figure 3. The oxygen isotope fractionation factors, 17𝛼CO2/O2

Pt  (dashed lines) and 18𝛼CO2/O2

Pt  720 

(solid lines), determined in four different experimental set-ups with varying cold zone volumes 721 
within 600 to 1000 °C temperature range. The crossover temperatures, marked by vertical 722 

dotted lines, increase as the cold zone volume decreases from 78.9% to 62.2% to 45%. In the 723 

sealed quartz tubes with uniform heating, the 𝛼CO2/O2

Pt  values are closely aligned with the 724 

theoretical values and do not show any crossing over of 17𝛼CO2/O2

Pt  and 18𝛼CO2/O2

Pt . 725 

 726 
 727 

 728 
 729 

Figure 4. The θCO2/O2

Pt  and 18𝛼CO2/O2

Pt  determined with varying cold zone volumes viz. 78.9%, 730 

62.2%, 45% and 0% within 600 to 1000°C temperature range. When no cold zone is present, 731 

the θCO2/O2

Pt values are closely aligned with the theoretical value of 0.529. The curves show the 732 

relationship predicted by Wei et al., 2024 using our revised equilibrium 18αCO2/O2
 value and 733 

θO2

TG from their diffusion experiments viz., 0.48 (grey solid line), 0.5 (black solid line) and 0.52 734 

(grey dotted line). 735 

 736 
 737 

 738 

Figure 5. Exponential relations of (a) 18𝛼CO2/O2

Pt  and (b) 17𝛼CO2/O2

Pt  with varying hot zone volume 739 

fraction at 750 °C. Selected 𝛼CO2/O2

Pt values from previous studies with similar to our 740 

experimental setups are also shown, assuming a 50:50 ratio between the heated and cold 741 
sections of the reactors. The data from Adnew et al., 2022, in which the authors stated 742 
exclusively that approximately half of the reactor was within the heating zone, are in good 743 
agreement with our fitted line. For the other studies, hot and cold zone proportions need to be 744 

constrained for the reactor geometry. The goodness of fit was evaluated using weighted 745 

coefficient of determination (𝑅𝑤
2 ). 746 


