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Stable vs radiogenic isotopes 

15O 

16O 

17O 

18O 

19O 

stable

stable

stable

half-life = 28 s

half-life = 2 mn
11C 

12C 

13C 

14C half-life = 57 ka

stable

stable

half-life = 20 mn

electron

proton

neutron



CO2 atmosphérique

matière organique

– 330 millions d'années 2025

CO2 atmosphérique

[ CO2 ]

Géochimie des isotopes stables:
pourquoi ?
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δ18Ocarbonate  = 
(18O / 16O)carbonate

(18O / 16O)reference
– 1



période glaciaire :       ⬆︎  δ18Osw       ⬇︎  T        ⇒       ⬆︎  δ18Oc

période inter-glaciaire :       ⬇︎  δ18Osw       ⬆︎  T        ⇒       ⬇︎  δ18Oc

≈   δ18Oseawater  –  b T  +  a

Validation de la théorie de Milanković : variations d'insolation ⇒ cycles glaciaires
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• mesures relatives de précision < 10 ppm
• interférence entre molécules de même masse

- m = 44 : 16O12C16O
- m = 45 : 16O13C16O  +  16O12C17O
- m = 46 : 16O12C18O  +  16O13C17O  +  17O12C17O

IRMS: Isotope Ratio Mass Spectrometry



Stable isotope quantities of interest for CO2
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1818 12
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16 1812

m = 45,  x ≈ 1·10–2

m = 48,  x ≈ 4·10–6

m = 47,  x ≈ 5·10–5

m = 46,  x ≈ 4·10–3

16 1712 m = 45,  x ≈ 8·10–4

δ13C  +  δ18O   (since ~1950, σ = 10–50 ppm)}
Δ17O   (since ~2010, σ ≈ 10 ppm)

Δ47   (since ~2010, σ ≈ 10 ppm)

Δ48   (since ~2020, σ ≈ 30 ppm)



Spectroscopic measurements of isotopic abundances
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34.1 IntroductionThis chapter deals with optical techniques to accurately measure isotope abun-

dance ratios as alternatives to isotope ratio mass spectrometry (IRMS). The optical

techniques discussed here all involve excitation in the infrared region of the spectrum,

associated with molecular rotational-vibrational motions. We thus ignore recent mea-

surements on atomic systems like 81Kr and 85Kr  in magneto-optical traps (Chen et al.,

1999; Bailey et al., 2001; Lu & Wendt, 2003). Also not considered here are techniques in

which lasers merely serve to prepare the sample (e.g., by ablation), subsequently to be

analyzed by IRMS. The case of photoionization followed by mass spectrometry analy-

sis is the subject of Chapter 33.
Different approaches are discussed in terms of the optical detection technique

employed, rather than the molecular system being studied. Each technique is pre-

sented with an example of experimental work. Where possible, these examples are

selected because of their successful application in the field of isotope ratio measure-

ments. Thus, many demonstrations of optical techniques that miss the precision to

compete with IRMS or the connection to accepted international standard materials are

not treated. However, we do include a listing of relevant studies reported in refereed

international journals, including parameters such as accuracy achieved and sample

amount (Table 34.1).
Traditionally, isotope ratio measurements use isotope ratio mass spectrometers

(IRMS). These have now evolved to the point where commercially available machines

are able to attain an extremely high measurement precision and high sample through-

put. In fact, this handbook may be considered a tribute to the success of IRMS. Still, a

number of fundamental problems remain with IRMS. Most predominantly there is its

practical inability to deal with condensable gases and the mass-overlap of interesting

isotopomers. The common solution has been to resort to chemical pretreatment of the

sample. Usually, different pathways are required for the different isotope ratios in the

same molecule. For example, in the case of water (arguably the most important envi-

ronmental molecule), one resorts to oxygen isotope exchange between water and CO2

and reduction of water to H2, yielding end-product molecules that are easily analyzed

Handbook of Stable Isotope Analytical Techniques, Volume-I
P.A. de Groot (Editor)© 2004 Elsevier B.V. All rights reserved.
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O C O• Many molecules absorb infra-red photons
with quantified energy levels.

• These levels corresponding to transitions
between rovibrational modes of excitation.

• Absorbed wavelengths depend on the
distribution of mass rather than

total molecular mass.



Direct measurements in the field

Infrastructure européenne d'observation
des gaz à effet de serre

cf présentation d'Axel Wohleber
cet après-midi

δ13C, δ18O, δ2H... 



Faster measurements in the lab

16 13 18

Tunable Infrared Laser
Direct Absorption Spectroscopy

(TILDAS, Aerodyne)

Yanay et al., Sci. Adv. 8, eabq0611 (2022)     26 October 2022
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Rapid and precise measurement of carbonate clumped 
isotopes using laser spectroscopyNitzan Yanay1*, Zhennan Wang1, David L. Dettman1,2, Jay Quade1, Katharine W. Huntington3, 

Andrew J. Schauer3, David D. Nelson4, J. Barry McManus4, Kaustubh Thirumalai1, Saburo Sakai5, 

Anna Rebaza Morillo1, Ananya Mallik1
Carbonate clumped isotope abundance is an important paleothermometer, but measurement is difficult, slow, 

and subject to cardinal mass (m/z) interferences using isotope ratio mass spectrometry (IRMS). Here, we describe 

an optical spectroscopic measurement of carbonate clumped isotopes. We have adapted a tunable infrared laser 

differential absorption spectrometer (TILDAS) system to measure the abundances of four CO2 isotopologues used 

for clumped isotope thermometry. TILDAS achieves the same precision (0.01‰ SE) as IRMS measurements rapidly 

(∼50 min per carbonate analysis) and using small samples (<2 mg of calcite), without making assumptions about 

17O abundance in the sample. A temperature calibration based on 406 analyses of CO2 produced by digestion of 

51 synthetic carbonates equilibrated at 6° to 1100°C is consistent with results for natural carbonates and previous 

calibrations. Our system results were indistinguishable from IRMS systems after replicating the InterCarb inter-

laboratory calibration. Measurement by TILDAS could change the landscape for clumped isotope analysis.INTRODUCTIONIn recent years, measurement of rare isotopologues with more than 
one heavy isotope has been a subject of growing interest. Perhaps 
the most ubiquitous application of this “clumped isotope” research 
is carbonate clumped isotope thermometry. With this method, the 
relative abundance of multiply-substituted isotopologues contain-
ing 18O-13C bonds is used to estimate the formation temperature of 
carbonate minerals (1, 2). The key advantage of this method is that 
no knowledge of the water isotopic composition from which the 
mineral was precipitated is required, also allowing one to calculate 
the d18O composition of the parent water using a conventional oxygen 
isotope fractionation relationship.The field of carbonate clumped isotope geochemistry has ad-
vanced rapidly since it was first demonstrated as a practical paleo-
thermometer by (3). Interlaboratory standardization efforts have 
greatly improved reproducibility (4,  5), discrepancies between 
empirical temperature-clumping calibrations have been markedly 
reduced (6, 7), and automation and development of new isotope 
ratio mass spectrometry (IRMS) techniques have shortened analysis 
times and decreased the sample size required for analysis (8–10). 
Despite these substantial improvements, the low natural abundance 
of clumped isotopologues and their nonunique mass continue to hinder 
IRMS clumped isotope measurements. Measurement remains diffi-
cult and costly and requires 17O corrections that introduce significant 
uncertainty (11, 12). Because of these limitations, the method is 
underused compared to conventional stable isotope methods, with 
a relatively small number of laboratories producing reliable data.

To address these issues, we developed a tunable infrared (IR) 
laser differential absorption spectrometer (TILDAS) for clumped 
isotope analysis of CO2. It has been previously demonstrated that 

this spectrometer is capable of accurately and precisely (0.01‰ SE) 
measuring clumping in CO2 gas in 20 to 25 min per analysis and 
with sample sizes of 1.9 mg calcite equivalent (13). By using mid-IR 
absorption instead of mass to measure the relative abundance of 
isotopologues, the TILDAS system determines clumping more 
directly than IRMS because it measures the molecular species rather 
than the cardinal mass (m/z) and hence does not require, for example, 
a 17O correction for mass interference or removal of contaminant 
isobaric molecules (13). However, in previous work, only CO2 samples 
from gas cylinders were analyzed, not gas derived from acid digestion 
of carbonate mineral samples. This additional step is required for a 
direct comparison to IRMS systems and to demonstrate the appli-
cability of TILDAS clumped isotope analysis to carbonates. Spec-
troscopic clumped isotope measurements of carbonate-derived CO2 
have been previously reported by other researchers (14). However, 
(14) and (13) were proof-of-concept papers by design and did not
attempt to compare performance to IRMS using carbonates.

Here, we report the results from a new, fully automated carbonate 
clumped isotope analyzer system that extends previously published 
TILDAS instrument capabilities to measure carbonates. We present 
results from 1678 analyses performed over a 61-day period. Using 
this dataset, we establish an empirical temperature versus clumping 
calibration based on a set of carbonates synthesized or equilibrated 
in the laboratory. The calibration is validated using natural samples 
that have known formation temperatures. The synthetic samples 
are also used to establish a temperature versus calcite-water oxygen 
isotope fractionation (acalcite-water) relationship. In addition, we com-
pare TILDAS-derived data to IRMS data using a series of CO2 
gases equilibrated with waters at different temperatures [carbon 
dioxide equilibrium scale (CDES)] and a carbonate-based method 
[InterCarb-CDES (I-CDES)] for projecting raw data into an inter-
laboratory reference frame. Clumping values of seven interlaboratory 
standards are compared to accepted values measured using IRMS 
systems. We demonstrate that the TILDAS system reliably produces 
clumped isotope data that are competitive in quality with the best 
IRMS systems but with a much higher sample throughput and small 
sample size.
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Previously challenging measurements (e.g., Δ17O of CO2)
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Linking the oxygen-17 compositions of water and carbonate reference
materials using infrared absorption spectroscopy of carbon dioxide
Justin Chaillot a,b,*, Samir Kassi b, Thibault Clauzel a, Marie Pesnin a, Mathieu Casado a,

Ama!elle Landais a, Mathieu Da!eron a
a Laboratoire des Sciences du Climat et de l’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ, Universit”e Paris-Saclay, France
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A B S T R A C T

Joint measurements of the 18O/16O and 17O/16O ratios of carbonate minerals and waters are increasingly used to

investigate various geochemical, physical and biological processes. Diverse analytical methods, each of them

technically challenging in one way or another, have been developed or refined in recent years to measure

oxygen-17 anomalies (Δ’17O) with instrumental precisions of 10 ppm or better. A critical underpinning of all

these methods is how the international carbonate reference materials currently anchoring the VPDB 18O/16O

scale are linked to the primary VSMOW-SLAP scale in (18O/16O, 17O/16O) space. For now, however, substantial

systematic discrepancies persist between different groups and methods, even after all measurements are nomi-

nally standardized to VSMOW-SLAP.Here we take advantage of VCOF-CRDS, a novel spectroscopic method combining the ease and simplicity of

near-infra-red absorption measurements in pure CO2 with metrological performance competitive with state-of-

the-art IRMS techniques, to precisely characterize, based on previously reported equilibrium fractionation fac-

tors between water and CO2, the relative triple oxygen isotope compositions of international water standards

(VSMOW2, SLAP2, GRESP) and CO2 produced by phosphoric acid reaction of carbonate standards (NBS18,

NBS19, IAEA603, IAEA610, IAEA611, IAEA612). The robustness of our results derives from the demonstrated

linearity of our measurements (RMSE → 1 ppm), but also from the fact that, when equilibrated with or converted

to CO2, all of these reference materials yield analytes with closely comparable oxygen-18 compositions. In light

of these observations, we revisit potential causes of the large inter-laboratory discrepancies reported so far.

Collectively reconciling the different types of measurements constraining the relative 17O/16O ratios of the two

standards most often used to normalize carbonate analyses (NBS18, IAEA603) is a matter of high priority.1. Introduction

As originally postulated by Craig (1957), the stable isotope ratios

18O/16O and 17O/16O in most natural oxygen-bearing materials on Earth
may be described, to the first order, as following a simple power law
linking any two phases A and B:)
17Oω16O

[

A)
17Oω16O

[

B

↑

]

⌊⌋

)
18Oω16O

[

A)
18Oω16O

[

B

⌈

⌉{

λ→1ω2

Leaving aside large deviations from this power law, such as found in
the Earth’s stratosphere and in extra-terrestrial materials, smaller

departures corresponding to 17O/16O “anomalies” up to a few tenths of
permil are commonplace, and may be used to gain additional informa-
tion beyond that obtained from 18O/16O alone (Miller and Pack, 2021).

In carbonate minerals, these 17O anomalies are a potentially crucial
source of information on past climates, paleo-hydrology, diagenesis,
biocalcification processes, and the long-term oxygen and carbon cycles
(Passey et al., 2014; Bergel et al., 2020; Wostbrock et al., 2020a; Her-
wartz, 2021; Passey and Levin, 2021; Kelson et al., 2022; Huth et al.,
2022). However, measuring them with the required precision and ac-
curacy, whether directly from the mineral phase or in CO2 produced by
phosphoric acid reaction of carbonate minerals, remains challenging.
Even state-of-the-art isotope-ratio mass spectrometric (IRMS) tech-
niques are notoriously unable to resolve 16O13C16O (with a mass of

* Corresponding author at: Laboratoire des Sciences du Climat et de l’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ, Universit”e Paris-Saclay, France.

E-mail address: justin.chaillot@lsce.ipsl.fr (J. Chaillot).
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RMSE ≈ 1 ppm

V-Cavity Optical Feedback
Cavity Ring-Down Spectroscopy

(VCOF-CRDS, LIPhy-LSCE)

16 1712

Previously challenging measurements (e.g., Δ17O of CO2)



Factors limiting accuracy?



Factors limiting accuracy?



Factors limiting accuracy?



Factors limiting accuracy?



Metrological issues
Example: 3 different definitions of δ13C
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δ13C  =   ƒ( 45/44, 46/44 )
assuming Δ17O = 0

IRMS measurement
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Conclusions:

Dialogue between spectroscopists and geochemists
is useful and rewarding.

Earth-science labs will soon need
a new generation of engineers & researchers.

Earth-science applications are demanding
but have critical implications for us all.

Looming metrological issues

Three geochemists comparing the

performances of their laser instruments

(artistic representation)



Overcome “hard” limits of IRMS? (e.g., Δ48 of CO2)

1818 12

• IRMS of very rare species is limited by Poisson counting statistics
(count N ions  ⇒  σ ≈ N 1/2 )

• Even after 80+ years of development, ion sources remain not very efficient

• By contrast, precision of infra-red spectroscopy bumps against “soft” limits
(thermal stability, optical fringes, saturation effects...)


