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CH4

CO2

GC-FID
x(CO2) (300 to 850) µmol mol-1

s = 0.04 µmol mol-1

FTIR
x(CO2) (300 to 850) µmol mol-1

s = 0.02 µmol mol-1

Measuring accurate CO2 mole fraction for CCQM-K120
Coordinated by BIPM

International comparison CCQM-K120 (2017)
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Isotopic mixing
NPL, UK 

-5 ‰

Fermentation
France 

-20 ‰ to -10 ‰ ‰

Natural gas well
Greece

-7 ‰ to -2 ‰

Industrial CO2

-40 ‰

Clean Air
Niwot Ridge, USA 

-8 ‰
Clean Air

New Zealand
-8 ‰

International comparison CCQM-K120 (2017)
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Measured δ13C and δ18O in CCQM-K120 standards

Measured δ13C and 
δ18O values, vs 
VPDB-CO2, for each 
CO2 in air standard 
studied. Blue: 
prediction bands 
from selected set 
of standards. 

Standards of 15 NMI’s
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Isotope Ratio Infrared Spectroscopy - FTIR

CO2 in air
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I0(n) I0(n)e(-a(n)L)

L

~ 99% of 12C16O16O
~ 1% of 13C16O16O

Conversion to delta scale
𝛿13𝐶 =

𝑅13

𝑅𝑉𝑃𝐷𝐵−𝐶𝑂2

13 − 1

𝛿18𝑂 =
𝑅18

𝑅𝑉𝑃𝐷𝐵−𝐶𝑂2

18 − 1
Requires standards of known

isotopic composition 

Measuring CO2 isotopes by Infrared Spectroscopy

𝑅13 =
𝑥636
𝑥626 636 is 13C16O16O

626 is 12C16O16O

628 is 12C18O16O𝑅18 =
𝑥628

𝑥626 ∗ 2
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𝛿13𝐶 =
𝑅13

𝑹𝑽𝑷𝑫𝑩−𝑪𝑶𝟐

𝟏𝟑
− 1

𝛿18𝑂 =
𝑅18

𝑹𝑽𝑷𝑫𝑩−𝑪𝑶𝟐

𝟏𝟖
− 1

Delta values allow small differences in isotope ratios, and
thereby mole fractions of isotopes to be readily expressed

Conventional values used for the isotope ratios in CO2 gas
produced from carbonate standard
𝑹𝑽𝑷𝑫𝑩−𝑪𝑶𝟐
𝟏𝟑 = 0.011180

𝑹𝑽𝑷𝑫𝑩−𝑪𝑶𝟐
𝟏𝟕 = 0.0003931

𝑹𝑽𝑷𝑫𝑩−𝑪𝑶𝟐
𝟏𝟖 = 0.00208835

Allows abundances and mole fraction of CO2 isotopologues
to be calculated

Brand Willi, A.; Assonov Sergey, S.; Coplen Tyler, B. In Pure Appl. 

Chem., 2010; Vol. 82, pp 1719.

𝑴𝒐𝒍𝒆 𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏𝒔, 𝒓𝒂𝒕𝒊𝒐𝒔 𝒂𝒏𝒅 𝒅𝒆𝒍𝒕𝒂 𝒗𝒂𝒍𝒖𝒆𝒔
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𝑅13 =
𝑥636
𝑥626

𝑅18 =
𝑥628
𝑥626

x(CO2)

µmol/mol

393.97

Ref 1

Ref 2

x(CO2) δ13c δ18O

µmol/mol ‰ VPDB ‰ VPDB

378.90 -35.68 -34.48

x(CO2) δ13c δ18O

µmol/mol ‰ VPDB ‰ VPDB

420.43 -35.68 -34.12

Principle : independent two points calibrations of each isotopologue, 

using standards of same d13C but different mole fraction to 

bracket the target sample

x626 x636 x628

µmol/mol µmol/mol µmol/mol

373.07 4.02 1.50

x626 x636 x628

µmol/mol µmol/mol µmol/mol

413.96 4.46 1.67

Calibration strategy
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𝑅13 =
𝑥636
𝑥626

𝑅18 =
𝑥628
𝑥626

Principle : independent two points calibrations of each isotopologue, 

using standards of same d13C but different mole fraction to 

bracket the target sample

𝑥628𝑥636𝑥626

𝑥628𝑥636𝑥626
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FTIR

FTIR x626 / (µmol mol-1) 

/ 
(p

p
m

) 

Std 1

Std 2

sample

𝑥
6
2
6

x626 x636 x628

µmol/mol µmol/mol µmol/mol

373.07 4.02 1.50

x626 x636 x628

µmol/mol µmol/mol µmol/mol

413.96 4.46 1.67

Calibration strategy

Ref 1

Ref 2
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𝑅13 =
𝑥636
𝑥626

𝑅18 =
𝑥628
𝑥626

x(CO2) δ13C δ18O

µmol/mol ‰ VPDB CO2 ‰ VPDB CO2

393.97 -8.64 -1.44

Principle : independent two points calibrations of each isotopologue, 

using standards of same d13C but different mole fraction to 

bracket the target sample

x626 x636 x628

µmol/mol µmol/mol µmol/mol

387.25 4.29 1.61

Calibration strategy

x626 / (µmol mol-1) 

/ 
(p

p
m

) 

Std 1

Std 2

sample

𝑥
6
2
6

𝑥628𝑥636𝑥626
FTIR

Unknown
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Uncertainty for FTIR δ13C and δ18O measurements 

Individual isotopologue mole fraction: 

• two-point calibration process,

• model equation for each isotopologue
deduced from the two calibration
standards’ reference values and FT-IR
responses.

2. Sensitivity Study1. Standard Approach 

Varying the calibration input parameters (GUM)

• parameter variation chosen according by its
standard uncertainty xi− u(xi) to xi + u(xi).

• contribution to the total standard uncertainty
was considered equal to half the variation
(ΔY) observed in the delta values.
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δ13C u(δ13C) δ18O u(δ18O)
‰ VPDB CO2

-8.61 0.09 -2.8 1.19

626 calibration

636 calibration

Final uncertainties on delta values, 
for the « air like » sample:

• Main component is the certified CO2 mole 
fraction

• Uncertainty on delta value negligible (only 
repeatability, no uncertainty on VPDB)

𝑹𝟏𝟑 =
𝒙𝟔𝟑𝟔
𝒙𝟔𝟐𝟔

𝒖 𝑹𝟏𝟑 = 𝑹𝟏𝟑
𝒖 𝒙𝟔𝟑𝟔
𝒙𝟔𝟑𝟔

𝟐

+
𝒖 𝒙𝟔𝟐𝟔
𝒙𝟔𝟐𝟔

𝟐

𝒖 𝑹𝟏𝟑 ~𝟏𝟎−𝟔

Uncertainty for FTIR δ13C and δ18O measurements 
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Uncertainty for FTIR δ13C and δ18O measurements 

2. Sensitivity Study

• Confirmed that for δ13C the main uncertainty
contributor comes from the uncertainty of the
mole fraction of both CO2/air mixtures used to
calibrate the FTIR

• the δ18O main uncertainty contributor is FT-IR
response (93% of the index for the total
uncertainty combining the measurements of
cylinders 1, 2, and 3).

δ13C u(δ13C) δ18O u(δ18O)
‰ VPDB CO2

-8.61 0.09 -2.8 1.07
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Isotope Ratio Infrared Spectroscopy – Laser spectroscopy

CO2 in air
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Isotope Ratio Infrared Spectroscopy

• Laser absorption at 4.3 μm

• Scanning over absorption peaks of 3 main CO2 isotopologues

• Typical sample = CO2 in air, ambient concentration (~ 400 µmol/mol)

Pure CO2CO2 in air
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2 References

PURE CO2

d low d high

Original idea : dilute the reference standards (pure CO2) to match the sample

Carrier gas

CO2 free air

≈ x(CO2)

dref dsample

Bias > uncertainty

Get Ready procedure

Modified calibration : add 2 CO2 in air references
and perform a 2 point calibration of d values

Sample Air Ref 1. 

420.43 µmol mol-1

δ13C = -35.682 ‰

δ18O = -34.478 ‰

Sample Air Ref 2. 

380 µmol mol-1

δ13C = -1.384 ‰

δ18O = -7.148 ‰ 

Delta Ray – Calibration Strategy
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Ref 1. 

379.90 µmol mol-1

δ13C = -35.685 ‰

δ18O = -34.478 ‰

Ref 2. 

420.43 µmol mol-1

δ13C = -35.682 ‰

δ18O = -34.115‰

FTIR measurements on 3 samples : IRIS (delta ray) measurements on 3 samples :

(d
1

3
C

IR
IS

-d
1

3
C

V
P

D
B
) 

/ 
‰

 

-40 -30 -20 -10 0
-1.0

-0.5

0.0

0.5

1.0

1

4

d
13

C
VPDB

 / ‰ 

1
st

2
nd

3
th

3

Sample Air Ref 1. 

420.43 µmol mol-1

δ13C = -35.682 ‰

δ18O = -34.478 ‰

Sample Air Ref 2. 

380 µmol mol-1

δ13C = -1.384 ‰

δ18O = -7.148 ‰ 

Validation by comparison with value assigned by IRMS
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Isotope Ratio Infrared Spectroscopy– Laser spectroscopy

Pure CO2 
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Sampling System for pure CO2 aliquots

- Controlled flow rates

- Automatic sequential analysis

- Up to 16 samples analysis

- Identical treatment of 
samples and references

𝛿13C = −42.13‰

𝛿18O = −27.63‰

light

𝛿13C = −1.38‰

𝛿18O = −7.15‰

heavy
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Ref1

Measurement sequence with calibration & drift correction

Ref1

Ref2

time

C
O

2
m

o
le

 f
ra

c
ti
o
n

Sample Ref2

δ1
R2

δ2
R2δ1

R1 δS δ2
R1

-Drift correction

δR2Corr=δ
1
R2+(δ2

R2- δ
1
R2)∗1/3

δR1Corr=δ
1
R1+(δ

2
R1- δ

1
R1)∗1/3

δR2Corr

δR1Corr

δR2Cal δR1Cal

δS

X

-Two points post calibration
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Optimising performances: CO2 mole fraction control

Variations of x(CO2) in the instrument’s gas cell induce variations of isotope ratios

10 µmol/mol

0.03 ‰
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Optimising performances: CO2 mole fraction control

Feedback loop implemented in control software to obtain ± 2 µmol/mol

Software to 
control the flows

Raw CO2 data

Calculation of the 
flow correction 
factor 

Correction of the 
flows

Maximum bias

0.007 ‰ on δ13CVPDB

0.009 ‰ on δ18OVPDB
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Carousel ports variability

Switching over 16 carousel ports shows no port-variability
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Repeatability & homogeneity over the range

Nm Ns δ13C / ‰ δ18O / ‰ 

Mean σ Mean σ 

6 1 -43.362 0.023 -35.350 0.021

12 8 -36.717 0.020 -20.400 0.052

12 3 -29.884 0.021 -27.341 0.020

10 3 -19.937 0.031 -21.216 0.027

12 3 -10.741 0.019 -15.225 0.023

9 3 -1.375 0.019 -9.290 0.020

Average 0.022 0.027

Ns = number of samples

1 2 3 4

-42.2

-42.0

-27.4

-27.6

-27.8

d1
3
C
 /

 ‰

 Mean = -42.104 ‰

s = 0.024 ‰

d1
8
O

 /
 ‰

 Mean = -27.606 ‰

s = 0.023 ‰

Nm = number of measurements
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Thank you

Special thanks to Visiting Scientist from NMIs

Tiqiang Zhang NIM (China) Nov 2016 – Apr 2017

Francesca Rolle INRIM (Italia) Feb 2018-July 2018

Yan Chubchenko VNIIM (Russia) Oct 2018-March 2019

Eric Mussell Webber NPL (UK) April 2019  - June 2019
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CONCLUSIONS
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FTIR                         vs                 Delta Ray

FTIR: two cylinders with the same delta values and
different mole fractions, bracketing the mole fractions to
be measured, δ13C and δ18O values can be measured
with uncertainties of uδ13C_FT = 0.09 ‰ and uδ18O_FT =
1.03 ‰

Delta Ray: a residual bias in the δ13C and δ18O

measurements, which remained following the

implementation of the manufacturer’s calibration

procedure, was removed by the application of an

additional two point calibration (two CO2 in air

standards with known but differing isotopic

composition). The resulting standard uncertainty
of measurements achieved was uδ13C_DRT= 0.18

‰ and uδ18O_DR= 0.48 ‰.

CO2 in air CO2 in air

(2017)
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FTIR                         vs                 Delta Ray  

Delta Ray: a residual bias in the δ13C and δ18O

measurements, which remained following the

implementation of the manufacturer’s calibration

procedure, was removed by the application of an

additional two point calibration (two CO2 in air

standards with known but differing isotopic

composition). The resulting standard uncertainty
of measurements achieved was uδ13C_DRT= 0.02

‰ and uδ18O_DR= 0.02 ‰.

Pure CO2

2019

Pure CO2

2017
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THANKS!
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