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Motivation: Atmospheric Chemistry

pollutant            +       oxidant          →       stable species     

CH4 +       oxidant        →             CO2

CxHyOz / SO2 / NOx +      oxidant         →       secondary aerosol

Oxidants [OH], [O3], [H2O2] & [NO3]  control:
- pollutant levels
- tropospheric ozone production
- aerosol and cloud formation
- methane lifetime

Air quality
&

Climate
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Concentration
and/or purification

Ice core samples

Chemical conversion of 
oxyanions to simple gases

Traditional nitrate isotope method:
Denitrifier IRMS 

2NO3
- → N2O → N2 + O2

Ice core 
archive

Gas-source, 
electron-impact 
isotope ratio MS

OSUG Atelier Géochimie 12/3/2026 4



Limitations:

1. Sample size is large. 100 nmol nitrate ~ 100g alpine ice, 1kg polar ice

2. O atom recovery is non-quantitative → accurate nitrate 𝛿18O requires careful calibration
and reproducible bacteria performance,
so can be imprecise

3. Chemical bonds are broken → intramolecular information is lost

Traditional nitrate isotope method:
Denitrifier IRMS 

2NO3
- → N2O → N2 + ½O2
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What are clumped isotopes?

Are isotopes stochastically distributed between molecules?

𝑹𝟏𝟖𝟏𝟖 = (𝑹𝟏𝟖)
𝟐

Or do heavy isotopes prefer to clump together in the same molecule?

𝑹𝟏𝟖𝟏𝟖 > (𝑹𝟏𝟖)
𝟐

NO3
- N18OO2

- N18O2O-

c. 99% c. 0.6% c. 0.0024%
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𝜟𝟏𝟓𝟏𝟖 =
𝑹𝟏𝟓𝟏𝟖

𝑹𝟏𝟓 ∗ 𝑹𝟏𝟖
− 𝟏

𝜟𝟏𝟖𝟏𝟖 =
𝑹𝟏𝟖𝟏𝟖

𝑹𝟏𝟖 ∗ 𝑹𝟏𝟖
− 𝟏 𝜟𝟏𝟕𝟏𝟖 =

𝑹𝟏𝟕𝟏𝟖
𝑹𝟏𝟕 ∗ 𝑹𝟏𝟖

− 𝟏

Clumped isotopes signatures are:

- imprinted during molecule-forming reactions
- dependent on reaction energetics and kinetics 

- insensitive to bulk isotopes

What are clumped isotopes?
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Introducing Electrospray-Orbitrap
A high-sensitivity, liquid-source, soft-ionisation, high-resolution mass spectrometer 

optimised for accurate-mass identification and quantification of biomolecules

Recently rebranded as an isotopologue-ratio MS

Thermo Scientific

• Sample demand 10x lower 
than IRMS

• No chemical conversions = 
less chances for fractionation

• Intact molecules = clumped 
isotopes are accessible

• Any soluble molecule with 
m/z > 40 analysable
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δ18O Δ17Oδ15N

δ18O
Δ17O δ15N

100 nmol 20 nmol

Δ 15N18OΔ 18O18O
Δ 17O18O

NO3
-

O2 N2

NO3
-

Bacterial conversion

Denitrifier-IRMS Electrospray-Orbitrap MS

Intact nitrate ions

Electrospray-Orbitrap MS instrument
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Pure methanolic 
analyte solutions

50 M, 4 L/min 
stable delivery

Fourier-tranform of 
image current gives 

mass spectrum. 
Mass resolution ~ 

measurement 
duration

Successive fixed-size ion packages are trapped for analysis. 
Package size limited by space-charge effects

11

Electrospray 
ionisation (ESI)

produces 
gaseous 

molecular ions

Quadrupole filter isolates a 
mass window for analysis

Electrospray-Orbitrap MS instrument

Orbitrap Exploris 240, Thermo Fisher; Kantnerovà, Kuhlbusch et al. Nature Protocols (2024)

Orbitrap analysis: 
axial ion frequency 

𝝎 ∝ 𝒎/𝒛
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Instrumental constraints

ESI constraints:
Matrix-sensitivity (salts and organics)
Requires methanolic samples

Orbitrap constraints:
Package size at least < 106 ions, or space-charge effects
Scan rate = 30 packages/sec (at 15k resolution)

→ c. 107 ions counted per second
many minutes acquistion required for 1 ‰ precision 𝛿15N,𝛿18O,Δ17O, 

→ LC-MS coupling difficult

Fun bonus constraint!
Isotopologue ratio drift affects precision over > 15 min timescales
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Separation, purification and 
concentration by IC

Precipitation by heating and 
N2 headspace flushing

N2

Redissolution in 
acidified methanol

• Aim for simple, consistent matrix

• Principle of identical treatment of 
samples and calibration standards

50 µM NO3
-

methanolic
solution

Heating250 mL
natural sample

Pure NaNO3
6 mL solution

Adding HPLC MeOH
with 0.1% formic acid

Mixing20 nmol 
NaNO3

ESI-Orbitrap sample preparation
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Ice core sample preparation

14

CFA and sampling
Melting, decontaminating, 

measuring and high 
resolution sampling

IC quantification
NO3

- and SO4
2-

other major ions

IC separation
into pure, concentrated
NO3

- and SO4
2- samples

Analysis by 
ESI-Orbitrap 
NO3

- or SO3
-

isotopologues

Change of matrix
Dry and redissolve

the samples in methanol

Discard specific
events

Recombine
the samples into bigger

samples covering 6 or 12 
years
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Sample introduction
1. Dual inlet

via twin syringes

+ Alternating analysis of sample/ref
+ Requires no extra hardware
+ Simplest
+ Time-efficient = less drift = more precise

– 2-point calibration impossible
– Labour-intensive
– No autonomy
– 50 % of sample wasted
– Low reproducibility
– Blanks ~ syringe rinsing dedication

2. In-flow injection 
via HPLC autosampler

+ Long, autonomous sequences
+ Reproducible injections
+ Many standards and samples in one           

sequence
+ Controlled memory effect, low blanks
+ More sample-efficient

– Time wasted rinsing sample loop 
– HPLC is over-qualified for the job
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M0 basepeak
(unsubstituted NO3

-) 

15N
17O

18O

15N basepeak

17O

18O

15N18O

18O17O
18O18O

62           63          64          65          66       63           64        65         66

« no-M0 » analysis

« M0 » analysis

m/z m/z

Removing the M0 peak amplifies substituted isotopologue counting
and allows quantification of doubly-substituted isotopologues

Isotopologue analysis
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Isotopic calibrationRaw data treatmentBracketed acquisitions

Standard δ15N (‰)
USGS34 -1.8
USGS35 2.7
USGS32 180.0

Internal standard USGS35-ISD

Sample CdM-28

Internal standard USGS35-ISD

Sample CdM-surf1

Internal standard USGS35-ISD

Calibration standard USGS32-2

Internal standard USGS35-ISD

Sample CdM-20

Internal standard USGS35-ISD

Calibration standard USGS35-1

Internal standard USGS35-ISD

Calibration standard USGS35-3

Internal standard USGS35-ISD

Sample CdM-3

Internal standard USGS35-ISD

Calibration standard USGS35-1

Internal standard USGS35-ISD

Sample CdM-15

Internal standard USGS35-ISD

Monte-Carlo linear regressionsRepeated 6 times
in random order

Data acquisition
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Results
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Results: nitrate precision

Uncertainty 2

= standard error on mean raw value 2

+ calibration uncertainty 2

Now we perform even better than this:
𝛿15N → 0.3‰
𝛿18O → 0.5‰
Δ17O → 0.5‰

OSUG Atelier Géochimie 12/3/2026 19



Results: nitrate accuracy

𝜹𝟏𝟓𝐍 𝜹𝟏𝟖𝐎 𝚫𝟏𝟕𝐎

N ice samples 50 10 39
Mean difference
| Orbitrap-IRMS | (‰)

1.1 ± 0.6 2.1±2.9 0.9±0.9

Mean bias 
( Orbitap-IRMS ) (‰)

-0.4 -1.1 0.2
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Results: nitrate clumped isotopes

Nitrate 𝚫𝟏𝟓𝐍𝟏𝟖𝐎 and 𝚫𝟏𝟖𝐎𝟏𝟖𝐎 are measured with uncertainty 
1 – 1.5 ‰ using 20 nmol samples from EGRIP ice core 
(Greenland)

Measurements are calibrated by assuming intramolecular 
stochasticity in existing isotope standards

Value are close to zero with variance roughly explainable by 
measurement uncertainty

→ Ice core nitrate clumped isotope signals have probably 
< 1 ‰ amplitude
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ChallengesResults Perpectives

➢ Orbitrap – IRMS nitrate 
δ18O disagreement

➢ Matrix effects: 
contamination control, 
coelutions

➢ Improve clumped isotope 
precision

➢ Orbitrap nitrate δ15N and 
Δ17O agree with IRMS

➢ Orbitrap approaching
IRMS precision

➢ Sample size reduced
100 nmol → 20 nmol

➢ Nitrate clumped
isotopes are now
measurable

➢ Nanomole nitrate samples
= work in clean room

➢ Nitrate in new matrices
(lakes, soils...) require new 
purification steps?

➢ New analytes (oxyanions, 
secondary organic aerosol, 
amino acids, lipids, 
metals…)

➢ Position-specific isotope 
analysis…
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Other analytes



Sulphate isotopologue analysis



Nitrate oxygen isotopes

δ
1

8 O
 (

‰
)


