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Isotopes

ˮatoms of the same chemical element 
with the same atomic numer, position in 
periodic table and chemical properties, 
but different atomic masses and physical
properties (Britannica)



X
A

Z

A – mass numer 

(protons + neutrons)

Z – atomic number

(numer of protons)

H2O Property D2O

100.00 Boiling point [°C] 101.42

0.00 Freezing point [°C] 3.82

https://promieniowanie.blogspot.com/ https://www.innovations-report.com/



only one 
stable 

isotope

https://pubchem.ncbi.nlm.nih.gov/periodic-table/, modified

most 
common

use

*

*Be has only one stable isotope, but cosmogenic 10Be with half live of 1.5 mln years is generated
in upper atmosphere and so 10Be/9Be ratio can be measured in waters or soils

methods
improve

no stable
isotopes



Isotopic fractionation

ˮenrichment of one isotope relative to 
another in a chemical or physical proces 
(Britannica)

ˮrelative partitioning of the heavier and 
lighter isotopes between two coexisting
phases in a natural system  (Tiwari 2015)



Fractionation

Kinetic isotope effects

kinetic energy [Ek=(mv2)/2] per molecule is the 
same in all ideal gases

higher mass = lower velocity

heavy molecules more stable

operates mostly on the surface

irreversible

Equilibrium isotope effects

equilibrium exchange reactions

effect of atomic mass on bond energy

varies as a function of temperature

expressed by fractionation factor

reversible



Kinetic isotope fractionation

https://www.usgs.gov/media/images/water-cycle-and-water-isotopes
Scher, M. A. et al. (2022). The effect of CO2 concentration on carbon isotope discrimination 

during photosynthesis in Ginkgo biloba: implications for reconstructing atmospheric CO2 

levels in the geologic past. Geochimica et Cosmochimica Acta, 337, 82-94.

water cycle photosynthesis

13C

12C



Equilibrium isotope fractionation

Rules of equilibrium isotope fractionation 
(Schauble 2004):

1. fractionation decreases with increasing 
temperature, proportional to 1/T2

2. degree of fractionation is larger for the 
elements whose mass ratio is larger

3. heavy isotope is preferentially 
partitioned into the site with stiffest 
bond (stiff = strong & short), that is 
with:

• higher oxidation state
• lighter elements
• more covalent bonds
• lower coordination number

Yurimoto, H. (2018). Oxygen Isotopes. In: White, W. (eds) Encyclopedia 
of Geochemistry. Encyclopedia of Earth Sciences Series. Springer, Cham.

oxygen isotope geothermometer



Notation

• mass of heavy and light isotope is
measured

• mass ratio (R) is calculated

• this is referred to the isotope
ratio of a standard material

ˮfor most of the elements, δ (delta) 
notation is used, but in some cases, ε 
(epsilon) or percentage works better



Notations

𝑅 =
𝑚ℎ𝑒𝑎𝑣𝑦 −𝑚𝑙𝑖𝑔ℎ𝑡

𝑚ℎ𝑒𝑎𝑣𝑦 ×𝑚𝑙𝑖𝑔ℎ𝑡

%𝑠 =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
× 100

𝛿 =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
× 1000

𝜀 =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
× 10 000

mass ratio

isotopic ratios

https://railsback.org/Fundamentals/



Standards

ˮstable isotope standards, or isotope
reference materials, are compounds
(solids, liquids or gases) with precisely
defined isotopic compositions

ˮinternational standards are used to 
enable data comparability between labs



Isotopic reference materials

• perfectly voluminous, homogeneous
and available

• standards were originally defined, 
stored and distributed by IAEA –
International Atomic Energy Agency in 
Vienna; now more units does it

• N – atmospheric air (no standards
stored or distributed)

• O, H – ocean water
• O, C – fossil belemnite

• S – meteorite

standard full name substance for

vSMOW Vienna
Standard Mean
Ocean Water

water H,O

vPDB Pee-Dee
Belemnite

calcite* C

vCDT Canyon Diablo 
Troilite

Troilite* S

AIR atmospheric air gas N

*supply exhausted, current standard is not a physical material, but mathematical construct



Analytical methods
universal & unconventional



An embarrassment of reaches

IRMS – Isotope Ratio Mass Spectrometry

CF-IRMS – Continuoun Flow IRMS

DI-IRMS – Double Inlet IRMS

GC-IRMS – Gas Chromatography IRMS

TIMS – Thermal Ionisation Mass Spectrometry

Electronic Bombardment

ICP-MS – Inductively Coupled Plasma Mass Spectrometry

LA-ICP-MS – Laser Ablation ICP-MS

MC-ICP-MS – Multi-Collector ICP-MS

SIMS – Secondary Ion Mass Spectrometry (also called Ion Microprobe)

SHRIMP – Sensitive High-Resolution Ion Microprobe

AMS – Accelerator Mass Spectrometry



separate atomise ionise accelerate separate detect

https://www.nu-ins.com/products/irms/introductiontoirms

separation

• in clean labs

• overlapping 
elements (e.g. 
87Rb - 87Sr)

• the limiting 
stage now

atomisation

ionisation

• various methods

• sample type
(solid, liquid, 
gas)

• element to 
measure



Which method to choose?

solid samples, heavy 
elements (Rb, Sr, Pb)

TIMS

gas samples, light 
elements & noble 

gases (H, C, He, Ne)

Electronic 
bombardment

heavy elements 
reluctant to thermal 

emission (Hf, Th)

ICP-MS

very small samples 
(e.g. interstellar 

dust)

SIMS



Other approaches IR case study

OH and OD vibrations have
different wavelengths

on FTIR spectra they appear
on different wavenumbers

it is possible to observe the 
OH-OD exchange in situ in 
clay minerals

beidellite (smectite)



montmorillonite (smectite)

Other 
approaches 
– infrared 

spectroscopy



Applications
litosphere and astenosphere



Applications in Earth Sciences

thermometry
• formation temperatures

of rocks or minerals can
be determined based on 
fractionation of 
cogenetic phases

tracers
• large reservoirs like

oceans, mantle or
organic matter have
distinct isotope
signatures -> can be used
to trace the origin of 
rocks, fluids, 
contaminants etc.

reaction
mechanisms

• e.g. differentiation 
between diffusion and 
recrystallization, 
bacterial and 
thermogenic processes

palaeoclimatology

• isotope ratios of 
minerals, gas 
inclusions, bones, 
shells, ice etc. 
preserve information 
about past conditions

forensic medicine

meteorology

atmospheric science

meteoritics

palaeobiology

bacteriology

geochemistry

climatology

hydrology

plant physiology

ecology

archaeology



thermometry
• formation temperatures

of rocks or minerals can
be determined based on 
fractionation of 
cogenetic phases

tracers
• large reservoirs like

oceans, mantle or
organic matter have
distinct isotope
signatures -> can be used
to trace the origin of 
rocks, fluids, 
contaminants etc.



tracers
• large reservoirs like

oceans, mantle or
organic matter have
distinct isotope
signatures -> can be used
to trace the origin of 
rocks, fluids, 
contaminants etc.



reaction
mechanisms

• e.g. differentiation 
between diffusion and 
recrystallization, 
bacterial and 
thermogenic processes

palaeoclimatology

• isotope ratios of 
minerals, gas
inclusions, bones, 
shells, ice etc. preserve
information about past 
conditions



Principles – igneous rocks

Provided that no subsolidus isotope exchange or 
hydrothermal alteration occured, the isotope 
composition of an igneous rock is determined by:

isotope composition of the source region 
where magma was generated

temperature of magma generation and 
crystallization

mineralogical composition of the rock

evolutionary history of the magma, including 
isotope exchange, assimilation of country 
rock and magma mixing

fractional crystalization

assimilation of country rock

magma mixing

degassing

hydrothermal alteration

subduction-related contamination

mantle metasomatism

pristine (?), mantle-derived magma

final stable isotope composition



Helium

• information about mantle 
environment and crustal 
contamination

• second lightest element

• noble gas

• light isotope (3He) is less abundant 
than heavy (4He)

• required material which is not 
porous for ions

• some sulphides bear He in fluid 
inclusions

2He*, 3He, 4He



Nitrogen

• strong fingerprint of surface processes

• identifies subduction/meteoric waters

• various mantle environments

• small number of minerals

• standard – atmosphere

• possible substitutions of NH4
+ for K+ in 

silicate minerals of igneous rocks

• present e.g. in feldspars and micas

14N, 15N



Lithium

• powerful tracer of water-rock interactions

• impact of meteoric waters or seawater (e.g. from 
dehydration or subducting slab)

• third lightest element

• low concentrations

• light isotope (6Li) is less abundant than heavy (7Li)

• present e.g. in aluminofluorides, micas

6Li, 7Li



Boron

• tracer of water-rock interactions

• impact of meteoric waters or seawater (e.g. from 
dehydration or subducting slab)

• significant mass difference -> large isotope effect

• high concentrations of the less abundant element –
almost 19% of boron is 10B

• can be measured in carbonates, but this requires
dissolution and is time-consuming

• in-situ analysis far easier

• common e.g. in tourmalines

10B, 11B



Allègre CJ. Stable isotope geochemistry. In: Isotope Geology. Cambridge: Cambridge University Press; 2008:358-435. Based on Craig and Boato
(1955), Bradley (1999), Urey et al. (1951) and Craig (1963).
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Case study: sulphur

Hutchison et al. 2021

Mantle sources and magma evolution in Europe’s largest rare earth
element belt (Gardar Province, SW Greenland): New insights from 
sulfur isotopes



...and PhD project How fluids make or break Critical Metal Deposits – the Ivittuut cryolite
body, SW Greenland

Hutchison et al. 2019
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Suggested readings



Supplement
to analytical methods



TIMS – Thermal 
Ionisation Mass 
Spectrometry

After purification the element to be analysed is deposited on a 
refractory filament. Heating of the filament ionizes the 
elements, which become cations (Rb+, Sr+) or anions (OsO3

-, 
WO3

-).

https://www.nu-ins.com/products/tims/introductiontotims; HUBER, G., PASSLER, G., WENDT, K., KRATZAND, J. V., & TRAUTMANN, N. (2003). Radioisotope mass 
spectrometry. In Handbook of Radioactivity Analysis (pp. 799-843). Academic Press.



Electronic
bombardment

Sample gas in a vacuum is bombarded by an electron beam. 
Positive ions are formed as electrons are knocked out from the 
atoms or molecules.

In sample preparation, gas is extracted from the material and 
purified in a vaccuum line, where other gases are adsorbed or
liquified.

Radauscher, Erich. (2015). Design, Fabrication, and Characterization of Carbon Nanotube Field Emission Devices for Advanced Applications. PhD Thesis. 
10.13140/RG.2.2.16376.85767. 



LA-ICP-MS – Laser 
Ablation Inductively
Coupled Plasma

Sample is atomised by laser pulses and then ionised in an
argon plasma torch. As the plasma temperature is about
10 000 K, this method works for elements difficult to ionise, 
like Hf or Th.

https://content.iospress.com/articles/biomedical-spectroscopy-and-imaging/bsi200193



SIMS – Secondary
Ion Mass 
Spectrometry

A polished rock sample is placed in a vacuum and bombarded
by a primary beam of ions (Ar, O or Cs). This creates a high-
temperature plasma (40 000 K) in which the element is
atomised and ionised. Its high resolution enables in-situ
measurements of even tiny grains. 

https://www.cameca.com/products/sims/technique



Watch out!                                           N case study

• two methods for N isotope analysis

• both coupled with IRMS

• EA broadly used for organic
samples

BUT...



Watch out!                                           N case study

Sealed Tube Combustion

time-consuming

consumables (glass tubes)

350 mg of standard/sample

yields lattice-bound N well

Flash Combustion

faster, cheaper, less consumables

50 mg of sample

yields 33-69 % of lattice-bound N

better for mafic rocks than felsic

vs.
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