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Introduction to 
Stable Isotopes

DM Baker

fundamentals

• What is an isotope?
• How do we talk about isotopes? (units and 

nomenclature)
• Isotopes in natural science (fractionation & 

mixing)
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What are stable isotopes?

• iso = same
• topos = place

Review terms
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What are stable isotopes?

For example: carbon

Proton         +       1
Neutron      0       1 

Electron       - 0
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What are stable isotopes?

For example: carbon

6P + 6N
Carbon-12

12C

6P + 7N
Carbon-13

13C

6P + 8N
Carbon-14

14C
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What are stable isotopes?

Partial periodic table of the 
stable and unstable 
isotopes. Shaded borders 
indicate stable isotopes, 
unshaded borders indicate 
short-lived unstable 
isotopes. Note that the 
stable isotopes generally 
have a proton-to-neutron 
ratio of 1.5 or less. 
(Modified after Faure 
1986.) (Sulzman, 2007)

What are stable isotopes?

• Isotope person: one 
stable isotope has 
much higher 
abundance than 
the other(s)

-Eitaro Wada
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New terms
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Where did they come from?

Isotope terminology

• Heavy vs. light
• Enriched vs. depleted 

in 13C, 15N, 18O, ...
• Be careful!
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Isotope terminology

Where N(iE)P and N(jE)P are the number of each isotope, iE and jE, of chemical 
element E in substance P. 
Superscripts i and j denote mass numbers of a heavier (higher atomic mass) and a 
lighter (lower atomic mass) isotope, respectively

Isotope ratio:

Isotope terminology

Isotope ratio:

Examples of isotope pairs:
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Isotope terminology

Isotope ratio:

Natural abundance:

Sample 1: 13R= 0.010959

Sample 2: 13R= 0.011043

Isotope terminology
relative difference of isotope ratios (δ)
= isotope delta

P P

P

where N(iE)P and N(jE)P are the numbers of the two isotopes iE and jE of chemical element E in 
specimen P, R(iE/ jE)P is N(iE)P / N(jE)P in specimen P, and equivalent parameters follow for the 
international measurement standard, ‘std’.
Superscripts i and j should denote mass numbers of a heavier and a lighter isotope, respectively

(Coplen 2011)
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Isotope terminology
relative difference of isotope ratios (δ)
= isotope delta

13R δ13C δ13C (‰)
Natural abundance 0.011204 -0.0020 -2.0
Sample 1 0.010959 -0.0248 -24.8
Sample 2 0.011043 -0.0173 -17.3

P

Isotope standards
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Notes on delta

Ranges of common isotopes
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Controls on isotopic composition

• Mixing different isotope sources
• Biogeochemical processes

Mixing of sources

• Conservation of mass

With f the fraction of source a or b
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Mixing of sources

• Mixing=weighted 
average

• 1 isotope => 
2 sources

Controls on isotopic composition

Biogeochemical processes:
•Mass dependent fractionation: kinetic
• Isotope exchange reactions: equilibrium
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Isotope effects

Different mass

Different velocity + 
different bond strength

Different physical 
behaviour

Fractionation

fractionation
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Process that occurs during chemical reactions resulting in 
abundance of heavy isotopes in the reactant (A) being different 
from the abundances of the heavy isotopes in the product (B)
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Fractionation factor in 
terms of delta notation

RA 
RB

Fractionation factor in terms of
R = mols of heavy/light

(1000 + dA)
(1000 + dB)

aA-B =

a is the isotopic fractionation factor
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Isotopic Enrichment

eAB (‰) = (a – 1) • 1000

Isotopic Discrimination: Big Delta

DA–B (‰) = dA – dB

Exchange – Equilibrium (Geologists)
• Complete back-reactions occur.
• Product/reactant offset by constant fractionation factor (a)

Transport or Diffusive – Non-Equilibrium (Biologists and Geologists)
• Kinetic fractionation dealing w/ flux rather than chemical reaction.
• Incomplete back-flux is the rule.

Kinetic – Non-Equilibrium (Biologists)
• Incomplete back-reactions or none occur.
• Product and reactant d values can evolve in concert (closed system), or 

product composition determines reactant composition (open system).
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Equilibrium isotope effects

Fractionation factor:

The net sum of two opposing kinetic isotope effects 
in an exchange reaction

light

heavy
eq R

R
=a

Isotope enrichment: 1000*)1( -= ae

• Often dependent on temperature
• Usually, heavy isotopes concentrate where the bond is 
strongest

Kinetic (non-equilibrium) isotope effects

Different reaction rates k for heavy and light isotopes, e.g. 12k
and 13k for C.

Fractionation factor:

Kinetic isotope effect: 1000*)1( -= ae

•Most biological reactions
• No or weak dependence on temperature
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Different models
Rayleigh model
• Closed system: a constant 

isotope effect and if the 
reactant and product N pools 
are neither replenished nor 
lost from the system during 
the transformation

Steady state model
• Open system: reactant N is 

continuously supplied and 
partially consumed, with 
residual reactant N being 
exported at a steady-state rate

where f is the fraction of the reactant remaining, δ15Ninitial is the δ15N of the initial reactant N pool, and ε is 
the kinetic isotope effect of the transformation.

Evaporation
Vapor is formed from the liquid and the fraction remaining of

original liquid declines, as in an evaporating lake or beaker of water.
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Equation describing Rayleigh Distillation:

Rt = R0 f (a–1)

R and R0 are the isotope ratios at t and at t=0
f = fraction remaining at time (t)

a = equilibrium fractionation factor
d1

8 O

Fraction

Rt = R0 f (a–1)

a = 1.0092

9.2‰ at any fraction
(assuming 25C)

Rayleigh fractionation can also describes the 
process of isotope fractionation as a vapor 

mass condenses (e.g., rainfall)
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Forward reaction rate is accelerated relative to backward reaction and 
opportunity for backward mixing diminishes.

Reactant                           Product

Most Biological (Enzyme) Reactions

Unidirectional Reactions (e.g., enzyme reactions)
Ratio of reaction rate constants (k) determine fractionation.

light
isotope

heavy
isotope

fractionation
factor

Next: measuring isotopes

• Make ions (ionization)
• Separate ions (deflection)
• Count ions (detection)

• Resources:
https://wwwrcamnl.wr.usgs.gov/isoig/res/


