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|lsotopes

”atoms 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)

(]



2H

deuter

H,0 | Property 00

100.00 Boiling point [°C] 101.42
0.00 Freezing point [°C] 3.82

https://promieniowanie.blogspot.com/ https://www.innovations-report.com/
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Atomic Number 17 35.45 Atomic Mass, u

C| Symbol

MName Chlorine

7897 35 7990 3IF 8380

Se Br Kr

Selenium Bromine Krypton

38 8162 91.22 101.1 10642 47 107868 48 11241 50 11871 51 121760 52 1276 54 13129
Sr Ag Cd Sn Sb Te XE
Zirconium Ruthenium Palladium Silver Cadmium

Strantiunm Antimany Tellurium

80 20059 81 204.383 32

Hg TI

Mercury Thalliurm

56 137.33 178.49 183.84 190.2 77 19222 T8 19508

Ba W Ir Pt

Barium Hatnium Tungsten nsmlum Iridium Platinum
87 223.01... 88 226.02...
T Fr Ra

Francium Radium
53 140.116 144,24 150.4 157.2 66 162,500 63 167.26 173.05
{.‘erlum Nwdvmlum Samarlum Gadullnlum Dyspmsnum Erblum ‘Ftterblum

*Be has onlyone stableisotope, but cosmogenic 1°Be with halflive of 1.5 miIn years is generated . . o .
in upper atmosphere and so 1°Be/°Be ratio can be measured in waters or soils https://pubchem.ncbi.nim.nih.gov/periodic-table/, modified
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Isotopic fractionation

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

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




Fractionation

Kinetic isotope effects

kinetic energy [E,=(mv?)/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

Heavy water isotopes rain water cycIe photosynth esis

and snow more readily Ph h
otosynthesis

.
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Mesophyll
: w,,L;eq,:’S:,?,m !Biosynghetic diffusion
- ~ isotopic (g,)
fractionations
Bulk Leaf C,
Carbon -
Stomatal
: : diffusion (g,) C 13C
Light water isotopes

evaporate more readily

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

https://www.usgs.gov/med|a/lmages/water—cycle—and—water—lsotopes levels in the geologic past. Geochimica et Cosmochimica Acta, 337, 82-94.



Equilibrium isotope fractionation

Rules of equilibrium isotope fractionation

(Schauble 2004): oxygen isotope geothermometer
TrC
1 1ET[IEI E{T]ﬂ EEID
1. fractionation decreases with increasing Qtz
temperature, proportional to 1/T? =
2. degree of fractionation is larger for the 5 Al s 20
elements whose mass ratio is larger ? An u
3. heavyisotope is preferentially & 2| B
artitioned into the site with stiffest £ PR
ond (stiff = strong & short), that is 8 3
with: 4l Ru Fo~art
* higher oxidation state Mt
* lighter elements T T T a— |
* more covalent bonds 10° T2 /K

* lower coordination number Yurimoto, H. (2018). Oxygen Isotopes. In: White, W. (eds) Encyclopedia

of Geochemistry. Encyclopedia of Earth Sciences Series. Springer, Cham.



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

”for most of the elements, 6 (delta)
notation is used, but in some cases, €
(epsilon) or percentage works better




Notations

mass ratio
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https://railsback.org/Fundamentals/



Standards

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

“international standards are used to
enable data comparability between labs




Isotopic reference materials

* perfectly voluminous, homogeneous mmm

and available
vSMOW  Vienna water
 standards were originally defined, Standard Mean
stored and distributed by IAEA —

Ocean W
International Atomic Energy Agency in cean Water

Vienna; now more units does it vPDB Pee-Dee calcite* C
Belemnite
* N —atmospheric air (no standards
stored or d|str|buted) vCDT Canyon Diablo  Troilite* S
Troilite

* O, H—ocean water
e O, C— fossil belemnite
* S— meteorite

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 lonisation 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 lon Mass Spectrometry (also called lon Microprobe)
SHRIMP - Sensitive High-Resolution lon Microprobe
AMS - Accelerator Mass Spectrometry




\ faraday collectors and

e in clean labs mini ESAs

] quadratic quadratic —

e overlapping lens 1 lens 2 —

elements (e.g.
: 87Rb - 87Sr)
Separation R limiting

stage now

/
® various methocD

¢ Sam.ple_type electron trap .
(solid, liquid, \ lon Source Detection

atomisation )

ratio 6utput

- beam focussing

C L e element to gas in-flow /,
lonisation (from above) ﬁw—a L .
measure » ionizing Filament

V B

ion repeller

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



Which method to choose?

solid samples, heavy

elements (Rb, Sr, Pb)

Lf
TIMS

gas samples, light
elements & noble

gases (H, C, He, Ne)

\_

( )
Electronic

bombardment

_/

heavy elements

reluctantto thermal

emission (Hf, Th)

Lf
|CP-MS

very small samples
(e.g. interstellar
dust)

Lf
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
AEVARIIEELS

30_300,400,500,6000C

Legenda

— 50
200_45min
—— 300_suszenie_15min
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—— 600 suszenie 17min

4000 3600 3200 2800 2400
Liczba falowa [cm-1]

beidellite (smectite)
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thermometry

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

reaction
mechanisms

e e.g. differentiation
between diffusionand
recrystallization,
bacterialand

thermogenic processes

Applications in Earth Sciences

tracers

e large reservoirs like

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

palaeoclimatology

e isotope ratios of

minerals, gas
inclusions, bones,
shells, ice etc.
preserve information
about past conditions




/thermometry\

e formation temperatures
of rocks or minerals can
be determined based on
fractionation of
cogenetic phases
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Sulfates in
interstitial
waters

Sea
water

sulfates
Old

sediments
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igneous
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Volcanic 5

/ tracers \

e |large reservaoirs like
oceans, mantle or
organicmatter have
distinctisotope
signatures ->can be used
to trace the origin of
rocks, fluids,

\contaminants etc. /




Applications in Earth Sciences

& archaeology

thermometry

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

reaction
mechanisms

e e.g. differentiation
between diffusionand
recrystallization,
bacterialand
thermogenic processes

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.

palaeoclimatology

e isotope ratios of

minerals, gas
inclusions, bones,
shells, ice etc. preserve
information about past
conditions

—
forensic medicine J

meteorology

~

Y
I

meteoritics \

palaeobiology \

=N
bacteriology ¥/2



Principles — igneous rocks

Provided that no subsolidus isotope exchange or
hydrothermal alteration occured, the isotope oo
composition of an igneous rock is determined by: SHDEHEHOITTEIGREd CONTaInation
isotope compositionof the source region oristine (?), mantle-derived magma
where magma was generated
fractional crystalization
temperature of magma generation and "
o . assimilation of country rock
crystallization
evolutionary history of the magma, including hydrothermal alteration

Isotope exchange, assimilation of country P =
rock and magma mixing inal stable isotope composition




2He*, 3He, ‘He

Helium

* information about mantle
environment and crustal
contamination

* secondlightest element
* noble gas

* light isotope (3He) is less abundant
than heavy (*He)

* required material which is not
porous for ions

* some sulphides bear He in fluid
inclusions




14N, 15N

Nitrogen

* strongfingerprint of surface processes
 identifies subduction/meteoric waters

e various mantle environments

* small number of minerals

e standard—atmosphere

* possible substitutions of NH,* for K* in
silicate minerals of igneous rocks

* present e.g. in feldspars and micas




oLi, “Li

Lithium

» powerful tracer of water-rock interactions

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

 third lightest element
* low concentrations

* light isotope (°Li) is less abundant than heavy (’Li)

e present e.g. in aluminofluorides, micas




1OB, 1lB

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 1°B

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

* in-situ analysis far easier

e common e.g. in tourmalines
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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

| ate-stage magmatic-

a. Ketilidian subduction (1.8 Ga)

arc front ¢, earc

I 1
Ketilidian granites Metasedimentary rocks

N e

mantle wedge

craton e =
—

greatest

(accretionary wedge) s

e

oceanic crust &
sediments

slab flux {dehydration)

b. Early Gardar rifting (~1.3 Ga)

c. Late Gardar rifting (~1.16 Ga)

focused rift

&« N -

no longer rifting

segme?%
__{- 'I'_I_N . S
T Vs )

metasomatied * T

(future

aaoeeeTTm o P

SCLM)

b,c

|

I
T localized high slab flux
T (dehydration or slab melting?)

decreasing slab flux

asthenospheric mantle

1 slab contribution
to mantle wedge

% hydrous mantle
melting

7 enriched domains
(high-8*'S, LREE,
HFSE and volatiles)

— diffuse magmatism and rifting —

: f —

Variably

metasomatised
SCLM .
..|.--28 -7 mefting region?,
P * * _*. .
. x % ‘_ - - asthenosphere

% typical dykes & lavas
% enriched dykes & alkaline complexes
[ metasomatic enrichment {low to high)

Variably
metasomatised
SCLM

a—

<% dyke swarms

% alkaline complexes

distinct melting
regions?

~ enriched source (high-&*8,

hydrothermal fluids
[Mb]=230-910 * MORE
[F]=5-85 = MORB

—
[Nb]=9-21x MORB

[F]=2-14 x MORB

LREE., HFSE & volatiles)




...and PhD project

How fluids make or break Critical Metal Deposits — the Ivittuut cryolite
body, SW Greenland

Calc-alkaline

magmatism Alkaline magmatism

Oceanic o f .
crust & ISy AT IS Y 2 s,
sediments - F-’&t’.-'l'?.r'-’;"::/’t’{q' o Mantle
f'® Metasomatised plume
: SCLM
Melts & fluids
released from slab

\o

Deep crustal recycling

Hypotheses for low-6°*S at Phanerozoic alkaline complexes

(D Crustal contamination — changing crustal 5**S value

@ SCLM metasomatism — Ma timescale for changing SCLM §**S
@ Mantle plumes — Ga time lag for recycling low-3**S crust

Hutchison et al. 2019

SULPHIDES
Sample Mineral “He d4  3He/*He d3/4
HFW-6 galena 18 819,9 2,9 0,040 0,009 '
HFW-5 galena 27 968,5 4,3 0,081 0,006 more
AF-92-15  galena 17 182,4 2,9 0,070 0,009  Mmarerial
collected

HF-18 galena 13103,2 2,0 0,073 0,012

) radiogenic
HFW-10  pyrite 14 149,3 1,9 1,25 0,02 He can be
HEW-11  pyrite 7070,9 1,0 0,14 0,02 CAlculated
AF-92-15 chalcopyrite 23 966,5 3,1 0,11 0,01
HF-6 chalcopyrite 14 327,7 2,0 0,063 0,011

v'noble gases (He) in fluid inclusions
v'all samples contain some mantle He

v'radiogenic He

dominates
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lon beam

Extraction to Spectrometer
Evaporated sample T T T
= H kA
Single Double Triple
Evaporation filament me HOt Filament «=s Sample
) lonisation
Contact pli\ e flamant k
| ” ) |
TIMS — Thermal After purification the element to be analysed is deposited on a
. . refractory filament. Heating of the filament ionizes the
I onisation M dSS elements, which become cations (Rb*, Sr*) or anions (OsOy,
Spectrometry WOs).

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.
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Electron Source

Sample gas in a vacuum is bombarded by an electron beam.

. Positive ions are formed as electrons are knocked out from the
Electronic atoms or molecules.
In sample preparation, gas is extracted from the material and
bO m ba rd me nt 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.



Laser Source P- \

Ar + ablated ICP
mass ,_=:=.'
9 :::
Coil
9
Ar carrier

Sample

LA-ICP-MS — Laser
Ablation Inductively
Coupled Plasma like Hf or Th.

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

ICP
torch

Sampling
interface

/1
A\

Mass
Analyzer

lon
Detector

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,




Secondary Ions
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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.

SIMS — Secondary

lon Mass
Spectrometry

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



Watch out! N case study

(a) VACUUM LINE Vacu;n Gauge

* two methods for N isotope analysis e 5 arge Tmperature Graens =
. & pe c.lSD
* both coupled with IRMS

* EA broadly used for organic
samples

LMz
(c.-200°C)

O

Tube Heaters
{c. 150°C)

Sample Tubes

BUT...

P.537-551 GEO%?%?EEEE%:&#ICAL (b) TUBE CRACKER LINE
: = RESEARCH e SREEEEREE purge between samples -----------3 —

3-way valve (1) —-€—— Tube Cracker — = Carrier Gas Flow
- - Fege
wvent to room i !

Nitrogen Mass Fraction and Stable Isotope Ratios for Fourteen
Geological Reference Materials: Evaluating the Applicability of

break tube by hand sample

Elemental Analyser Versus Sealed Tube Combustion Methods 3-way +reagents
valve Mickel wool
(2) 5A Molecular Sieve N
LN3 (80-100 mesh) 2
Gas purification trap Gas purification trap
Toby J. Boocock (1) (12, Sami Mikhail (1) 3, Julie Prytulak (2) (5, Tommaso Di Rocco (1,3) and Eva Gas
E. Stieken (1) Chrocnc:fut;%raph Nickel wool
(1) School of Earth and Emvironmental Sciences, University of St Andrews, St Andrews, KY16 9AL, UK LNz 5%8%434%%%%;31&?“8
(2) School of Earth Sciences, University of Durham, Durham, DH1 3LE, UK sample trap

)
)
(3) Isotope Geclogy Department, Georg-August-Universitat Gattingen, Géttingen, 37077, Germany
Comesponding author. e-mail: fib7 @ standrews.acuk



Watch out! N case study

. @
\a

Sealed Tube Combustion . Flash Combustion

time-consuming faster, cheaper, less consumables
consumables (glass tubes) 50 mg of sample
350 mg of standard/sample yields 33-69 % of lattice-bound N

yields lattice-bound N well better for mafic rocks than felsic
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