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Radiogene Isotopensysteme

Goldschmidt-Klassifikation im Periodensystem der Elemente
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Die (wichtigsten) Zerfallsarten
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Alpha (o) Zerfall

Tunnel Effekt

In classical dynamics,
A stops at B and cannot go any higher
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In quantum mechanics,
A borrows energy and can cross (from B to C)
to the other side of the mountain
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Zerfallsenergien: U-238 Serie
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Alpha (a) Zerfall - Kristallgitterschaden

Biotite with a halo around a zircon inclusion
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The field of view is about 2 mm
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Elektroneneinfang

A parent nucleus may capture one of its orbital
electrons and emit a neutrino

Most commonly, it is a K-shell electron which is
captured, and this is referred to as K-capture
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Gamma(y) Strahlung

Gamma radioactivity is composed of
electromagnetic rays.

It is distinguished from x-rays by the fact
that it comes from the nucleus.
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He-3 He-3

He-3 produced by Tritium
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remaining

Proportion of parent atoms
S

Radioaktiver Zerfall

Halbwertszeiten, T/,

newly formed mineral
20e 0

0 1 2 3 4 )

Time units (1 unit=1 half-life)

* = parent atoms « = daughter atoms

if it is possible to
determine the
ratio of the
PARENT and
DAUGHTER
atoms, it is then
possible to
determine how
long ago the
decay process
started > age
determination



Mutter — Tochter System
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Radioaktiver Zerfall

* Rate of decay is dN
proportional to the — = —-)N
number of decaying dt
nuclei

+ Integrate to find the dN
change in N with W = —\-dt
Time

A = decay constant



Radioaktiver Zerfall

* Integrieren:

» Resultat N(1):

Mutter-Tochter
System:

~N(t) . t
— dN = —J A dt
N 0

JNO

N =N, e

D = D, + N(e*-1)




Radioaktiver Zerfall und Altersgleichung

Parent—daughter system:

D =N,—-N

D — Number of daughter atoms, today

N — Number of parent atoms, today

N, — Number of parent atoms, initially present

N=N -e_”t or NO =N L = Neﬂt

N,=D+ N, hence: D+N=Ne",or D=NeM-N,orD= N(e*-1)

t= iIn(1+ Ej
A N

This is the mathematical expression that relates radioactive decay to geologic time!

If some daughter nuclides, D, are there initially: D = D, + N(e# 1)



Radiometrische Datierung

Start (Ereignis) Ende (Messung)

Auzgangsmendgea

Mutter-Nuklide

f \ Restmenge

Zeit vergeht ... E
Fluirate

(Halbwertszeit)

Tochter-Nuklide

TN

Zuwachs durch Zerfall

‘bekannte Ausgangsmenge bekannte Ausgangsmenge



Radiometrische Datierung

Method is restricted to minerals which:

Start {Ereignis) Ende (Messung)

» Still contain some of
The par‘enT nUCIei SR Mutter-Nuklide

» Allowed for no gain or
loss of D or P as time
passed

FluBirate
{Halbwertszeit)

Tochter-Nuklide

» Initially contained no
D (or Dy must be
known)



Number of protons

Rb-Sr System
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Geochemische Diagramme

10

Veranderung der Rb und Sr 2
Konzentrationen in der Schmelze mit
steigendem Aufschmelzungsgrad.

Basaltisches Ausgangsgestein

(Plagioklas, Augit, Olivin). 0

Rb

0.6




87Sr/86Sr

Rb—Sr System — Nicolaysen Diagramm

m = (eM-1)
later i /
7
(o]
=
later 22
(e 0)

\ start start /

87Rb/86Sr (=X)
87Rb/86Sr (87Sr/86Sr), (= b)

intercept

87Sr/86Sr = (87Sr/88Sr), + 8’"Rb/®Sr (eM-1)
y = b + X m
m = (eM-1)

T =In(m + 1)/A



Isotopenverdinnungsanalyse
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Isotopenverdinnungsanalyse

Zusatz des gleichen Elements
Isotopenzusammensetzung (S

Mischung von Probe und Isoto

mit anderer
nike)

nenstandard

Abtrennung des Elements (keine quantitative

Ausbeute notwenig!)

Bestimmung des Verhaltnis der Isotope

Berechnung der Konzentration



Datierungssysteme

"’Hf (8.9 Ma) m

"Lu (37.2 Ga) mo——

"'Sm (106 Ga) —————
U (4.47 Ga) me—————————————

Rb (48.8 Ga) m—————

e (1.25 Ga) <] -——

Ee————— °Be (1.5 Ma)
EEEEE————— “°Al (705 000 a)

**CI (301 000 a)
e disequilibrium dating (245 000 to 1602 a)

e C (5730 a)
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Age [years]
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Datierungsmethoden und Schlieldungstemperatur

SchlieBungstemperatur: Temperatur unterhalb der keine signifikante Diffusion
mehr stattfindet und die geochronologische Uhr zu ticken beginnt

Mineral Method T (°C)
Zircon U-Pb >800
Monazite U-Pb >800
Titanite (Sphene) U-Pb 600
Garnet Sm-Nd >550
Hornblende K-Ar 500
Muscovite Rb-Sr 500
Muscovite K-Ar 350
Apatite U-Pb 350
Biotite Rb-Sr 300
Biotite K-Ar 280
K-Feldspar K-Ar 200
Apatite Fission Track 120




Datierungsmethoden und Schliel3ungstemperatur

TEMPERATURE RANGE OF THERMOCHRONOMETERS
. Cosmogenic isotopes ("Be, Al, “C)
il U-Th (He) apatite
FT apatite
[ ] U-Th (He) zircon
] U-Th (He) fitanite
P Ar-Ar Kspar
FT zircon

B Ar-Ar biotite

- Ar-Ar muscovite
Rb-Sr muscovile

U-Pb apatite
U-Pb rutile
Ar-Ar hornblende
U-Pb titanite

Sm-Nd gamet [

Th-Pb monazite [

U-Pb zircon -

100 200 300 400 500 600 700 800 (°C)




Welche Art von Alter?

Bildungsalter (Entstehungsalter)

oder ererbtes (inherited) Alter?

Abkuhlungsalter (Abkuhlalter) oder

Metamorphosealter (Aufheizungsalter)?

Hebungsalter (bel Spaltspuren)

Welches Mineral oder Gestein wurde mit welcher Methode datiert?



Isochronenmethode
Beispiel Rb-Sr:
JRb— 2ISr+ ”

Halbwertszeit T,, = 48.8 Ga,
Zerfallskonstante, A =In2/T,, =0.693/T,,

Altersgleichung:

573y (87Sr) “Rb ,
8o, | 86 T (e -1)
Sr Sr )




Rb-Sr Isochronendiagram

M;, M, = cogenetische Minerale
R;, R, cogenetische Gesamtgesteine mit unterschiedlichen Rb/Sr Verhaltnissen

87Sr/0sy




Compston-Jeffery Diagramm
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Rb/Sr-System wahrend einer Metamorphose

) 78r
86gr
less than
a few cm
\/
batholith
~ severalkm 6&_@
)
\!
\65‘?9
" G
\Nhﬂ'\e"'
tit 87
Apati e_b ( Sr)
8651 /m
___________ (B?Sr )
At 86gr /i




Rb/Sr-System wahrend einer Metamorphose
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Die Sr-Isotopenentwicklung der Erde

Mehr Rb in der Kruste als im Mantel

Dadurch hohere 8’Sr/86Sr Verhaltnisse
In der Kruste als im Mantel

THE EARTH
In Proportion

crust -
2900 km crust -
extracted e
O ,
< Zo--777 depleted

Continental crust: 32-78 ppm Rb, 260-333 ppm Sr
Depleted Mantle: 0.6 ppm Rb, 19.9 ppm Sr time >




87Sr/85Sr Isotopenentwicklung in Kruste und Mantel
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Sr-Isotopie der Ozeane

Sr isotope composition of the oceans is determined
by the relative contributions of Sr from river waters
and hydrothermal sources

river water hydrothermal fluids
87Sr/86Sr =0.711 87Sr/86Sr = 0.703
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Sr-Isotopie der Ozeane

Increase in the global ocean 8/Sr/86Sr ratio since India-Asia collision
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Die U-Th-Pb Methoden

Basiert auf drei verschiedenen Zerfallsreaktionen:
238U — 20°Pp T,, = 4.468 Ga
23U — 20Pp T,,, =0.704 Ga
232Th — 208pp T, = 14.01 Ga

204Pp ist ein nicht radiogen, stabiles Isotop. Daher gilt:

206} 206 b 23 i
204 - 204Pb 204Pb( 1)
207 pp 207 pp 235 i
204D = 204Pb 204Pb( -1)

(e -1)

208p, 208p, 232-|-h
204 = 204Pb 204Pb




Die U-Th-Pb Methoden

With this geochronometer, we can get three independent
age determinations of minerals or rocks containing both
U and Th.

All three equations will give the same ages, provided no
gain or loss of U, Th or Pb occurred during the lifetime
of the system being dated. The ages are then said to be
concordant.

Often, the three dates do not agree, I.e., they are
discordant.

Generally, discordancy results from loss of Pb.



U-Pb Concordia Diagramm

206Pb*/238U — (ektl_l)’ 207Pb*/235U — (ektZ_l)
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U-Pb Concordia Diagramm

Numerical values of e*it- 1, e*2t- 1, and of the
radiogenic 2°’Pb/?%Pb ratio as a function of age (t)

Ga

eMt_1

et o1

207 ppy *
£

Ga eMt-1q

et o1

207 ppy *
&

0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

0.0000
0.0315
0.0640
0.0975
0.1321
0.1678
0.2046
0.2426
0.2817
0.3221
0.3638
0.4067

0.0000
0.2177
0.4828
0.8056
1.1987
1.6774
2.2603
2.9701
3.8344
4.8869
6.1685
7.7291

0.04607
0.05014
0.05473
0.05994
0.06584
0.07254
0.08017
0.08886
0.09877
0.11010
0.12306
0.13790

2.4
2.6
2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6

0.4511
0.4968
0.5440
0.5926
0.6428
0.6946
0.7480
0.8030
0.8599
0.9185
0.9789
1.0413

9.6296
11.9437
14.7617
18.1931
22.3716
217.4597
33.6556
41.2004
50.3878
63.5/53
75.1984
91.7873

0.15492
0.17447
0.19693
0.22279
0.25257
0.28690
0.32653
0.37232
0.42525
0.48951
0.55746
0.63969




U-Pb Concordia Diagramm

206Pb*/238U — (ektl_l)’ 207Pb*/235U — (ektZ_l)
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U-Pb Datierung

206Pb*/238U = (e*1-1), 207Pb*/235U = (e*t2-1)

0.6 w

o

0 o 15 20

207P bf,f235u



206Pb+/238|

U-Pb Datierung

= 206Pb*/238U = (e*!-1),
S 207Pb*/235U = (e12-1)
=2 0.6 ———
% oy -
207Pb]*0/235U " 05 > »
: L
o 0.4 ]
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Wetherill & Tera-Wasserburg concordia
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B. Schoene (2014) Treatise on Geochemistry



U-Pb Datierung

. Massenspektrometer
Reinraumlabor | P ——
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Stabile Isotope

Characteristic physical properties of H3°0, D3°0, and H3*O

Property H,°0
Density (20 °C, 1n g cm™) 0.997
Temperature of greatest density (°C) 3.98
Melting point (760 Torr, in °C) 0.00
Botling point (760 Torr, in °C) 100.00
Vapor pressure (at 100 °C, in Torr) 760.00
Viscosity (at 20 °C, in centipoise) 1.002

“isotope effects”:

D°0O HY*O
1.1051 1.1106
11.24 4.30
3.81 0.28
101.42 100.14
721.60
1.247 1 .056

Differences in chemical and physical properties arising
from variations in atomic mass of an element or molecule

Jochen Hoefs (Stable Isotopes)



Stabile Isotope

Evaporation/precipitation initial Later
Precipitation Precipitation
5 %0 =- 129 510 = - 15%0 %0 =-17%.
TH=-112%o0 AT &2H=- 128%0
Vapor

The lighter isotopes ‘ R .
evaporate more easily o

Heavyer isotopes
enriched in remaining
liquid phase

Continent

d' sis prefer%nﬂaily removed
relative to O' by precipitation

Property H,O D,O H,"®O
Density at 20°C [g cm™] | 0.9982 1.1051 1.1106
Melting point [°C] 0 3.81 0.28

1 evaporates signty Boiling point [°C] 100 101.42 100.14

easier than H;_.DIH



Potential energy

Stabile Isotope

Isotope effect
associated with
zero-point energy

T A
E. g €nergy of molecule restr
Zero-point energie | " to different levels, i.e. ¥
\ / __________ v h = Planck’s constant
\—/ _________________ v = energy of vibration
-

Interatomic distance

Jochen Hoefs (Stable Isotopes)



Massenabhangige Isotopenfraktionierung

Isotope fractionation during chemical, physical
and biological processes:

reversible chemical reaction at equilibrium state
A&<—>B

physical changes — phase transitions
water — vapor

biological and biochemical reactions
CO,into C,,



Massenabhangige Isotopenfraktionierung

1. isotope exchange reactions (equilibrium
isotope distribution)

aA, +bB, = aA, + bB,




Massenabhangige Isotopenfraktionierung

1. isotope exchange reactions - Delta-value (0)

5 (Sample 1Isotope ratio — standard 1sotope ralio) 103
B X

standard 1sotope ratio

O Is a relative deviation from a standard, expressed as the
number of parts per mil.

Isotope ratios are expressed with the heavier isotope Iin

the numerator, e.g.:

18Q/16Q, D/H, 13C/*2C
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Claude Alléegre (Isotope Geology)



Sauerstoff-lsotopenvariationen

100

-300 |-

Craig's meteoric water line

=50
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50 18(%o)

0

+10 +20

Claude Alléegre (Isotope Geology)
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