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NY Times and Science, 26 September 2008, Jonathan O’Niel 





Absolute vs. relative age

• Field and paleontological observations give us 
relative ages only (e.g., A is older than B)

• We want absolute ages (e.g., A is X million 
years old)

• Historical methods

• Biblical chronology (Ussher, 1650)

• Decline of the sea (De Maillet, 1748)

• Sediment accumulation (Walcott, 1893)

• Ocean salinity (Joly, 1899)

• Cooling of the earth (Kelvin, 1862-97)



Dating with Radioactive Decay

Half life…..
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Sodium
atom

23Na

nuclide
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Oxygen

16O

Z =

N =

8 8 8
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isotopes of oxygen
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87Rb -->  87Sr

p

n

37

50

38

49

87Rb  -->  87Sr + e

n --> p + e

87Rb  -->  87Sr + β− + 0.273 Mev
37 38

net nuclear reaction:
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87Rb  -->  87Sr + β− + 0.273 Mev
37 38

n --> p +  β− + ν + γ

beta particle

neutrino

gamma 
ray

net nuclear reaction:
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Z

N

87Sr

87Rb

1.  Beta Decay

β−

n --> p +  β− + ν + γ
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Z

N

2.  Positron Decay (or electron capture)
β+

40K

40Ar

p --> n +  β+ + ν + γ
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Z

N

2.  Positron Decay (or electron capture)
β+

40K

40Ar

p + e- --> n + ν + γ

e-
from
K
shell
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Z

N

40K

40Ar

branching decay

40Ca β−
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Z

N

40K

40Ar
isobar

40Ca β−

beta decay - no change in mass
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Z

N

147Sm

3.  Alpha Decay 

143Nd

2p+
2n

 = 4He
2

AP  -->  A-4D + α + γ
Z Z-2
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4.  Fission

235U

n 95Zr

137Cs



Nuclide chart
and decay

Z

N

• Blue: β-

• Red: β+ or e.c.

• Either may undergo 
α-decay

(neutrons)

(protons)



N

Z
Lawrence Berkeley National Laboratory

Z=
N

Stable nuclides 
represent lowest 
energy configuration 
for a given A = N + Z

Valle
y o

f st
abi

lity



Why do some nuclei decay?

• A nucleus decays because it is unstable

• It may be energetically favorable for a nucleus 
to decay

• Why?

• Since energy is liberated, decay yields a lower 
energy state



• Forces that hold nuclei 
together are ~106 eV

• Forces required to remove 
an electron are ~10-100 eV

• Chemical forces that hold 
molecules together are 
~1 eV

• Nuclear reactions liberate 
much more energy than 
chemical reactions



Can we calculate the mass of an atom by adding together the 
masses of the subatomic particles? 

Mproton  = 1.00727638 AMU (atomic mass units, 12C = 12 AMU)
Mneutron = 1.00866491 AMU
Melectron = 0.000548579867 AMU

Let’s take 56Fe, which has 26 protons and electrons and 30 neutrons

26 x 1.00727638 + 26 x 0.00054857 + 30 x 1.00866491 = 
56.463396 AMU
       protons               electrons                neutrons

However, the actual mass of 56Fe is 55.934942

This is less than the mass obtained by adding protons and neutrons.  
There is a “mass defect” Δm.

Δm = 0.52845 AMU -- if you add up the constituent parts, 56Fe is 
“underweight” by about half of the mass of a proton or neutron

“Mass defects”: atoms are not the sum of their parts



Why is the “mass defect” important?  Mass is equivalent to 
energy.

E = Mc2, where c is the speed of light (~3.00 x 108 m/s)

	 1 AMU = the mass of 12C/12 = 931.5 MeV	

	 (1 MeV = 1.602 x 10-13 joule = 3.827 x 10-23 kcal)

The mass defect of 0.52845 AMU corresponds to a release in 
energy in the formation of 56Fe compared to the sum of the 
masses of the building blocks (i.e. protons, neutrons, and 
electrons).

This is known as the “binding energy” of a nuclide.  

Lower mass means a lower energy state in the nucleus; a 
lower energy state is more stable. 

Mass and energy



Mass defect and radioactive decay

The product(s) of radioactive decay will show a smaller total 
mass than the parent.  

Mass of 
40K:   39.96400 AMU
40Ca:  39.96260 AMU
40Ar:  39.96238 AMU

The energy release from the decay can be calculated by 
Einstein’s equation:

E = (Δm)c2  

For 40K to 40Ar: 
E = 0.00162 AMU x 931.5 MeV/AMU =1.51 MeV per decay
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Radioactive Decay

Decay Rate ∝ Np dNp/dt = -λNp

λ = "decay constant"

  dNp

   Np

= -λ     dt∫ ∫
Npi

Np

0

t

lnNp - lnNpi = -λt

ln(Np/Npi) = -λt
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t1/2 = half life, when Np/Npi = 1/2

t1/2 = 0.693/λ

3002001000
0.0

0.2

0.4

0.6

0.8

1.0

t (Ga)

Np
Npi

87Rb

t1/2 = 49 Ga

1t1/2
2t1/2

3t1/2
4t1/2

5t1/2

ln(Np/Npi) = -λt

coin toss
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3002001000
0.0

0.2

0.4

0.6

0.8

1.0

t (Ga)

Np
Npi

1t1/2
2t1/2

3t1/2
4t1/2

5t1/2

Rule of Thumb:    5 half-lives

not cats...

1 50%
2 25%
3 12.5%
4 6.25%
5 3.125%
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Np = Npi e
-λt

ln(Np/Npi) = -λt

Npi = Np + Nd

87Rbi  =   87Rb + 87Sr

Daughters!
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Np = Npi e
-λt

ln(Np/Npi) = -λt

Npi = Np + Nd

87Rbi  =   87Rb + 87Sr

Daughters!
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Np = Npi e
-λt

ln(Np/Npi) = -λt

Npi = Np + Nd

Nd = Np(eλt-1)

Npi = Np eλtNd = Npi - Np

Nd = Npeλt  -  Np 

plus any initial daughters...
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Np = Npi e
-λt

ln(Np/Npi) = -λt

Npi = Np + Nd

87Sr = 87Sri + 87Rb(eλt-1)

Nd = Np(eλt-1) + Ndi

Npi = Np eλtNd = Npi - Np
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86Sr 86Sr 86Sr

87Sr = 87Sri + 87Rb (eλt-1)

87Sr = 87Sri + 87Rb (eλt-1)

measure ratios in mass spectrometer

86Sr is non-radiogenic, non-radioactive

mass spectrometer...
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TIMS Across Hall

light

heavy
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86Sr 86Sr 86Sr

87Sr = 87Sri + 87Rb (eλt-1)

87Sr = 87Sri + 87Rb (eλt-1)

measure ratios in mass spectrometer

86Sr is non-radiogenic, non-radioactive

initial??
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86Sr 86Sr 86Sr

87Sr = 87Sri + 87Rb (eλt-1)

y  =    b     +     x    m

87Sr = 87Sri + 87Rb (eλt-1)

Isochron Equation

measure ratios in mass spectrometer

86Sr is non-radiogenic, non-radioactive
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86Sr 86Sr 86Sr

87Sr =  87Sri   +  87Rb
(eλt-1)

87Rb/86Sr

87Sr/86Sr

Slope = (eλt-1) 

initial Sr
   ratio

rock 2

rock 1

rock 3

t = age



ES 371: T. Plank  Lecture 5

86Sr 86Sr 86Sr

87Sr =  87Sri   +  87Rb
(eλt-1)

87Rb/86Sr

87Sr/86Sr

t = 0initial Sr
   ratio rock 1 rock 3rock 2
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rock 1 rock 3rock 2

86Sr 86Sr 86Sr

87Sr =  87Sri   +  87Rb
(eλt-1)

87Rb/86Sr

87Sr/86Sr

Slope = (eλt-1) 

Isochron

t = 0initial Sr
   ratio

t = 100 Ma
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rock 1 rock 3rock 2

86Sr 86Sr 86Sr

87Sr =  87Sri   +  87Rb
(eλt-1)

87Rb/86Sr

87Sr/86Sr

Slope = (eλt-1) 

Isochron

t = 0initial Sr
   ratio

t = 0

t = age



Rb-Sr dating of a meteorite
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86Sr 86Sr 86Sr

87Sr =  87Sri   +  87Rb
(eλt-1)

87Rb/86Sr

87Sr/86Sr

t = 0initial Sr
   ratio min 1 min 3min 2
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hi
Rb/Sr
KAlSi3O8

lo
Rb/Sr

CaAl2Si2O8K-feldspar
plag. feld.
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U-Th-Pb

238U           206Pb   + (α's +β's)

235U           207Pb   + (α's +β's)

232Th           208Pb   + (α's +β's)

t1/2

4.5 Ga

0.7 Ga

14 Ga

half lives relevant?
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           206Pb* =  238U(eλt -1)

           207Pb* =  235U(eλt -1)

           208Pb* =  232Th(eλt -1)

t1/2

4.5 Ga

0.7 Ga

14 Ga

* = radiogenic

Nd = Np(eλt-1)
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           206Pb* =  238U(eλt -1)

           207Pb* =  235U(eλt -1)

* = radiogenic Pb only

Concordia

which materials best?
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Zircons ZrSiO4

           206Pb* =  238U(eλt -1)

           207Pb* =  235U(eλt -1)

Zr(4+) =   0.08 nm
U(4+)  =   0.093 nm
Pb(2+) =  0.132 nm

•  virtually all 
Pb is radiogenic
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1.0

2.0

3.0

3.5

Age (Ga)

Concordia Curve

207Pb/235U

206Pb/238U

curved shape?
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Oldest Rocks on Earth
Slave Craton

Acasta Gneiss
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1.0

2.0

3.0

4.0Age (Ga)

Concordia Curve

207Pb/235U

206Pb/238U

4.5

zircons in
Acasta Gneiss

(4.00 - 4.03 Ga)
Bowring & Williams, 1999

Oldest Rock
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oldest zircon!

Yilgarn craton, Australia (Jack Hills)

4.34 - 4.44 Ga
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oldest bit of a zircon!
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Oldest Zircon Fragment

(4.404 Ga)

Wilde, 2001, Nature
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4.567 Ga
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ICS

Copyright © 2006 International Commission on Stratigraphy

     Subdivisions of the global geologic record are 
formally defined by their lower boundary.  Each unit
of the Phanerozoic (~542 Ma to Present) and the
base of Ediacaran are defined by a basal Global
Standard Section and Point (GSSP       ), whereas
Precambrian units are formally subdivided by
absolute age (Global Standard Stratigraphic Age,
GSSA).  Details of each GSSP are posted on the
ICS  website (www.stratigraphy.org).
     International chronostratigraphic units, rank,
names and formal status are approved by the
International Commission on Stratigraphy (ICS)
and ratified by the International Union of Geological
Sciences (IUGS).
     Numerical ages of the unit boundaries in the
Phanerozoic are subject to revision. Some stages
within the Ordovician and Cambrian will be formally
named upon international agreement on their GSSP
limits. Most sub-Series boundaries (e.g., Middle
and Upper Aptian) are not formally defined.
     Colors are according to the Commission for the
Geological Map of the World (www.cgmw.org). 
     The listed numerical ages are from 'A Geologic
Time Scale 2004', by F.M. Gradstein, J.G. Ogg,
A.G. Smith, et al. (2004; Cambridge University Press).

This chart was drafted by Gabi Ogg. Intra Cambrian unit ages
with * are informal, and awaiting ratified definitions.



Ladinian

Anisian

Tuff

Tuff

~241 Ma




