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Neodymium-142 Evidence for
Hadean Mafic Crust

Jonathan O'Neil,** Richard W. Carlson,? Don Frands,* Ross K. Stevenson®

NY Times and Science, 26 September 2008, Jonathan O’Niel
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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, |1 748)

® Sediment accumulation (Walcott, 1893)
® Ocean salinity (Joly, 1899)

® Cooling of the earth (Kelvin, 1862-97)
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Sodium
atom

nuclide
Z =11
N =12
A =23
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Isotopes of oxygen
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87Rb --> 87Sr

P 37 38
N 50 49
n-->p+e

87Rb > 87Sr + e

iZRb --> 87Sr 4+ b~ + 0273 Mev
38

net nuclear reaction: ES 371: T. Plank Lecture 1



iZRb --> 8/Sr + b~ + 0273 Mev
38

net nuclear reaction:

__>p+ o} +n+g

beta partlcle gamma
ray
neutrino
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1. Beta Decay

A
87Sr. b_
87
ve Rb
> N

n->p+ Db +n+g
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2. Positron Decay (or electron capture)
b+ 5

0K | €

40Ar

> N

pn>n+b++n+g
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2. Positron Decay (or electron capture)

b+ €
A
e_
from
OK | € K
Z shell
40Ar
> N

p+e -->n+n+g
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branching decay

40Ca\b'
0K | €
40Ar
> N
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A

beta decay - no change in mass

40Ca\b-
K Jd €
OAr

. Isobar

> N
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3. Alpha Decay

o = He
A 147Sm
Qo
Z 143N d | < \V
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AP --> A4D + g + @
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4. Fission
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N u C I i d e C h a r't Karlsruher NUKLIDKARTE

6. Auflage 1995

G. Pfennig, H. Kleve-Nebenius, W. Seelmann-Eggebert
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Why do some nuclei decay?

® A nucleus decays because it is unstable

® |t may be energetically favorable for a nucleus
to decay

e Why!

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



Alpha

ﬁ @ particle
Beta % %&'
oY g ke

particle

Repulsive electromagnetic
force
ﬂ ' % ® Forces that hold nuclei
' ~106
‘ Attractive nuclear together are ~10° eV
foree ® Forces required to remove
Gamma
ey an electron are ~10-100 eV

® Chemical forces that hold

molecules together are
~| eV

® Nuclear reactions liberate
much more energy than
chemical reactions



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

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

M roton = 1.00727638 AMU (atomic mass units, '*C = 12 AMU)
M =1.00866491 AMU
M = 0.000548579867 AMU

electron

Let’s take °®Fe, 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 >¢Fe is 55.934942

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

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



Mass and energy

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

E = Mc?, where c is the speed of light (~3.00 x 108 m/s)
| AMU = the mass of '2C/12 = 931.5 MeV
(I MeV = 1.602 x 10-'3 joule = 3.827 x 1023 kcal)

The mass defect of 0.52845 AMU corresponds to a release in
energy in the formation of *°Fe 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 defect and radioactive decay

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

Mass of
“0K: 39.96400 AMU
40Ca: 39.96260 AMU
“0Ar: 39.96238 AMU

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

E = (Am)c?

For 49K to 40Ar:
E=0.00162 AMU x 931.5 MeV/AMU =1.51 MeV per decay



Radioactive Decay

Decay Rate 4 N, dN,/dt =-I N,

| ="decay constant”

O AN, = | §dt
Npi Np 0

INN, - InN; = -1 t

IN(N,/N,,) = - t

ES 371: T. Plank Lecture 5



IN(N/N,) = -1 t

t,/, = half life, when N /N ; = 1/2

coin toss

0.0

t,,, = 0.693/|

87Rb
t1/2 =49 Ga

300

ES 371: T. Plank Lecture 5



1 50%

. BT 2 25%
Rule of Thumb: 5 half-lives 3 19 504
4 6.25%
5 3.125%
N
Npi

005 100 200 300

ES 371: T. Plank Lecture 5
not cats...



IN(NL,/N;) =-l t
_ -| t
N,=Nje
N = Ny + Ny

Daughters!
8/Rb; = 8/Rb+87sr
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IN(NL,/N;) =-l t
— -| t
N,=Nje

N_.=N_+ N,
PP Daughters!
87Rb; = 87Rb + 875y
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IN(N,/N,;) = - t

_ -l t
N,=Nje
Npi = Np + Ny \
_ _ | T

_ Nl t
Ng=Ne' b - N,

Nd — Np(el t-l) plus any initial daughters...
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IN(N/N,) = -1 t

— -l t
N,=Nje
Npi=Np + Ng \

Ng = Np(e! 1)+ Ny

87Sr = 87Sr, + 87Rb(e| t-l)

ES 371: T. Plank Lecture 5



37Sr = 875y, + 87Rb (el t-1)

Mmeasure ratios In mass spectrometer

86Sr Is non-radiogenic, non-radioactive

86Sr 86Sr 3651

mass spectrometer...

ES 371: T. Plank Lecture 5



light

collector sit

detector

Ao

aoCelerator

TIMS Across Hall
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37Sr = 875r. + 87Rb (el t-1)

Mmeasure ratios In mass spectrometer

86Sr Is non-radiogenic, non-radioactive

86Sr 868r 63T

\

Initial??

ES 371: T. Plank Lecture 5



37Sr = 875r. + 87Rb (el t-1)

Mmeasure ratios In mass spectrometer

86Sr Is non-radiogenic, non-radioactive

87Sr = 87Sr; + 87Rb (el t-l)
86Sr 86Sy 86Sr
y= Db + x m

Isochron Equation

ES 371: T. Plank Lecture 5



87Sr = 87Sr. + 87Rb

€ 1)
86Sr  86Sy 86Sr

Slope = (el t1) 1729

rock 3
87Sr/86Sr

Initial Sr
ratio

8'Rb/86Sr

ES 371: T. Plank Lecture 5



87Sr/86Sr

Initial Sr
ratio

8/Sr = 87Sri + 8'Rb

86

Sr

8Sr 865y

€ *1)

8'Rb/86Sr
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87Sr/86Sr

Initial Sr
ratio

8/Sr = 87Sri + 8'Rb (el t-]_)
8Sr  86Sr  8e5r
Slope = (el t-1)
\500‘(“0“

t =100 Ma

rock 1

rock 2

rock 3

8'Rb/86Sr
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87Sr = &Sr, + 8RDb
8Sr  86Sr  8e5r

€ *1)

Slope = (el t.1) 72

87Sr/86Sr
Initial Sr
ratio rock 1 rock 2 rock 3
8'Rb/86Sr
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Rb-Sr dating of a meteorite

073 r
whole rock C
whole rock A
072+ whole rock B

chondrule 2

olivine
pyroxene
(a)

chondrule 1
0.70

s 0.69880 = 0.00020

0.69 | | | 1 |
0 0.1 0.2 0.3 0.4 0.5
8 Rb/ % Sr




87Sr/86Sr

initial Sr
ratio

87Sr = 87Sr, + 87Rb

86

Sr

868r 86Sr

€ 1)

87"Rb/86Sr
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hi o
Rb/Sr_ . Rh/Sr
KAISI,O4 :
K-feldg ar CaAIZS'ZOE
P lag. feld.
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TABLE 3.1

Principal Parent and Daughter Isotopes Used to
Determine the Ages of Rocks and Minerals

Parent isotope Daughter isotope Half-life Decay constant

(radioactive) (stable) (Ma) (yr_l)
G & 40 A L 1,250 581 X i10°%
Rb %Gy 48,800 142 x 107"
476 m 43Nd 106,000 6.54 x 107"
L B 176 4f 35,900 193 . X 107
5Re o) 43,000 1612 X 107"
2T 2BPh 14,000 4948 x 107"
sl 27Pp 704 9.8485 x 1071°
=R 206 P 4,470 1.55125 x 107"
a 40

K also decays to *’Ca, for which the decay constant is 4.962 x 107" yr™', but that decay is not
used for dating. The half-life is for the parent isotope and so includes both decays.



U-Th-Pb
238 — 206Pp + (a's +b's)
235 —= 207Pp + (a's +b's)

232Th — 208Pp + (a's +b's)

half lives relevant?

1:1/ 2

4.5 Ga

0.7 Ga

14 Ga

ES 371: T. Plank Lecture 6



Ng = N(e! t1)

206Pp* = 238Y(el T-1)
207Pp* = 235U (el T-1)

208Pp* = 232Th(e! t-1)

* = radiogenic

1:1/ 2

4.5 Ga

0.7 Ga

14 Ga

ES 371: T. Plank Lecture 6



Concordia

206Pp* - 288Y(el T-1)

207pp* - 235y (el T-1)

* =radiogenic Pb only

which materials best?

ES 371: T. Plank Lecture 6



206Pp* - 238(el t-1)

207Pp* - 235 (el T-1)

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

e virtually all
Pb Is radiogenic

ES 371: T. Plank Lecture 9



Concordia Curve

206Ph /238

207Ph /235

curved shape?

ES 371: T. Plank Lecture 6



Oldest Rocks on Earth

Slave Craton
Acasta Gneiss

ES 371: T. Plank Lecture 9



Concordia Curve

Age (Ga) 40 4.5

3.0

Oldest Rock

Zlrcons in
Acasta Gneiss

206Pp /238

207Ph /235

(4.00 - 4.03 Ga)

Bowring & Williams, 1999 ES 371: T. Plank Lecture 9



The
Earliest

Plece
of the

oldest zircon!

4.34 - 4.44 Ga

Yilgarn craton, Australia (Jack Hills)

ES 371: T. Plank Lecture 9



4.34 4.35

oldest bit of a zircon!
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Oldest Zircon Fragment
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Figure 1.4 Scaling concept employed by Arthur Holmes in the first selected radiometric dates from volcanic tuffs, glauconites, and
half of the previous century to construct the geologic time scale. The magmatic intrusives along the horizontal linear axis. This version
cumulative sum of maximum thicknesses of strata in thousands of (Holmes, 1960) incorporated an uncertainty envelope from the

feet per stratigraphic unit is plotted along the vertical axis and errors on the radiometric age constraints,



INTERNATIONAL STRATIGRAPHIC CHART &nﬁs_ﬁ

International Commission on Stratigraphy

* proposed by ICS

0E> GE.) Eo 7 3= o o
c c ©| 8 .O 2 O o Q Q 0
BolE 5|3 = O g2 oS 7
culEeize sa < | < 4
[« Holocene
> 0.0118
@ Upper
IS . - 0.126
o) Pleistocene Middle
IS 0.781
S Lower }
<} s 1.806
elasian
2.588 }
@| Pliocene | Piacenzian }
GC> 3.600
Zanclean
D s | &
0] Messinian P
zZ - 7.246
Tortonian
© 11608 | &
= ) Serravallian
© Miocene - 13.65
N Langhian
o N 15.97
urdigalian
aca d 20.43
Aquitanian
oo d 23.03 »
— . Chattian
o Oligocene e 28.4 +0.1
upelian
g P 33.90.1 }
o Priabonian
g - 37.2£0.1
o & Bartonian
< o) Eocene - 40.4 £0.2
© o Lutetian
[} 48.6 0.2
< © Ypresian >
o o 55.8 +0.2
Thanetian
58.7 £0.2
Paleocene | Selandian
T 61.7 0.2
anian
x " 65.5+0.3 }
aastrichtian
— 70606 »
Campanian
- 83.5+0.7
Santonian
Upper 85.8£0.7
Coniacian
@ - 89.3+1.0
3 Turonian
o 93.5+0.8 }
Q Cenomanian }
[$] 99.6 +0.9
o
e 112.0 1.0
O 125.0 +1.0
130.0 +1.5
136.4 +2.0
140.2 £3.0
145.5 +4.0

Eonothem
Eon

Phanerozoic

Erathem
Era

Paleo zoic

S8 8% &3
58 ad 5%
Tithonian
Upper Kimmeridgian
Oxfordian
Callovian
T Bathonian
Bajocian
Aalenian
oarcia
Plie pa a
SE
ettangia
Rhaetian
Upper Norian
Carnian
o
Olenekia
e aua
Changhsingian
Lopingian
Wuchiapingian
Capitanian
Guadalupian | Wordian
Roadian
guria
Gzhelian
é% — Kasimovian
& 2 [Middle | Moscovian
° Lower | Bashkirian
ppe erpukhovia
5 Middle 62
owe ournaisia

£ £
£ £ I
o [ Eo 25 o a o 3 o <
0 g 1%} £5|® s|g o g o3 Q@ 1%} £5 2o 89 Ow|a
o= » 8 SlE &|a= 58 82 oS 171 3.0 =i 3 oS [ » o
< o ugj"” SHES| Ad o< < o é"“ g Fo <=loo
145.5 £4.0 - 359.2+2.5 - 542
Famennian } Ediacaran }
150.8 +4.0 Upper E - 3745 +2.6 Neo- 5 = 630
rasnian ; ogenian
155.7 £4.0 3853126 | & proterozoic | ~7V°9 850 @
Tonian
161.2 +4.0 391.8 2.7 } o S 1000 @
= enian
164.7 £4.0 397.542.7 > Q[ Meso- 1200 @
A Ectasian
167.7 £3.5 407.0 +2.8 > g proterozoic 1400 @
Calymmian
171.6 £3.0 } 411.242.8 } § Y @
175.6 £2.0 } 416.0 £2.8 } o @
Pridoli
183.0 £1.5 sers27 | > @
> Ludfordian }
189.6 £15 Ludlow 4213426 @
Gorstian
1965210 | 2 c — 14229125 > )
.0 Homerian »
199.6 £0.6 S| Wenlock - —426.2+2.4 Neoarchean
= Sheinwoodian }
203.6 £1.5 ) - 428223 @
Telychian }
216.5+2.0 o 436.0 £1.9
—| o Llandove Aeronian
228.0 £2.0 ol= 2l 4390418 | &> )
s N[O Rhuddanian P
237.0 £2.0 ol N 443.7 £1.5
—
2450 +1.5 > 8 4456 +1.5 @
249.7 +0.7 c| % 455.8 +1.6 Lower limit is
o not defined
2510504 | 2 2 © = 14609416 »
P o o 3 . Darriwilian SNSRI IPN
253.8+07 } ° Middle Stage 3 o Subdivisions of the global geologic record are
260.4 +0.7 (@) 4718416 formally defined by their lower boundary. Each unit
} Stage 2 } of the Phanerozoic (~542 Ma to Present) and the
265.8 0.7 Lower | 4786117 base of Ediacaran are defined by a basal Global
268.0207 | 2> Tremadocian 488.3 417 2> | Standard Section and Point (GSSP /), whereas
} Stage 10 R Precambrian units are formally subdivided by
270.6 +0.7 ~492.0* absolute age (Global Standard Stratigraphic Age,
Furongian Stage 9 . GSSA). Details of each GSSP are posted on the
275.6 0.7 Sabian |~ 496.0 ICS website (www.stratigraphy.org).
284.4 +0.7 501.0 + 2.0 } International chronostratigraphic units, rank,
c Stage 7 R names and formal status are approved by the
294.6 +0.8 ®© . ~503.0* International Commission on Stratigraphy (ICS)
209.0 408 } 5 Series 3 Stage 6 506.5 * and ratified by the International Union of Geological
R = Stage 5 : Sciences (IUGS). ) o
303.9 £0.9 @ ~510.0 * Numerical ages of the unit boundaries in the
(@) Stage 4 Phanerozoic are subject to revision. Some stages
306.5 1.0 Series 2 ~517.0" within the Ordovician and Cambrian will be formally
311.7 £14 Stage 3 —5210* named upon international agreement on their GSSP
e } ) limits. Most sub-Series boundaries (e.g., Middle
318.1 +1.3 Series 1 ~534.6* and Upper Aptian) are not formally defined.
542.0 +1.0 } Colors are according to the Commission for the
326.4 £1.6 — Geological Map of the World (www.cgmw.org).
This chart was drafted by Gabi Ogg. Intra Cambrian unit ages The listed numerical ages are from 'A Geologic
3453 £2.1 » with * are informal, and awaiting ratified definitions. Time Scale 2004, by F.M. Gradstein, J.G. Ogg,
359.242.5 Copyright © 2006 International Commission on Stratigraphy A.G. Smith, et al. (2004; Cambridge University Press).




Stage

Anisian

Chieseiceras chiesense





