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PREFACE

Isotope geology is the offspring of geology on one hand and of the concepts and methods of
nuclear physics onthe other. [t wasinitially known as“nuclear geology”and then as “isotope
geochemistry” beforeits current name of isotope geology came to be preferred because it is
based on the measurement and interpretation of the isotopic compositions of chemical ele-
ments making up the various natural systems. Variations in these isotope compositions
yield useful information for the geological sciences (in the broad sense). The first break-
through for isotope geology was the age determination of rocks and minerals, which at a
stroke transformed geology into a quantitative science. Next came the measurement of past
temperatures and the birth of paleoclimatology. Then horizons broadened with the emer-
gence ofthe conceptofisotopictracerstoencompassnotonly questions ofthe Earth’s struc-
tures and internal dynamics, of erosion, and of the transport of material, but also problems
of cosmochemistry, including those relating to the origins of the chemical elements. And so
isotope geology has not only extended across the entire domain of the earth sciences but has
also expanded that domain, opening up many new areas, from astrophysics to environmen-
tal studies.

This book is designed to provide an introduction to the methods, techniques, and main
findings of isotope geology. The general character of the subject defines its potential reader-
ship: final-year undergraduates and postgraduates in the earth sciences (or environmental
sciences), geologists, geophysicists, or climatologists wanting an overview of the field.

This is an educational textbook. To my mind, an educational textbook must set out its
subject matter and explain it, but it must also involve readers in the various stages in the
reasoning. One cannot understand the development and the spirit of a science passively.
The reader must be active. This book therefore makes constant use of questions, exercises,
and problems. I have sought to write a book on isotope geology in the vein of Turcotte and
Schubert’s Geodynamics (Cambridge University Press) or Arthur Beiser’s Concepts of
Modern Physics (McGraw-Hill), which to my mind are exemplary.

Asitisan educational textbook, information is sometimes repeated in different places. As
modern research in the neurosciences shows, learning is based on repetition, and so I have
adopted this approach. This is why, for example, although numerical constants are often
given in the main text, many of them are listed again in tables at the end. In other cases, I have
deliberately not given values so that readers will have to look them up for themselves, because
information one has to seek outis remembered better than information served up on a plate.

Readers must therefore work through the exercises, failing which they may not fully
understand how the ideas follow on from one another. I have given solutions as we go along,
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sometimes in detail, sometimes more summarily. At the end of each chapter, I have set a
number of problems whose solutions can be found at the end of the book.

Another message I want to get across to students of isotope geology is that this is not an
isolated discipline. It is immersed both in the physical sciences and in the earth sciences.
Hence the deliberate use here and there of concepts from physics, from chemistry
(Boltzmanndistribution, Arrhenius equation, etc.), or from geology (platetectonics, petro-
graphy, etc.) to encourage study of these essential disciplines and, where need be, to make
readers look up information in basic textbooks. Isotope geology is the outcome of an
encounter between nuclear physics and geology; this multidisciplinary outlook must be
maintained.

Thisbookdoesnotsetouttoreviewalltheresults of isotope geologybuttobring readers to
apoint where they can consult the original literature directly and without difficulty. Among
current literature on the same topics, this book could be placed in the same category as
Gunter Faure’s Isotope Geology (Wiley), to be read in preparation for Alan Dickin’s excel-
lent Radiogenic Isotope Geology (Cambridge University Press).

The guideline I have opted to follow has been to leave aside axiomatic exposition and to
take instead a didactic, stepwise approach. The final chapter alone takes a more synthetic
perspective, while giving pointers for future developments.

I have to give a warning about the references. Since this is a book primarily directed
towards teaching I have not given a full set of references for each topic. I have endeavored to
give due credit to the significant contributors with the proper order of priority (which is not
always the case in modern scientific journals). Because it is what [ am most familiar with, I
have made extensive use of work done in my laboratory. This leads to excessive emphasis on
my own laboratory’s contributions in some chapters. I feel sure my colleagues will forgive
me for this. Thereferencesatthe end ofeach chapterare supplemented by alist of suggestions
for further reading at the end of the book.
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CHAPTER ONE

Isotopes and radioactivity

1.1 Reminders about the atomic nucleus

In the model first developed by Niels Bohr and Ernest Rutherford and extended by Arnold
Sommerfeld, the atom is composed of two entities: a central nucleus, containing most of
the mass, and an array of orbiting electrons.' The nucleus carries a positive charge of +Ze,
which is balanced by the electron cloud’s negative charge of —Ze. The number of protons,
Z,ismatchedinan electrically neutral atom by the number ofelectrons. Each of these parti-
cles carries a negative electric chargee.

As a rough description, the nucleus of any element is made up of two types of particle,
neutrons and protons. A neutron is slightly heavier than a proton with a mass of
my= 167495 - 107" kg compared with mp=1.67265 - 10~%" kg for the proton. While of
similar masses, then, the two particles differ above all in their charges. The proton has a
positive charge (+ e) while the neutron is electrically neutral. The number of protons (£) is
the atomic number. The sum 4 = N + Z of the number of neutrons (V) plus the number of
protons (£) gives the mass number. This provides a measure of the mass of the nuclide in
question if we take as our unit the approximate mass of the neutron or proton. Thomson
(1914) and Aston (1919) showed that, fora given atomic number Z, thatis, fora given position
in Mendeleyev’s periodic table, there are atoms with different mass numbers A4, and there-
fore nuclei which differ in the number of neutrons they contain (see Plate 1). Such nuclides
areknown as theisotopes of an element.

Thus thereis one form of hydrogen whose nucleus is composed of just a single proton and
another form of hydrogen (deuterium) whose nucleus comprises both a proton and a neu-
tron; these are the two stable isotopes of hydrogen. Most elements have several naturally
occurring isotopes. However, some, including sodium (Na), aluminum (Al), manganese
(Mn), and niobium (Nb), have just one natural, stable isotope.

The existence of isotopes has given rise to a special form of notation for nuclides. The sym-
boloftheelement — H, He, Li, etc. — iscompleted by the atomic number and the mass number
—1H, 7H, §Li, {Li, etc. This notation leaves the right-hand side of the symbol free for chemi-
cal notations used for molecular or crystalline compounds such as {H, '$O,. The notation
atthelowerleft can be omitted as it duplicates the letter symbol of the chemical element.

! For the basic concepts of modern physics the exact references of original papers by prominent figures
(Einstein, Fermi, etc.) are not cited. Readers should consult a standard textbook, for example Leighton
(1959) or Beiser (1973).
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The discovery of isotopes led immediately to that of isobars. These are atoms with the
same mass numbers but with slightly different numbers of protons. The isobars rubidium
$7Rband strontium $Sr or alternatively rhenium '37Re and osmium 8Os donotbelongin
the sameslotsinthe periodic table and so are chemically distinct. It is important to know of
isobarsbecause, unless they are separated chemically beforehand, they “interfere” with one

another when isotope abundances are measured with a mass spectrometer.

1.2 The mass spectrometer

Justas therewould be no crystallography without x-rays nor astronomy without telescopes,
so there would be no isotope geology without the invention of the mass spectrometer. This
was the major contribution of Thomson (1914) and Aston (1918). Aston won the 1922 Nobel
Prize for chemistry for developing this instrument and for the discoveries it enabled him to
make.” Subsequent improvements were made by Bainbridge and Jordan (1936), Nier
(1940), and Inghram and Chupka (1953). Major improvements have been made using
advances in electronics and computing. A decisive step was taken by Arriens and
Compston (1968) and Wasserburg ez al. (1969) in connection with Moon exploration with
the development of automated machines. More recent commercial machines have
improved quality, performance, and reliability tenfold!

1.2.1 The principle of the mass spectrometer

The principle is straightforward enough. Atoms of the chemical element whose isotopic
composition is to be measured are ionized in a vacuum chamber. The ions produced are
then accelerated by using a potential difference of 3-20kV. This produces a stream of
ions, and so an electric current, which is passed through a magnetic field. The magnetic
field exerts a force perpendicular to the “ionic current”and so bends the beam of ions. The
lighter ions are deflected more than the heavier ones and so the ions can be sorted accord-
ing to their masses. The relative abundance of each isotope can be measured from the rela-
tive values of the electron currents produced by each stream of ions separated out in this
way.

Let us put this mathematically. Suppose atoms of the element in question have been
ionized. Theion acceleration phaseis:

1
esz mv*

whereeVisthe electrical energy, 5 m? isthekinetic energy, eistheion’s charge, vits speed, m
itsmass, and V'the potential difference. It canbe deduced that:

<2eV>%
v=|——].
m

2 The other inventor of the mass spectrometer, J.J. Thomson, had already been awarded the 1906 Nobel
Prize for physics for his discovery of the electron.
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Magnetic deflection is given by equating the magnetic force Bev to centripetal acceleration
®*/R) multiplied by mass m, where Bis the magnetic field and R the radius of curvature of
the deflected path:

2

v
Bev=m|—|.
ev <R>

It canbe deduced that:
BeR
y=—
m

Makingthetwovalues of vequal, which is tantamountto removingspeed from the equation,
gives:

m _ B’R?

e 2V

Therefore Risproportionalto y/m, foranion ofagiven charge. Allowingforelectron charge,
elemental mass,” and differences in units, we can write:

B2R?

_ b 12
07017 <10

m

inwhich Bisinteslas, m in atomic mass units, R in meters, and Vinvolts.

REEEE

A mass spectrometer has a radius of 0.3 m and an acceleration voltage of 10000V. The
magnetic field is adjusted to the various masses to be measured. Calculate the atomic mass
corresponding to a field of 0.5T.

Answer
Just apply the formula with suitable units:

(0.5)* x (0.3)° 1
=82) X 22 1012 = 108.58.
M= 20721 x (10%)

REEEE

If hydrogen ions (mass number = 1) are accelerated with a voltage of 10 kV, at what speed are
they emitted from the source?

Answer
Just apply the formula v = (2eV/m)3. The electron charge is 1.60219 - 10 *° coulombs and
the atomic mass unit is 1.660 5402 - 10~*” kg.

v =1+1.9272-10%2 = 1388kms?

3 Atomic mass unit: m=1.6605402-10">" kg, electron charge: e=1.60219-10"" C, therefore
e/m=0.964 - 10° C kg~! (C =coulomb).
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which is about 5 million km per hour. That is fast, admittedly, but still well below the speed of
light, which is close to 1 billion km per hour! Heavy ions travel more slowly. For example ions
of m=100 would move at just a tenth of the hydrogen speed.

1.2.2 The components of a mass spectrometer

The principal components of a mass spectrometer are the source, the magnet, and the col-
lector and measurement systems, all of which are maintained under vacuum.

The source
The source has three functions:

e Togenerateionsfrom atoms. Theions may be positive or negative.

e To accelerate the ion by potential differences created by plates at different potentials
(from ground to 20 KeV, and in accelerator mass spectrometers to several MeV).

e Toshapethebeam, through calibrated slits in the high-voltage plates. The beam from the
sourceslitisusually rectangular.

The magnet

The magnet has two functions. It deviates the ions and this deflection separates them by
mass. At the same time it treats the various components of the ion beam or a single mass as
an optical instrument would. It handles both colors (masses) and also beam geometry. One
of its properties is to focus each ion beam for each mass on the collector. The characteristics
of focusing vary with the shape of the magnet and the shape of the pole face, which may be
curved invarious ways (Figure 1.1 and Plates 2 and 3). A further recent improvement, using
computer simulation, hasbeen to focus the beam notonly inthe x and y directionsbutin the
z direction too. In modern solid-source mass spectrometers, the angular dispersion of ions
is fully corrected and almost all the ions leaving the source end up in the collectors which
arearranged inafocal plane.

The collectors

The collectors collect and integrate the ion charges so generating an electric current. The
collector maybea Faradaybucket, which collectsthe charges and convertsthem intoacurrent
that is conducted along a wire to an electrical resistor. By measuring the potential difference
across the resistor terminals, the current can be calculated from Ohm’s law, "= IR. The
advantage is that it is easy to amplify a potential difference electronically. It is convenient to
work withvoltages of about 1 V. As the currents to be measured range from 10" to 10~ A, by
Ohm’s law, the resistors commonly used range from 10" to 10° 2. This conversion may be
made for small ion fluxes of electron multipliers or ion counters.” In all cases the results are
obtained by collecting the ion charges and measuring them. Just ahead of the collector
system 1is a slit that isolates the ion beam. This is explained below.

4 Each ion pulse is either counted (ion counter) or multiplied by a technical trick of the trade to give a
measurable current (electron multiplier).
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Figure 1.1 Athermal-ionization mass spectrometer. Top: in the center is the electromagnet whose field
is perpendicular to the figure and directed downwards (through the page). By Fleming’s rules, the force
is directed upwards (towards the top of the page) since the stream of ions is coming from the left. An
array of Faraday cups may be used for multicollection, that is, for simultaneous measurement of the
current produced by each isotope. One important feature has been omitted: the whole arrangement is
held in a vacuum of 10 =10 ° mm Hg.> Bottom: the mass spectrum of strontium.

The vacuum

A fourth important component s the vacuum. lons can travel from the source to the collec-
tor only if they are in a vacuum. Otherwise they will lose their charge by collision with air
molecules and return to the atom state. The whole system is built, then, in a tube where a
vacuum can be maintained. In general, a vacuum of 10~ millibars is produced near the
source and another vacuum of 10~ millibars or better near the collector. Even so, some air

> The SI unit of pressure is the pascal (Pa) but for a time it was measured by the height expressed in
centimeters (cm) of a column of mercury in reference to Torricelli’s experiment. This unit has been used
ever since for measuring extreme vacuums. “Standard” atmospheric pressure of 10° Pa corresponds to
76 cm of mercury.
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A
90° 27°

Figure 1.2 (a) Incident beam in the focal plane. (b) Magnet focalization. The beam from the source has a
certain aperture. The trajectories of some ions that are not strictly perpendicular to the source are
refocused by the magnetic field. The refocusing surface for the various masses at the collector end is
curved if the magnet faces are plane, but may be plane if a curved magnet face is used. The figure shows
schematically how the magnet separates three isotopes in both configurations.

molecules remain inside the mass spectrometer and collide with the beams, partially
disrupting their initial rectangular section.

All of these components contribute to the quality of the data obtained. Mass spectro-
meter quality is characterized by anumber of features.

Efficiency
Thisis given by theratio

Number of ions collected

Number of atoms in source

6.24 x 10

Number of ions = intensity x duration X —————
Z « ion charge

mass
Number of atoms = ———— x Avogadro’s number.
atomic mass

Efficiency varies with atomic mass.
Ionization efficiency of the source (/) and transmission efficiency of the total ion

optics (T):

IxT=F

Thevalue of T'isvariable: 1% for ICP-MS, 25% for ion probes.
The values of I have been greatly improved but vary with the nature of the element and
theionization process. The range is 5%o00 to 100% (ICP-MS)!

Power of resolution
The question is, what is the smallest difference in mass that can be separated and then mea-
sured using a mass spectrometer? A formal definition is:
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. M,
1 RP =—
resolving power AM

where M,isthemass. AMisdefinedas M» = M, + AM,where M, is the closest mass to M,
thatdoes notoverlap by more than 50% in the collector.

We can also define a resolving powerat1%.

The distance Axbetween two beams in the focal planeis written:

Ax:K%.
m

Dependingon the angle of theincident beam to the magnet, K = R foran angle of incidence
of90°; K =2Rforanangle of 27°.

From theformula above:
R
RP =C—
Ax’

R being the radius of curvature and Ax the distance between two beams of M and
M+ AM.

This is just to show that when one wants to separate two masses more efficiently, the
radius has to be increased and then the voltage adjusted accordingly. Suppose we want to
separate *’Rb and ¥Sr by the difference in mass of neutrons and protons alone. A “mon-
ster” mass spectrometer would be required. However, interferences between two masses
can be avoided when separating isotopes of an element from contaminating molecules.
(Methane ">CH, has the same mass as '°O and benzene C¢Hg interferes at mass 78 with
krypton.)

Abundance sensitivity

Anotherimportantcharacteristicis the Axdistance (in millimeters) between the beams.We
have to come back to the slits in the collectors. The problem is easy enough to understand.
Atfirst, the beam is rectangular. Collisions with residual air molecules means that, when it
reaches the collector slit, the beam is wider and trapezoid-shaped with long tails. Collector
slits are open so that they can receive one mass but no contribution from the adjacent mass.
When the abundances of two adjacent isotopes are very different, the tail of the more abun-
dant isotope forms background noise for the less abundant one. Measuring the less abun-
dant isotope involves reconstructing the tail of the more abundant one mathematically.
This is possible only if the tail is not too big. Narrowing the collector slit brings about a
rapid decline in sensitivity.

Abundance sensitivity is the measurement of the contribution of the tail of one isotope
to the signal of the neighboring isotope. It is given as a signal/noise ratio multiplied by
the mass ratios. Special instruments have been developed for measuring abundance
sensitivity in extreme cases, such as measuring '*C close to the massively more abundant
12C. Abundance sensitivity is related to resolving power but also to the quality of the
ion optics.
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Exercise

The isotopic composition of the element rubidium (Rb) is measured, giving a current
i=10"""A for the mass of 8’Rb. How many ions per second is that? If the measurement
lasts 1 hour how much Rb has been used if the ionization yield is 1%?

Answer

The intensity of an electrical current is defined by i = dg/dt, where dgq is the quantity of electrical
charge and dt the unit of time. Electrical current is therefore the quantity of electrical charge
flowing per unit time. The ampere, the unit of electrical current, is defined as being 1 coulomb
per second, the coulomb being the unit of electrical charge. The charge of an electron is
-1.6-10 *° coulombs. The positive charge is identical but with the opposite sign. An
intensity of 10~ amps therefore corresponds to 10~ ** coulombs per second / 1.6 - 10~ *°
coulombs = 62.5 - 10° ions per second.

If this intensity is maintained for 1 hour: 6.25 - 107 x 3600 = 2.2464 - 10** ions of ’Rb ™. As
the ionization is 1%, this corresponds to 2.2464 - 10** atoms of 87%° placed on the emitter
filament. As 8Rb/37Rb = 2.5933, Rbyotai (in atoms) =87Rb (in atoms) (1 + 2.5933).

So a total number of 8.0719 - 10*% atoms of Rb is placed on the filament. As the atomic
mass of Rb is 85.468 g, the total weight of Rb is 11 ng.

Exercise

How much rock is needed to determine the isotopic composition of Rb by measuring a sample
for 20 minutes at 107" A if its concentration in Rb is 10 ppm (parts per million)?

Answer
If 11 ng of Rb are needed for 1 hour, for 20 minutes we need (11 x 20)/60 = 3.66 ng, that is
3.66 - 10 °/10 ° = 0.36 mg of rock or mineral.

It can be seen, then, that mass spectrometry is a very sensitive technique.

1.2.3 Various developments in mass spectrometers

Mass spectrometers have come a long way since the first instruments developed by J. J.
Thomson and F. Aston.To give some idea of the advances made, when Al Nier was measur-
ingleadisotopes as a postdoctoral fellow at Harvard in 1939 (more about this later), he used
agalvanometer projecting abeam of light onto the wall and measured the peakwith a ruler!
Nowadays everything takes the form of a computer output.

Ionization

The first technique was to use the element to be measured as a gaseous compound. When
bombarded by electrons, atoms of the gas lose electrons and so become ionized (Nier, 1935,
1938,1939). Later came the thermal-ionization technique (TIMS) (Inghram and Chupka,
1953). In the so-called solid-source mass spectrometer, a salt of the element is deposited on
ametal filament (Ta,W, Pt). Thefilamentis heated by the Joule effect ofan increasing electric
current. At a certain temperature, the element ionizes (generally as positive ions [Sr, Rb,
Sm, Nd, U, Pb] but also as negative ions [Os]). Ionization became a fundamental character-
istic of mass spectrometry.
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Nowadays, as an alternative, plasmais used for optimal ionization in instruments named
ICP-MS.

Ion optics

Substantial effort has been put into optics combining various geometries and assemblies.
Bainbridge and Jordan (1936) used a magnetic field to turn the beam through 180°.
Mattauch and Herzog (1934) combined electric and magnetic fields to separate ions and
focusbeams. Magnetshapes were modified toimprove transmission efficiency.

Computerized numerical simulation has allowed tremendous advances in ion optics
design. All of the techniques used tended to maximize ionization and transmission, to
increase resolution power and abundance sensitivity, and to minimize the high voltage
requirement and the size of the magnet, which are both big factors in cost. However, when
the ionization process created a wide dispersion in ion energies, more sophisticated ion
optics were required to refocus the ion beam in a narrow band on the collectors. So ICP-
MS, ion probe, and AMSinstruments have become large and more expensive.

Collectors are another importantissue. Early mass spectrometers had a single collector. By
scanning the magneticfield, theionbeam passed in sequence through the collectorand a spec-
trum of ion abundance was recorded (Figure 1.1). Nowadays most mass spectrometers use
simultaneousion collection with an array of collectors side by side, each collector correspond-
ing to a distinct mass. This seems an obvious technique to use as it eliminates fluctuations
between the recordings ofone mass (peak) toanother. However, itis technically extremely diffi-
cultto achieve, both mechanically, accurately installing several collectors in a small space, and
electronically, controlling drifting of the electronic circuits with time. These problems have
now been virtually eradicated. It is worth noting that, unlike in most areas of science, all
advancessince 1980 have been madebyindustrialengineersrather thanbyacademicscientists.
However, because of electronic “noise”and electrical instabilities, all isotopic measurements
are statistical. On each run, thousands of spectra are recorded and statistically processed.
Onlysince microcomputers have been available have such techniques become feasible.

1.2.4 Preparatory chemistry and final accuracy

In most mass spectrometry techniques (except for ion probes) chemical separation is used
before measurement to purify the element whose isotopic composition is under study.
Since the elements to be measured are present as traces, they have to be separated from the
major elements whichwould otherwise prevent any ionization as the major elements rather
than the trace elements would give out their electrons. For example, an excess of K inhibits
any Rb ionization. Chemical separation also prevents isobaric interference between, say,
8"Rband*’Sror®*"Reand ' Os.

Chemicalseparation canbe donein gaseous forminpurification lines, as for rare gases or
for oxygen or hydrogen measurement, or in liquid solution for most elements. The basic
technique in the latter case is the ion-exchange column as introduced by Aldrich et al.
(1953). Allthese operations havetobe performedinvery clean conditions, otherwise sample
contamination will ruin measurement. The greater the accuracy of mass spectrometry, the
cleaner the chemistry required. The chemistry is carried out in a clean room with special
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equipment using specially prepared ultra-clean reagents, that are far cleaner than any com-
mercial versions.

Whenjudging measurement reliability, investigators have to state the level of their blanks.
Theblankistheamountofthetargetelements measuredinachemical process done without
anysample. Theblankhastobenegligible or very small compared with theamountofmater-
ialtobe measured. Soincreases in accuracy are linked not only with theimprovement of the
mass spectrometer but also of the blanks.

Although thisis notthe place to give full technical details about conditions for preparing
and measuring samples, as these can only be learned in the laboratory and not from text-
books, a few general remarks may be made.

Modern techniques allow isotope ratios to be measured with a degree of precision of 10 >
or 10 ¢ (a few ppm!) on samples weighing just a few nanograms (10~ g) or even a few pico-
grams (10~ g). For example, if a rock contains 10 ppm of strontium, its isotope composi-
tion can be measured on 10~° g with a degree of precision of 30 ppm. Therefore just 10™* g,
that is, 0.1 mg would be needed to make the measurement. This method can be used for
studying precious rocks, such as samples of moon rock or meteorites, or minor or rare
minerals, that is, minerals that are difficult to separate and concentrate. What do such levels
of precision mean? They mean we can readily tell apart two isotope ratios of strontium, say
0.702 21and 0.702 23, that s, towithin 0.000 03, even where low concentrations are involved.
To achieve such precision the measurement must be “internally calibrated.” When measur-
ing the abundance ratio (4,/4,) of two isotopes, the electrical current ratio (/;/1,) detected
is slightly different from (4,/4,). The difference is engendered by the measurement itself. This
istermed mass discrimination.® Either of two methods is used for calibrating measurements.

The first is the internal standard method. If the element has three or more isotopes one
particular ratiois chosen as the reference ratio and correction is made for mass discrimina-
tion. So if the abundances are A;, 4>, A3, we take (4,/A3) = R. The measurement (/;/1,) is
written R(1 + 6Am), where Am is the difference in mass between 4; and 4. The fractiona-
tion coefficient §is calculated and then applied to the measurement of the ratio (4,/4,).”

The second method is to measure a standard sample periodically and to express the
values measured in terms of that standard.

The extraordinary precision the mass spectrometer can achieve must not be jeopardized
by accidental contamination when preparing samples. To this end ultra-clean preparatory
chemistry is developed using ultra-pure chemical reagents in clean rooms (Plate 3 bottom).

1.2.5 lonization techniques and the corresponding spectrometers

Four major ionization techniques are used depending on the characteristics of the various
chemical elements (ionization potential).

Thermal-ionization mass spectrometry (TIMS)
The element to be analyzed is first purified chemically (especially to separate any isobars)
and deposited on a refractory filament. Heating the filament in a vacuum by the Joule effect

¢ Such discrimination depends on the type of mass spectrometer used. It decreases with mass for any given
type.

7 In high-precision mass spectrometry an exponential law rather than a linear one is used to correct mass
fractionation.
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ionizes the elements, which either lose an electron becoming positive ions, as in the cases of
Rb*,Sr*, and Pb*, or gain an electron becoming negative ions as with OsO;~ and WO;3 .
Instrumental mass fractionation is of the order of 1% by mass deviation for light elements
(Li)and 0.1% by mass deviation for heavy elements (Pb, U).

Electronic bombardment

Lightelements such as hydrogen (H), carbon (C), nitrogen (N), and oxygen (O) or rare gases
are analyzed as gases (H,, CO,, N», O,, or atoms of He, Ne, At, or Xe) bombarded in a
vacuum by an electron beam. Positive ions are thus formed by stripping an electron from
such molecules or atoms. The ions are then accelerated and sorted magnetically as in
TIMS. Substances are prepared for analysis in gaseous form by extracting the gas from the
sample under vacuum either by fusion or by chemical reaction. The gas is then purified in
vacuum lines where other gases are captured either by adsorption or by manipulating their
liquefaction temperatures.

Inductively coupled plasma mass spectrometry (ICPMS) in an argon plasma
The sample is ionized in an argon plasma induced by a high-frequency electrical field
(plasma torch). The high temperature of the plasma, about 10 000 K, means elements like
hafnium or thorium, which are difficult to ionize by thermal emission, can be completely
ionized. The element to be analyzed is atomized and then ionized. It is sprayed into the
plasma from a solution as a liquid aerosol. Or it may be released from a solid sample by
laserablation. The solid aerosol so formed isinjected into the plasma torch. Mass fractiona-
tion is between a twentieth of 19 for a light element like boron and 1% for heavy elements.
Fractionation is corrected for by using the isotope ratios of other similar elements as inter-
nal standards, because, at the temperature of the plasma, fractionation is due to mass alone
andisnotaffected by the element’s chemical characteristics.

Ionicbombardment in secondary-ion mass spectrometry (SIMS)

The solid sample (rock, mineral) containing the chemical element for analysis is cut,
polished, and put into the vacuum chamber where it isbombarded by a“primary” beam of
ions (argon, oxygen, or cesium). This bombardment creates a very-high-temperature
plasma at about 40 000 K in which the element is atomized and ionized. The development
ofhigh resolution secondary-ion mass spectrometers (ion microprobes) means in-situ iso-
tope measurements can be made on very small samples and, above all, on tiny grains. This
isessential for studying, say, the few grains of interstellar material contained in meteorites.

Remark

All of the big fundamental advances in isotope geology have been the result of improved
sensitivity or precision in mass spectrometry or of improved chemical separation reducing con-
tamination (chromatographic separation using highly selective resins, use of high-purity materials
such as teflon). These techniques have recently become automated and automation will be more
systematic in the future.

1.3 Isotopy

Assaid, each chemical elementis defined by thenumberof protons Zin its atomic structure.
Itis the number of protons Z that defines the element’s position in the periodic table. Butin
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Figure 1.3 The distribution of natural stable isotopes in the neutron—proton diagram. The diagram is
stippled because natural or artificial radioactive isotopes lie between the stable isotopes. After N= 20,
the zone of stable nuclei moves away from the diagonal for which the number of neutrons equals the
number of protons. For N> 20, the number of neutrons then exceeds the number of protons. This zone
is called the valley of stability as it corresponds to a minimum energy level of the nuclides.

each position there are several isotopes which differ by the number of neutrons N they con-
tain, that is, by their mass. These isotopes are created during nuclear processes which are
collectively referred to as nucleosynthesis and which have been taking place in the stars
throughoutthe history of the Universe (see Chapter4).

The isotopic composition of a chemical element is expressed either as a percentage or
more conveniently as aratio. A reference isotopeis chosen relative to which the quantities of
other isotopes are expressed. Isotope ratios are expressed in terms of numbers of atoms
and notofmass. Forexample, to study variations in the isotopic composition of the element
strontium brought about by the radioactive decay of the isotope ®’Rb, we choose the
87Sr/36Sr isotope ratio. To study the isotopic variations of lead, we consider the
206pp/204Pb, 97Pb/>**Pb, and ***Pb/***Pb ratios.

1.3.1 The chart of the nuclides

The isotopic composition of all the naturally occurring chemical elements has been deter-
mined, thatis, the number of isotopes and their proportions have been identified. The find-
ings have been plotted as a (Z, V) graph, that is, the number of protons against the number
of neutrons. Figure 1.3, details of which are given in the Appendix, prompts a few remarks.
Firstofall, thestableisotopesfallinto a clearlydefined zone, known as the valley of stability
because it corresponds to the minimum energy levels of nuclides. Initially this energy valley
follows the diagonal Z = N.Then, after N = 20, the valley falls away from the diagonal on the
side of a surplus of neutrons. It is as if, as Z increases, an even greater number of neutrons is
needed to prevent the electrically charged protons from repelling each other and breaking the
nucleus apart. (Things are actually more complicated than this simplistic image suggests!)
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A second remark relates to parity. Elements for which Z is an even number have far more
isotopes than elements for which Z is an odd number. Fluorine (Z =9), sodium (Z = 11),
phosphorus (Z = 15), and scandium (Z = 21) have just a single isotope.

Lastly, and not leastimportantly, the heaviest element with stable isotopes islead.®

1.3.2 Isotopic homogenization and isotopic exchange

As theisotopes of any given chemical element all have the same electron suite, they all have
pretty much the same chemical properties. But in all chemical, physical, or biological pro-
cesses, isotopes of any given element behave slightly differently from each other, thus giving
rise to isotopic fractionation. Such fractionation is very weak and is apparent above all in
lightelements. Itis also exploited in isotope geology as shall be seen in Chapter 7.

Initially we shall ignore such fractionation, except where allowance has to be made for it
as with '*C or when making measurements with a mass spectrometer where, as has been
seen, correction must be made for mass discrimination. This virtually identical behavior of
chemical isotopes entails a fundamental consequence in the tendency for isotopic homogen-
ization to occur. Where two or more geochemical objects (minerals within the same rock,
rocks in solution, etc,) are in thermodynamic equilibrium, the isotope ratios of the chemical
elements present are generally equal. If they are unequal initially, they exchange some atoms
until they equalize them. It is important to understand that isotopic homogenization occurs
through isotopic exchange without chemical homogenization. Each chemical component
retainsits chemical identity, of course. This property of isotopichomogenization “across”che-
mical diversity is one of the fundamentals of isotope geochemistry. A simple way of observing
this phenomenon is to put calcium carbonate powder in the presence of a solution of carbo-
nate in water in proportions corresponding to thermodynamic equilibrium. Therefore no
chemical reaction occurs. Repeat the experiment but with radioactive '*C in solution in the
form of carbonate. Ifafter 10 days or so the solid calcium carbonate is isolated, it will be found
to have become radioactive. It will have exchanged some of its carbon-14 with the carbonate
of mass12 and 13 whichwere in the solution.

Exercise

A liter of water saturated in CaCO5 whose Ca®>* contentis 1 - 102 moles per liter is put in the
presence of 1 g of CaCOs in solid form. The isotopic ratio of the solid CaCOs is *°Ca/**Ca =151.
The isotopic ratio of the dissolved Ca®" has been artificially enriched in **Ca such that
4%Ca/*?Ca=50. What is the common isotopic composition of the calcium when isotopic
equilibrium is achieved?

Answer
40ca/*ca=121.2.

As said, when two or more geochemical objects with different isotopic ratios are in
each other’s presence, atom exchange (which occurs in all chemical reactions, including at

8 Until recently it was believed to be bismuth (Z:83g, whose only isotope is 2*’Bi. In 2003 it was
discovered to be radioactive with a half-life of 1.9 - 10" years!
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equilibrium) tends to homogenize the whole in terms of isotopes. This is known as isotopic
exchange. [tisakineticphenomenon, depending therefore on the temperature and physical
state of the phases present. Simplifying, isotope exchange is fast at high temperatures and
slow at low temperatures like all chemical reactions which are accelerated by temperature
increase. In liquids and gases, diffusion is fast and so isotope exchange is fast too. In solids,
diffusionisslowand soisotope exchangeis slow too. In magmas (high-temperatureliquids),
then, both trends are compounded and isotope homogenization occurs quickly. The same
istrue of supercritical fluids, thatis, fluids deep within the Earth’s crust. Conversely, in solids
at ordinary temperatures, exchange occurs very slowly and isotope heterogeneities persist.
Two important consequences follow from these two properties. The first is that a magma
has the sameisotope composition as the solid source from which it has issued by fusion, but
notthe same chemical composition. The second is that, conversely, a solid at ordinary tem-
peratures retains its isotopic composition over time without becoming homogeneous with
itssurroundings. Thisiswhy rocks arereliableisotoperecords. Thispropertyisadirectcon-
sequence of the diffusion properties of natural isotopes in liquids and solids.

The theory of diffusion, that is, the spontaneous motion of atoms influenced by differ-
ences in concentration, provides an approximate but adequate formula:

x =~ VDt

where x is the distance traveled by the element, 7istimein seconds, and D the diffusion coef-
ficient (cm?s ).

Exercise

In a liquid silicate at 1200K the diffusion coefficient for elements like Rb, Sr, or K is
D=10"%cm? s~ In solid silicates heated to 1200K, D=10"*'cm?s~*.
How long does it take for two adjacent domains of 1 cm diameter to become homogeneous:

(1) within a silicate magma?
(2) between a silicate magma and a solid, which occurs during partial melting when 10% of
the magma coexists with the residual solid?

Answer

(1) In a silicate magma if D=10"®cm?®s™*, t~ x*/D=10°%s, or about 11 days.

If it takes 11 days for the magma to homogenize on a scale of 1cm, on a 1-km scale
(=10°cm), it will take t~x*/D=10"°=10°s, or close to 3-10° years, given that
lyear~3-10"s.

In fact, homogenization at this scale would not occur by diffusion but by advection or
convection, that is, a general motion of matter, and so would be much faster.

(2) In the case of a magma impregnating a residual solid with crystals of the same dimen-
sions (1 cm), t~x*/D=10""s or about 3 - 10° years, or 300 000 years, which is rather fast
in geological terms. For 1-mm crystals, which is more realistic, t~1072/D=3 - 10° years,
or 3000 years. So isotope equilibrium is established quite quickly where a magmais in the
presence of mineral phases.

A second important question is whether rocks at ordinary temperatures can retain their
isotope compositions without being modified and without being re-homogenized. To
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answer this, it must be remembered that the diffusion coefficient varies with temperature
by the Arrheniuslaw:

—AH
D = Dyexp RT

where A H is the activation energy, which is about 40 kcal per mole, R is the ideal gas con-
stant (1.987 cal per K per mole), and T'the absolute temperature (K). If D = 10 ' cm?s ™ !in

solidsat 1300 °C, whatis the diffusion coefficient D, atordinary temperatures?

Do, AH [T I

Dot exp| e ()| = 1)
D309 R \Tor Tiz00
fromwhich Doy = (B) Dj300.

Calculate (B) tofind thatit gives 1.86 - 102, therefore Dy, =2 - 10 ¢ cm?s L
Tohomogenize a l-mm grain atordinary temperatures takes

102 34 26
t:mzo.S-IO s~ 1.5 10 years,

which isinfinitelylong to all intents and purposes.

Important remark

Rocks therefore retain the memory of their history acquired at high temperatures. This is the prime
reason isotope geology is so incredibly successful and is the physical and chemical basis of isotope
memory. The phenomenon might be termed isotopic quenching, by analogy with metal which, if it is
immersed when hot in cold water, permanently retains the properties it acquired at high temperature.

1.3.3 A practical application of isotopic exchange:
isotopic dilution

Suppose we wish to measure the rubidium content of a rock. Rubidium has two isotopes, of
mass 85 and 87, in the proportion *Rb/¥’Rb = 2.5933. (This is the value found when mea-
suring the Rbisotope composition of natural rocks.) The rock is dissolved with a mixture of
acids. To the solution obtained, we add a solution with a known Rb content which has been
artificially enriched in R b (spike), whose ®Rb/*'Rb ratio in the spike is known. The two
solutions mix and becomeisotopicallybalanced. Once equilibriumisreached, the absolute
Rb content of the rock can be determined by simply measuring the isotope composition of
afraction of the mixture.
Writing (Zjﬁg) = () gives:

85 85 $7Rbroc
<§> . (SSRb)rock + (85Rb)sp1ke . (W)spike—'_(ﬁ)rmk {87Rbspikj
87 mixture (87Rb)rock + (8 Rb)splke |:1 + & Rb““k} .

bsp ke

Topand bottom are divided by *’'Rb, bringingout (£).
A little manipulation gives:

85 (
87l{brock = 87I{bs ike <_) l
" 87 spike (

ocloc
L]

) spike o (8_7) mlxture‘|

) mixture (8_7) rock

|O(J
|
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Becauseweknow the*’ Rb content of the spike, the Rb content ofthe rock canbe obtained by
simply measuring the isotope ratio of the mixture, without having to recover all the Rb by
chemical separation.

Suppose, say, the isotopic composition of the spike of Rbis ®Rb/*’Rb = 0.12. The natu-
rally occurring ®Rb/¥Rb ratio is 2.5933.We dissolve 1 g of rock and add to the solution 1 g
of spike containing 3 ngof ¥ Rb per cubic centimeter. After thoroughly mixing the solution
containing the dissolved rock and the spike solution, measurement of a fraction of the mix-
tureyields a ratio of ®Rb/®*"Rb = 1.5.The Rb content of the rock can be calculated. We sim-
plyapply the formula:

0.12—-1.5
87 _ 87 ) _
Rbrock - Rbsplke |:175 — 259:| 1266,

or
8 Rbock = 1.266 x ¥ Rbgpixe = 1.266 x 3-1077g=3.798 - 107 g.

As we took a sample of 1g of rock, Cg7,, =3.798 ng g~! = 3.798 ppb. Therefore
C87,0 = Cs74, (1 +2.5933) = 13.42 ppb.

This method can be used for all chemical elements with several stable isotopes for which
spikeshavebeen prepared thatareartificiallyenriched in one or moreisotopes and forelements
with a single isotope, provided it is acceptable to use a radioactive isotope (and so potentially
dangerous for whoever conducts the experiment) as a spike. The method has three advantages.

First, after mixing with the spike, chemical separation methods need not be entirely quanti-
tative. (The yields of the various chemical operations during analysis do not count.) Isotope
ratios alone matter, as well as any contamination, which distorts the measurement, of course.

Then, as the mass spectrometer makes very sensitive and very precise measurements of
isotope ratios, isotopic dilution may be used to measure the amounts of trace elements,
even the tiniest traces, with great precision.

Isotope dilution was invented for the needs of laboratory analysis but may be extended to
natural processes. As shall be seen, variable isotope ratios occur in nature. Mixes of them
can be used to calculate proportions by mass of the geochemical elements involved just by
simple measurements of isotope ratios.

As can be seen, isotope dilution is an essential method in isotope geochemistry. But just
how preciseisit? Thisexercise will allow us to specify the error (uncertainty) inisotope dilu-
tion measurement.

Exercise

The isotope ratios of the spike, sample, and mixture are denoted Ry, Rs, and Ry, respectively.
We wish to find out the quantity X of the reference isotope ( in the sample. To do this,
quantity Y of spike has been mixed and the isotope ratios (G/C)) = R of the spike, sample, and
mix have been measured. What is the uncertainty of the measurement?

Answer
Let us begin with the formula

Rt —Rm

X=y-—M
Rm — Rs
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which may be written RyX — RsX=R;Y— RuY or Ry (X+ Y) = RrY+ RsX, or alternatively

Y X

Rm=Rr——+Rs——.
M Tx+y+ SX+Y

We posit % = W and Y=1—W. Let us calculate the logarithmic derivative and switch to A
(finite difference):

AX _AY ARt —Rwm)  A(Rwm —Rs)
X Y (Rr—Rw)  (Rm—Rs) "’

We can transform (Ry — Ry) and (Rw — Rs) as a function of (Ry — Rs), from which:

AX _AY  2ARm {1 1 }_ﬂ 2ARw

1
X Y (Ri—Rs) W 1-w| v (RT—RS){W(l—W)}

Neglecting the uncertainty on Ry and Rs, which are assumed to be fully known, uncertainty is
minimum when:

® Rr—Rsis maximum. A spike must therefore be prepared whose composition is as remote as
possible from the sample composition.

e 1/[w(1 —w)]is maximum for given values of Ry and Rs, that is, when W= 0.5, in other words
when the samples and spike are in equal proportions.

By way of illustration, let us plot the curve of relative error AX/X as a function of W. It is
assumed that ARwm/(Rt — Rm) = 10 % and AY/Y = 10 *.
The curve is shown in Figure 1.4.

Conversely, the formulae for isotope dilution show how contamination of a sample by
reagents used in preparatory chemistry modifies the isotope composition of a sample to be
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Figure 1.4 Relative error due to isotope dilution. Relative error is plotted as a function of the ratio W,
which is the proportion of the isotope from the sample in the sample—spike mixture. The greatest
precision is achieved with comparable amounts of spike and sample, but with a relatively large
tolerance for this condition.
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measured. To evaluate thisuncertainty (error) (or better still to make it negligible), isotope dilu-
tionis used to gauge the quantity of the element to be measured that has been introduced acci-
dentally during preparation. To do this, a blank measurement is made with no sample. The
blank is the quantity of contamination from the preparatory chemistry. A good blank has a
negligibleinfluence on measurement. See Problem 3 at the end of the chapter for more on this.

1.4 Radioactivity

Radioactivity was discovered and studied by Henri Becquerel and then Pierre and Marie
Curie from 1896 to 1902. In 1902 Pierre Curie (1902a) and independently Ernest
Rutherford and Frederick Soddy (1902a, b, ¢) proposed an extremely simple mathematical
formalization for it.

1.4.1 Basic principles

Radioactivity is the phenomenon by which certain nuclei transform (transmute) sponta-
neously into other nuclei and in so doing give off particles or radiation to satisfy the
laws of conservation of energy and mass described by Albert Einstein. The
Curie—Rutherford—Soddy (CRS) law says that the number of nuclei that disintegrate per
unit time is a constant fraction of the number of nuclei present, regardless of the tempera-
ture, pressure, chemical form, or other conditions of the environment. Itis written:

dN

O — AN

where N is the number of nuclei and 4 is a proportionality constant called the decay con-
stant. Itis the probability that any given nucleus will disintegrate in the interval of time dz. It
isexpressedinyr ! (reciprocal of time).

Theexpression ANiscalled theactivityandisthe numberofdisintegrations per unittime.
Activity is measured in curies (1 Ci=3.7 - 10'° disintegrations per second, which is the
activity of 1 g of *2°Ra). Avalue of 1 Ciis a very high level of activity, which is why the milli-
curie or microcurie are more generally used. The international unit is now the becquerel,
corresponding to 1 disintegration per second. 1 Ci = 37 gigabecquerels.

This law is quite strange a priori because it seems to indicate that the nuclei “communi-
cate” with each other to draw bylots those to be “sacrificed”at each instant at an unchanging
rate. And yet it has been shown to be valid for nuclei with very short (a few thousandths of a
second) or very long (several billion years, or more than 10%° s) lifespans. It holds whatever
the conditions of the medium. Whether the radioactive isotope is in a liquid, solid, or gas
medium, whether heated or cooled, at high pressure or in a vacuum, the law of decay
remains unchanged. For a given radioactive nucleus, A remains the same over the course of
time. Integrating the Curie—Rutherford—Soddylaw gives:

N = Nye *

where N is the number of radioactive nuclei now remaining, N the initial number of radio-
active atoms, and 7 the interval of time measuring the length of the experiment. Thus the
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Figure 1.5 Curves of the radioactive decay of radium established by Pierre and Marie Curie. The activity
curve is shown with normal coordinates (a) and semi-logarithmic coordinates (b). Both plots show the
half-life, that is, the time taken for half of the atoms to disintegrate, and the mean life, that is, the
reciprocal of /4.

number of radioactive atoms remainingis a function of just the initial number of radioactive
atoms and of time.

Each radioactive isotope is characterized by its decay constant 4. We also speak of the
mean life 7 = 1/ 1. The equationis then written:

N = Nge /7).

Radioactivityisthereforeastopwatch, anatural clock, which, likean hourglass, measures
the passage of time unperturbed. The phenomenon can be displayed graphically in two
forms.

On an (N, 7) graph, the negative exponential decreases becoming tangential to the x-axis
atinfinity (Figure1.5a). Onasemi-log (In &, 7) graph, asIn N = Ny— 41, the curve describing
decayisastraightline of slope -/ (Figure1.5b).

To characterize the speed withwhichthe “nuclearhourglass”emptiesin aless abstract way
than by the decay constant 4, the half-life (7)) (also written 71) of a radioactive element is
defined by the time it takes for half the radioactive isotope to disintegrate. From the funda-
mental equation of radioactivity we have: In (Vo/N) = In2 = /T, from which:

T, =1In2/% = 0.693 7,

where T’ %is the half-life, A the radioactive constant, and 7 the mean life.

Thehalf-life (like the mean life) is expressed inunits of time, in thousands, millions, or bil-
lions ofyears.” It can be used to evaluate, in a simple way, the speed at which any radioactive
isotope decays. Reviewing these half-lives, it is observed that while some are very brief, a
millionth of a second (or even less), others are measured in thousands and in billions of
years. This is the case of >**U or * Rb and other isotopes we shall be using. This observation
immediately prompted Pierre Curie in 1902 and independently Ernest Rutherford and
Frank Soddy to think that geological time could be measured using radioactivity. This was

9 Care is required because tables may give either the half-life or the mean life.
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probably the most important discovery in geology since Hutton in 1798 had laid down its
foundations from field observations.

Exercise

Given that the decay constant of #’Rbis /=1.42 - 10" ** yr * and that there are 10 ppm of Rb
in a rock, how much Rb was there 2 billion years ago?

Answer
We have seen that Rb is composed of two isotopes of masses 85 and 87 in the ratio
85Rb/®7Rb = 2.5933. The atomic mass of Rb is therefore:

85x 25933487 x1

= 85.556.
3.5933
In 10 ppm, that is, 10 - 10 ° by mass, there is 2x1-° = 0.116 - 10~ mole of Rb. There
is therefore QU610 °x1 — 0,032282-10°° mole of 87Rb and
011610 725933 _ 0,083 717 - 10-° atom g ~* of **Rb.

N= N, e therefore with /=1.42-10 ** yr *and t=2-10% yr, e **=0.97199.

Therefore, 2 billion years ago there was 0.032 282 / 0.971 99 = 0.0332122 - 10 mole of ®’Rb.

The isotopic composition of 87Rb was 85/87 = 2.5206, or a variation of 2.8% relative to the
current value in isotopic ratio, which is not negligible.

Exercise

The **C method is undoubtedly the most famous method of radioactive dating. Let us look at
a few of its features that will be useful later. It is a radioactive isotope whose half-life is 5730
years. For a system where, at time t=0, there are 10~** g of **C, how much **C is left after
2000 years? After 1 million years? What are the corresponding activity rates?

Answer

We use the fundamental formula for radioactivity N= Ny e *L Let us first, then, calculate
No and 1. The atomic mass of **C is 14. In 10 *'g of '*C there are therefore 10 *'/
14=7.1-10 ** atoms per gram (moles) of **C. From the equation /T=In 2 we can calculate
Jc=1283-10 *yr 1.

By applying the fundamental formula, we can write:

N=7.1-10 "3 exp(-1.283 - 10* x 2000) = 5.492 - 10 *> moles.

After 2000 years there will be 5.492 - 10 ** moles of **C and so 7.688 - 10" ** g of **C.

After 10° years there will remain 1.271 - 10 °® moles of **C and so 1.7827 - 10 %’ g, which
is next to nothing.

In fact there will be no atoms left because 227210 #moles ~, 5 . 10-44 atoms!

The number of disintegrations per unit time dN/dt is equal to /N.

The number of atoms is calculated by multiplying the number of moles by Avogadro’s number
6.023 - 10%2. This gives, for 2000 years, 5.4921 - 10~ "3 x 6.023 - 10?® x 1.283 - 10 *=4.24 - 10’
disintegrations per year. If 1 year~3-10’ s, that corresponds to 1.4 disintegrations per
second (dps), which is measurable.

19" This value is not quite exact (see Chapter 4) but was the one used when the method was first introduced.
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For 10° years, 1.27 - 10 °® x 6.023 - 10? x 1.283 - 10 *=9.7 - 10~*° disintegrations per
year. This figure shows one would have to wait for an unimaginable length of time to observe
a single disintegration! (10*® years for a possible disintegration, which is absurd.)

This calculation shows that the geochronometer has its limits in practice! Even if the **C
content was initially 1 g (which is a substantial amount) no decay could possibly have been
detected after 10° years!

This means that if radioactivity is to be used for dating purposes, the half-life of the chosen
form of radioactivity must be appropriate for the time to be measured.

Exercise

We wish to measure the age of the Earth with **C, the mean life of which is 5700 years. Can it
be done? Why?

Answer
No. The surviving quantity of **C would be too small. Calculate that quantity.

1.4.2 Types of radioactivity

Four types of radioactivity are known. Their laws of decay all obey the
Curie—Rutherford—Soddy formula.

Beta-minus radioactivity

The nucleus emits an electron spontaneously. As Enrico Fermi suggested in 1934, the neu-
tron disintegrates spontaneously into a proton and an electron. To satisfy the law of conser-
vation of energy and mass, it is assumed that the nucleus emits an antineutrino along with
theelectron. The decay equation is written:

n—p+p +v
neutron — proton + electron + antineutrino

To offsetthe ( + ) charge created in the nucleus, the atom captures an electron and so“moves
forwards” inthe periodictable:

JA — ,AB+e + 1.

Inthe (Z, N) diagram, the transformation corresponds to a diagonal shift up and to the left.
Forexample, *’ Rb decays into *’Sr by this mechanism (see Figure 1.6).
Wewrite, then:

YRb — ¥Sr+ 5~ + 1.

This long-lived radioactivity is very important in geochemistry. Its decay constant is 4
=142-10"Myr 1. Itshalf-lifeis 71 =49 - 10° years.
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Figure 1.6 The various types of radioactivity in the neutron—proton diagram. Notice that all forms of

disintegration shift the decay products towards the valley of stability. Radioactivity seems to restore the
nuclear equilibrium of nuclides lying outside the valley of stability and so in disequilibrium.

Beta-plus radioactivity and electron capture

The nucleus emits a positron (anti-electron) at the same time as a neutrino. A proton
disintegrates into a neutron. A similar but different process is electron capture by a
proton.

p+te —n+v

proton + electron — neutron + neutrino

Theatom emits a peripheral electron to ensure the nuclide remains neutral.

JA— ,{B+et v 3" radioactivity
or
JA+e — ,B+v electron capture.

This is represented in the (Z, N) diagram by a diagonal shift down and to the right.
Notice that neither of these forms of radioactivity involves a change in mass number. It
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is said to be isobaric radioactivity. For example, potassium-40 (“°K) decays into argon-
40 (*°Ar):

VK 4 o= = OAr 4+,

This is a very important form of radioactivity for geologists and geochemists. Its radio-
active constant is A*°x = 0.581 - 107! yr ' and its half-life 7 1=119 - 10" years." We shall
belookingatitagain.

Alpharadioactivity

The radioactive nucleus expels a helium nucleus $He (in the form of He " ions) and heat is
given off. The radiogenicisotope does not have the same mass as the parent nucleus. By con-
servation of mass and charge, the decay equation can be written:

éA — ?:;B +‘2‘ He.

Inthe (V, Z)diagram, the path isthe diagonal of slope I shiftingdown to theleft. Forexam-
ple, samarium-147 (*¥’Sm) decays into neodymium-143 (**Nd) by the decay scheme:

478m — 3Nd + $He

with 2 =6.54 - 10" "yr'and T:=1.059 - 10" years.
This form of decay has played an important historical role in the development of isotope
geology and we shall be using it on many occasions.

Spontaneous fission
Fission is a chain reaction caused by neutrons when they have sufficient energy. The
elementary reaction splits a uranium nucleus into two unequal parts — for example a
krypton nucleus and a xenon nucleus, a bromine nucleus and an iodine nucleus — and
many neutrons. These neutrons in turn strike other uranium atoms and cause new fission
reactions, and neutron reactions on the nuclei formed by fission. This is “statistical break-
up” of uranium atoms into two parts of unequal masses. The nucleus that splits does not
always produce the same nuclei but a whole series of pairs. Figure 1.7 shows the abundance
of the various isotopes produced by spontaneous fission of >**U.

Noticethatthelasttwo types of radioactivity (cvand fission) break up the nucleus. Theyare
called partition radioactivity. Remember that spontaneousfission too obeys the mathemati-
cal (CRS) law of radioactivity.

The Oklo natural reactor

The isotope 22U undergoes spontaneous fission while >>*U is subject to fission induced by the
impact of neutrons. Both these forms of fission occur naturally.

"' This is for disintegration of “°K into *’Ar. *°K also disintegrates giving *°Ca, as shall be seen later.
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Figure 1.7 Spontaneous fission: (a) chain reactions multiply the number of neutrons as the reaction
unfolds; (b) the curve of the distribution of fission products as a function of their mass number.

Spontaneous fission of 233U has an extremely low decay constant /=8.62 -10 %7 yr ™,

Induced fission of 2>*U is a reaction produced in the laboratory or in nuclear reactors by
bombarding uranium with neutrons.

In 1973, a natural nuclear reactor some 2 billion years old was discovered in the Oklo
uranium mine in Gabon. This uranium deposit worked like an atomic pile, that is, with
induced fission of 23°U. Apart from a negative anomaly in the abundance of 23°U, the
whole series of fission-induced products corresponding to this isotope was detected. This
fission of 23°U, which was believed to be confined to laboratories or industrial nuclear
reactors, therefore occurred naturally, probably triggered by a disintegration of #*°U,
which was much more abundant at the time. Nature had discovered nuclear chain
reactions and atomic piles some 2 billion years before we did! Oklo is a unique example
to date.

Exercise

Given that the 2*®U/?3°U ratio nowadays is 137.8, what was the activity level of 2>*U per gram
of ore 2 billion years ago for a uranium ore that today contains 30% uranium?
The decay constants are /,35=0.155125 - 10 ° yr * and /535 =0.9885 - 10 ° yr ™.

Answer
The activity of 23U was 1247 disintegrations per second per gram (dsg). Today the activity of
2351 is 172 dsg.
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What types of radioactivity are involved in the following very important reactions in cosmo-
chronology and geochronology: **°Sm — *#2Nd, >*Mn — °3Cr, 2°Th — ??Ra?

Answer
See Chapter 2, Section 2.4.3.

1.4.3 Radioactivity and heat

Each form of radioactive decay is associated with the emission of particles or vy electromag-
netic radiation. Interaction of this radiation with the material surrounding the radioactive
isotope creates heat, as Pierre Curie and Albert Laborde realized in 1903, just 7 years after
Becquerel’s discovery. This heat is exploited in nuclear reactors to generate electricity.
Inside the Earth, the radioactivity of *’K, >**U, **U, and ***Th is one of the main sources of
internal energy, giving rise to plate tectonics and volcanism and to the heat flow measured
atthesurface. Inthe early stages of the Earth’s history, this radioactive heat was greater than
todaybecause the radioactive elements 40K 2380,2%U, and 2’ Thwere more abundant.”

ALITTLE HISTORY
The age of the Earth

In the mid nineteenth century, when Joseph Fourier had just developed the theory of heat
propagation, the great British physicist William Thomson (Lord Kelvin)*> had been studying how
the Earth cooled from measures of heat flow from its interior. He had come to the conclusion
that the Earth, which was assumed to have been hot when it first formed, could not be more
than 40—-100 million years old. That seemed intuitively too short to many geologists, particularly
to Charles Lyell, one of the founders of geology, and also to an obscure naturalist by the name of
Charles Darwin. Lyell had argued for the existence of an unknown heat source inside the Earth,
which Kelvin, of course, dismissed as unscientific reasoning! It was more than 50 years before
Pierre Curie and Laborde in 1903 measured the heat given off by the recently discovered
radioactivity and Rutherford could redo Kelvin’s calculations and prove Lyell right by confirming
his intuition. See Chapter 5 for more historical information on the age of the Earth.

Exercise

Heat emissions in calories per gram and per second of some isotopes are:'*

238U 235U 40K 232Th

2.24.10 8 1.36-10 " 6.68-10° 6.44 .10 °

12 At the time there were other radioactive elements such as °Al which have now disappeared but whose
effects compounded those listed.

13 See Burchfield (1975) for an account of Kelvin’s work on the age of the Earth.

4 These values include heat given off by all isotopes of radioactive chains associated with >**U, >*3U, and
232Th (see Chapter 2).
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Calculate how much heat is given off by 1g of peridotite of the mantle and 1g of
granite given that “°K =1.16 - 10™* Kiotai; 22U/?*°U = 137.8; Th/U = 4 for both materials; and
that the mantle contains 21 ppb U and 260 ppm K and that the granite contains 1.2 ppm U and
1210 K.

Answer
Calculation of heat given off by 1 g of natural uranium:

0.99279 x 2.24-10"% 4+ 0.00720 x 1.36 - 107 =2.32-10 % cal gt s7*.
Calculation of the heat given off by 1 g of potassium:
6.68-10°+1.16-10 *=7.74-10 B cal gt st

Calculation for the mantle:

(232 x 108 x 21 x 107°) (6.44 x 107° x 84 x 1079)
uranium thorium
7.74 x 10713 x 2.60 x 10~*
+
potassium

= (48.7 + 54 +20) .10/

=0.1227-10 ¥ cal g7s71.

To convert this result into SI units, 1 calorie =4.18 joules and 1 watt =1 joule per second.
Therefore 1g of peridotite of the mantle gives off 0.512-10~** W s *. Calculation for
granite:

[232-1078 x 1.2-107%] + [6.44-107° x 4.8-10°]
+[7.74-10*% x 1.2-107?] =2.78 .10 ** +3.09-10 ** +0.928 - 10 **
=6.79-10 *cal g s

1g of granite gives off 28.38 - 10 ** W.
It can be seen that today the two big contributors are >*3U and 2**Th; *°K contributes less and
235U is non-existent. The granite produces 55 times more heat than the mantle peridotite.

Exercise

The decay constants of 223U, 2°U, 2*Th, and “°K are /,33=0.155125-10 ° yr %, J 35
—=0.98485-10 7 yr %, 4,3, =0.04947 - 10 2 yr %, and /¢=0.5543 - 10 ° yr %, respectively.
Calculate heat production 4 billion years ago for the peridotite of the mantle and the granite
of the continental crust.

Answer

Total heat production H can be written:

H =0.9927 x C§ x Pj33exp(0.155125T7)
+0.00720 x Cy x P35 exp(0.98485T)
+ C" x P23, exp(0.04947 T)
+1.16-10 * C§ x Pkao(0.5543 T).
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Figure 1.8 Heat production by various forms of radioactivity in the Earth versus geological age.

With T=4 - 10° years, the result for the mantle is: 8.68 - 10 *® +10.56 - 107 *® +6.59 - 10" *° +
184-10 ©=4423.10 °calg 's '=184-10 “Wg st
For granite of the continental crust: 4.96 - 10 **+6.03 - 10 **+3.76 - 10 **+8.537 - 10 **=
2328-10 *“calgtstor97.3-10 Wgtsh

Notice that, at the present time, radioactive heat is supplied above all by the disintegration
of 228U and to a lesser extent “°K and >*Th. Four billion years ago heat was supplied mainly by
%K and 2*°U (Figure 1.8). It will be observed, above all, that 4 billion years ago the mantle
produced 3.5 times as much heat as it does today. So it may be thought that the Earth was 3.5
times more “active” than today.

Problems

1

Which molecules of simple hydrocarbons may interfere after ionization with the masses of
oxygen *®0, 70, and *®0 when measured with a mass spectrometer? How can we make sure
they are absent?

The lithium content of a rock is to be measured. A sample of 0.1g of rock is collected. It is
dissolved and 2 cm? of lithium spike added with a lithium concentration of 5 - 10~ moles per
liter and whose isotope composition is °Li/’Li = 100. The isotope composition of the mixture is
measured as °Li/’Li = 10.

Given that the isotopic composition of natural lithium is ®Li/’Li=0.081, what is the total
lithium content of the rock?

A sample contains 1 pg of strontium. What must be the maximum acceptable chemical blank,
that is, the quantity with which the sample is accidentally contaminated, if precision of
measurement with the mass spectrometer of #7Sr/26Sr ~0.7030 bears on =+ 0.0001?

The 87Sr/®%Sr ratio of the blank is 0.7090. What must the blank be if precision is 10 times
better?

We are to construct a mass spectrometer for separating 8’Rb from 8’Sr. What should its
radius be?
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5 Suppose that 1 mg of purified uranium has been isolated. It contains two (main) isotopes 2*3U
and 2*°U in the current proportions of 2*3U/2®>U = 137.8. What was the total activity of this
milligram of uranium 4.5 billion years ago and what is its activity today if 4,35 =
0.155125- 10 % yr~ ' and 4535 =0.9875- 10" yr 2

6 The Urey ratio is the ratio of heat from radioactivity to total heat which includes heat from the
accretion of the Earth and the formation of its core. The average heat flow measured at the
Earth’s surface is 4.2 - 10 W, which is 42 terawatts.

(i) In a first hypothesis the mantle composition is assumed to be uniform, with:

U =21 ppb (Th/U)nass =4 and K=210 ppm.

Calculate the Urey ratio today.

(i) Inasecond hypothesis, it is assumed that the entire mantle is similar to the upper mantle.
The upper mantle has a uranium content of 5 ppb, and the Th/U ratio is 2. Calculate the
Urey ratio.



CHAPTER TWO

The principles of radioactive dating

It can never be repeated enough that radioactive dating was the greatest revolution in the
geological sciences. Geology is an historical science which cannot readily be practised
withoutaprecise wayof measuring time. Itissafe tosay thatnomoderndiscoveryingeology
could have been made without radioactive dating: reversals of the magnetic field, plate tec-
tonics, the puzzle of the extinction of the dinosaurs, lunar exploration, the evolution of life,
human ancestry, notto mention the age of the Earth or ofthe Universe!

The ages involved in the earth sciences are very varied. They are measured in years (yr),
thousands ofyears (ka), millions ofyears (Ma), and billions of years (Ga). Geological clocks
must thereforebe varied too, with mean lives ranging from ayear to abillion years.

2.1 Dating by parent isotopes

Imagine we have a radioactive isotope R and N, is the number of atoms of this isotope.
Suppose that geological circumstances (crystallization of a rock or mineral, say) enclose an
initial quantity of R, i.e., the number of atoms of R at time zero, written N (0), ina“box.” If
thebox hasremained closed from when it first formed until today, the number ofatoms of R
remainingis N (f) = Ng (0)e~*, where tis the time elapsed since the box was closed. If we
know the quantity N (0) and the decay constant 4, by measuring N (7) we can calculate
the age rat whichthebox closed by using the radioactivity formula“upside down™

(o)

Methods where the initial quantities of radioactive isotopes are well enough known are
above all those where the radioactive isotope is produced by irradiation by cosmic rays.
This s the case of carbon-14 (**C) and beryllium-10 ('*Be).

Exercise

The half-life of **C is 5730 years. The **C content of the atmosphere is 13.2 disintegrations per
minute and per gram (dpm g~?) of carbon (initial activity A,). We wish to date an Egyptian
artefact dating from approximately 2000 BC. What is the approximate activity (A) of this
artefact? If our method can measure 1 dpm, what mass of the (probably precious) sample will
have to be destroyed?
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Answer
If the half-life T=5730 years, the decay constant is 4 = In2/T = 1.209 - 10~*yr~1. 2000 BC
corresponds to a time 4000 years before the present, therefore since Ay=13.2dpmg " and
A=A e "t A=7dpmg .

Making the measurement means using at least 1/7 g, or 142 mg of the sample.

As seen in the examples, the abundance of a radioactive isotope is estimated relative to a
reference. For **C we use total carbon. The dating formula is therefore:

=iy

where (**C) and (C) represent the concentrations of **C and total carbon, respectively.
In other cases, a neighboring stable isotope that is not subject to radioactive decay is taken
as the reference. So for *C, we use stable *3>C and we write:

_ 1, |(Mc/P0

This formulation has the advantage of bringing out isotopic ratios, that is, the ratios mea-
sured directly by mass spectrometry.

2.2 Dating by parent—daughter isotopes

2.2.1 Principle and general equations

The difficulty with dating by the parentisotopeis of course knowing Ny (0), thatis, knowing
exactlyhow many radioactive atoms were trapped in thebox at the beginning. This difficulty
is overcome by involving the stable daughter isotope produced by the disintegration noted
(D) (the asterisk being a reminder of the radioactive origin of the isotope R*). The parent—
daughter relation is written:

(R)" — (D)
2 '

From the Curie—Rutherford—Soddylaw, we canwrite:

ANy (1)
ds

= —i Ni(0)

dNp(7)  dNR(1)
clljz =~ WO

Integrating the first equation yields the decay law, Nj(¢) = Nj(0) e™*. The second is
therefore written:

dND(l)

T U
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which integrates to:
Np(t) = =N (0)e™ + C.

The integration constant C is determined by writing in t=0, Np= Np(0), hence:
C = Np(0) + N} (0).This gives:
Np() = Np(0) + N (0)(1 —e™).

But this expression leaves the troublesome unknown Ny (0). This is advantageously
replaced by:

Ni(0) = Ny(1) .
This gives:
Np(#) = Np(0) + Np(1)(e" = 1).

If the box remains closed for both the radioactive isotope and the radiogenic isotope, by
measuring the present values Np () and Ny (), we can calculate ¢, provided we know Np(0).
Thiscanbe plotted as (Np (), 7). The slope of the curve at each point equals:

dNp (1) B dNg(2)

_ _ _ —At
=g = V() = AN (0)e .

It therefore equals AN (), at Atimes the parentisotope content. As this content decays con-
stantly, the slope of the tangent doeslikewise, and the curve is concave downwards. To calcu-
latean age, we write the dating equation:

(P

Thevalues of Np(¢) and Ny, (1) canbe measured, butzcan only be calculated if Np(0) canbe
estimated or ignored and, of course, if we know the decay constant A. Figure 2.1 illustrates
all these points.

EXAMPLE

Rubidium—strontium dating

Let us take rubidium—strontium dating by way of an example. As seen, 8’Rb decays to
87Sr with a decay constant /=1.42-107*" yr . The parent—daughter dating equation is
written:

87 87
‘ iln Sr(t) Sr(0)

_ 41
Tt TRo(t)

where #75r(0) is the quantity of ®”Sr present at time t = 0, and ®’Rb(#) and ®7Sr(t) the quantities
of ®Rb and ®’Sr present at time t. (The term quantity must be understood here as the number
of atoms or atom—grams.) Notice that time can be reversed and the present time considered
as the starting point, which is more practical. The initial time is then in the past, age (t) such
that T=t
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Figure 2.1 Left: the decrease in the radioactive isotope and the increase in the radiogenic isotope. Right:
the increase in the radiogenic/radioactive isotope ratio.

N*z  number of atoms of the radioactive isotope (R)

Np number of atoms of the radiogenic isotope (D)

Ng(0) number of atoms of R at time t=0

Np(0) number of atoms of D at time t=0

/4 radioactive decay constant

The equation is then written:

87 _ 87
P 1 [Fsre) = TsH(T)

2 oRe) )

where #7Sr(p) and ®7Rb(p) relate to the present-day values (p = present), and 87Sr(7) relates to
the initial values at time (7). When dealing with minerals that are very rich in Rb such as
biotite and muscovite, the initial 8’Sr is negligible relative to the ®’Sr produced by decay of
87Rb. For such systems, which are said to be radiogenically rich (or just rich for short), the
dating formula is written:

1, [%sr(p)
T= Iln {—87Rb(p) + 1}.

This formula can be extended to rich systems in general:

T =%|nmigi + 1}.

As seen, if /is known, the age can be calculated directly from measurements of the present-
day abundances of Np(p) and Ng(p). The only assumption made, but which is crucial, is
that the box to be dated, that is, the mineral or rock, has remained closed ever since the
time it formed and that closure was short compared with the age to be measured. This
is indeed the case when a mineral crystallizes or a magma solidifies as with volcanic or
plutonic rock.
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Remark

Where /s very small relative to the age, the exponential can be approximated by e* ~ 1 + /4 This
is the case for the constant Z of rubidium (/=142 - 10~ yr™*) and for many others. The dating
formula is then:

1[Tste)

§7Rb(p)

Exercise

Suppose we have a specimen of biotite from Quérigut granite (Pyrénées Orientales, France)
whose age is to be determined from 8’Rb — ®’Sr decay. We measure the total content of
Rb =500 ppm and of Sr=0.6 ppm. Knowing that Rb is composed of 8’Rb and #°Rb in the
proportions ®°Rb/®’Rb = 2.5, that the Sr is “pure” radiogenic #’Sr, and that the decay constant
is /=1.42 - 10 ** yr %, calculate the age of the biotite in Quérigut granite.

Answer
The Rb content is written Rbyots = 2°Rb + 87Rb = (2.5 + 1) 37Rb, therefore:

Rb
8Rb = ;—°5ta' ~ 142.8 ppm.

The ®7Sr content is 0.6 ppm. (There is no need to come back to atom—grams since ®’Rb and &’Sr
have virtually the same atomic mass.) We can therefore write directly:

1 0.6
T~ ~ 298 - 10° yr = 298 million years.
1.42-10-11\142.8

If we had not adopted the linear approximation, we would have obtained:

1 0.6
T ~ In 1) ~297.36-10°%yr.
142101 (142.8+ ) y

As can be seen, the linear approximation is valid for the #’Rb/®’Sr system when the age is not
too great.

2.2.2 Special case of multiple decay

Letus consider the case of the long-period *°K radioactive isotope which decays in two dif-
ferent ways, either by electron capture giving **Aror by 3~ decay giving *°Ca, each with its
own decay constant 4. and 43-, respectively:

e“cap

/—> 40Ar

4OK

;» 40ca
8-

Whatisthe dating formula? Let us get back to basics:
d/de[Nk (1)] = —(%e + A5) Nk (1)
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where Ny is the number of *’K nuclides and N, the number of *°Ar nuclides.
d/dt[NAr(z)} = ;LeNK (O)ef(;“e‘uni)f.

Integrating using the usual notation with *°K and *°Ar, gives:

40 _ 40 40 Ae (Getig)t )
Ar(7) = P Ary + K (1 (e |
(1) 0 (1) R

with 2. =0.581 - 10 "yr'and 15=4.962 - 10 yr ",
d=le+ip="5543-10"0yr .

The initial *°Ar is usually negligible. We are therefore generally dealing with rich systems
but not with very young systems where what is known as excess argon raises difficulties for
accurateage calculations.

Exercise

We analyze 1 g of biotite extracted from Quérigut granite by the *°K—*°Ar method. The biotite
contains 4% K and “°K=1.16 - 10~ * of Kiotal-

The quantity of argon measured at standard temperature and pressure is 4.598 - 10> cm
of “°Ar. What is the radiometric age of this biotite?

3

Answer
The dating formula to calculate the age is written:

1 40Ar ie —+ )vb
T—— In|or. 1.
7o+ 7 ”{4°K ( T ) + ]
We must therefore calculate the *°Ar/*°K ratio in atoms.

As there are 22 400 cm? in a mole at standard temperature and pressure, the value of “°Ar
in number of moles is:

4,598 -10~°
—==— ) =2.053-10"°moles of “°Ar.
22400
The value of *°K is:

0.04 x1.16-10*

=1.16 - 10~ moles of *°K.
40

Therefore:

10° | {(2.053 -10°°

T = n x 0.1048 | + 1| = 280 million years.
0.5543 1.16-1077

Comparing this with the result obtained previously using the 3Rb—%’Sr method, we find
about the same age but slightly younger.

There is another branched decay used in geology, that of **La which decays into **Ba
and *®Ce (Nakaietal.,1986).
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e~cap
S 38Ba e =444 10712 yr!

%» 138ce  1,=229- 10712y

138La

There is also a case where even more intense multiple decay occurs, in the spontaneous
fission of **U, which yields a whole series of isotopes. Luckily, fission decay is negligible
compared with a decay. In the dating equation we can consider the constant 4, alone as the
decay constant, but allowance must be made, of course, for the fission products. For exam-
ple, for **Xe we write the dating equation:

136 1
Xeradio o Y/Lﬁssion (e;'“’ _ 1)
238Y i

where Yis the yield of **Xe produced during fission ~0.0673, with /gssion = 8.47 - 107 yr ™!
and2,=155-10""yr ",

Wesaw when lookingatdatingby parentisotopes thatit was convenientto express the dat-
ing equation by introducing isotope ratios rather than moles of radioactive and radiogenic
isotopes. Thisis called normalization. Thus for ¥ Rb—*"Sr we use a stable strontium isotope,
86Sr. The dating equation is then written:

87 87
| (s () — w5 (0)

86Sr

This is the form in which dating equations will be expressed from now on. A system will be
richwhen:

87Sr 87Sr
@ (0) < @ (l)

2.2.3 Main geochronometers based on simple
parent—daughter ratios

e Rubidium—Strontium *’Rb 5~*'Sr; /=142 - 107" yr ! The normalization isotope is
86Sr. Developed in its modern form byAldrich ez al. (1953).

e Potassium—Argon *“°K —*°Ar, with the constants already given. The reference isotope is
3Ar. Developed in its modern form byAldrich and Nier (1948a).

e Rhenium-Osmium *"Re 5~ '¥"0s with 1=1.5-10""" yr~". The reference isotope is
18605 and more recently '**0s. Developed by Luck, Birck, and Allégre in 1980 after a
firstattempt by Hirteral. in1963.

These are the three simple clocks that are commonly found as rich systems in nature. We
shall see that other forms of decay canbe used but under more difficult circumstances.

e Samarium-Neodymium 'YSm o '*Nd; 1 =6.54 - 1072 yr . Normalization by **Nd.
Developed by Lugmair and Martiin 1977 after an attempt by Notsu ezal. in 1973.
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o Lutetium—Hafnium "°Lu 5~ "°Hf; 2=2-10"" yr~" Normalization with ""HF.
Developed by Patchett and Tatsumoto (1980a, 1980b).

These methods are supplemented by others related to radioactive chains which are to be
examined next, by the extinct radioactive methods covered in Section 2.4, and by the
induced radioactive methods examined in Chapter 4.

2.3 Radioactive chains

2.3.1 Principle and general equations

When ?*U, >*U, and ***Th decay, they give rise to three other radioactive isotopes which, in
turn, decay into new radioactive elements, and so on. The process stops when the last iso-
topes produced are the three lead isotopes 2°°Pb, 2°’Pb, and 2°*Pb, which are stable. It was
radioactive chains which allowed both Pierre and Marie Curie and Rutherford and
Soddy to discover the mechanisms of radioactivity. A radioactive chain can be represented
by writing:

()" —= (2= (3)" — (4)" — ... — (n) stable.

Decayinvolves o and Sradioactivity. Alpha radioactivity gives oft helium nuclei. Their path,
inthe (Z, N) plot, brings the end productinto the valley of stability.

Figure 2.2 shows the precise structure of the three chains. Mathematically, as studied by
Bateman (1910), radioactive chains can be described by the Curie—Rutherford—Soddy
laws written one after the other:

d]\éll([) —2Ni (1) d]\é“t([) = 23N3(1) — 74N4(1)
d]\(]th(l) = AlNl(l) — lzNz(l)
) _ ) - 2 0

where N;is the number of nuclides of elements i and V,, the number of nuclides of the final
stable isotope. Successive integration of these equations presents no real difficulty and is
even a good revision exercise for integrating first-order differential equations with constant
coeflicients. Let us leave that for now and concentrate on a few simple and important limit-
ingcases.

2.3.2 Secular equilibrium: uranium—lead methods

We suppose that, in view of the length of geological time, the radioactive chain reaches a
stationary state where the content of all the intermediate radioactive isotopes remains con-
stant (thisisknown as secular equilibrium):

dN, dN;  dN,

TR TR PR
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Figure 2.2 Radioactive chains represented on the proton—neutron graph. Each slot contains the symbol
of the isotope and its period T.. Identify the various types of radioactivity of the three chains for yourself.

Inthis case, we therefore have:

N1 = JgNy = A3N3 = -+ = J,, 1Ny,
therefore:
dn,
= A1 NV;.
d: A14V]

Itisasifthere wasjustasingle direct decay reaction (1) — ().

Considering the fact that in the course of geological time natural radioactive chains
rapidly reach equilibrium, the initial products give the end products directly. Dating equa-
tions can then be written:

206Pb 238U( gt 1 ) + 206Pb0
207Pb 235U( st 1) 207Pb0
208Pb 232Th( ot ) + 208Pb0

where constants /g, 45, and A, are those of 2381,2%U, and **Th.
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VU - 0P gy = Ag = 1.55125- 1070 yr!
BU S 2TPb Joys = As = 9.8485 - 1070 yr!
22Th - 28Pb oy =4, =4.9475- 10" yr L.

This comes down to direct parent—daughter dating. Warning! Linear approximation can-
not be used with these chronometers. To be convinced of this, let us compare the values of
(e* — 1) with (A7) for timeintervals of 1 and 2 billion years for >**U and >**U.

Letus consider the quantity {[(e*’ — 1) — A7]/[e*" — 1]} x 100, which is the relative error
thatcanbe expressed as a percentage.

With **U, for 1 billion the error is 41.2% and for 2 billion 68.2%! With ***U, for 1 billion
the error is 7.5% and for 2 billion 14.7%. These are highly non-linear systems, then, as can
beseen from the shape of the typical curves in Figure 2.3.

2.3.3 The special case of lead—lead methods

We have seen that on the geological timescale radioactive chains attain equilibrium and it
can be considered that U decays directly to 2°°Pb, *U to 2*’Pb, and ***Th to >**Pb.
For uranium-rich minerals like zircon, uraninite, or even monazite, the initial amount of
lead can be considered negligible. Assuming the system has remained closed, we can
write:

206Pb _ 238U(eigl o 1)
207Pb _ 235U(e;»5t _ 1)

Taking the ratio, remembering that nowadays' the ratio 2*®U/*°U = 137.8, we get:

207pp 1 ettt — 1

206Ph  137.8 (eﬂ-xf - 1) '

It can be seen that the 2°’Pb/>°°Pb isotope ratio of lead alone gives a direct measurement

of time. This function is implicit and calculating it requires prior numerical values
(Table 2.1).

Exercise

The 2°°Pb/2°”Pb ratio of a uranium ore deposit is found to be 13.50. What is the age of the ore
supposing it has remained closed since it crystallized and that common lead can be ignored?

Answer

We shall invert the ratio so Table 2.1 can be used. 2°’Pb/2°°Pb = 0.074. The table shows that
the ratio measured lies between 1 and 1.2 - 10° years. The result can be improved either by
refining the table by calculating the ratio [e’s* — 1/e’s! — 1]in the interval 1 and 1.2, or by

' The two uranium isotopes decay each at their own rate from the time that they are first formed. Their
ratio is constant as there is no isotopic fractionation between them. However, this ratio has varied over
geological time.
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Figure 2.3 Non-linear decay of 2**U and 23U and their end products °’Pb and 2°Pb. (a) The radioactive
constants of these reactions are very different. The curve on the right shows the change in radiogenic
ratio 2°7Pb*/2°¢Pb* versus time. (b) Comparison in the same figure of the principal radioactive clocks
used in geology, emphasizing the behavior of U-Pb systems compared to others.

using a linear approximation between 1 and 1.2 - 10° years. The value °’Pb/2°°Pb for 1.2
billion is 0.080 12 and for 1 billion is 0.0725. The variation is therefore:

0.08012 — 0.0725

_ . —5 TE
200 = 3.8 -10 "per million years.

The difference is between 0.0740 and 0.0725, that is, 1.5 - 10> million years.
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Table 2.1 Numerical values of the radiogenic 2°’Pb/2°°Pb isotope ratio

. it hat 207pp

Time (Ga) e -1 e -1 <W> radiogenic
0 0.0000 0.0000

0.2 0.0315 0.2177 0.05012
04 0.0640 0.4828 0.05471
0.6 0.0975 0.8056 0.05992
0.8 0.1321 1.1987 0.06581
1.0 0.1678 1.6774 0.07250
1.2 0.2046 2.2603 0.08012
1.4 0.2426 2.9701 0.08879
1.6 0.2817 3.8344 0.09872
1.8 0.3221 4.8869 0.11000
2.0 0.3638 6.1685 0.12298
2.2 0.4067 77292 0.13783
24 0.4511 9.6296 0.15482
2.6 0.4968 11.9437 0.17436
2.8 0.5440 14.7617 0.19680
30 0.5926 18.1931 0.22266
32 0.6428 22.3716 0.25241
34 0.6946 274597 0.28672
3.6 0.7480 33.6556 0.32634
38 0.8030 41.2004 0.37212
4.0 0.8599 50.3878 0.42498
4.2 0.9185 61.5752 0.48623
44 0.9789 751984 0.55714
4.6 1.0413 91.7873 0.63930

The approximate age is therefore 1040 Ma. Direct calculation from the 2°”Pb/?°®Pb ratio for
1040 Ma gives 0.073 98. The age is therefore 1042 Ma, but such precision is illusory because
error is far greater (see Chapter 5) than the precision displayed.

2.3.4 The helium method

Natural chains feature many instances of « decay, that is, expulsion of *He nuclei. Thus
238U decay ultimately produces eight “He, *°U decay produces seven “He, and **Th decay
produces six *He.We can therefore write:

d*He B

5 81523%U + 7252°U + 6,7 Th.

Remark
This equation underlies the first helium dating method thought up by Rutherford (1906).

Integrating the equation, assuming *He(0) = 0, gives:

*He = 87U (™ — 1) + 77°U(e™ — 1) + 6 7*Th(e™' — 1).
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Byadmitting linear approximations, which is valid only for durations that are not excessive,
e” — 1 ~ Jrand observing that >**U/***U = 1/137.8 and that >**Th/***U ~ 4 we obtain:

As+6 x4x Ay |t.

4 __ 238
He = U|:8JV8+137.8

Bynoting A = [875 + 125 + 24/>| = 14.889 - 10710 yr~!, we obtain

1 (*He
TEAN\®y )

This formulaisvalid for young ages.

EEE

Take 1kg of rock containing 2 ppm of uranium. How many cubic centimeters of “He will it
have produced in 1 billion years?

Answer

At 2 ppm 1kg of rock represents 10°g x 2 -10°°=2 .10 g of uranium, and 2 - 10> g of
-3

uranium corres 0ndS to
P 238

= 8.4 -10® moles. Using the approximate formula:

“He = AtU = 14.89-10 %% x 10° x 8.4-10°°
“He ~ 125 - 10 “moles.

If 1 mole of “He corresponds to 22.4 liters at standard temperature and pressure, the amount
of *He produced in 1 billion years is 0.28 cm”>.

A LITTLE HISTORY

The beginnings of radioactive dating

Rutherford performed the first radioactive age determination in 1906. He calculated the
amount of helium produced by uranium and radium per year and per gram of uranium and
found 5.2 - 10 8cm?® yr * g of uranium.

Ramsay and Soddy had measured the helium content (long confused with nitrogen
because it is inert like the noble gases) in a uranium ore known as fergusonite. The
fergusonite contained 7% uranium and 1.81 cm® of helium per gram. Rutherford calculated
an age of 500 million years. The following year he found uranium ores more than 1 billion
years old! At that time Lord Kelvin was claiming the Earth was less than 100 million years old!
(See previous chapter.)

2.3.5 The fission track method

Fission reactions emit heavy atoms. The atoms ejected by fission create flaws in crystals.
Such defects — known as tracks — can be shown up on mineral surfaces through acid etching
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Figure 2.4 Creation of fission tracks in an insulating material.

which preferentially attacks damaged areas, those where atoms have been displaced (Price
and Walker, 1962) (Figure 2.4).
The number of fission tracks is written:

Fs _ )vﬁssion 233U(e;mf . 1)

Ao
jvﬁssion =7 10717}/1'71 Z1/2 =9.9. 1015 yI‘il.

In practice, a thin section is cut and the number of surface tracks (and not in a volume) is
measured. The visible proportion p;is calculated:

Missi
P =q ﬁ)smon 238U(e;"‘t . 1)

where ¢ is a geometric factor for switching from a surface to avolume.

To measure >**U, we take advantage of knowledge that >**U/?*U = 137.8 and measure
235U by causing induced fission (by placing the ore under study in a reactor), which pro-
duces tracks that are revealed and counted. We then have the number of tracks before (ps)
and after (p;) irradiation. The geometric factor disappears:

Ps )vﬁssion 137.8 (6,1(‘, . 1)

p e T

We calibrate the flux ¢ of neutrons inducing **U fission and the effective cross-section I.”
By using a standard sample whose uranium content is known and which is irradiated at the
same time as the study sample and by counting the fission tracks produced, we can then
calculate?.

2 The effective cross-section is the probability of a reaction occurring, that is, here, the probability of
producing a fission with a given flux of neutrons. The characteristics of this will be seen in Chapter 4.
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2.3.6 lIsolation of a part of the chain and dating young
geological periods

The various radioactive isotopes of the radioactive chain belong to different chemical ele-
mentssothat, undercertaingeological conditions, one or twoisotopesinthe chain fraction-
ate chemically and become isolated, thereby breaking the secular equilibrium. Once
isolated they create a new partial chain in turn. Two straightforward specific cases are of
practical importance.

Theradioactive isotope becomes isolated on its own

First, when a radioactive isotope in the chain (but with a long enough period) becomes iso-
lated on its own, it gives rise to a partial chain, but being isolated from the parent it decays
accordingtothelaw:

N,’(l) = N,'(O)C_;Lt

where N;(0) is the number of nuclides of the intermediate element at time ¢ = 0. If this num-
ber can be estimated, the decay scheme can be used as a chronometer. This is equivalent,
then, to dating by the parentisotope.

EXAMPLE

The ionium method and the rate of sedimentation

Thorium is virtually insoluble in sea water. Thus **°Th (still known as ionium from the
terminology of the pioneers of radioactivity), a decay product of ***U with L = 75Kka,
precipitates on the sea floor, is incorporated in the sediment and so gradually buried. There,
now isolated, it decays.

At any depth x of sediment from the surface (Figure 2.5) we can write:

230Th (X) — 230Th(0)e—1250t

where 23°Th(0) is the surface content which is assumed constant over time. If the sedimenta-
tion rate is constant, time can be replaced by the ratio t = x/V; where V; is the sedimentation
rate and x the length (depth):

20Th(x) = 22°Th(0) exp([x/ Vs]2)
or in logarithms:

In(*Th(x)) = In (*°Th(0)) — 7.
S

The slope of the curve (In 230Th, x) gives a direct measure of sedimentation rate and the
ordinate at the origin gives *°Th(0). (Note its order of magnitude of a millimeter per
thousand years.)

This method only works, of course, if it is assumed that 22°Th(0), that is the thorium content
at the sediment surface, is constant and if the sediment has not been disturbed by chemical,
physical, or biological phenomena.
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Figure 2.5 Decreasing **°Th content in a core from the sea floor and determination of the
sedimentation rate. They is the excess thorium compared with the equilibrium value counted in
disintegrations per minute per gram (dpm g™ ).

Exercise

The lead isotope *'°Pb (as a member of the radioactive chain) is radioactive with a decay
constant /=3.11 - 102 yr . This natural radioactive lead is incorporated into ice deposited
in Greenland by forming successive layers of ice which can be studied like sedimentary strata.
The activity of >'°Pb is measured at four levels in disintegrations per hour per kilogram of ice
(dph kg™'). Table 2.2 shows the results.

Calculate the sedimentation rate of the ice. Assuming a constant rate and a compaction
factor of 5, how thick will the glacier be in 5000 years? Calculate the **°Pb content of fresh ice.

Answer
The dating equation is written noting activity by square brackets:

[210Pb] — [210Pb]efﬂ.t'

If the rate of deposition is Vand height h, we have t=h/V.
The equation becomes:

[21°Pb] = [**°Pb] exp(2h/V)
or

In[29Pb] = In[*pb], “"

If the 2*°Pb content has remained constant over time, the data points must be aligned in a (In
[activity, h]) plot. The slope is therefore —1/V. The data points are plotted on the graph and

the slope determined. This gives V=45cm yr™*.
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Table 2.2 Activity of 2'°Pb with depth

Depth

Om Im+20cm 1.50m +40cm 2.50m +50cm

dphkg™' 75 32+5 24+5 10+3

In 5000 years’ time, allowing for compaction, there will be 5000 x 45/5 = 450 m of ice.
The **°Pb content is calculated: surface activity is 75 dph kg™ ice.

)vzlo X N30 =75 dph kg71
hence

75 75
Nio = — = - =21.4-107atoms of**°Pb nuclides
3.11102 x (8760) 3.5 - 10"

per kilogram of ice,

8760 being the number of hours in a year. As a mass that gives:

21.4-107 x 210

- 14 .
c023 108~ /0 107" kg of ice,

where Avogadro’s number is in the denominator and the previous atomic mass of *'°Pb in the
numerator.

The 2*°Pb content is 7.5 - 10~ *7, which is very little! This shows the incredible sensitivity of
radioactive methods because >*°Pb in Greenland’s glaciers really can be measured and used
for estimating the rate of sedimentation of ice.

The parent isotope is isolated and engenders its daughters

Thisiswhathappens withuranium; forexample, when certain solid phaseslike calcium car-
bonate are precipitated uranium is entrained with calcium and then isolated. For the first
radioactive product of any notable half-life, we then have:

Ja-3No_3(1) = I U(1) (e7H! — e~#231)

where N,_3 is the number of nuclides in the third intermediate product in the chain. Why?
Because the chain includes very short-lived radioactive products such as thorium-234
(***Th) or protactinium-234 (***Pa) which reach equilibrium very quickly. Thus, >**U
decays to >**Th, an element whose lifespan is 24 days, then ***Pa, whose lifespan is 1.18
minutes: it can be considered, then, that *®U directly gives >**U whose half-life is 2.48 - 10°
yearsforall types ofusual samples (corals, speleothems, travertines, etc.).

Such a method is applied, for example, to secondary mineralizations of uranium. The
soluble uranium migrates and is deposited further away, leaving the insoluble thorium
whereitis. It then “resumes” its decay giving >**Th and we can write:

230" Th = )~230238U(e_b3*’ — g7y,

Therefore the age of migration can be determined by measuring >**Thand ***U.
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Exercise

Uranium-238 (**3U) decays to >**U which is itself radioactive with /=2.794 - 10~ ® yr .

Sea water is not in secular equilibrium relative to uranium isotopes as *>*U weathers better
than 2*8U from rocks of the continental crust and is enriched in the rivers flowing into the
ocean. In activity, noted in square brackets [ ], [2**U/?8U]. .. ater = 1.15. When limestone
forms from sea water, it is isotopically balanced with the sea water and so takes the value 1.15.
A fossil mollusk has been found in a Quaternary beach formation and its activity ratio measured
as [234U/%8U] = 1.05. Work out the dating equation. What is the age of the mollusk?

Answer
The dating equation is:

234U 234U i e
] = [t =+ e

because /1234 > /1238 and /1233 t~0if t> 10¢ years.
This gives:

|:234U

=y | —

1
1
= IIn gy —— | and T=393 000 years.
(0] -1

2.3.7 General equation and equilibration time

We shalldo an exercise to help understand equilibration time and by the same token give the
theoretical answer to the previous exercise.

Exercise

Establish the general equation for evolution of an isotope in a radioactive chain and where the
parent has a longer half-life and the daughter a markedly shorter half-life. We shall take the
example of >*U — 23°Th decay to get our ideas straight.

Answer
This is a review exercise for mathematics on integrating a linear differential equation with
constant coefficients:

FEELNY A
a4t - Ja3s 2PU — Jazs 22U
d**Th :
T J23a 2*U — Jp30 2°Th

with 2*8U being considered constant.
Integrating the two previous equations in succession for the example in question gives:

234 1 234 —/A23at 238 —/Jazat
;\.234 U = 434 Uge 24" + }~238 U(l —e 2 )

9 2 9 2 — 234 — -2
4230 3oTh = A230 3OThoe 4230t +/1234 B U(e /234t —e zaot)'

These two equations can be written with the activity notation in square brackets: AN=[N],
which simplifies notation and means the / constants can be dispensed with. This gives:
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[234u} _ [234U0} e—izut + [238U] (l _ e—}.234t)
[ZSOTh} _ [230Th0]e—2230t + [234u] (e—/lz;n _ e—/lz;ot).

This is the general equation for equilibration of a radioactive chain used for chronological
purposes.

From there, without resorting to long and tedions numerical simulation, let us try to answer
the question: at what speed does a greatly disturbed radioactive chain return to secular
equilibrium? Let us consider the preceding equation with ;34 < £530. The equation becomes:

2230 2°Th = Jy30 Thoe “20% 4 Jy3, 241 - e_imt).
For the chain to achieve equilibrium, it is necessary and sufficient that:
Aazo 23°Th = 134 3%U.

For this e /2ot must be virtually zero. So t must be less than to 6-10 periods of 2*°Th. The
chains therefore achieve equilibrium after more than six half-lives of the daughter product
(with the smaller radioactive decay constant).

If 23*U/238U isotope fractionation occurs, which is the case in surface processes, it is
which is the “limiting factor” for the 2*®U chain. The time required is therefore 1.5 million
years.

If there is no 23*U/?38U isotope fractionation, the limiting factor is 2>°Th and the equilibra-
tion time is 450 000 years.

For the 2*°U chain the limiting factor is ***Pa and therefore a time of 194 000 years. Both
chains of the two uraniums are equilibrated at about the same time in this case.

The isotopes of radioactive series used as geochronometers are those with decay constants of
more than one year.

234U

Uranium-238 chain

2340, half-life 248 ka, is used in sedimentary or alteration processes because >**U/**U
varies during alteration. The radioactive recoil of ***U extracts this uranium from its
crystallographicsiteand soitis easily altered.

29T, half-life 75 ka. This element, named ionium, is certainly the most widely used for
surface and volcanic processes.

226Ra, half-life 1.622 ka. It is used like 22°Th but for shorter-lived surface or volcanic
processes.

219pp, half-life 22 years. Used for studying glaciers, oceans or volcanics involving very
young phenomena.

Uranium-235series

231pa, half-life 32.48 ka. This is the sister of 2*°Th but slightly more difficult to master
analytically.

77 Ac, half-life 22 years. This element is not much used as yet because of difficulties in
making precise analyses.
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Thorium-232 chain

e **®Ra, half-life 6.7 years. This is complementary to ***Ra to constrain the timescale of Ra
fractionation.
e 22Th, half-life 1.9 years. Avery good complement for >**Ra and *°Th.

These elements can be measured by alpha and gamma radioactive spectroscopy or by mass
spectrometry. The second technique is far more precise but less sensitive than counting. In
practice, 2**U, 2*°Th, >*°Ra, and ?*'Pa are measured by mass spectrometry and the others
by counting. Pb-210 canbe measured by mass spectrometrybut this entails great difficulties
and requires special precautions. For a general review see Ivanovich (1982).

A LITTLE HISTORY

The polemic that followed the discovery of radioactivity

Henri Becquerel discovered radioactivity almost by chance in 1898 while studying rays
from phosphorescent uranium salts excited by sunlight and trying to understand the
nature of x-rays discovered by Rontgen. But one day, although there was no sunlight, a
sample from the Joachimsthal mine in Bohemia spontaneously emitted radiation which
blackened a photographic plate, indicating as yet unknown properties of matter (see Barbo,
2003).

Some years later, when measuring the effect of these radioactive substances on an
electrometer (the particles ionized the air of the electrometer which then discharged)
Pierre and Marie Curie proposed calling the phenomenon radioactivity (activity created by
radiation). For them, it was the property certain substances, including uranium, had of
spontaneously emitting radiation.

They immediately came in for harsh criticism from British scientists relying on a crucial
observation: when the activity of 1g of purified uranium was measured with an electro-
meter, the activity was less than that of 1 g of uranium contained in, say, 100 g of uranium
ore. In other words 1 g of uranium “diluted” in 100 g of inert rock was more “active” than1g
of pure uranium.

How could concentrated uranium be less active than diluted uranium? It smacked of
magic. It was Marie Curie who came up with the hypothesis of intermediate radioactive
products to explain this paradox. The discovery of radium must be set in this polemical
context, thus taking on its full significance. It was the second intermediate radioactive
product to be found after polonium.

The New Zealander Ernest Rutherford brought grist to the Curies’ mill and within a few
years the mechanisms of successive “cascade” decay was understood. Radioactive chains had
been discovered.

Shedding light on a paradox

Nowadays the paradox of diluted uranium being more active than pure uranium can be fully
explained. Suppose a radioactive chain is in equilibrium, say the >*U chain:

JaN1 = ANy = AsN3 =--- =Ny

noting Ny, N, ..., N the numbers of nuclides in the various isotopes of the chain. Thus in
secular equilibrium there is 14 times the /;N; activity of 2*3U in the chain. (The input from
the 22U chain must be added to this although its contribution is small.)
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This is what happens in a rock several hundred million years old in which the chain has had
time to attain secular equilibrium.

Now, in purified uranium, the activity is merely Z; N;.

So, if the “activity” of 1 g of uranium is measured, it will be 14 times less than the activity
of 100 g of 1% uranium ore. Indeed, the ore would be slightly more active because there must
also be at least 0.5 g of thorium whose chain also produces 11 times more activity than pure
thorium. However, as the thorium constant is 3.5 times less, the outcome would be an
increase in the uranium activity of about 1.5 times.

In all, the rock is about 15.5 times more active than purified uranium. This is the paradox
behind the polemic!

2.4 Dating by extinct radioactivity

2.4.1 The historical discovery

Chemical elements — thatis, the nuclei that make up most of their mass — have been manufac-
tured in stars ever since the Universe came into being. This is nucleosynthesis. Of the nuclei
formed, some are stable and others radioactive. Among the radioactive nuclei some have very
shorthalf-lives: they decay quickly giving rise to their stable daughter isotopes. All of this goes
on everywhere in interstellar space and is what provides the ordinary matter of the Universe.
Theseisotopes areincorporated into interstellar matter as gases or dust (see Chapter 4).

Butsuppose that nucleosynthesis of heavy elements (explosion of a supernova) occurred
in the vicinity of the place where the Solar System formed giving rise to certain short-lived
radioactive isotopes. Suppose too that the solid bodies of the Solar System form while these
radioactive isotopes are notyet extinct. These “young” radioactive isotopes will be incorpo-
rated with the other interstellar material in these solid bodies (planets or meteorites) and
there they will decay and give rise to daughter isotopes. The solid objects having received
such inputs will therefore have abnormal isotope abundances for the isotopes produced by
decay ofthe radioactiveisotope. Detecting such anomalies is therefore the first step in show-
ing the existence of extinct radioactivity.

In1960 John Reynolds at Berkeley discovered a large excess of the isotope 129 in the iso-
topic composition of xenon in the Richardton (H4) meteorite (see Reynolds, 1960)
(Figure2.6). Now, thisisnotanyoldisotopebut the decay product ofiodine-129 (radioactive
iodine we know how to make in nuclear reactors) whose half-life is 17 million years and
which, if it formed before the birth of the Solar System, has disappeared today. And indeed
naturally occurringiodine has only a singleisotope, '*’I.

To prove that the excess '**Xe did come from the '*°1, Peter Jeffrey and John Reynolds
came up with a most ingenious experiment combining neutron activation analysis, mass
spectrometry, and stepwise outgassing by temperature increments. They irradiated a sam-
pleofthe Richardton meteorite usinga flux of neutrons. The '*"Iwas transformed by nuclear
reaction (n, ) into radioactive "**T which transformed by 5~ decay into **Xe. This reaction
iswritten

1271 (n, )12 Posye
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Figure 2.6 Mass spectrum of xenon in the Richardton meteorite as measured by Reynolds. The bars
indicate the height of ordinary, say atmospheric, xenon.

They then heated the irradiated sample progressively, after placing it in the vacuum and puri-
fication line of a mass spectrometer. They analyzed the isotope composition of the xenon
extracted at each temperature increment and observed that the excess '2*Xe was extracted
atthe same temperatureas halfofthe '**Xe, whereas “ordinary” xenon was extracted at a dif-
ferent temperature. Jeffrey and Reynolds (1961) concluded that '**Xe s situated at the same
(crystallographic) site as natural iodine and therefore is indeed the daughter of *°1.

This extraordinary discovery has two important consequences. First, it shows that,
before the Solar System formed (at a time in the past 5-10 times the half-life of *°1, that is,
85-170 million years), there was a synthesis of heavy chemical elements. In addition, this
radioactive decay provided an exceptional and unexpected dating tool for studying the per-
iod when meteorites (and also, as we shall see, the Earth) were formed (see Figure 2.7). We
shall concentrate on this aspect now.

2.4.2 lodine—xenon dating

Let'*I*(0) be the numberofnuclides formed by nucleosynthesis attime s = 0, defined as the
end ofthe nucleosynthetic process. The radioactive iodine decays by the law:

1291*(1) _ 1291* (0)efit.

Supposenow that, attime#;, some of theiodineisincorporated ina meteorite (A) and attime
t>some other iodine in a meteorite (B).We can write:

12912(11) — KA 1291*(0)672[1
12919];(12) — KB 1291*(0)6—/1[2.
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Figure 2.7 Evolution of **°| in the Solar System and its trapping in planetary bodies; AT is the time
between the end of nucleosynthesis and the accretion of planetary objects.

Here K and Kgarethefactorsofincorporation of iodine between the interstellar cloud and
meteorites A and B, which is the ratio between iodine concentration in the interstellar
cloud and in the meteorite. For two meteorites of different chemical compositions, K4 and
Ky are different. In each meteorite, the '*°Idecays completely into radiogenic '*°Xe, 127 Xe*
(withan asterisk):

129Xej<\ — 129 IA(tl) 129X€E _ 129IB(l2).

How canthisbeused for datingas we donotknow the values of K, Kg, and 1(0)?

Todine has a stable isotope '?I (the only one for that matter). We divide the express-
ions describing '*’I decay by */I. We can assume that the incorporation of iodine by the
meteorites obeys chemical laws, and so the same rules apply for the 129 isotope as for the
127 isotope. This means the Kvalues are the same for both isotopes. The K coefficients can
therefore be removed from the equations describing the evolution of the isotopic ratios. This
gives:

1291 1291 Y
{ﬁ(n)]A: [ﬁ (0)}6 ‘
1291 129I s
0] = [ @)

There remains one unknown in these equations, namely the ratio'’I* /!1>71(0), in other
words the (**°I/'*"I)isotoperatio at the end of nucleosynthesis. Itis a reasonable assumption
that it was identical throughout the Solar System (and so for all meteorites). We can then
find the ratio between the two isotope ratios of our two meteorites:

1297
{1271 (ll)]A

)

B

_ eﬂ(tz—t,).
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Bymeasuring the (1291* /127I(t)> ratios in both meteorites, we can in principle calculate the
time interval between the formation of the two meteorites (¢, — #;). This method therefore
provides absolute—relative dating!

The problem comes down to measuring the (**°I*/'*’I) isotope ratio at the time the
meteorite formed. Total **Xe is the sum of initial ' Xe 4 '°T*(). Today *°T*¢) = '**Xe*,
since "*’T has decayed entirely. Therefore:

1297 % _ 129 129
Xe" = Xetotal - Xeinitial .
Theinteresting ratios:

1291 129Xe* 129Xe* Xetotal y iy
1271 Xetotal

ﬁ (l B Itotal
with 4 = '2°1/1271(0) at the end of nucleosynthesis.

The problem comes down to measuring the fraction of radiogenic '**Xe* in total xenon,
and then measuring the chemical (Xe/I) ratio, since theiodineis all *’I.

We can calculate the age to the nearest coefficient and therefore, by taking the ratio
between the values for the two meteorites, determine the relative age of the two meteorites.
Thebeauty of this method lies in its capacity to measure very brief intervals of time between
the formation of planetary objects billions of years ago.

Exercise

The *2°1/*%"| isotope composition measured on the Karoonda and Saint-Séverin meteorites is
1.3-10 *and 0.8 - 104 respectively. Given that the half-life of iodine is 17 Ma, what is the
age difference between the two meteorites?

Answer
If =17 Ma

In2
AzT:4-1o*8 yr .

The dating formula is applied:

hence At =1 In(1.3/0.8) = 12.1 million years. This age is actually the maximum interval
measured.

Exercise

Given that the half-life of **°| is 17 Ma, what is the shortest interval of time that can be
estimated, given the uncertainty in measuring the **°Xe*/**’| ratio is 2%?

Answer
Suppose we always take the same reference, say, Karoonda. There will no longer be any error
relative to Karoonda but everything will be expressed in terms of this reference. Let us take
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the previous measurement and look at the limits of uncertainty. The value 0.8 has two limits,
at 0.816 and 0.784. Let us calculate the age At. We obtain 11.64 and 12.64, or 1 million years.
The age of Saint-Séverin (relative to Karoonda) is written 12.1 4+ 0.5 Ma.

2.4.3 Discoveries of other forms of extinct radioactivity

Since then many forms of extinct radioactivity have been discovered, which we shall use as
required. Each discoveryhas required the identification by experiment of parent—daughter
relations in meteorites. We review them with a few briefcomments.

e Iodine—Xenon'?’1-'?°Xe, 7 = 25 Ma, discovered by Reynolds (1960).

e Plutonium—Xenon ***Pu—Xegsion, 7 = 84 Ma. This radioactivity, discovered by Kuroda
(1960), produces fission tracks and the fission isotopes of xenon *'Xe, **Xe, **Xe, and
B36Xe. Tt is an important supplement to the iodine—xenon method and was discovered
veryshortlyafter it.

e Samarium—Neodymium "**Sm—'**Nd, 7 = 146 Ma. This form of radioactivity, discov-
ered at San Diego by Lugmair ez al. (1975), is interesting because it is has a long half-life
and allows us to connect long-duration phenomena that occurred around the time of 4.5
billionyears ago.

e Aluminum-Magnesium *°A1-*’Mg, 7= 1Ma. This form of radioactivity was first
detected in certain minerals from very ancient meteorites by the team of Gerald
Wasserburg at the California Institute of Technology (Caltech) (Lee et al., 1977). It was
of historical importance but it is probably more important still that aluminum is a deci-
sive constituent of meteorites (2-3%). It is probable that *°Al was instrumental in the
veryearly thermal history of planetesimals and its influence should be added to the calcu-
lations already done on this topicin Chapter 1.

e Palladium-Silver 'Pd—'"’Ag, 7 = 9.4 Ma. This form of radioactivity was detected in
iron meteorites by the Caltech team (Kelly and Wasserburg, 1978). It has shown how
old these meteorites are. This means that metallic iron differentiation is a very ancient
phenomenon in the processes of formation of the Solar System.

e Manganese—Chromium **Mn—>*Cr, 7 = 5.3 Ma. This form of radioactivity, discovered
in Paris by Birck and Allégre in 1985, is interesting because the manganese and chro-
mium fractionate because of their different volatilities.

e Iron—Nickel *°Fe—°"Ni, 7 = 2.1 Ma. This form of radioactivity has been found in just a
fewbasalticmeteorites by Shukolyukovand Lugmair (1993) at San Diego. Itisimportant
becauseironisaveryabundantelement.

e Calcium-Potassium *'Ca—*'K, 7=0.143Ma. This form of extinct radioactivity is
important because of its short half-life. It was discovered by Srinivasan ez al. (1994).

e Hafnium—Tungsten '**Hf-"%*W, 7 = 13 Ma. This form of extinct radioactivity, discov-
ered by Harper and Jacobsen (1994) at Harvard and then by Lee and Halliday (1995) at
the University of Michigan, is very important because Hf and W fractionate during
metal—silicate separation, allowing this separation to be dated, including in planets (dif-
ferentiation of the core).We shalluse this schemelateron.

e Niobium—-Zirconium *>Nb-°?Zr, 7 =36 Ma. This newcomer to the “club” of forms of
extinctradioactivity, discovered in Zurichby Schonbachler ezal. (2002),isyettobe exploited.
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Figure 2.8 Improvement in determination of decay constants over time: the example of **’Sm.

e Chlorine—Sulfur **C1-98% *°Ar / 2% *°S, 7 =0.43 Ma was discovered recently by a
Chinese team, Lin etal. (2005). Noanomaly on **Ar was found, only on **S.

e Beryllium—Boron '°Be—'"B, T = 15 Ma was discovered by McKeegan, Chaussidon,
and Robert (2000).

e Lead-Thallium °Pb—>°’TI, T=151 Ma was recently discovered by Neilsen,
Rehkamper, and Halliday (2000).

Othershave notbeen confirmed and are not listed here.

2.5 Determining geologically useful radioactive
decay constants

Asjustseen, whatallows us to calculate age and is the very essence of the radioactive clock is
the radioactive constant 1, namely the probability that a nucleus will decay. How can thisbe
determined? This is difficult a priori, given that the constants are generally very small
because activity is low (see Figure 2.8). To simplify there are three methods more or less
derived from the dating method:

(1) direct measurementofradioactivity by ANactivity: ifwe know N, we can deduce 4;

(2) measurement of accumulation of the daughter isotope (both these series of measure-
ments are doneinthelaboratory);

(3) geological “comparison”ofages obtained by various methods.

We shall examine these three techniques in the case of 'R b.

2.5.1 Measurement of activity

We start with the fundamental equation describing decay
d87 b __ 187
TI} = A I{b7
thatis, the number of Sparticles emitted by unittimeis equal to A %’Rb.

Let us take 1kg of ¥Rb, which corresponds to 10%/87 x 6.023 - 10*g (6.23 - 10% is
Avogadro’s number), or 6.92 - 10** atoms of *’Rb. If 2=1.42 - 10~ " yr !, the number of
(3 particles emitted in 1 year is 6.92-10**x141-10"", or 98264 -10" particles.
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Remembering that 1 year ~ 3 - 10’ seconds, that corresponds to 3.275 - 10° disintegrations
persecond, which is ameasurable value: even 10 gof pure rubidium will suffice.

The difficulty lies in measuring 5~ particles. Some of these particles are absorbed by the
rubidium deposit itself. It is fundamental then to make layers of rubidium of variable thick-
nesses and to correct whatisknown as auto-absorption. These are tricky methods to master.

2.5.2 The radiogenic isotope produced

For Rb we try to measure the ¥’Sr accumulated. Take 1 kg of pure *'Rb. How much *’Sr
doesitproduceinlyear?

Y8r=10°gx1.42-107"=1.42. 108,

thatis14.2 ng. As strange as it may seem, such a quantity can easily be measured with a mass
spectrometer by isotope dilution.

Naturally, in practice we try touse both methods and to compare the results. The question
is, of course, how dowe obtain 1 kg of pure oralmost pure * Rb? Isotope separation is expen-
sivesowetryrather touse natural rubidium, inwhich thereis onlya fraction of R b. The dif-
ficulty is that there must be very little *’Sr in the rubidium being measured. The rubidium
must therefore be very carefully purified by chemical methods, which is difficult for such a
large amount of rubidium. The measurement uncertainty stems from this.

2.5.3 The method of geological comparison

If we know the age of certain rocks from methods with decay constants that are easier to
determine (such as uranium) we can then calculate the constant Ary, by measuring the
87Sr/*’R bratios on a series of rocks or minerals whose (U/Pb) age is known.

This method toois difficult toimplement as we must be sure that the various systems have
remained closed, as we shall see in the next chapter. Even so, the method is essential for
ensuring the geological reliability of the different methods. To avoid geological difficulties,
much use is made of cross-calibrations with meteorites and moon rocks. Why so? Because
meteorites are rocks dating from the origin of the Solar System (and therefore old) and have
not been subjected to major “disruptive” events. We proceed by trial and error combining
the different approaches. Aninternational commission makes regular reviews and updates
the constants asneed be.

Let us give three important geological comparisons that use the constants given in the
table.

Moonrocks
We choose Rock 10072, which has comein for particularly close scrutiny. As the U/Pbratioislow
this dating method isnot good butitis a good way of comparing Rb—Sr, K—Ar, and Sm—Nd.

Dating method

Rock10072 K-Ar Rb-Sr Sm-Nd

Time (Ga) 3.52+0.4 3.57+0.05 3.57+0.03
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Eucrites (basaltic achondrites)

These are basalt meteorites, in other words ancient extraterrestrial lava flows. Dating by
U-Pb is extremely precise because the U/Pb ratios are high. As said, the uranium decay
constants are the references. However, Rb—Sr is not very precise as Rb/Sr ratios are really
low. (We are anticipating a little on the next chapter)) The K—Ar, Lu—Hf, and Sm—Nd dat-
ingsare also relatively precise.

Dating method

Eucrite U-Pb Rb-Sr K—-Ar Sm—Nd Lu-Hf
meteorites

Time (Ga) 4.554+0.05 4.50+0.14 4.50+0.1 4.53+0.04 4.57+0.19

Ordinary chondrites

These are the most common meteorites characterized by the presence of chondrules.
Comparison of Pb—Pband Rb-Srdatings is very precise. Similarly, K—Arand Re—Os are
insuitable agreement.

Dating method
Ordinary chondrites U-Pb Rb-Sr K-Ar Re-Os
Time (Ga) 4.554+0.05 4.55+0.08 4.5240.05 4.54+0.02

Table 2.3 Comparison of methods for determining radioactive decay constants

Isotope Laboratory counting Accumulation Geological comparison
2381,25U,2%Th, Thisisthereference Notused Thisis the reference for
andradioactive methodandis (relatively) other methods
chains precise
8Rb Difficultbecause of auto- Difficulttoshow up Comparisonbetween
absorptionof 3~ raysby  because oftraces of initial methodsandin
the powderbeing 87Sr, which is hard to particular between
counted remove meteorites is essential
'87Re Impossible:insufficient ~ Thisisthebestmethod;  Comparisonwith other
Benergy (high auto- wemeasureaccumulated methodsand particularly
absorption) 8705 meteorites remains
essential
7610 Poordetermination Difficultbecauseofthe =~ Comparisonsbetween
importance ofinitial Hf  methods areuseful
7Sm Poor determination Difficult because of Comparisons between
initial Nd, whichishard  methodsare useful
toremove
0K Very precise counting Should be possiblein a Comparisonisdifficult
well-sealed flask because *°Ar diffuses

readily
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2.5.4 Conclusions

Laboratory determination of uranium and thorium constants by counting is the most pre-
cise method. These decay constants are then taken as references for other measurements.

Table 2.3 shows the pros and cons of the different techniques for determining decay con-
stants for the different chronometers.

Problems

1 Given that the potassium content of the silicate Earth is 250 ppm,® how much *°Ar is created in
4.5 -10° years? *°K=1.16 - 10™* Kiotal-
Given that *°Ar cannot escape from the Earth and the quantity of *°Ar in the atmosphere
is 66 - 10*® g, what conclusion do you draw?

2 Suppose a series of zircons gives the results in the table below. Calculate the *°°Pb/?2U,
207pp /235, 207pp /296pb, and 2°8Pb/?32Th ages. Which ages appear most reliable to you? If we
know that the samples must be of the same geological age, which age would you recommend?

U (ppm) Th(ppm) Radiogenic Pb (ppm) 2°°Pb/2°*Pb  2°7Pb/2°*Pb  2°%pb/?°*Pb

415 86.4 30.5 1138 84.34 116.2
419 84.0 30.4 1984 130.7 162.5
482 85.0 32.6 2292 147.5 1741
507 81.8 34.0 3301 206.0 2294

3 The K—Ar ages of two volcanic rocks from the island of Santa Maria in the Azores are measured
as below.

Rock mass (g) K,0% Radiogenic *°Ar (10~ ** moles g %)
1.81 1.83 13.90
0.64 0.92 5.60

Calculate their ages. Given that the error is + 5%, what can you say about these two rocks?

4 To apply the *°Th—?28U method to carbonate rocks formed in the ocean, allowance must be
made for the fact that (***U/?8U), = 1.15 in activity and that 2*°Th derives entirely from *3*U
decay.

(i) Draw up the complete 2>*U/?*8U dating equation.
(ii) Draw up the 23°Th, 23*U, 238U dating equation assuming that (*°Th), = 0.

5 The isotopes**Pa and 2*°Th are both insoluble and isolated while uranium isotopes remain in
solution.
(i) Draw up the dating equation based on the *3*Pa/>3*°Th ratio.
(i) What is the time-span over which it can be applied?

3 Previously we used 210 ppm. Readers should be aware of variations in values used by different authors in
such determinations.



CHAPTER THREE

Radiometric dating methods

We have so far examined the principles of radioactive dating with simple assumptions,
namely that the initial amount of daughter isotope is negligible and that the system (mineral
or rock) whose age is to be determined has remained closed since it first formed, that s, it has
neither lost nor gained parent or daughter isotopes in the course of its geological past. These
two conditions do not usually pertain in nature. Sohow can these difficulties be overcome?

3.1 General questions

3.1.1 Rich systems, poor systems

The datingequation showed that a distinction has to be made between systems with negligi-
ble initial radiogenic isotope and systems with abundant initial radiogenic isotope. In the
firstinstance, that ofarich system (understood as radiogenically rich), an age can be calcu-
lated in theory from direct measurement of the parent and daughter isotopes. In the second
instance, thatofa poor system, some method must be found for estimating the initial abun-
dance ofthe radiogenicisotope.

For a system to be considered rich, the radioactive isotope must be abundant compared
with the radiogenic element. The chemical composition of the system under study must be
such that the ratio of the radioactive isotope to the stable reference isotope' is very high. The
time for which it has been decaying must be long enough for radioactive disintegration to
have produced enough of the radiogenicisotope.

Exercise

The [®7Rb/®°5r] ratio in a biotite is 3000. Can a 300-million-year-old biotite be considered a
rich system?

Answer
The [®7Sr/3%Sr] radiogenic ratio is written [37Sr/26Sr] ~ [#7Rb/2°Sr] At. Calculation with T=3
- 10% years and A=1.42 - 10 " yr * gives:

[®7sr/%°sr] = 3.10° x 1.42-107% x 3.10° = 12.6.

! The reference isotope is an isotope close to the radiogenic isotope of the same chemical element which is
stable and is not itself a product of radioactivity.
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The initial [3”Sr/2°5r] ratios of common strontium vary from about 0.720 to 0.705. These
variations are negligible compared with 12.6. The biotite is indeed therefore a rich system.

In practice, the initial daughter isotope ratio is not completely ignored when calcu-
lating the age of rich systems but this so-called normal ratio is estimated from meas-
urements of various minerals and a conventional value is taken to make the correction.
A catalog of rich systems for each radioactive clock has been drawn up by the system-
atic study of the commonest rocks and minerals. In each case, allowance must be made for
theage of the system, which is an essential feature, of course. This catalog isrelatively limited.

For the ®’Rb-*Sr method, it comprises above all micas like biotite K(Mg,
Fe);AlISi50,0(OH), and muscovite KAI,Si3;0,4(OH), as well as some quite old potassium
feldspars (KAISiz;Og).

For U-Th-Pbmethodsthereare uranium ores proper, and then uranium-rich minerals.
The commonest is zircon (ZrSiOy4) but there are also sphene (CaTiSiOs) and apatite
Cas(PO4);(OH).

For “°K-*°Ar and U-*He methods, all systems may be considered rich since rocks
usually have negligible initial argon or helium contents (except the very young ones).

For the '"®"Re—'¥¢0s method, the current rich mineral is molybdenite (MoS,), but also
basaltic or granitic rocks (where ['*’Re/'#¢Os] ratios are frequently 500-20 000) as well as
minerals of these rocks such as olivine or the pyroxenes.

Rich systems are very rare for the other chronometers such as 'YSm—'**Nd or
6L u—""°Hf because geochemical systems do not clearly separate samarium from neo-
dymium or lutetium from hafnium.

3.1.2 Closed system, open system

The fundamental assumption in radioactive dating is that the box (the rock or mineral) has
remained closed, that is, it has neither lost nor gained parent or daughter nuclides through
exchange with its environmentsince it first closed.

Now, while this assumption is accepted for parent elements nestled in suitable crystallo-
graphicsites (Rbin place of K, Uin place of Zr, etc.) it is less obvious for daughter elements.
The daughter isotopes produced by radioactivity are intruders in the crystallographic lat-
tice. They have been introduced “artificially” by radioactive transmutation. Why should
they stay there? This is particularly true of rich systems, since these radiogenic isotopes are
very abundant. They have been produced in a mineral which is “unfamiliar” to them, and
will therefore tend to escape fromiit.

The use of biotite in radiometric dating

Biotite is a black mica containing potassium (K) in its structural formula. Rubidium, which is
an alkali similar to potassium, can enter its structure and remain there. Potassium forms a
K* ion and rubidium a Rb™ ion. However, when it decays, ®’Rb yields ®’Sr.
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Strontium is an alkaline earth element similar to calcium. In ionic form it is bivalent with
formula Sr**. It is not structurally stable in biotite and so tends to escape by diffusion
whenever it can. The biotite system therefore has little chance of remaining closed for the
87Rb-%7Sr pair, above all if, in the course of its history, it has been subjected to meta-
morphic heating or weathering, which provide conditions amenable to the diffusion of 3’Sr
from biotite.

The question of whether a system is open or closed has been asked since the earliest
work in geochronology. Before trying to answer it, let us see what the effects are of
any leakage from the system. Let us take the example of rich systems, where the equa-
tion is of the form:

T Continuous loss & T Continuous loss
of parent & of parent @
R 3 ol R 3
& NS &
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Figure 3.1 Opening of a radiometric dating system: Ris the radiogenic/radioactive parent ratio; Ry is the
measured ratio. The top two figures show continuous, constant losses over time. The bottom two figures
show a sudden episodic loss followed by a long period in a closed system. T = real time, T,,, = apparent
time. Where Tg > T, the system becomes younger and there is a loss of the radiogenic daughter isotope
(left-hand diagram). Where T < T,pp. the system becomes older and there is a preferential loss of the
radioactive parent isotope. Where both are lost, the outcome depends on the relative values of the losses.
If they are equal, the system is equivalent to a closed system. If more daughter isotope than parent
isotope is lost, the left-hand diagram is relevant, and vice versa.
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R=-2_
Ip

(1)

where ¢is an increasing function of time, Ip and Ip the daughter and parentisotopes, and R
the parent—daughter ratio. Ifalittle of the daughter isotope islost, the age calculated will be
false because “tooyoung.” This is by far the commonest case. Ifa little of the parentisotope
islost, the age calculated will be false because “too old.”A gain in I, or Ip would, of course,
have the opposite effect (Figure 3.1).

3.1.3 Continuous or episodic losses

The question of the closed character of the boxes arises with two very different geological
scenarios.

In the first scenario, the system continuously loses (or more rarely gains) radiogenic iso-
topes over the course of geological time. This process has been evoked for argon, helium,
and the other rare gases, which are not chemically bonded within minerals and so tend to
escape constantly by diffusion. It may also be true of isotopes of soluble elements exposed to
chemical alteration at the Earth’s surface (K, Rb, Sr, U, Pb).

The alternative scenario involves sudden events that punctuate geological time: tectono-
metamorphic crises, igneous intrusions, volcanic eruptions, folding, etc. Over a short per-
iod (compared with the duration of geological time) the system loses or gains theisotopesin
question.

There may also be a combination of both circumstances, when the history of a rock is
divided into two episodes: one, say, at low temperature when the system is closed and the
other at high temperature where continuous loss occurs between moments of “crisis.”
Naturally, the more complex the scenario the more difficult it is to decipher and above all
themoredifficultitis to come up with a single interpretation.

Exercise

Suppose we have the rich 3’Rb-%’Sr system of muscovite (white mica). The simplified
dating equation is [¥7Sr*/3"Rb] = At.

(1) Suppose that recent heating has caused the mineral to lose 30% of its 3”Sr*.
If the mineral is really 1 billion years old, what will be its apparent age determined by
measuring ’Sr* and 8’Rb today?

(2) Suppose the muscovite has been weathered by water which has leached 10% of
the Sr and 50% of the Rb (the Rb was more soluble than the Sr). What will its apparent
age be?

Answer
(1) The simplified expression can be written:

tapparent - [ &7 Sl real :|

treal 87Srclosed

giving

87SI‘real = (1 - 0~3) 87SI’closed =07 875rclosedv
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Therefore, t;pparent = 700 million years.

(2)

87
tapparent . [ SI’apparent:| . |: 87R|:’closed :l _ 0.9
treal 87srclosed

87Rbapparent

The apparent age will be 1.8 billion years.

3.1.4 Concordant and discordant ages

With this concern, how can we be sure that a geological age is reliable? The method
unanimously employed for testing whether a result is reliable is the age concordance
and discordance method. Suppose that, with the methods just described, that is, those
applicable to rich systems, we wish to test whether a geological age determination is
reliable.

Suppose we measure the ages of potassium feldspar, muscovite, and biotite minerals of
the same granitic rock by the ¥’ Rb—*"Sr method. We can hope they will be identical and
yield an age for when the granite crystallized.

Ifthe ages are concordant, that s, if they are close to each other, we accept thereis a good
chance the common age is geologically significant. This is because we admit that a disrup-
tive event will have different effects on different clocks because of their chemical differences.
There will then remain the matter of relating this age to a specific geological event (magma-
tism, metamorphism, sedimentation, etc.). Suppose that, for the Quérigut granite already
discussed, the ¥ Rb—""Sr method were toyield ages of 296 million years for potassium feld-
spar, 295 million years for muscovite, and 293 million years for biotite. These ages can be
considered concordant around 296 million years. Given the geological setting (ages of the
terrain they cut across and of the overlying terrains) it is reasonable to accept that this is the
age of emplacement (intrusion) of the granite. Suppose, though, that for a rock of the same
granite sampled close to a fault we find ages of 110 million, 90 million, and 50 million years
for the same three minerals.We would conclude that the system had been disrupted by some
secondary phenomenon, probably related to the formation of the fault, and so that proper
age determination is not possible. There are two stages in the reasoning, then. In the first,
concordance supports the idea that the age is geologically significant. In the second, the
geological context allows the age to be identified, that is, to be attributed to some specific
geological phenomenon.

If the ages are discordant, then we accept that the basic assumptions of the model
have been breached and that the ages so determined are not geologically meaningful. From
now on, therefore, we shall speak of apparent age for a crude date measurement and shall
reserve theterm “age” for geologically significant dates.

Remark

Apparent age is an isotope ratio converted into time units. Validating it as a geological age is a
complex process. The apparent age is chemical and isotopic. It is of temporal and geological
significance only if certain conditions are met.
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Figure 3.2 Graph of apparent “°K—"°Ar ages. Dispersion is quite wide because ages range from 30 to
80 Ma. The most probable age is indicated by the arrow, since the most likely process is that the system
lost argon over the course of time.

Suppose we measure the “°K —*°Arage of a series of presumed cogenetic basalts (here is
an essential word! — cogenetic means derived from the same genetic phenomenon). We
draw the graph (Figure 3.2) and the mean indicates an age of 60 million years. The “chemi-
cal” statistical test is correct and indicates an age of 60 + 5 million years. Have we met the
concordance criteria? The answer isno.

First, the histogram is asymmetrical and is not a normal distribution. The point is
that *°Ar is a gas produced by the decay of “°K and tends to escape from minerals.
This loss is a statistical process and makes ages younger. In the case in question, an
age of 65 million years is more likely to be the real age than the mean age is, which
reflects rather the statistic of argon losses. But this is only a hypothesis as we have no
means of calculating the age for certain. The concordance criterion must be based on
various sets of measurements:

e Severaldifferentsorts of boxes and a single chronometer.

e Several chronometers and a single type of box (Rb—Srand K —Aronbiotite).

e Several chronometers on several boxes (Rb—Srand K—Aron biotite and muscovite). In
such cases the boxes have to be closed at the same time during the same geological phe-
nomenon. Such boxes are said tobe cogenetic.

Cases of perfect concordance are rare with rich systems. The question is how can we go
beyond this disillusion.
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3.2 Rich systems and solutions to the problem
of the open system

3.2.1 The semi-quantitative systematic comparative approach

Thebasicidea is simple enough. For a given problem in a given geological case, we measure
apparent ages by various methods applied to various minerals. We compare the apparent
ages and try to establish a systematics. For example, we observe that amphibole generally
has a greater apparent age than biotite when measured by the K—Ar method. We deduce
that amphibole conserves its argon better than biotite does. Similarly, we observe that the
apparent Rb—Srage of biotite is generally greater than its apparent K —Ar age. We deduce
that biotite retains the radiogenic ¥’ Sr* better than it does the **Ar. In this specificinstance,
these purely comparative studies were first based on field studies that we looked to multiply.
Laboratorystudies of diffusion were required to supplement this approach.

Laboratory study of diffusion and extrapolation
Diffusionisthe process wherebyachemical species propagatesinarandomwalk, justlikeheat,
say, can propagate. Mathematically it obeys Fourier’slaw, written here for a single dimension:

oC 0*C
o~ Paw

where Cisconcentration, tistime, x is distance, and D the coefficient of diffusion. Thislaw is
also expressed by a simpler-looking formula:

oC
o--(5;)

where (9C/0x) is the concentration gradient and Q the flux of matter which diffuses. The
diffusion coefficient D is expressed in cm®s ™' or in m? s ! (be careful as other units are
sometimes found in the literature).

The analytical solutions of this equation are known for simple geometrical cases: plates,
spheres, half-planes, etc. Nowadays computers can provide numerical solutions to all pro-
blems, or almost all. It is therefore easy to calculate the evolution of a radioactive system in
a box of given shape and size by superimposing diffusion on radioactive decay. Figure 3.3
shows the results of such calculations for a K—Ar system supposed to evolve from a sphere
inwhich eitherargon or potassium can diffuse.

Solutions to the diffusion equations are generally expressed by the approximation
x ~ /Dt wherexis distance,  time, and D the diffusion coefficient. The relevant parameter
for diffusion is (D/a?), where a is the radius of the sphere. The diffusion coefficient D obeys
Arrhenius’equation:

—FE
D= D() exXp <”>

where7T'is temperature (in degrees Kelvin), Factivationenergy,and R theideal gas constant.
Dyisaconstant dependenton the nature of the mineral butis independent of temperature.
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Figure 3.3 Calculation of the diffusion of “°Ar and “°K over geological time out of a spherical mineral
and its effect on the chronometric curve. The figures are relative to the parameter D/a” expressed ins .

In addition, as might be expected, mineral size is essential: the larger it is the better the
retention of argon. This is just what is found when we study, say, the K—Ar age versus
mineral size (Wasserburgand Hayden, 1955).

Remark

To determine diffusion coefficients in the laboratory we take a mineral whose shape and
dimensions have been “measured” under the microscope and we measure the amount of
isotopes escaping from it by heating the mineral progressively at different controlled tempera-
tures. By plotting log D in these results versus (1/7), we can calculate the activation energy and
estimate Dy from the formula D = Dy exp(—E/RT) or log D = log Do(—E/RT) (Figure 3.4).

To conductsuch laboratory experiments it is essential to take natural samples containing
“intrusive” radiogenicisotopes, and thus quite old samples, which have notbeen exposed to
secondary phenomena (metamorphism, erosion, etc.). (These are rare and precious sam-
ples.) How canthe results be applied? A first exercise will help us with this.

REEEE

What is the diffusion coefficient of *°Ar in biotite at 50 °C and at 1000 °C if we know that
the activation energy is £= 21 kcal per mole and that at 600 °C D/a*=2-10 *° per second
(dividing by a* removes the dimension in cm?)?

Answer

Temperatures are converted into Kelvin, giving 323 K and 1273 K. For the temperatures
considered, E/R~ 10* since R=1.98 cal mol * K~ *. By using Arrhenius’ equation this gives
D323/az = 13 : 10716 571 and D1273/02 =7 - 1077 571.
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Table 3.1 Closure temperatures

Closure Grain dimension
Mineral temperature (°C) (10~ °m) Reference
Hornblende 685+ 53 210-840 Bergerand York (1981)
Biotite 373 £21 500-1410 Bergerand York (1981)
K-feldspar 230+ 18 125-840 Bergerand York (1981)
Plagioclase 176 + 54 125-210 Bergerand York (1981)
Microcline (pure 132+13 125-250 Harrison and McDougall (1982)
K-feldspar)
10-9
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Figure 3.4 Variation of the diffusion coefficient with temperature. Two sanidines (volcanic potassium
feldspar) from two different rocks yield very different results. One is very close to the coefficient
measured on a microcline crystal (granitic potassium feldspar) while the other is very different. This
shows that diffusion coefficients depend largely on mineral history and that it is difficult therefore to
use these experiments to make precise geological age determinations.

Clearly, then, the diffusion coefficient is extremely sensitive to temperature. Many
rocks and minerals that are to be dated by Rb—Sr or K—Ar methods of rich systems (bio-
tites, muscovites, potassium feldspars) crystallize at high temperatures, be they magmatic
rocks or metamorphicrocks. Emplacementis generally followed by cooling. This prompted
theideaofdefiningatemperature at which the systembeginstoretainthe radiogenicisotope
for each mineral. As the activation energies of the various minerals are different, these
closure temperatures are different (Table 3.1). Slight differences in apparent age are used to
define cooling curves for the rock and therefore for the massif or even for the region to
which the minerals belong (Figure 3.5).
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Figure 3.5 Cooling curve of an orogenic segment of Grenville Province, Canada, based on K—Ar apparent
ages and on the retentivity of the different minerals. After Berger and York (1981).

Remark

The cases most studied by these methods are of thermal variations during orogeny (mountain
building) where estimations are made of how the crustal block cooled as it rose to the surface;
at what speed and over what temperature range, etc.

The study of contact metamorphism

The decisive step in this type of semi-quantitative approach was the study by Stanley
Hart (1964) (Figure 3.6), then a student at the Massachusetts Institute of Technology,
confirmed by Gil Hanson and Paul Gast (1967), then at the University of Minnesota,
who studied the ages obtained by the different methods for an instance of contact
metamorphism.

Contact metamorphism occurs when granite is intruded into a geological series.
Physically, such metamorphism corresponds to sudden heating by a body of defined geo-
metry. The thermal evolution of such a problem can be readily processed mathematically.
The isotherms and their variations over time are easily obtained. Hart chose to study the
result of a Tertiary intrusion some 60 Ma old (Eldora) in the Precambrian terrain of
Colorado. There is a big age difference between the intrusion and the surrounding rock.
He studied the variation in Rb—Sr, K—Ar, and U-Pb ages on different rich minerals of
the Precambrian formation with distance from the point of contact. The “apparent” age
of all the minerals varied with distance from the contact, which was what he expected. At
the contact point, it is the same as the age of the intrusion and then it progressively con-
verges towards the age of the surrounding rock at a great distance from the contact. What
is interesting is that at any given distance from the contact, the order of apparent ages
determined by the various methods on the various minerals obeys a coherent logical
schema.

The reliability of “rich”chronometers has been estimated on the basis of such a sequence
and a few laboratory experiences. They are ranked here in decreasing order of reliability of
the ages obtained.
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Figure 3.6 Contact metamorphism of the Eldora stock, Colorado, studied by Stanley Hart. This figure is
famous. Top: the geological section. The scale of distances in (a) and (b) is logarithmic. (a) The thermal
profile, that is, the maximum temperatures reached at each point versus distance. Curves A and C are
from two values of thermal diffusivity. (b) Apparent ages versus distance.

206pp—207 P zircon >2Pb—2* U zircon >*’Ar—*° K amphibole > Rb—
87Sr muscovite>*"Rb—*7 Sr biotite>* Ar—*° K biotite>*Ar—*" K feldspar

Although there are many exceptions to this ranking, it allows a series of apparent ages to be
gauged rapidly. Thus when, say, >*’Pb—2°Pb on zircon gives the same age as *’Ar—*"K on
biotite there is a good chance the age is correct. When the difference between the “°Ar—*°K
on amphibole and ¥ Rb—*Sr on muscovite ages is slight, we consider we are close to the
true age, etc. While this empirical approach is useful, it does not, alas, provide a
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thoroughgoing solution to theissue of reliability. In particular, how can an age be calculated
when thehypotheses of the simple model are not satisfied?

Exercise

Analysis of a granite yields: U-Pb on zircon, 520 Ma; K—Ar on amphibole, 480 Ma; K—Ar on
biotite, 400 Ma; Rb—Sr on biotite, 460 Ma; Rb—Sr on muscovite, 470 Ma. What seems the
likely age of intrusion of this granite to you? How reliable is the result?

Answer

The true age is probably around 550-540 Ma. The reason being that some disruptive
phenomenon has affected the region as there is clearly a discordance in ages. The most
robust of the chronometers is U-Pb on zircons, but it is not perfect and this apparent age
may be made a little older. But this reasoning is very rough and ready as can be seen!

3.2.2 The concordia method

This method has been devised for calculating a system’s true age even though the system is
an open one. This is done by exploiting pairings of chemical behavior which may be found
withvarious radiochronometers.

Uranium-lead systems

Uranium-—lead systems using >**U — 2°°Pb and ***U — 2°’Pb decay have an interesting
feature: both parents and both daughters are of the same chemical nature but have very
different decay constants. This pairing is exploited for determining geological ages even
when the system is an open one.

Letus consider a uranium-rich material. It may be zircon (ZrSiO4), a common mineral
in granite rocks, sphene, uraninite, or apatite, minerals containing little “common” lead
(detected by measuring the non-radiogenic isotope **Pb). The initial lead can therefore be
neglected in chronometric equations (rich systems) and we write :

206 P+
2358 :(eb}gl —1)

T e

U

Two ages canthereforebe calculated by measuring the 206pp, 297pp, 238, and > U contents
of minerals. Ifeverything complied with the assumptions (closed system, rich system, etc.)
these two ages should be identical, that is, concordant. The common age would therefore
indicate the time the zircon or apatite crystallized in the granite magma. This is sometimes
the case, but generally ages are found to be different and so discordant. To bring out these
age discrepancies we considera plot:

207pp 206pp,
= {Z”U} y= |:238U]'
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We plotthe curve of the parametric equation:
y= (e —1); x= (" -1).

This curve, which can be graduated for time, is known as the concordia curve. It is the geo-
metric locus of concordant ages. Any concordant age lies on the curve and any discordant
agelies off the curve.

The South African Louis Ahrens noticed in 1955 that when the 2°°Pb*/>**U and
207pp* /235U ratios (as before * indicates the isotopes are radiogenic) measured on suites of
cogenetic minerals are plotted, they tend to be aligned. These alignments cut the concordia
curve at two points, corresponding to two ages (¢ and #1). In 1956 George Wetherill of the
Carnegie Institution in Washington showed that the two “ages” obtained by Ahrens’con-
structions could beinterpreted as the age ofuranium ore crystallization and the age of a dis-
ruption that affected the minerals and caused uranium and lead exchanges with the
environment. Hereis a simplified demonstration of Wetherill’s model.

The uranium decays in a closed system from the time at which the mineral is crystallized
attimes = Ountil time¢,.

U(t) = Uge 7,

Suppose that at 7, some of the uranium was lost. Let us term the lost proportion «. There
remains (1 —c). Attime #; + At, the uranium becomes:

U(t; + Af) = (1 — a)Uge ™1,

Thisuranium decays in a closed system until time  when the analysis is conducted:

U(r) = U(t + At)e M=) = (1 — @)Uy e 1 e

U()=(1-a)Ue ™.

Letus see what becomes of the corresponding lead isotope. From 7, to f; the mineral system

is closed. We have Pb(#1) as (#;) = Ug(1 — e *1), as we assume there is no initial lead. At
time #; the system loses a proportion () of lead so at (¢ + A¢) the lead is therefore:

“Pb(t; — At) = (1 — B)Up(1 —e ™).

Betweenrand 7, lead is produced by decay of the uranium remaining at that time.
“Pb(1) = Pb(1; + Af) + U(t; + At) [1 - e’m”‘)} .

Replacingby their values Pb(t; +At) and U +At) gives:

"Pb(1) = (1= AUg[1 =] + (1 = a)Ug e [1 — e,

We replace Uy by U(f) to return to the traditional expression:
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U(t)e*

(-a)

We have to change variables because we have decided to take the present time as the origin.
Inthenew notation (in capitals), 7= ¢,7; =t — t;. This gives:

“‘Pb

G [ e+ 1)

Uy =

But for the decay constant the expressions are identical for both 2°°Pb—**U and
207pp_23U pairs, because the two lead isotopes and the two uranium isotopes must react
chemicallyinanidentical manner to the“crisis” which affected the systems at 7;.We write:

206pt, 207py,
|:238U:| =n {235U} =n

- (1 - ﬂ) [exle_ eAle] + [e)‘*T‘ _ 1}

l -«
V= B\ st st JsT,
o <_1_a)[es ] 4 [T - 1),
We caneliminate [(1 — ) /(1 — «)] between the two equations, so giving:

Vl _ I:e)Lng _ 1] e/{gT _ eAng
m—Wﬂ—u:[ }

6/15 T _ e/l5 T\

For fixed Tand 77, this expression takes the form:

rn—>XYo
Iy — Xp

= constant.

Thisis the equation of a straight line in an (-, ) plot. When § = oo = 0, that is, when the sys-
tem has remained closed, r; = (¢ — 1)andr, = (e*7 — 1).Theupper intercept with
the concordia therefore corresponds to 7; which is the initial age of the mineral population.
When (=1, that is, when the minerals have lost all their lead at T,
ri = (e#T — 1) and r, = (es71 —1).

The lower intercept with the concordia corresponds to 7. When 3 and « are between 0
and 1, the data points are on the straight line joining the two points of the concordia 7and
T1.When more lead than uranium is lost the points are between Tand 7;. When more ura-
nium than lead is lost the points are “above” 7'and therefore above the concordia (see
Figure 3.7).

We can then address the inverse problem and say that when the data points obtained on a
series of uranium-rich cogenetic minerals are aligned in the (*°°Pb/>**U, 2°’Pb/?*°U) plot,
the intersections of the straight line they define with the concordia curve determine the
initial age of the family of minerals and the age of the disruption experienced. We give a sim-
ple historical example, that of the Morton gneiss of Minnesota. The U—Pb measurements
being made on zircons, we obtain the age of the perturbation (Figure 3.8).



m Radiometric dating methods

E WETHERILL'S MODEL

Uranium loss —»
at T1
co‘é\a To
2 >
by <« Lead
5 loss
& atTy
5
T
ZOGPb*/ZBSU
u TILTON'S MODEL
=) ‘6'\3 To
* oL
L (¢)
*
)
&
5 T <« Continuous
lead
loss
207Pb*/235u

Figure 3.7 Theoretical diagrams of concordia construction for 2*3U-2°¢Pb and 2**U-2°Pb systems. (a)
The episodic loss model (Wetherill's model) at T, for zircons of age To; (b) the constant loss model
(Tilton’s model) by diffusion for the same zircons of age T,. The parametric curves are plotted on each
diagram. The ratios are given in number of atoms.
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Figure 3.8 Concordia plots. (a) The Morton gneiss of Minnesota; (b) different continental zircons of
common age 2.7 Ga. These plots can be interpreted as constant losses although they have different

geological histories.
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Wetherill ’s model has been used abundantly. Generally it is borne out but it has often
been observed that the lower intercept is difficult to interpret in geological terms because
the age determined corresponds to neither a known tectonic nor a metamorphic episode.
Thus, taking zircons of several continents of the same age of 2.7 Ga, and plotting the
U-Pb results on the concordia diagram, they seem to define the same lower intercept,
while the geological histories of the various parts of the continents and in particular the
tectono-metamorphic episodes later than 2.7 Ga are very different. To account for this, in
the 1960s George Tilton, at the Carnegie Institution, developed another model (Tilton,
1960). He assumed a continuous loss of lead throughout the rock’s history. In such a case,
the first part of the curve of evolution in the concordia diagram is a straight line starting
from the initial age. It then curves towards the origin. From this model, the lower intercept
is geologically meaningless and depends solely on the initial age. This can be demonstrated
mathematically by using kinetic equations. If we consider a continuous lead loss, the equa-
tions are written:

dr

du _
dU- _Ju

{—dpb* = U -G Pb
where G is a coefficient of lead loss which is assumed constant to simplify matters (we
assume thereisno uranium loss). Therefore:

de

T _
=it (- G)

P’
v

By positing Pb*/U = rand by integrating rg and rs, we obtain:

g :L (ls=G)t _ ) — As ((is*G)I_ )
g ig—G(e 1), rs /15—Ge 1).

Numerically, it can be seen that in an (g, rs) plot supposing G is identical for both
lead isotopes, the curve is a straight line in its first part and only curves towards the ori-
gin. It therefore has no significant lower intercept. Only the initial age is significant. If
a straight line is drawn through the data points, the upper intersection with the concor-
dia indeed gives the initial age but the lower intersection with the concordia is
meaningless.

Allégre, Albaréde, Griinenfelder, and Koppel (1974) showed that we could switch from
one model to the other. If several tectono-metamorphic crises are superimposed, they may
also generate a discordia whose lower intersection with the concordia is meaningless. This
is the case of old inherited zircons in the Alps. A complex polymetamorphic history gener-
atesregularities similar to a continuousloss.

As seen, interpreting the lower intercept is neither straightforward nor unequivocal!
Each case must be carefully examined, that is, one must have sound geological knowledge
of the region before reaching any conclusion. However, the upper intercept, when well
defined mathematically (spaced data points), seems more robust.
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Of course, an “apparent age” can be determined for each discordant mineral by the
207ppb/?°°Pb method alone. These apparent 2°’P/>°°P ages vary from the age of the lower
intersection to the initial age. We therefore have a whole series of apparent ages.”

And yet the chronometric equation is misleading a priori since if we consider only the
207pp_296pp, dating equation and suppose that lead is lost without isotopic fractionation, it
is easy to believe the system has remained closed for lead! This is what was thought some
50 years ago when some workers asserted that since the same granite had *°’Pb/?°°Pb ages
ranging from say 200 million to 1 billion years, that was evidence it had formed by diffusion
in solid state over hundreds of millions of years! In fact, the dating equation contains a hid-
denvariable — uranium! The true equation of the >*’Pb/**°Pb ratio, in the case of a episodic
loss, iswritten:

AT i STy
207Pb7 1 (1_a>(e 5T_65T1>+(e/1 g 1)

206pp ~ 137.8 <lﬂ> (CAST _ CASTI) + (eAng—l)

l —«

This equation shows that the ratio depends on the coefficients of loss Fand « (unless 773 =0,
thatis, if the loss is at the present day). This also illustrates that apparent and true ages must
not be mixed without care! Of course, it is tempting to measure the 2°’Pb/>°°Pb ratio alone
becauseitrequiresjust anisotope measurementoflead without measuring thelead and ura-
nium content, but, as has been seen, its interpretation is ambiguous. It must therefore be
used by taking certain precautions and by being familiar with the limits.

Exercise

We assume a continuous loss with G = 2. Calculate the apparent 2°°Pb/??8U, 2°7Pb/?3>U,
and 2°’Pb/?°®Pb* ages for a zircon whose initial age is 2.7 Ga.

Answer
206pp, /238y — 1.8 Ga, 2°7Pb/?3°U = 2.18 Ga, and 2°’Pb/2°°Pb* = 2.480 Ga.

Generalizing the concordia method
Allégre (1964) and Allégre and Michard (1964) extended this approach to other pairs of
chronometers (Figure 3.9).

e Uranium/lead—thorium/lead. This was a natural extension. The big difference was that
the Th/U ratio is variable and so the “magical” conditions of the U—Pb system do not
hold. The discordia straight line cuts the concordia at the upper intercept only. There is
no lower intercept as the discordia is actually a curve (Steiger and Wasserburg, 1966;
Alleégre, 1967) (Figure 3.9).

o Rubidium/strontium—potassium/argon. Hereagainthe discordia cuts the concordiaat
one point only. This generalization has confirmed the coherence of the two systems and
their behavior when disrupted (Allégre and Michard, 1964).

2 Apparent ages are measured by the slope of the straight line joining the origin and the experimental point
on the (rs, rg) plots.
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Figure 3.9 Generalization of the concordia method. (a) U-Th—Pb concordia; (b) Concordia applied to
methods of radioactive disequilibrium; (c) concordia applied to K—Ar, Rb—Sr methods. After Allégre
(1967), Allégre (1964), and Allégre and Michard (1964).

e Uranium—>*"Th, U-**'"Pa. This approach has been used for dating secondary mineral-
izations of uranium. It was then extended recently to other examples of dating corals.
These are mentioned here but notelaborated on (Allégre, 1964).

Such generalization of the concordia method is above all of fundamental methodological
interest. It shows that the behavior of the various radiogenic isotopes, although original,
is not “autonomous” and that there is redundancy which explains the regularities
observed and allows simple mathematical modeling.

3.2.3 Stepwise thermal extraction

Theideabehind thisapproach is to suppose that, when disruptive phenomena occur, radio-
genic isotopes migrate by diffusion towards the mineral boundaries or to cracks and that
there are “cores” which have resisted and which can be considered to be closed boxes.We go
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Figure 3.10 The *°Ar-*°Ar method. Each small rectangle represents horizontally the size of a mineral
(the center has coordinate zero and the edges +d, —d). The ordinates show the “°K and “°Ar contents.
Top: evolution over time in a closed system. Notice that “°K decreases and “*°Ar increases. When the
experiment is conducted we find a simple clear plateau indicating the age. Bottom: the evolution of an
open system. We suppose a thermal event occurred at T, thermal diffusion occurred, and argon escaped
from the rims, hence the bell-shaped distribution. Then the system remained closed and “°K decayed
producing “°Ar. When the argon is extracted stepwise, it can be seen that a certain temperature is
required to reach the plateau because the edges are degassed first. The bottom plot is analogous except
we have supposed a mineral with a complex structure with several domains separated by cracks, faults,
or grain joints. The first part of the extraction has a complex appearance.

and get the “information” by causing artificial diffusion. Two chronometers have been the
subject of such an approach: that of the K—Ar method on various minerals or rocks and
thatofthe U—Pbmethod on zircon.

The *Ar—*°Armethod

This method first came to light at Berkeley in the laboratory of John Reynolds (Merrihue
and Turner, 1966) but was above all the product of work by Grenville Turner (1968) at
Shefireld University in England. Here is what it involves. First the sample under test is irra-
diated by a stream of neutrons. A nuclear reaction transforms the **K into *’Ar. This is a
neutron—proton (n, p) reaction. Once this operation has been accomplished, the test sam-
ple is heated by temperature stages and the “°Ar/*Ar ratio measured at each step
(Figure 3.10).

Naturally, at the same time as the sample, we irradiate a control sample containing a
known quantity of Kwhose ** Ar content is to be analyzed. The *“°Ar/* Ar ratiois equivalent
to an *°Ar/*°K ratio and so the dating formula can be applied to it. We therefore obtain a
range of (apparent) ages depending on the outgassing temperature.
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Figure 3.11 Examples of >*Ar—"°Ar age spectra for three minerals from a rock aged 1000 Ma, showing
sensitivity to the different minerals (from Berger and York, 1981).

The idea underpinning the method is that, since *°Ar diffuses readily, it has departed
from the most vulnerable crystallographic sites over the course of geological time but has
remained in the more resistant sites (Figure 3.11). By stepwise heating, we drive out succes-
sively the fractions of argon located in increasingly retentive sites, finally getting it from
“closed” sites. This method became particularly successful with lunar exploration. At the
time, the ages reported by Turner concurred so well with those obtained by the Rb—Sr
method that the model was “established” in spectacular fashion. Subsequently it was
refined. Firstit was recalled thatthe various minerals did notclose at the same temperature,
which is unsurprising. Instead of looking for just the “true”age, attempts were made to take
advantage of the differences observed to determine the conditions under which the rock
had cooled by using the concept of closure age already mentioned. Later still, a laser was
used to degas specific sites of the various minerals and in stages.

An analogous method was proposed for U—Xe dating but it is still little used for the time
being (Figure 3.12), which is probably a shame. It may be resurrected. It involves irradiating
the sample and producing various xenon isotopes by fission of *>U. As the xenon-induced fis-
sion spectrum is different from the spontaneous fission spectrum of **U, we can measure the
136X e produced by natural fission and the uranium in the mineral. Then the age is calculated
(Shukolyukov et al., 1974; Teitoma et al., 1975).

Direct 2**Pb—2""Pb analysis

This techniqueis even more audacious although itstems from the same principle as the pre-
vious one. It involves depositing the mineral under analysis by the Pb—Pb method (zircon)
directly on the TIMS mass spectrometer filament. It is heated in stages and the Pb diffuses
from the zircon and ionizes and the 2°’Pb/?°Pb ratio given off is measured (Figure 3.13).
This method, devised by Koztolanyi at Nancy in France in 1965, was neglected for 20 years
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Figure 3.12 Example of a spectrum of the ***Xe—"3¢Xe method imitated from 3°Ar—*Ar for a Rapakivi
granite from Finland. After Shukolyukov et al. (1994).
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Figure 3.13 The 2°7Pb—2®Pb spectrum obtained by thermo-ionization of lead. This spectrum is
obtained by progressively heating the filament after having deposited zircon on it. The example
shown is of detrital zircon from Australia, among the oldest recorded (Kober, 1986).

before being taken up by Kober in 1986! It yields interesting and sometimes impressive
results, even if all criteria of concordance or discordance are lost, preventing any reliability
checkasthe concordia diagram cannotbe used.

3.3 Poor systems and the radiometric isotopic
correlation diagram
With poor systems, the main problem is notjust the question of openness but also that of the

initial presence, when the system closes, of a certain amount of radiogenic isotope. How
canthisbeevaluated?
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3.3.1 The ®’Rb—*’Sr system

This method was proposed, after an initial attempt by Australians William Compston and
Peter Jeffrey (1959), then at the University of Western Australia, by Louis Nicolaysen
(1961) of South Africa’s Witwatersrand University for the *’ Rb—*’Sr system, but it is more
general and applies to all parent—daughter systems.

Letus turn backto the fundamental ’Rb—*"Srdecay equation in a closed system:

87Sr(1) = ¥7Sr(0) + ¥"Rb(1)(e* — 1).

Let us divide member by member by *°Sr, which is one of the stable Sr isotopes and whose
abundanceis notdependent on radioactivity and is therefore constant over time. The equa-
tionbecomes:

87 Sr 87 Sr 87 Rb
(#50),~ (350), (sr)
t 0 t
The mathematical operation of ®’Sr normalization by %°Sr is not just a simple algebraic
manipulation. It brings out the strontium isotope ratios in the equation. This is the magni-
tude measured by the mass spectrometer. Now, we have seen thatisotope ratios obey precise
laws, particularly those of isotope exchange.

Letusnow consider a series of cogenetic boxes (assumed to be in thermodynamic equili-
brium). As a result of isotopic equilibration, they have the same initial (*Sr/Sr), isotope
ratio and the same age. Inan [¥7Sr/%Sr, 87Rb/*¢Sr] plot they are aligned on a straight line
ofslope (¢”’—1) and of ordinateat the origin of (*’Sr/*¢Sr) . This straightlineisanisochron,
which is the locus of boxes of the same age (Figure 3.14). If we wish to break down the way
the system evolves over time, we can say that at time ¢ = 0, the points representing all the
boxes lie on a horizontal line, each box being characterized by its own *’Rb/**Sr ratio but
with the same strontium isotope ratios. Then each box evolves along a diagonal of slope —1
with +d®*'Sr/ds = —d*Rb/ds. The straight line rotates around the fixed point
(¥7Sr/%Sr) . Its slope s constantly (¢* — 1).

Remark

The inverse problem is interesting, of course. Let us take the example of a series of minerals (or
total rocks) which are assumed to be cogenetic (minerals from the same rock, or rock from the
same massif). The 87Sr/%6Sr and 8Rb/2°Sr isotope ratios of each of them are measured. If the
representative points lie in a straight line, the slope of the straight line is equal to (e*' — 1) and
the age of the system of boxes can be calculated.

Exercise

Annie Michard measured the Mont-Louis, granite, Milhas, and Quérigut in the Pyrénées
Orientales (France) (Table 3.2). Draw the isochron graph and calculate the age of the series
of granite rocks of the Quérigut and the initial ratio (Michard and Allégre, 1979).
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Figure 3.14 Principle of the ®’Rb—®’Sr isochron method. At time t=0 the points have the same
strontium isotope ratio and different 8Rb/®”Sr ratios. They therefore all lie on a horizontal line
corresponding to (87Sr/®6Sr)(o). After time T, the points are aligned on a straight line of slope
(e™—1)= At. In practice, in real graphs, the straight lines of evolution do not have a slope of —1
because the 8’Rb/2°Sr ratio varies little and the 37Sr/2°Sr ratio varies greatly, given the chosen scales.
The evolution vectors are very steep.

We calculate the ®7Rb/2°Sr ratios. The experimental points are plotted on the
(87Sr/8Sr, 87Rb/#6Sr) graphs not shown here. The straight line through the points “yields”
an age of T=271 10 Ma, with an (875r/8Sr), .., ratio=0.710 £ 0.005.

This method, often called theisochron method, is one of the pillars of radiochronology. It
both dispenses with the assumption (accepted for rich systems) that the 8’Sr(0) is negligible
or constant and so allows poor systems to be used and tests the closed system hypothesis
by alignment or non-alignment of the measurements made on the different boxes. If Rb
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Table 3.2 Mont-Louis, Milhas, and Quérigut granites

[¥7Sr/36Sr] Rb(ppm) Sr (ppm)

Mont-Louis sample numbers:

4Bl 0.721 157 181
4B2 0.719 146 200
Milhas sample numbers:

V90 0.723 150 146
Vo2 0.717 164 302
Queérigut sample numbers:

A 0.714 105 241
B 0.719 189 214
C 0.723 161 135
A4 0.720 160 153
X 0.7205 155 170
Ql 0.742 202 88
Q2 0.743 257 90
Q3 0.746 245 74
Apl 0.780 192 32
Ap2 0.875 257 18

and Sr have migrated differentially, then the representative points of the various boxes will
not remain aligned. In the favorable case, this method can be used to measure an age (f) and
to determine the initial *’Sr/3°Sr ratio, which we will see later to be important. Measuring
an age therefore involves measuring the Sr isotopic ratio, measuring Rb and Sr concentra-
tions foreach box and thisis fora series of cogenetic boxes.

3.3.2 Two-stage models

Imagine we have a series of cogenetic boxes evolving in a closed system. All the systems
are therefore aligned on an isochronous straight line. Suppose that at 7; a sudden event
occurs which re-homogenizes the boxes isotopically. This event may be metamorphism, for
example. The sub-systems will exchange their atoms and become isotopically homoge-
neous. The representative points of the boxes then lie on a horizontal line whose ordinate at
theoriginiswritten (*’Sr/**Sr) m. 1, Withm, 7;signifying the meanvalueat . Then theboxes
evolve radiogenically until the present time in a closed system. The alignment observed
between the points representing the boxes has a slope of (e’” 1— 1) and an ordinate at the ori-
ginof (¥'Sr/*Sr) - .

Let us explain our model a little to make it realistic. We consider the cogenetic boxes
are both whole rocks and minerals. Metamorphism occurs at time #; which re-homo-
genizes the minerals isotopically around the value of the whole rock, but it is not
intense enough to re-homogenize the whole rocks at the scale of the entire massif
(Figure 3.15).
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Figure 3.15 Isotopic re-homogenization of minerals at time T;. Top: the re-homogenization event.
Bottom: the evolution of the system after T;. WR, whole rock. After Lanphere et al. (1964).
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Figure 3.16 Example of two types of isochron. (a) The whole-rock isochron indicates the initial age, that
of the minerals dates the age of the disruptive event; (b) classic example of Baltimore gneiss with the
whole-rock isochron and the mineral isochrons. WR, whole rock; B, biotite; KF, potassium feldspar; P,
phosphate. After Wetherill et al. (1968).

The (*’Sr/%Sr, ¥Rb/%Sr) graph shows two types of straight line: the straight line
for whole rock of slope (e*©—1) and the straight lines of the minerals of slope (e*"—1).
This method is illustrated with the historical example of the Baltimore gneiss of the
United States (Figure 3.16.b) studied by the group at the Carnegie Institution of Washington.
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3.3.3 Extension of the isochron graph to other radiochronometers

The method initially developed for *’ Rb—*'Sr was extended to other chronometers with
specific features for each, particularly different sensitivities to disruptive phenomena.
Without this isochron method, the '’Sm—'**Nd and "°Lu—"°Hf methods would not have
cometolight, astheyhave no rich systems.

The case of "’Sm—"**Nd
This method was introduced by Notsu ez al. (1973) and developed by Lugmair and Marti
(1977).Thebasic datingequation is written:

ENE ENE] 147§m\ o
T#4Nd = <W>O + (W) 21471 Alg7 = 6.54 - 10 “yr—.

The stable reference isotope is '**Nd. This method has the advantage of being applicable
to ultrabasic and basic rocks, which cannot be readily dated by ¥’ Rb—*'Sr, and to granites
(Figure 3.17). With regard to minerals, garnet and pyroxene are useful since geochemical
fractionation between Sm and Nd, although slight, is relatively constant across the petrolo-
gical spectrum.

EEEE

Calculate the initial ***Nd/***Nd ratio of a rock of which we know the age (2 Ga), the
present-day ***Nd/***Nd ratio (0.512 556) and whose neodymium and samarium contents
are 36 and 10.4 ppm respectively. What do you think the error is if samarium and neody-
mium are measured to the nearest 3%, the isotope ratio to 1.10"° and age to+10%?

Answer
143Nd/***Nd =0.51031  Absolute error = =+ 0.000 35.

Lewisian
05131 gneiss
(Scotland)
S &L Basic
2 N rocks
3 0y
~0.512} .
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m
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' & rocks |
Acidic gneiss
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0.10 0.15 0.20
1479 m/144Nd

Figure 3.17 Example of a **’Sm—"**Nd isochron on rocks of the Lewisian Complex of Scotland. After
Hamilton et al. (1979).
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Figure 3.18 The lutetium—hafnium isochron of the Amitsoq gneiss. After Blichert-Toft et al. (1999).

The case of "®Lu—""°Hf
In this case we take the 7"Hf isotope as the stable reference.

176Hf 176Hf 176Lu ) ; §
177Hf: (177Hf>0+<177Hf> At Ai76 = 1.94-10"" yr

This method, introduced by John Patchett and Mitsunobu Tatsumoto (1980) working at
the U.S. Geological Survey in Denver was long neglected because of analytical difficulties
inmeasuring hafnium. Ithasbeen increasingly used with theadventof ICPMS (Figure 3.18).

Exercise

The question of metamorphism related to the subduction of the Himalayas is an important
one for geologists. One way of determining this age is to use eclogite (that is, basalt
metamorphosed at high pressure) whose mineral composition is sodium pyroxene termed
omphacite and pyrope garnets.

The occurrence of garnet and pyroxene makes lutetium—hafnium dating easier. Table 3.3
gives the results obtained on eclogite rock from Ladakh. Calculate the age of metamorph-
ism (formation of eclogite) (De Sigoyer et al., 2000).

Answer
55 Ma.

The case of ¥’ Re-"3"0s
This method was introduced by Hirt ez al. (1963) and developed by Luck ez al. (1980). The
referenceisotope being '*°Os and more recently "**Os, we can write:

1870 1870 I87Re\ L
1860s (m)o + <m> A1g71 g7 = 1.62- 10" Hyr~!,

This method is potentially important but, although meaningful on meteorites (Luck et al.,
1980), it is difficult to apply because the system does not seem to remain closed, particularly
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Table 3.3 Dating of eclogite rock from Ladakh

Lu (ppm) Hf (ppm) Lu/Hf TSHE/TTHE

Wholerock 0.3630 3.5991 0.1009 0.282996 £ 0.014310
Garnet 0.7324 3.0907 0.2370 0.283012 4+ 0.033630
Pyroxene 0.0302 3.0727 0.0098 0.28977 £0.001400

Source: Afterde Sigoyeretal. (2000).
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Figure 3.19 The rhenium—osmium isochron of the Deccan Traps. After Allégre et al. (1999).

for molybdenite, although containing a large amount of Re, nor for basalt, with a very
high Re/Os ratio. Even so the present author obtained isochrons including one for Deccan

basalt (Figure 3.19).

The case of uranium—thorium-—lead
Taking 2**Pb as the reference isotope, the dating equations are written:

206pp  /206pt, 2381y »
204pp,  \ 204pp 0+ 204pp (e™'~1)
07pp  /207ph 351y ;

204pp (204Pb> 0+ (204Pb) (e’'—1)

208pp  /208py, 2WTHY
%04pp — \ 204pp ) T | 204pp (e™=1).
0
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Figure 3.20 Isochrons of lead—uranium minerals of the Essonville granite. After Tilton et al. (1958).

These methods have undoubtedly been insufficiently used (Figure 3.20) although they
are very powerful as they have an internal concordance criterion (chemically identical
parent and daughter isotopes) guaranteeing their reliability. They should combine the
advantages of the isochron and concordia methods. Unfortunately this is not yet the
case.

D EES

Given that the 223U/2°%Pb ratio of granite varies from 2 to 30 and that the Th/U ratios vary
from 1 to 10, calculate the deviation in the 2°6Pb/2°*Pb, 2°7Pb/2°*Pb, and 2°8Pb/?°*Pb ratios
for granites of 1, 2, and 3 Ga.

In calculating the 2°°Pb/2°*Pb, 2°’Pb/?°*Pb, and 2°®Pb/?°*Pb ratios of the granite, it is
assumed that this granite derives from evolution of a reservoir with ratios 2**U/?**Pb =7
and Th/U=4, having evolved for 4.5 Ga. The initial ratios of these reservoirs are
206pp, /204ph — 9,30, 2°7pPb/2°*Pb = 10.29, and 2°2Pb/?°*Pb = 29.47.

Answer
A(*°Pb/?°%Pb) = 15.534—29.998, A(*°’Pb/?°*Pb) =14.44-16.18, and A(*°®Pb/?°*Pb)=
35.14-79.69.

3.3.4 The lead—lead method

We have come across the *°°Pb/?°’Pb method when the two isotopes were of purely radio-
genic origin. Minerals or rocks generally contain some initial lead. The specific feature of
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the two U—PDb systems can be exploited provided correction is made for the initial lead.
Combining the firsttwo equations of the previous paragraphs gives:

07py  /207pp (e —1) _ 207pp"
204pp <2o4pb) 0

N6pp  (206phy
2iph  \24Pb/y _ oo (e#'—1)  200pp*

206pb” and 2°’Pb " being the radiogenic fractions of **°Pb and 2°’Pb.

Ina (**Pb/?*Pb, 27Pb/?**Pb) plot, if a suite of cogenetic boxes becomes isotopically
homogenized, the representative points will cluster in a point, instead of a straight line in
the simple parent—daughter case (Figure 3.21). The radioactive system will evolve
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Figure 3.21 Plot of 2°’Pb—2°*Pb and 2°°Pb—>°*Pb isotope evolution for a complex geological history.
(a) The system is assumed to have re-homogenized at T, as a result of a secondary event; (b) the
evolution of three rocks (WR;, WR;, and WRs) whose minerals re-homogenized at t;.
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Figure 3.22 Mineral isochron (Pb—Pb) of the Essonville granite. Data after Tilton et al. (1958).

subsequently with different trajectories depending on the ***U/***Pb ratios. But if the
system remains closed, the cogenetic boxes will remain on a straight line (Figure 3.22). The
initial age 7o of the system can be determined by measuring the slope of whole rocks and 7,
canbe determined by measuring theisochron of the minerals. Asthis method involves mea-
suring lead isotope compositions only, with no need to measure U and Pb concentrations,
itisfareasier toimplement experimentally. Itis very widely employed.

Exercise

The Pb isotope composition and U and Pb contents of the Muntshe Tundra massif in
Russia’s Kola Peninsula have been determined (Manhes et al, 1980) (Table 3.4).
Determine the Pb—Pb age. What can you say of the U-Pb or Th—Pb ages?

Answer
The Pb—Pb isotope age is 2.13 + 0.25 Ga. No age can be determined from the U-Pb isotope
plot. The Th—Pb isotope plot indicates an age of 2.09 4-0.28 Ga.

Table 3.4 Lead isotope composition and uranium, thorium, and lead contents of the
Muntshe Tundra massif

Sample 2°°Pb/?**Pb 2°"Pb/2**Pb 2°*Pb/?°*Pb Pb(ppm) U(ppm) Th(ppm) *>Th/***Pb

1B 14.70 14.88 35.07 3.63 0.0391 0.375 6.04
2B 14.83 14.91 3518 8.93 0.0318 0.928 6.11
3B 14.72 14.89 35.15 0.97 0.0038 0.1194 72
4B 1538 14.98 3572 1.40 0.0413 0.299 12.2
5B 15.84 15.03 36.29 1.02 0.0625 0.287 16.85
6B 1512 14.95 35.55 9.85 - 1.55 945

Source: After Manheés ezal. (1980).
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Figure 3.23 Principle of the (**°Th—?*2Th, 238U—*3?Th) dating method. The sub-systems are isotopically
homogeneous in thorium at time T=0. They lie on a horizontal line representing isotopic equilibrium.
The system has evolved by isotopic decay of >U and 2*°Th. It evolves along an isochronous straight line
whose slope gives the age. After about 10 periods the system is once more in radioactive equilibrium
defined by the equiline. The initial isotopic ratio is given by the intersection with the equiline since this
point is fixed because it is in equilibrium. After Allegre and Condomines (1976).

3.3.5 The #*°Th—??3U method and disequilibria of radioactive
chains

These are methods related to radioactive chains for periods younger than 300 000 years.
Radioactive equilibrium is assumed to have been destroyed as a result of some geological
phenomenon orother (volcanism, formation of a shell in the ocean, erosion). As seen in the
previous chapter, the system then tends to return to equilibrium. Let us deal with the case of
239Th. The general equation is written:

/1230 230Th = /1230 230Th0 C_M + )ug 238U (1—6_221).

Noticing that ***Th has a very long period which may be considered constant relative to
9Th (Allégre, 1968), we can write:

1 230Th ) 230Th y 238
20 =(2 ey (2B U (1—e").
J2 2Th ~ \ 4, 2Th/ )2 22Th

Ona (1g*°Th//3¥Th, 45°*U/25?*Th) plot that is in activity [*Th/>*Th, 2*U/?3>Th],
the cogenetic boxes lie at time zero (time when the radioactive equilibrium is destroyed) on
ahorizontal lineand then evolve alonga straight line whose slope s (1 —e A ).

This straight line cuts the first bisector, which is the locus of points in secular equilibrium
(equiline); the point of intersection (equipoint) is a fixed point around which the isochron
pivots. It corresponds to the original [***Th/***Th], value. This method is used successfully
for young volcanicrocks (Figures 3.23 and 3.24).
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Table 3.5 Concentrations and isotope ratios measured on andesite rock of the Irazii volcano, Costa Rica

Activity Activity
Sample CA12 U (ppm) Th (ppm) Th/U (***U/*Th) (**°Th/**Th)
Wholerock 5.83 164 2.80 1.07 1.13£0.02
Magnetite 0.45 1.34 2.98 1.01 1.08 £0.04
Plagioclase 0.30 0.73 243 1.22 1.16 £ 0.05
Hypersthene 0.53 1.43 2.70 1.12 114 +£0.04
Glass 715 194 271 111 1.154+0.03
Apatite 14.0 53.6 3.83 0.78 0.98 +0.04
Source: After Allégre and Condomines (1976).
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Figure 3.24 Isochron of minerals on a volcanic rock from Iraz, Costa Rica. After Allégre and

Condomines (1976).

Exercise

Table 3.5 gives the concentrations and isotope ratios measured on an andesite rock of the
Iraz(i volcano, Costa Rica (Allégre and Condomines, 1976). Calculate the age of the lava.

What was its initial 22°Th/?**Th isotope ratio?

Answer

Age: 68 000 years; initial ratio in activity: 1.17.

The same method may be used for other isotopes of radioactive chains. Unfortunately
22°Ra has no stable isotope and barium is used for normalization. Similarly, *'Pa has no
stable isotope, and niobium is used as the norm. These slight difficulties explain why the

2B0Th-23%U method is the most widely used.

3.3.6 Extinct radioactivities

These are radioactive elements that were present when the Solar System first formed and
which have become extinct since. We shall speak of their origin in the next chapter (see also

Wasserburg, 1985).
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The case of *°A1-**Mg

The aluminum isotope *®Al is radioactive. It decays to 2°Mg with a half-life of 0.72 million
years. Imagine that *°Alis incorporated in a meteorite at time 7. From what we have already
said ofextinct radioactivity, by noting the initial magnesium **Mg(i) and > Alincorporated
attimez?°Al"(¢), we can write:

Mg = Mg(i) 4 °Al* ().
Ifthe stable and non-radiogenicisotopes >’ Aland **Mgareintroduced as references:

26Mg - 26Mg () 26A1 (t) 27A1
Mg \ Mg U 747 Mg

Ina (*Mg/**Mg, ¥’ Al/**Mg) plot, the slope of the isochron straight line gives (**Al* /27Al),
Now, we know that:

26A1 B 26A1 Y
27TA1 . T \27A1 o €

¢ =0 being the end of the nucleosynthetic process that engendered *°Al.
Ifwehave two meteorites (I) and (I1) we can therefore write:

<26A1)
27A1 sl e

= =¢€ .
26A1
(27—A1> (12)

1T

Therefore, as in the case of iodine—xenon (see below), we can date the difference in age of
formation of two meteorites (see Figure 3.25).

0.155
Allende Feldspar
chondrite (CaAlSi20s)
0.150 |-
o
=
<
N\m Feldspar
= 0.145 |- (CaAl;5i208)
]
Melilite
(Ca2MgSi>07 + CazAlLSi07)
0.140
Spinel (MgAl;04)
| | | |
0 100 200

26A|/24Mg

Figure 3.25 Plot of the 2*Mg->*Mg, 2°Al-**Mg isochron obtained for the Allende meteorite. After
Wasserburg (1985).
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The case of '*1-'**Xe

As said, this technique was pioneered by Reynolds (1960). As shown in Section 2.4.2, '**Xe
today is the sum of ('**Xe), plus '**Xe produced by the complete decay of '*°J. If we chose
to refer to a non-radiogenic xenon isotope *°Xe, introducing the stable iodine isotope ',
we can write:

1293 1290 1291 129y 1291 1271
_ = + = + - . — .

(289, (22, = (529, (50,

As stated above, to measure '?’I, we resort to the neutron activation method of analysis hit

upon byJeffrey and Reynolds consisting in transforming '*’I into '**Xe.

127] — 128y,

where k is a proportionality factor relative to the activation analysis. This finally yields the
datingequation:

129)(e 129X€ 1291 128X€
(xe) ™ (xe), * (1) #lmxe)

In practice, the meteorite is irradiated and then degassed in stages (in a combination
between the ¥ Ar—*°Arand isochron methods). Theisotope composition of Xe is measured
ateach step and a plot made of '**Xe/"**Xe as a function of '**Xe/""Xe.

The slope of the straight line is equal to (*°1/!%T) at the time the meteorite formed. The
ordinate to the origin is equal to (**Xe/"“Xe), at the time the meteorite formed
(Figure 3.26).

By taking a given meteorite as a reference (the Bjlirbole meteorite) the various
“ages” of different meteorites can be calculated step by step. This was done by the team
at Berkeley under the supervision of John Reynolds (Hohenberg et al., 1967)
(Figure 3.20).

The isochron plot therefore works in the same way as for the other pairs. Injust the same
way, similar plots canbe constructed:

53Cr 55Mn 182W ISOHf
|:54CI-7 54Cr:| |:184W7 184w:|’etc"

for other extinct radioactivities: “Mn—>>Cr, ¥?Hf - 15?W, etc.

Exercise

Table 3.6 gives the ®2Hf—'82W experimental results for three meteorites. Plot the iso-
chrons. What are the relative ages of the three meteorites given that the reference for the
formation of the Solar System is *82Hf/*®°Hf =2.5 . 10~ *?

Answer
The relative ages in respect of the initial reference are 5 Ma, 3 Ma, and 3 Ma. Estimate the
errors for yourself.
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Table 3.6 Studies of three meteorites

Hf(ppb) W(ppb) (°Hf/®*W)atomic #*W/"¥*w
Forest Vale
M-L 3.61 647 0.00658 0.864716 + 16
M-B-L 14.8 758 0.0230 0.864690 + 50
M-B-2 63.0 642 0.1157 0.864737 + 17
M-R 204 588 0.4087 0.864800 + 33
WR 172 178 1.14 0.864945 +43
NM 176 114 1.82 0.865049 +29
Sainte-Marguerite
M-L 156 761 0.241 0.864751 +24
M-B* 9.81 754 00154 0.864700 +41
M-R 776 1523 0.0601 0.864778 + 28
WR 141 166 1.01 0.864888 + 31
Richardton
M-B-1* 56.2 460 0.144 0.864681 +44
M-B-2 53.2 582 0.108 0.864680 + 31
NM 87.1 41.2 2.49 0.865110 +-43
Source: After Lee and Halliday (2000).
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Figure 3.26 Dating by (I-Xe) on the Shallowater meteorite. (a) Isochron representation; (b) step
degassing. After Hohenberg et al. (1998).
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3.3.7 Conditions of use of the isochron diagram

The essential criterion for using the isotopic correlation diagram and the isochron con-
structionis that the experimental points should be aligned. Otherwise one of the conditions
forapplyingthe modelisnolonger metand nostraightline canbe plotted tomake an age cal-
culation. When the data points form a cloud, this criterion is easy enough to apply. But in
practice, where each point is affected by experimental error, the alignment is imperfect and
itis no simple matter to decide whether or not there is a straight line. We shall come back to
thisissue when discussing uncertainties.

When dealing with minerals, whether in rocks or in meteorites, there is a phenomenon
one must be wary of and which is related to isotopic exchange. Rich minerals (typically bio-
tite and muscovite for *’ Rb/*’Sr and zircon or apatite for U—Pb systems) tend to lose their
radiogenic isotopes as those isotopes have been introduced “indirectly” through
radioactivity.

Butwhere do these radiogenicisotopes go when they migrate?

The places where they might be accommodated are the usual crystallographic sites of
their chemical element, that is, generally in “poor minerals” (apatite and sphene for
8"Rb/¥Sr and feldspar for U—Pb). Thus *’Sr will migrate from biotite to apatite (and even
more easily as often apatite is included in biotite). Similarly *°°Pb will migrate from zircon
tofeldspar (and again there are often zircon inclusions in feldspar).

In the isochron diagram, the data point of the recipient mineral will move vertically
sometimes greatly and so move off the isochron, and sometimes little and so will tend to be
indistinct.

Caution is required, then, with these “poor,” purely radiogenic minerals close to the
y-axis. One might think they could be used to determine the initial isotopic ratio (*’Sr/**Sr
or 2°°Pb/?°*Pb) accurately, as often they are more radiogenic than it is! This is the way the
donor—acceptor pair works. Failure to allow for it has led to errors, particularly when dat-
ing meteorites.

3.4 Mixing and alternative interpretations

3.4.1 Mixing

Using the two methods just exposed (concordia and isochron) it is possible to determine
the age of the formation of a cogenetic rocky system and also to obtain some infor-
mation about its complex geological history. These are valuable methods therefore for any-
one wanting to study the geological history of continents, an often complex history made of
superpositions of geological events. But the interpretations we have developed are not
unique!

Whenwe obtain a straightlinein the [*'Sr/%Sr, 8Rb/*¢Sr| plot, we may consider it not
as an isochron but as a straight line of mixing (Allégre and Dars, 1966) (Figure 3.27). The
sameistrueof the [*°Pb* />¥U, 27Pb/?3U] concordia diagram.

Let there be two reservoirs, 1 and 2, with distinct ¥’Sr/*°Srand 'R b/%Sr ratios. The mix
ofthetworeservoirsis written:
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Figure 3.27 Mixing straight lines. (a) The mixing line in the (¥7Sr/%°Sr, 8Rb/%6Sr) plot. It represents the
straight line homogenized by the mixture in variable proportions between reservoir 1 and reservoir 2.
(b) A mixing straight line in the concordia diagram between two populations of zircon of ages T, and T.

_SN) sesr), 4 (258 (s
<87Sr> B (87Sr)1 + (87Sr)2 B 86Sr | 1 86SI' 5 2
mixture

%Sr (%6S1),+ (oS1), (%sr), + (*%r),
Bynotingx = (%Sr), /[(%Sr), + (%Sr),]and R ="*7Sr/%Sr, we obtain:
Ruixture = Ri1x + Ro(1 — x).

Ifasame mixing equation is written with the “chemical”ratior = ¥’ Rb/*°Sr, we get:
Fmixture = F1X +12(1 — x).

We can eliminate xbetween the two preceding equations, hence:

Rmixture - R2 _ Rl - R2

Fmixture — 12 r—rnr

Inan (R, r) plotthisis the equation of a straight line through the coordinates (R;, 1) and (R»,
ry) andwhoseslope, equalto (Ry — R,)/(r1 — r2), isunrelated a priorito Az. Note that these
arethe same equations as for isotope dilution.

EESE

Calculate the apparent age of an alignment on a (87Rb/8¢Sr, 87Sr/86Sr) plot which actually
results from mixing of a limestone component for which ®Rb/2®Sr=0.001 and
875r/86Sr = 0.708 and a schist component for which 8’Rb/26Sr =1 and ®7Sr/%ésr = 0.720.

Answer
857 Ma.
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Figure 3.28 The Sidobre granite. The age of emplacement is 300 Ma. The apparent age due to mixing is
400 Ma (from Allégre and Dars, 1966).

EXAMPLE

The Sidobre granite

The Sidobre granite of the Montagne Noire in the south of the Massif Central (France) near
Castres is intruded in schists transformed by contact into hornfels (Figure 3.28). It contains
schist enclaves but also “basic” enclaves. This granite is composed of two imbricated facies:
one is light (and richer in SiO;) and the other dark. The latter has a high “basic” enclave
content.

Analyses of the light facies, dark facies of a “basic” enclave, and hornfels define a straight
line whose slope corresponds to 400 Ma. The analysis of biotites gives about 300 Ma.

A subsequent analysis of whole rock from the same massif gives 285 Ma.

The interpretation is that the straight line at 400 Ma is a straight line of mixing between the
enclosing rock and the basic magma which penetrated and cannibalized the enclosing rock.

There are more complex cases where the mixture occurs among several components. In
principle they do not give a single straight line but in some circumstances they may mimica
pseudo-straight line.

Exercise

(1) At time t=1Ga, an ultra-basic magma mixes with the enclosing granite. The
ultrabasic magma has isotopic ratios **’Sm/***Nd = 0.35 and ***Nd/***Nd = 0.511 25.
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Ratios for the surrounding granite are **’Sm/**Nd =0.1 and ***Nd/***Nd = 0.510 358,
respectively.

Calculate the equation of the straight line of mixing.

(2) Radioactive decay has occurred and today we analyze the rocks produced by the mixing.
What apparent age we will obtain? What is the initial ***Nd/***Nd ratio? Is it the same as
that of the mix?

Answer

(1) Apparent age: 1558 Ma.

(2) Initial ratio: ***Nd/***Nd = 0.5100. This is the same as the ratio of the mixture as its Sm/
Nd ratio is zero and so it cannot evolve over time.

Mixtures are extremely common in geological phenomena: when a magmatic rock is
emplaced, it digests the surrounding rock. When a sediment forms it is always a mixture of
various detrital components and some chemical component, etc.

When mixingis followed by isotopic re-homogenization it does not affect the age calcu-
lation but may sometimes be detected by examining the initial isotope ratio. The mixture is
troublesome when not followed by homogenization, either at low temperature or because
the system cools very quickly (these are the sort of cases we have referred to).

3.4.2 The (1/C) test

Letusreturntothe mixingequation:

Rv = Rix+ Ry (1 — X),

R, Ry, and R, being theisotopicratios of the mixture and of the two components:

_mlCl
_I’I’ZCM

where m;is the mass of component 1 whose concentration is Cy, m is the mass of the mixture,
and Cy the concentration of the mixture. Letus posit:

n C1

ﬂ = e X = C_M . 6.
Ifwe examine the concentration of the mixture, we have:
Cy— G
Cu=C O (1 — — =0
M 18+ C(1—p)or Ci—C B
Rybecomes:

Cl C[ RM_R2 Cl
Ru=R A R (1-p8) or Ru=R 5 C1
M 15CM+ 2( 6CM> or R R Cn

We can eliminate 3 from both equations. This simplifies to:
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Figure 3.29 Carbonatites of Uganda. After Lancelot and Allégre (1974).

1
Ry=A— B.
M (CM>+

Theplotof Ry = f(1/Cy)isastraightline.

EXAMPLE

Carbonatites of East Africa

A series of carbonatites (lava composed of CaCO3) from East Africa has been analyzed for its
Pb isotope composition (Lancelot and Allegre, 1974) (Figure 3.29). They define a straight
line in the (2°7Pb/294Pb , 296pp /204Pb) plot corresponding to an apparent age of 1300 Ma.
In fact, the true age is very recent!

The (2°6Pb/294Pb, 1/Pb) plot shows it is in fact a mixture of two components. In this
case, the isotopic composition of one component can be determined 2°°Pb/°*Pb = 20.8.

For the (**°Pb/?*¥U, 2*"Pb/**U) concordia diagram, the problem of the mixtureis also
a fundamental issue. The mathematical demonstration is identical to the foregoing. Here
again, it can be easily understood that a population of zircons is a mixture between two
populations of differentages. The difference hereis thatthe information given by the concor-
dia constructionis chronologically correct. It defines the age of two populations.

Anexampleistheanalysis of U—Pbzircon ofgneiss from the Alpsby Marc Griinenfelder
of the Eidgendssische Technische Hochschule of Zurich and colleagues (Koppel and
Griinenfelder, 1971). The paragneiss was found to have a very wide spread of age distribu-
tionssuchasthatshown, whereas the orthogneissyielded verydifferentand tightly clustered
distributions (Figure 3.30).

How can these two types of distribution be accounted for? The Zurich team gave a simple
explanation. The orthogneisses have ages of crystallization of granite of 450 Ma and were
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Figure 3.30 Zircon measured in the Alps. The paragneiss results from a mixture of zircon
1590-1840 Ma old and of 380-Ma-old zircon. After Képpel and Griinnenfelder (1971).

gneissified during the Alpine orogeny between 100 and 300 Ma. The ages are somewhat
younger but relatively close. The paragneiss contains very old zircon (whose exact geologi-
cal origin is unknown) inherited from ancient rocks whose debris is found in sediments
formed 450 Ma ago.The paragneiss discordia is therefore a mixingstraightline of inherited
zircon and zircon formed 450 Ma ago, or possibly of zircon which seeded from pieces of
inherited zircon around which they grew.

As can be seen, sound geological knowledge is called for when interpreting
measurements.

3.5 Towards the geochronology of the future:
in situ analysis

Over the last 15 years or so, new spot geochronology measuring methods have been devel-
oped. Instead of mechanically separating minerals, grinding them, and dissolving them in
acids to extract the elements for analysis, the mineral matter is pulverized in one spot
and then analyzed without any preparatory chemistry. Various techniques are available.
We shall review them succinctly, describing those that are already operational, those under
development, and those that are still only at theidea stage.

3.5.1 The ion probe

This is a method already mentioned in Chapter 1 invented by the two French physicists
Castaing and Slodzian (1962) at the University of Orsay, consisting of bombarding the
rock sample with a beam of oxygen or cesium ions. The mineral material is thus pulverized
and ionized to form an ionized plasma. This plasma, made up of ions of different natures
and species, is analyzed using a mass spectrometer, that is, the ions are accelerated and
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Figure 3.31 An ionic probe and mass spectra. Top: diagram of an ionic probe. Bottom: mass spectra
obtained at resolutions of 1000 and then 3200. The solution to the problem of isobaric interference can
be seen. Plate 3 (top) also shows an ion probe.

then sorted by mass with a magnetic analyzer and finally collected by one of various models
of collector (Figure 3.31).
Drawbacks with this technique are that:

e theenergies of theions emitted are variable and therefore the e} term of the fundamental
equation of the mass spectrometer (see Chapter 1) isnotconstant;

e numerous ions are ionized including complex ions formed by ionized molecular
assemblages;

e ofcourse, astherehasbeen no chemical separation, there are isobaric interferences such
asbetween ' Rband *’Sr, to cite just one example.

In practice the problem has been solved with large appliances (large radii of curvature,
large magnets) for U—Pb methods on zircon. Ancient zircon grains have been analyzed in
this way, some allegedly 4.2-4.3 Ga old! Credit for this goes to Bill Compston at the
Australian National University at Canberra who developed this method and to his team
who exploited it (Compston etal.,1984).
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It has been shown generally that zircons are assemblages with complex geological
histories, each crystal having an ancient core and younger growth zones, something
like a restored cathedral where the apse is ancient and the transepts “modern.” This
method opens up extraordinary perspectives. First, it is fast and many zircons can be
analyzedinashorttime. Next, it allows the mineral to be dissected isotopically, allowing us to
gobeyond the standard questions of whether the system is open or closed, whether itis mixed
or not. Another spectacular result has been obtained in dating meteorites by the 2*A1-**Mg
method on meteorites (Zinner, 1996). [thasbeen possible to show the existence of several gen-
erations of fusion within a single meteorite in an interval of time of less than 1 million years,
illustrating the complex early history of the Solar System.

Generalization of this method is an open question today but it has a bright future.

3.5.2 Laser ionization

Instead of abeam of ions, the surface of the rock or mineral is bombarded by a laser beam.
This beam pulverizes and ionizes the elements and the isotopes extracted. They are then
analyzed with a mass spectrometer. This technique is used for the *Ar—*°Ar method
(York et al., 1981). A zone in the mineral is chosen and then progressively heated and the
4OAr—* Ar ratios are recorded stepwise. The core of the minerals and their rims can thus be
analyzed with a degassing spectrum in each case. This is an extraordinary method for deci-
phering the thermal history of a region and for determining true ages. The technique is now
extended to other elements by coupling laser extraction and ICPMS ionization (high-
temperature plasma). In the current state of knowledge this method is under development,
but U—-Pbanalysis on zircon is already operational.

And the future? It undoubtedly lies in selective ionization using the multifrequency
laser for selectively ionizing *Sr and not ®'Rb and vice versa; this will replace chemistry.
This method is already used at the University of Manchester by Grenville Turner and his
team for analyzing xenon isotopes. I shall say no more as it is difficult to foretell the
future and science is forging ahead! But the discussions about open or closed, mixed or
not will be asked in a very different context tomorrow! It is important that the theoretical
models — probably statistical models (as they allow many measurements to be made) — should
keep pace with analytical advances! This is not the case today as the current trend is for
too-careless workers to believe that the accumulation of enormous amounts of often impre-
cise data by automatic machines can replace geochemical thinking and quantitative modeling!

Problems

1 Let us consider the “°K—*°Ar system in a biotite which formed 1 Ga ago. Over the last 1 Ga the
biotite has been buried at depth in the Earth’s crust where it constantly lost argon by the law:

d*Ar

= —G*Ar
dt ’

where G=0.11-10"°. Then faulting brings the material to the surface. During friction
related to tectonism, the biotite loses 75% of its Ar. Supposing there was no initial *°Ar,
calculate the apparent age of the biotite.
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2 Argon losses during a sudden event can be written:

d‘;OtAr _ —K40Ar7

where K=aT+ b, T being the temperature. What is the law for the loss of Ar with
temperature?

3 Canada’s Abitibi Belt contains associations of basic and ultrabasic lavas known as komatiites.
The lead isotope composition of these rocks has been measured in three locations. The results
are shown in Table 3.7.

(i) Calculate the ages.
(i) The sulfides have been measured (Table 3.8). What do you conclude?

Table 3.7 Lead isotope composition in komatiites of Canada

206Pb/204pb 207Pb/204Pb 208Pb/204pb Pb (ppm)
Pyke Hill
MT1 30.716 + 22 17.778 £17 47.285 +63 0.02
MT2 a 16.584 +11 15.059+15 35.651+46 0.08
MT2 b 15.953+15 14972 +17 35.455+51
MT3 a 16.128 +10 14981 +15 35.595 +45 0.11
MT3 b 15.894 +12 14951+ 16 34.400 + 47 0.13
MT3 c 16.050+17 14970+ 15 35.541 +48
MT4 a 15.613+11 14.897 +17 34933 +52 0.14
MT4 b 16.474 +10 15.044 +14 35.690 +45
Fred’s Flow
F1 18.466 + 16 15.452 +18 37.939 +58
F2 18.083 +13 15.388 + 15 37.679 +52 0.36
F3 a 16.184 + 11 15.074 + 15 35.945 +49 0.35
F3 b 15.842 +11 14999 +14 35.587 +£45 0.45
F5 21.001+14 15.943 +16 41.554 + 55 0.15
F6 a 24928 £ 24 16.568 + 20 42.688 + 65
F6 b 23.845+16 16.406 £ 16 42.741 +54 0.17
Fé c 27.141+31 16.928 + 23 44556 +72
Theo’s Flow
T2 a 19.479 +12 15.722 +15 38.816 +49 0.69
T2b 23.605+15 16.277 +£15 41.840+53
T3 a 17.567 £ 12 15.273 +15 36.978 =47 1.1
T3b 20.152+16 15.794+16 39.319 +52
T6 a 17.378 +£11 15.343 +15 37.105 +47 0.41
Téb 17.540+12 15.288 +16 36.971+52

Source: Brévart et al. (1986).

Table 3.8 Lead isotope composition of sulfides (chalcopyrite)

206Pb/204pb 207Pb/204pb ZOSPb/204Pb Pb (ppm)

F5a 13.352 14.461 33.153
F5 b 13.268 14.444 3.082
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4 Here Table 3.9 shows the results of an analysis of two rocks (garnet pyroxenite) from the Beni-
Bossera massif of Morocco.

(i) Plot the isochrons.
(ii) Calculate the Lu—Hf and Sm—Nd ages.
(iii) What do you conclude?

Table 3.9 Analysis of garnet pyroxenite from Morocco

Samples  Lu* Hf 78 u/Y"Hf  17eHf/ATTHF Sm  Nd 1975m/ANd  1*3Nd/***Nd

(ppm)  (ppm) (ppm) (ppm)
M214rt 0469 1.69 0.0393 0.28319+4 258 573 0.2722 0.513 043 + 14
M214gt 0974 0.604 0.2289 0.283257+11 222 142 0.9458

0.513 023 +157

M 214 cpx 0.0631 2.42 0.0037 0.283124+10 3.05 829 0.2221 0.513 051 +10
M 101 0.498 1.04 0.0681 0.28312+10 1.25 3.05 0.2467 0.513 029+9
M 101 161  0.268 0.8492 0.283505+14 0.34 012 1.7371 0.513 255437
M 101 0.0947 0.875 0.0154 0.283107+13 0.62 1.02 0.3686 0.513 044 +12

Source: Blichert-Toft et al. (1999).

5 Table 3.10 gives the results of U=Th analyses on zircon in apparent ages.

(i) Construct the (233U—2°¢Pb, 22°U-2°"Pb) and (*3*U-2°7Pb, 23°Th—2°8pb) concordia.
(i) Calculate the ages of these three populations of zircon.

Table 3.10 Apparent ages of zircon by U-Th analysis

Apparent ages

LOCa“ty 206Pb/238U 207Pb/235U 208Pb/232-|-h
Little Belt Mountains (Montana) 560 830 320
910 1210 700
810 1130 950
1140 1400 1080
1290 1540 1550
1860 1890 1790
830 1190 1260
1170 1670 1500
1570 1980 1790
Finland 2520 2660 2750
1890 2270 1790
1820 2240 1815
1820 1870 1960
1610 1720 1860
Maryland 497 511 486
357 370 308
404 422 350
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6 If one of the criteria for identifying a mixture is the (R, 1/C) plot, can it be generalized to three
dimensions?
Supposing a straight line observed in the (37Sr/2°Sr, 8’Rb/2°Sr) isotope plot is a straight line
of mixing, and so satisfies the relation (2Sr/2°Sr, 1/C), what is the geometrical locus of the
data points in a three-dimensional (37Sr/%°Sr, 1/C, ’Rb/2°Sr) plot? Demonstrate this by
algebra or geometry.



CHAPTER FOUR

Cosmogenic isotopes

Nuclear reactions occur in nature. As well as the reactions which take place in the stars and
supernovae and which manufacture all of the chemical elements, fluxes of charged particles
of cosmic or solar origin also produce nuclear reactions on rocks, both meteoritic and ter-
restrial. These reactions generate radioactive or stable isotopes which can be used for geo-
logical or cosmological dating. Before examining the main types, let us recall some of the
basic principles of nuclear reactions.

4.1 Nuclear reactions

4.1.1 General principles

Flows of particles, whether they occur naturally or are artificial, interact with matter.
Depending on their energy levels, they may cause ionization by stripping electrons from
atoms, create crystal defects by displacing atoms, or trigger nuclear reactions if they have
enough energy. Here we shall concentrate on this final case. Nuclear reactions lead to one
nucleus being transformed into another. They are noted using a formal system similar to
thatused for chemical reactions. Here are a few examples:

#Na + in — INa + v
UN+n—1C+1p
2l N

where n stands foraneutron, p fora proton, and v for gamma radiation.

The first of these equations means that a neutron acts on a *Na nuclide to give **Na
by emitting a gamma ray. The others are interpreted by following the same notations.
In fact, theyare symbolized in a compact form where we write in succession:

e theinitial nucleus (called the target because, in experiments, it is a nucleus submitted to
particle flux, which is similar tobombardinga target);

e theinitial particle (hereaneutron or proton);

e theparticle emitted (here agammaray, aneutron, a proton, or aneutrino);

e thenucleusproduced.
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Thusthe reactions above are written:

»Na (n,~) **Na
N (n,p) "C
2¢C (p,7) PN.

All of the reactions obey laws of conservation similar to the laws of conservation of
chemical equations except as concerns mass and energy. In any nuclear reaction there is
conservation of:

e mass—energy, and in this domain there is an equivalence between the transformation of
mass and energy in accordance with Einstein’s equation AE = Amc?;

e thenumberofnucleons (protonsand neutrons);

e theelectrical charge;

e nuclearspin.

Remark
It is the conservation of the number of nucleons that balances nuclear reactions.

Takethereaction:
180 + 180 — Si + 3o + 9.6 MeV

(1 MeV = 10° electronvolts. The electron volt (éV) is the energy of an electron when sub-
mitted to a potential difference of 1 V: 1eV = 1.602 - 10~ joules.) Conservation of protons
and neutrons means the number of protons and neutrons canbebalanced: 8 + 8 — 14 + 2

and 16 +16 — 28 + 4.

Exercise

What type of nuclear reaction (write the complete reaction and its abridged form) allows us to
move from *2C to 0, given that the particle emitted is a gamma ray; from *°0 to *°Ne, where
a gamma ray is also emitted; from *3C to **N, where once again a gamma ray is emitted?

Answer
See the end of the chapter.

4.1.2 Effective cross-sectional area

TheKkinetics of anuclear reaction

How many new nuclei are produced from old nuclei? Suppose we have a layer of material
with a surface area of 1 unit and thickness dx. Suppose the material contains n target atoms
per unit volume. The number of target atoms is n dx. Suppose also that for the process in
question, each nucleus has a probability of interaction noted I', termed the effective cross-
sectional area (Figure4.1).
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N particles N of atoms per cm3
per cm?
Velocity V

Figure 4.1 Effective cross-sectional area.

If N, is the number of incident particles crossing a unit of surface area per unit time (flux),
N, is the number of new nuclei produced, then the number of “actual” interactions during
thetimeinterval d¢iswritten:

dN, =Tn dx- N;dt = —d N,
or

% =T ndx Ny,
where N is the flux of incident particles which is often written Ny = <N;> V;(E), in which
< Np>is the mean number of incident particles per unit area and V;(E) is the speed of the
particles.

The unitofeffective cross-sectional area is thebarn (1 barn = 10> m? = 100 square femt-
ometers). Itis as though the target nuclei had an area multiplication factor (which explains
its unit) relative to nuclear reactions.'

Exercise

A flux of 102 cm~2 s™* of slow neutrons bombards *>Na to give **Na. The effective cross-
sectional area of this reaction is 0.53 - 10~ >* cm” per atom. How many atoms of (radioactive)
**Na are produced per gram of sodium?

Answer
For one atom of 2>Na, the production of **Na is 0.53 - 10 2* x 10" = 0.53 - 10~ *? atoms per
second per atom of *>Na.

1 gram corresponds to 6.023 - 103 /23 atoms, therefore 1.387 - 10*° atoms of **Na are
produced per second per gram of sodium.

! The idea of the effective cross-section dates from Rutherford’s scattering experiments on calculating the
size of the nucleus. He accepted that there was a halo around each nucleus. If the incident particle struck
the target in this halo then an interaction occurred. The halo had width b and so the interaction surface
area was mh”.
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Energydependence of the effective cross-sectional area
The cross-sectional area I' is specific to each nuclear reaction. The cases of charged
particles, protons or « particles mustbe clearly distinguished from the case of neutrons.

When a proton penetrates matter, it interacts with electrons by electrostatic attraction. In
a number of cases it captures an electron and changes into a hydrogen atom. In other
instances, it strikes a target nucleus. Then, to interact with the nucleus it must overcome the
electrostatic repulsion (because the two nuclei are positively charged). It must therefore
have enough energy to cross the potential barrier either directly or by the tunnel effect.
Then and only then does a nuclear reaction occur. An analogous phenomenon occurs with
aparticles, which either change into neutral helium nuclei or produce nuclear reactions.

When a neutron penetrates matter, no electromagnetic interaction occurs. It penetrates
untilitstrikes a nucleus. There, either it is deflected or it causes a nuclear reaction.

Nuclear interactions depend on the energy of the incident particles. The effective
cross-sectional area therefore depends also on the energy, and the quantitative relations
above must be developed for each type of reaction, and for each energy domain, after
which, to obtain a final result, the sum (integral) is calculated. More specifically, the energy
dependence of incident particles comprises two terms. The first is a mean trend: with pro-
tons, the probability of a reaction increases with energy above a certain level; with neutrons,
this probability varies with E, that is, the energy with an exponent >1. The second com-
prises specificresonances for certain energies, corresponding to frequencies of stable vibra-
tions of nuclei, which favor the reaction for those energies.

Naturally all nuclear reactions are associated with subsequent readjustments in energy
and therefore with the emission of varying numbers of gamma rays.

4.1.3 Classification of nuclear reactions

Nucleon absorption

Nucleon absorption corresponds to a (p, ) or (n, 7) reaction. The nucleus absorbs an
incident particle, vibrates, and, to return to equilibrium, emits gamma radiation. If the
incident particleis a proton, the nucleus formed is chemically different. If it is a neutron, the
nucleus formed is a new isotope of the same element. We have already come across such
reactions, forexample when studying the iodine—xenon method:

271 (p, ~) 128 Xe.
Anotherexampleis:

»Na (n,v) **Na.

Proton—neutron or neutron—proton exchange
The target nucleus absorbs a proton (or neutron) and gives out a neutron (or proton). In
either casethereis a change of chemical element during the reaction, forexample:

OAr (n,p) **Cl, "N (n,p) “C,and ®Ti (p,n) ®V.

(Write out the corresponding reactions in full as an exercise.)
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Reactions involving o particles

Theseare either (n, ) or (p, o) reactions or alternatively («, n) or (v, p) reactions. Let us cite,
for instance, the reactions that occur in rocks when the « particles emitted by radioactive
chains produce isotopes of, say, neon: "O («, n) *°Ne, 'O («, n) *'Ne, >*Mg (n, o) *'Ne, and
Mg (n, o) **Ne.We will be using these reactions later on.

Spallationreactions

Spallation reactions are much more violent and the target nucleus is broken up producing a
much lighter nucleus and a suite of particles. For example, theirradiation of iron by protons
of cosmicraysis written:

SFe + HY — %°Cl +3H + 2*He + *He + *H™" + 4 neutrons.

Itcanbeseen thatthisreaction produces a daughter nucleus and numerous neutrons, which
in turn may produce other spallation reactions.

Fissionreactions

We have already spoken of spontaneous fission. Fission reactions occur alsounder the influ-
ence of neutrons and produce in turn a greater number of neutrons, giving rise to a chain
reaction (see Chapter 2, Section 2.3). The most common example is, of course, that of man-
made nuclear reactors. But as described in Chapter 1, the isotopic compositions of most of
the elements found in the Oklo uranium mine near Franceville in Gabon were so strange
thatit was concluded there was a natural nuclear reactor there 2 billion years ago.

The result of induced fission is a distribution curve of the elements similar to that for
spontaneous fission but slightly offset with two symmetrical peaks of statistical abundance
(see Chapter 1). Such nuclear reactions give rise to stable or radioactive isotopes depending
onwhetheror notthey move the nucleus produced away from the valley of stability.

4.1.4 Absorption of particles by matter in the case
of nuclear reactions

Itis very important to know how easily each type of particle penetrates the different natural
targets. These targets may be rocks (meteorites), gases (atmosphere), or, more rarely, fluids.
Letustry to calculate the variation in the number of incident particles Ny with the thickness
ofthetarget.Webegin with the equation:

dn,

(N 1 is the integrated flux during the time of irradiation.) This integrates immediately to:
N = Ny exp(—nTx).

The number of surviving particles N decreases exponentially with distance. This decrease
depends, of course, on the type of particle, the target, the effective cross-sectional areas, and
the energy spectrum of the incident particles. But the exponential law is very general for all
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types of particle. Notice that x and also n, the number of target atoms per unit volume, are
both involved in the exponential. Such behavior is therefore quantitatively very different
inagasandina solid. In solids, the flux of incident particles falls off very quickly by inter-
action with matter, as there is a large number of target particles per unit volume. In gases
absorption is weaker.

Exercise

Given that, in a rock, the secondary thermal neutrons are produced from primary protons,
establish the law giving the number of neutrons depending on thickness. Assume the number

of protons decreases in line with P, e %~

Answer
If N'is the integrated flux of neutrons,

dN = (production) — (destruction)

dN
5 = 0P — AN

but the number of protons Pis: P= P, e **.

A and k= nI are the effective cross-sectional area for neutrons and for protons, respec-
tively. Integrating gives:

_ ¢Po (eka _ e—AX).

N*A—k

The curves representing the flux of protons and neutrons versus x are shown qualitatively in
Figure 4.2.

3

Neutrons

Protons

Number of particles per cm2

Depth

Figure 4.2 Variations in the number of protons and neutrons with depth in a rock exposed to proton
radiation.

4.1.5 Galactic cosmic radiation

The Universe is traversed by a flow of charged particles reflecting its approximate chemical
composition largely dominated by ionized hydrogen, that is, by protons. This particle flux
traverses the Universe at kinetic energies of the order of 1 billion electron volts (GeV). This
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isknown as galactic cosmic radiation. Itis thought that theseions are emitted by exploding
supernovae accelerated by their shockwaves and by other complex phenomena of magnetic
pulsation inionized environments occurring in the magneticfields of stars.

These charged particles interact with matter whether in gaseous state as in the atmo-
sphere or in solid state as in meteorites or terrestrial rocks. In general, proton interaction
leads above all to the production of secondary neutrons and to successive nuclear reac-
tions as in the atmosphere (Figure 4.3). High-energy, secondary neutrons produce
other neutrons in a chain whose energy decreases until itis“thermal.”” Thermal neutrons
arevery efficient at causing nuclear reactions. In the atmosphere, for example, this occurs
by the reaction N (n, p) "*C*, giving rise to '*C. When thermal neutrons react
with rock, they produce spallation reactions giving rise either to stable isotopes or to
radioactive isotopes. It is from such nuclear reactions that we calculate what are called
exposure ages.

neutrons
(or protons)

O N, O, or Ar nucleus

37Ar'39ArO . 14C ‘1°Be

rare 14C02 gas
? gases &

adsorptlon

mixing mixing dust partlcle

v \ v

trapped in  photosynthesis fall to
rain or snow of green surface
plants ¢
local
mixing

Figure 4.3 The destiny of radioactive nuclei produced by nuclear reactions in the atmosphere under the
influence of cosmic rays. Gases like argon remain in the atmosphere, some like **C oxidize, while others
like *°Be are adsorbed onto solid particles and fall to the ground with them.

2 Thermal neutrons are neutrons which, after colliding and interacting with matter, have energy levels of
kT, where k is Boltzmann’s constant and 7" temperature (k7 = 0.025 eV). In this energy spectrum they
have maximum probability of creating nuclear reactions.
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All of these phenomena were brought to light and investigated little by little in particular
through the pioneering work of Devendra Lal of the Physical Research Laboratory of
Ahmedabad and the University of California at San Diego (see Lal [1988] and Lal and
Peters[1967]forareview).

Each ofthe other three sections of this chapter deals with a type of nuclear reaction. The first
concentrates on '*C and concerns the radionuclides produced in the atmosphere and their
use in geochronology. The second deals with exposure ages first in meteorites and then in ter-
restrial rocks. The third section gives an overview of stellar processes of nucleosynthesis.

4.2 Carbon-14 dating

Ofalltheradiometric methods, thisisundoubtedly the most famous, the one thatis familiar
to the general public and the one that people (mistakenly) think of when speaking of the age
ofthe Earth orofrocks. This method was developed by Willard Libby (1946) who eventually
received the Nobel Prize for chemistry for his work.

4.2.1 The principle of **C dating

Carbon-14 is produced in the atmosphere by cosmic rays whose protons engender second-
ary neutrons. These neutrons react with '*N:

14N(n, p) 14c*.

In this reaction, "*N is the target nucleus, n (neutron) is the projectile, and p (proton) is the
particleejected; '*C*is the radioactiveisotope produced which disintegrates by 3~ radioac-
tivity to give '“N. As soon as it has formed, the '*C combines with oxygen to give CO,. If we
note N(**C) the number of *C atoms at the time of measurement 7 and [N(**C)], the initial
numberofcarbon atoms, then we may write:

N(MC) _ [N(MC)} Oefm'

Libby showed that the proportion of '*C in the atmosphere was roughly constant over time.
What accounts for this constancy? Let us write out the balance for "*C production:;

4 [N(1C)] = F= AN(HC).
T 1

production destruction by radioactivity

Ifastationarystateisattained:

d . F
& [N(**C)] = 0 from which N(**C) = (E)’
where Fis the product of the flux ¢ of neutrons by the number N(**N) of atoms of N
by the effective cross-sectionT.

The flux ¢ varies with latitude because cosmic rays, which are composed of protons, and so
are positively charged, are deflected by the Earth’s magnetic field. The poles receive much
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Figure 4.4 Number of neutrons with altitude and latitude. Geomagnetic latitude is given by the
parameter L. Altitude varies with pressure, which is measured in millibars here. The value of L
increases as we move from the equator to the poles.

more radiation than the equator. The flux also varies with altitude, because the Earth’s
atmosphere “absorbs” and transforms the incident flux (Figure 4.4).

Forour purposes, the main phenomenon is that the primary protons produce secondary
neutrons, which produce others in a snowball effect. It is these neutrons that produce the
(. As said, as soon as it has been produced, the '*C reacts with oxygen (or ozone) to give
CO,, and this CO, mixes with the remainder of the atmosphere.

Sincetheatmosphereitselfis well mixedina few weeks, the *Cishomogenized allaround
the planet on the timescale of interest to us. It can be taken, then, that the mean amount of
C producedin the atmosphereis avalid, uniform benchmark.

Libby and his co-workers (Libby ezal., 1949) determined the quantity of *C produced in
the steady state. They expressed it as the number of disintegrations per minute (dpm) per
gram ofcarbon:

IN(YC) F

= =13.5.
Ncarbon Ncarbon

They also determined the decay constant of *C as A =1.209 - 10~* yr ' (the half-life is
therefore 5730 years).’

3 These values have been amended slightly today.
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Exercise

What is the **C/*2C isotopic composition of atmospheric carbon, given that the isotopic
composition of stable carbon is defined by '3C/*C=0.011224 or the reciprocal
12¢/13¢ =89.09, or 2C =98.89% and 1*C =1.11%?

Answer
The atomic mass of carbon is 12.011. One gram of carbon therefore represents 1/12.011 x
6.02313 - 10*>=5.014 - 10** atoms, including 5 - 10* x 0.9889 = 4.95 - 10°* atoms of **C. The
basic relation of radioactivity is AN=13.5 dpm (where N is the number of **C atoms).

In one year there are 5.26 - 10° minutes, therefore there are 13.5 x 5.26 - 10° =71.48 - 10°
disintegrations per year. Since A=1.209 -10~* yr *, we have 5.88-10'° atoms of **C.
Therefore:

14C  5.88-10' atoms '*C

= =1.1849-10*? ~1.18-107*2.
12C 4.96-1022 atoms 12C

This ratio is tiny and cannot be measured by a conventional mass spectrometer, because the
2C peak is too high compared with the **C peak. This is why it was long preferable to measure
4C with a Geiger counter.

When carbon is incorporated in a living organism (plant or animal), its isotopic composi-
tion (and so its activity) is equal to that of the atmosphere and is determined by phenomena
such as photosynthesis or respiration. As soon as the organism dies, such exchanges cease
and radioactive decay is the only source of variation in the '*C content. The time of death of
an organism (or more precisely the time at which it stopped exchanging CO, with the atmo-
sphere) can therefore be dated by the formula:

(MCc/C) =13.5¢ 4

1
lzzln

135
(c/c) '

measured

Exercise

Let us take one of the examples that helped to make **C dating so popular: Egyptology (see
Figure 4.5). A sample was taken from a wooden beam in the tomb of the vizier Hemaka at
Saqggara. He was an official of the First Dynasty of Egyptian pharaohs. After measuring the **C
content of the wood, Libby announced it was 4880 years old. (Archeologists reported that the
royal seal-bearer had lived between 3200 and 2700 BC.) How did Libby manage this feat?

Answer

1 | |:(14C/C)atmosphere:|

TN R

sample
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Figure 4.5 Calibration of the reliability of **C dating on historical data in Egyptology.

The intricate measurement of the **C/C ratio Libby made on the wooden artefact yielded 6.68
dpm g *. Applying the age measurement formula then gave t=4880 years.”

This method was highly successful and brought about a revolution in archeology. By the
same principle, apapyrus, bones, and burntor petrified trees were dated, thereby providing
an archeological chronometer that was unknown until then. This method has the drawback
of destroying the object thatis to be dated, which means a careful choice must be made. This
is why recent advances in '*C analysis made with accelerator mass spectrometers, which
require only one-hundredth of the amount of material, are soimportant and have made the
method even moreincisive.

4.2.2 Measuring **C

Measuring '*Cis a difficult business, as we have just seen. A series of simple calculations will
provide insight into this difficulty, which has already been illustrated in an earlier exercise.
One gram of “young”carbon gives off 13.5 dpm, or 1 disintegration every 4.5 seconds. If we
have just 10 mg of carbon, we will have one disintegration every 7.4 minutes, which is not
much given a laboratory radioactive environment and also given that cosmic rays emit
radiation inthe same order of magnitude.

4 In fact, Libb?f found a constant 2 =1.244 - 10~* yr~! and therefore ¢ = 5568 years, which corresponds to
7.35dpm g~ '. Oddly enough, '*C specialists still use Libby’s constants and then make a correction. For
didactic reasons we shall not follow this practice.
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Figure 4.6 Libby’s anti-coincidence counting. Geiger counters whose gas contains the **C to be
measured are surrounded by a series of layers of shielding as protection from cosmic rays (only old
lead is used so that the uranium chains are dead and there is no decay from them). When the small
counters record a disintegration, it is due to cosmic radiation and so is subtracted from the value
recorded by the central counter.

But suppose we have a sample some 55 000 years old. It now emitsjust 1.7- 10> dpm, or 1
disintegration per hour (on average, of course, since radioactivity is a statistical law). Now,
over the course of the hour, other particles have been emitted in the vicinity of the gram of
carbon for many reasons: the various materials surrounding the counter (brick, cement,
etc.) probably contain uranium impurities of the order of 1 ppb (and therefore also their
derived daughters: calculate them!), and the sky showers particle flows on the Earth from
the cosmos or the Sun, etc. How can we eliminate these disturbances and make a reliable
measurement?

The counting method
Libby’s answer was to build a Geiger counter whose internal gas itself contained '*C chan-
gedinto CO, (Figure 4.6).

With the main counter surrounded by an array of secondary Geiger counters, any exter-
nal radiation could be subtracted because it first passed through the outer counters (the
anti-coincidence method). Lastly, it was all buried and surrounded by “old” lead shielding
to prevent interference radiation. How much background noise did the counters measure?
Without shielding 1500 disintegrations per hour were detected, with shielding the figure
was just 400, and with the anti-coincidence counters it was just 8! It was therefore virtually
impossible to measure an artefact 55 000 years old since it gave off just one disintegration
perhour! Measurement was intricate and necessarilylasted foralong time.

The accelerator mass spectrometry method (AMS)

Since the late 1980s mass spectrometry has been adapted for '*C by using small particle
accelerators with energies of more than1 MeV (see Kieserezal.,1986); thisis the accelerator
mass spectrometry (AMS) method. The high energy imparted to the ions purifies the
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Figure 4.7 Accelerator mass spectrometer. This device is much larger and more complex than an
ordinary mass spectrometer as it operates at much higher ion acceleration energies, but the principle
is unchanged. The ions are extracted on the left by being bombarded with a beam of cesium ions and
are then deflected first by an electrostatic field E1 and then by a magnetic field M1. In the center of the
figure, a microchannel injects gas which collides with the beams and destroys any molecules (this is
known as “stripping”). The purified ions are then deflected by two electromagnets M2 and M3 and
collected by a detector similar to an ionization chamber used in particle physics.

organic beam of any molecules and other impurities by passing them either through
thin sheets of gold or through gas streams. The carbon ions pass through these while
any molecules are “deactivated”and stopped. Inthis way the method’s speed of analysis, sen-
sitivity, and precision have been increased compared with counting. A measurement that
once took more than aweek can now be madein an hour. Butabove all, the method requires
samples of one-tenth of the size and achieves levels of precision 100 times greater (see
Figure4.7).

EEEE

If the maximum that can be measured by AMS for the **C/**C ratio in 1 mg of carbon is 1.2 -
10", what is the maximum age that can be measured with **C?

Answer
10 000 years.

EEE

If the limit of detection by counting methods is 10 disintegrations per hour, what quantity of
carbon is required to measure the same age?

Answer
2.213 kg!
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4.2.3 Conditions for performing **C dating

Applying the formula '“C = *C(0) e’ to find an age entails meeting a number of
extremely stringent conditions.

The system must have remained closed since the time that is to be dated. This means if we
wish to date a parchment, it must have neither gained nor lost any '*C since the time the
lamb or sheep whosehide was used tomake the parchment died. We need toknow '*C(0) pre-
cisely, that is the initial *C content, that s the proportion of *C/C in the animal at the time
of its death. There must remain enough "C for it to be measurable.

Lastly, and this is not the least of the problems, the event whose age is to be determined
mustbe defined.

Canwebe certain about all four conditions in practice?

The closed system
The greatest danger from an open system is contamination of the sample, whether natural or
artificial. Take the case of a tree trunk we wish to date. Ifthe trunk has been lying in humus for
some time it will be impregnated, contaminated, by the carbon in the humus. Now, this car-
bonis“older”than the carbon of the tree that has just died and so distorts the measurement.
Let us take the example of a tree trunk whose specific activity, that s, the '*C radioactivity
per gram of carbon, is ry. It lies for some time in humus whose radioactivity, in '*C per gram
ofcarbon, is,.Whatis thelevel of radioactivity of the mixture supposing that 10% of the car-
bon comes from the humus?

(l4c) (14c)
r=\—= o=\ —=
C tree C humus

Fiotal = 14Ctree +14Chumus o <I4C) Ctree + <14C) Chumus
total = = | — - —
o Ctree + Chumus C treectree + Chumus C

<14c> 14C
Fotal = | —| w+ (—) (I —w).
o C tree C humus

The value of w = Cyee/ Cioral Varies between 0 and 1. (This is the same mixing formula as in
the section onisotopic dilution.)

Assuming that (MC/C) e = 12.5 dpm g*1 and that ("*C/C)pumus =4 dpm gfl, then
Fota = 12.5x 0.9 +4 x 0.1 = 11.65dpmg ", w = 0.9.

This corresponds to an error of 7% by default. The age measured is older than the real
age. Conversely, if we suppose the tree trunk found in the sediment had been in soil which was
still involved in atmospheric exchanges, then the contamination, thatis, the mixture between
Cinthe dead tree and the ground would continually make the wood “younger.”

humusctree + Chumus

Determining the initial "*C content

Libbyhad assumed thatthevalue of13.5dpm g~ ' of carbonwas the current valueand valid as
the initial value throughout time. However, several complications have arisen since then.
Not all plants absorb carbon isotopes in an identical manner. If (**c/ O)present = o, the
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Figure 4.8 Carbon isotope fractionation relative to the atmosphere depending on the nature of the
substrate.

value absorbed by living organisms is (14C/ CO)organism = R 1o, where R is a partition coeffi-
cient. This coefficient has been determined and to check it we measure the *C/'2C ratio of
the objecttobe dated (Figure 4.8) (this is more fully explained in Chapter 7).

Ontheleftis the §*C scale, such that:

(13C) <I3C)
2 sample " standard

(:;_g) standard

813C = 103,

The standard is a carbonate. In practice, this fractionation is converted into an age differ-

ence by taking areference standard.
We assume that fractionationis directly proportional to the differencein mass. Therefore,
if Ry, is the partition coefficient between some plant and the atmosphere, for the *C/"*C

ratio defined by:
()
C plant
()
2C atmosphere

the partition coefficient for the (**C/'>C) ratio

(I )

12C plant

( C)d l()b])l ere
2C

issuchthat Ry/» =2 X Rj)5.

Itis possible, then, to correct for natural fractionation of '*C and express this correction
inage, which is done on the right of Figure 4.8.

It was realized that the "*C content of the atmosphere had varied over the course of time.
This effect was shown by measuring the '“C of tree rings. Tree rings are evidence of annual

=Rz

= Ry
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Figure 4.9 Changes in excess *C injected into the atmosphere by U.S. atom-bomb testing in the
Pacific. Each symbol corresponds to a latitude. The various, ever weaker, injection dates can be seen:
1963, 1964, 1965, 1966. It took several decades to return to equilibrium. After Libby (1970).

growth, with each ring representing one year. By counting the rings, we can work back
through time, year by year. This is known as dendrochronology. It was noticed that the ages
of rings measured by '*C and the ages obtained by counting the same rings failed to match.

Systematic investigation has shown that multiple phenomena are involved in this. The
burning of coal and oil, that is, materials whose 4Cis“dead,” has diluted the “natural” *C
content of the atmosphere. The present-day content is too low compared with what it would
be without this effect. Likewise, for recent periods, nuclear testing by explosions in the
atmosphere has injected a large quantity of '*C, which has largely disrupted the natural
cycle (Figure 4.9) and, of course, increased the '*C content of the atmosphere.

The flux of cosmic particles and therefore the production of "*C varies over the course of
time. This is related to solar activity, to fluctuations in the Earth’s magnetic field, etc. We
therefore need a calibration curve describing variation of the "*C/C ratio over time. At first
sight, this looks something like a chicken-and-egg situation because we wish to determine
an age from the '*C/C measurement but at the same time we wish to calculate the '*C/C
ratio by using age measurement. The curve of '*C/C variation in the atmosphere was con-
structed by dating samples using a different method. For recent periods, tree rings were
used as the benchmark, and for earlier periods dates were ascertained by radioactive dise-
quilibrium methods.

To calibrate the *C/C ratio, we first seek to calculate (**C/C)iniial = (*C/C)measured e,
where ¢ is the independently determined age. In this way a correction can be applied to the
age measured by the conventional method (Figure 4.10). It is then possible to draw a curve
connecting '*C dates to historical calendar ages. To do this, 1950 was taken as the reference
date for "*C. Suppose we calculate a '*C date of 3000 years before 1950 (if we made the mea-
surementintheyear 2000 we would remove 50 years!). To obtain the BC date, we must there-
foresubtract1950: 30001950 = 1050 BC (Figure 4.11).
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Figure 4.10 Calibration curves for **C. (a) For the older period, we use methods based on radioactive
disequilibrium as did Edouard Bard (Bard et al., 1990); (b) for the recent period we can use tree rings
(Stuiver, 1965).
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Figure 4.11 Correspondence between calendar ages and **C ages. The **C age is the time between the
death of the organism and 1950. The calendar date begins at the birth of Jesus Christ. To this difference,
we must add the fluctuations caused by calibrations because of historical variations of (**C/C)initial-

EEEE

We use the curve of *C/C variation with time (Figure 4.11). Suppose we find an age of 200
years for a piece of fabric using the standard **C formula. What date does this correspond to?

Answer

As can be seen, this “age” corresponds to two possible dates: 1630 or 1800. How can we
decide between the two? The answer is obtained by using other independent information
such as the nature of the fabric. This illustrates the limits of precision of **C.



m Cosmogenic isotopes

Synthetic formula for age calculation

When making calculations, we can convert everything to the addition of magnitudes which
themselves have age dimensions.When applying the uncorrected conventional formula we
obtain:

t = 1ln A
apparent — /1 Am

where A, is the initial conventional activity and 4 ,, is the activity as measured. The true age
mustbe written:

P o lln AO,real P2,4
true — 2 A

where A a1 is the real, initial activity of the atmosphere and P, 4 is theisotope fractionation
factor.We can also introduce in the parenthesis the reference value A, for the initial activity.
Dividing the top and bottom gives:

1 Ao real A
Ttrue = 7 {ln( f);:dl T; : P2,4)}

Taking advantage of the additive property of logarithms, we have:

1 AC 1 1 AO,real
Ttrue = zln<ﬂ) + Iln(PZA) + zln< 4. > .

From which, by transformingeverything into time units:

Ttrue = tapparent + Atfractionation + Atatmospheric correction

where:

1 1 AO.real
A[fractionation = zln(PZ.A) and Alatmospheric correction — Zln< A 5
c

withalittle extracalculationtrickbecause (Ao,real / AC) canbeevaluated asafunction oftime
only.

We therefore calculate 7 = typparent + Alfractionation, then we can use f; to calculate
Alyimospheric correction Using the fluctuation curves of Figure 4.11, and we then obtain 7.

Exercise

We measure the activity of a camel bone found in the tomb of the vizier Hemaka as 6.68 dpm g ™.
What is the real date of the vizier's death? (Use the existing calculations and graphs.)

Answer
In an exercise in Section 4.2.1 we dated the death of vizier Hemaka (4880 years ago) using an
ordinary wooden beam.

t; = tapparent + Atfractionation
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Using Figure 4.8 and the previous result, we get t; =4800 + 100 = 4980 years, or 3030 BC.
By using the graph in Figure 4.10, we find for a date of 3000 BC a correction of —250 years:

treal = 4980 — 250 = 4730 years.

4.2.4 Other forms of cosmogenic radioactivity

Carbon-14 is far more important than any other spallation product created in the atmo-
sphere by interaction of cosmic rays, but some others exist as well. These can be divided
into three groups (see Figure 4.3):

e The rare gases, which are free gases. These are incorporated into solid material by
trapping part of the atmosphere. These are **Ar (7}, = 269 years) and *'Kr (7}, =2.1 -
10° years);

e Gaseous products, which, similarly to '*C, are incorporated into reactive atmospheric
molecules. Forexample *H (tritium; 7' » = 12.43 years) or 3CI(T,,, =308 -10° years);

e Productswhicharenotgaseousbutadhereimmediately after their formation to dust par-
ticles and follow the history of the dust rather than the gaseous atmosphere. Examples
are'“Be (77, = 1.51 - 10®years) or 2°Al (T} » = 7.16 - 10° years).

Beryllium-10

Beryllium-10 (\*Be) is produced byspallation of nitrogen and oxygen in the atmosphere. As
soon as it forms, it is adsorbed onto particles in the atmosphere and incorporated in rain.
Accordingly, it is more or less well mixed. Its lifetime in the atmosphere is short and as its
production varies with latitude (as with '*C), its distribution may be extremely heteroge-
neous and even erratic (Figure4.12).

A further complication arises because °Be, common beryllium (which has just this one
isotope), has a completely different geochemical history to '’Be. It is incorporated in rocks
andsoindustderived from erosion and scattered by thewind. The '°Be/’Be ratiois therefore
just as erratic as the absolute '°Be content. We cannot use '’Be like '*C, assuming a uniform

»

—_

10Be flux
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N
T

30° 60° 90°
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Figure 4.12 Variations in the flux of *°Be with latitude display substantial dispersion.
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value for the entire Earth at any given time. One method is to assume that, at a given place,
fluctuations in the 'Be/?Be ratio are low and at any rate much lower than those arising
from the radioactive decay of '’Be. Itis then possible to use '’Be as a chronometer.

Exercise

We wish to measure the rate of accretion of manganese nodules found in the ocean. How can
we set about this, knowing that the variation in the '°Be/°Be ratio with depth is
10Be/°Be = (1°Be/°Be), e 12

Answer
x (thickness)

a (accretion rate)’
from which:

10Be 0Be\
(o) = (oe). <
Switching to logarithms gives:
In 10Be\ In 10ge X
%Be ) \%Be/, a
The logarithm of the ratio *°Be/°Be plotted as a function of thickness is a straight line of slope
(A/a), which gives the rate of accretion, a.

afk

O’Nions ef al. (1998) measured the '°Be/’Be ratios in manganese crusts of the North
Atlantic. Figure 4.13 shows the results they obtained. This method yielded an accretion rate
0f2.37 £0.15SmmMa ",

a=2.37+0.15mm/Ma"’

108 |-

10Be/%Be

109 |-

10-10 . '
5 10 15 20 25

Thickness (mm)

Figure 4.13 Variation in the '°Be/°Be ratios in a manganese concretion from the Atlantic Ocean.
Magnitude a indicates the rate of accretion of the nodule. After O’Nions et al. (1998).
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Figure 4.14 The behavior of **C in the ocean. The ocean is divided into two reservoirs: the upper layer,
which is well mixed, and the deep ocean. Ris the 14¢/C ratio. B, flow of solid carbonate particles; W, WA,
descending and ascending flows of water.

4.2.5 Dating oceanic cycles with **C

This is a rather unusual method of dating, but one that is very important in oceanography.
The residence time 7 of a chemical element in a reservoir is the average time the element
spends in the reservoir (Figure 4.14) (see further discussion in Chapter 4). If Wis the flux
and V'the reservoir volume, we positthat 7 = (V/ W).

Broecker and colleagues at the Lamont Observatory of Columbia University at
New York came up with the idea of using "C to determine the residence time of water in the
deep ocean (Broecker et al., 1960; Broecker and Li, 1970). The ocean is divided into two
layers: a surface layer that is well mixed by currents and which is constantly exchanging its
CO» (andsoits'*C) withthe atmosphere, and a deep layer which exchanges water and matter
with the surface layer. Let Bdenote the flow of solid carbonate particles (moles yr ') falling
from the surface and dissolving in the deep ocean; Wand W are the flows of descending
and ascending water which summarize the exchange between the upper layer and the
deep ocean (m® yr~"): W= W’; C; and Cq are the concentrations of carbon dissolved in
the surface and deep layers (moles m2); R is the "*C/C ratio standardized relative to
the atmosphere, R and Ry being the ratios for the surface water and deep water. The total
carbon conservation equation is written:

(WCs + B) = WCq.

The equation for *Cis:

(WCs+ B)Ry = WCyRy + VqCyqRyA.
Theresidence timeinthe deep water is:

VaCy Vg
WGy W

Td
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which, given the foregoing equations, is written:

(B!
Td — Rd ;».

Now, L= 1.209 - 10 *yr !, therefore 74 = 1550 years.

4.3 Exposure ages

43.1 Meteorites

Meteorites are fragments of planetary bodies resulting from collisions and whose primary
age is close to that of the Solar System (4.55 Ga, as an indication). They are pieces of rock
“floating” in interplanetary space. Most come from the asteroid belt, between Mars and
Jupiter, which isformed of rock debris, pieces of which may measure a kilometerorsoacross
(Ceres). Some were ripped from Mars or the Moon. These rocks drift loose in space and are
continually subjected to cosmic radiation whose average energy is 1 GeV. Just as happens in
theatmosphere, when cosmic “primary” protons penetrate these rocks they give rise to sec-
ondary neutrons, which produce most of the nuclear reactions.” These particles produce
nuclear reactions at depths ranging from a few tens of centimeters up to a meter at most.
The surfacelayers of rocks exposed to cosmic rays are therefore the site of nuclear reactions,
usually spallation reactions. They give rise to isotopes of lower mass than the target, which
are known as cosmogenic isotopes (see Paneth ez al., 1952; Honda and Arnold, 1964). The
nuclei engendered by such reactions include radioactive and stable isotopes. Both types are
Very numerous.

Stableisotopes
The numberof cosmogenic stableisotopes Ngproduced per unittimeis written:

dNg(1)
dt

= (bFs NC**S?

where ¢ is the particle flux, 'y is the effective cross-section of the reaction, that is, the prob-
ability of a nuclear reaction occurring, and N._., the number of target atoms producing the
stable daughter isotope, s, by nuclear reaction. If the flux is constant in terms of intensity
and spectral energy, then:

Ny(t) = ¢T's Ne—s 1.

The number of daughter isotopes is directly proportional to the irradiation time.
Itseems straightforward enough to calculate the age of irradiation, provided we know ¢, T,
and N._. Itis comparatively easy to measure the parameter N._: it is the concentration of

3> As explained, protons carry a positive charge and do not penetrate readily into matter because they are
repelled electronically. Neutrons carry no charge and so penetrate much more readily.
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the target product which, by nuclear reaction, yields the cosmogenic isotope. Sometimes it is
single. This is so in iron meteorites composed of a metallic alloy of iron and nickel.
Sometimes there are more than one, as in ordinary meteorites where krypton isotopes are
produced by spallation on rubidium, strontium, yttrium, and zirconium.

The primary fluxof cosmicrays ¢ iscomposed of protons (and some He * ions) (and of all the
isotopesinthe Universein theionized statebutinvery small abundances). It hasboth intensity
(number of particles per unit of surface area and per unit time) and an energy spectrum,
becausein factthere are Ny, NV, . . ., N3 particles, corresponding to energylevels 1,2, . . ., n. As
said, this primary flux of protons produces barely anything other than reactions at the meteo-
rite’s surface, since as soon as it penetrates by a few centimeters it generates a secondary flux of
neutrons, which penetrate more deeply. These neutrons also have an energy spectrum which
changes as they penetrate, diminishing, of course. The flux and energy spectrum of cosmic
radiation may vary with time (we know neither how, nor the magnitude of such fluctuations).
What we measureis the result of flux aggregated over several million or even billion years.

A further, although generally minor, complication is that in addition to cosmic
radiation there is also a flux of particles from the Sun. Generally, this flux is weak and
of low energy, but from time to time it may become intense and of high energy. These
burstsinflux are known as solar flares. They too may engender spallation reactions.

The effective cross-sections for production of new isotopes by nuclear reactions are also
dependent on energy and therefore on penetration inside the meteorite. Figure 4.15 shows
the production of various isotopes versus depth.

As, inaddition, someisotopesresult from spallation on several target nucleiwhose effects
are cumulative, we can imagine the sheer complexity of the phenomenon if we wish to deter-
mine all the contributions. That would involve estimating a mean flux and its energy spec-
trum and localizing the sample to be measured inside the meteorite. For these reasons, a
simpler way of making the calculation hasbeen sought.
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Figure 4.15 Production of 3¢Cl, **Ni, and ®°Co by (n, ») reactions in a supposedly spherical chondritic
meteorite. Distance is measured from the meteorite’s surface towards its center. Cl=100 ppm,
Ni=1.34%, Co =700 ppm. I **Cl =45 barns, T' *®Ni=4.4 barns, T >*Co = 37 barns. Initial flux S, = 0.5

neutron cm™ 357 1.
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Radioactive isotopes
In this case, the equation in the preceding subsection must be supplemented by the decay
term A, V,, where NV, is the number of radioactive atoms:

dN;
dr

= ¢y Neoy — /5 Ny
Let us posit ¢ I'; N._,, = T. It is considered to be constant to simplify things, or else it is
assumed we know its mean value. The equation becomes:

dN;
dr

- T_)LrNr.

Integrating gives:

T— Ce !
Nr — )—
‘r

where Cistheintegration constant. Ifats =0, N, =0, C = T. From this:

— ¢Fr NCHF

Ne=—(1—e") 7

p (1—e™).

Now suppose we have two isotopes, one stable and one radioactive, produced by spallation
under similar conditions ofenergy and flux.We can establish the ratio:

NS(Z)ZQNH( ! )/1
Ni(f) Ty Nep \1 —e4t)™"

Ifwe wait long enough for production and destruction of the radioactive product to achieve
asteadystate, thene *' — 0.This gives:

No(1) _ TsNeos
Ni(t) Ty Neor

Ar t

Notice that we have eliminated the flux factor. If, in addition, the two isotopes are products
ofthesameelement, then N/ N, = 1 and the equationbecomes:

Ny(t) T
Ni(1) T,

t Ay

hence:

, I N T,

C AN T
In this way, we determine the time elapsed since the meteorite was subjected to cosmic
radiation without knowing anything more about the cosmic radiation but having just the

ratio of the effective cross-sections. The exposure age is the time since the meteorite was bro-
ken into pieces, leading to its exposure to cosmic rays (Figure 4.16).
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Figure 4.16 Pairwise chronometry (stable isotope, radioactive isotope) for cosmogenic isotopes. (a) The
general theoretical case; (b) the example of *Ar/3°Ar, which is used extensively in glaciology (see
Oeschger, 1982).

One of the conditions for successfully applying this method is that the isotopes used
should have effective cross-sections that are sensitive to the same ranges of energy and flux
to justify the simplification of mathematically eliminating flux. Accordingly, we are inter-
ested in isotopes either of the same element or of adjacent elements in the periodic table.
The pairs mostused are He—He*, ?*Ne—22Na*, BAr- P Ar*, ¥Kr-8Kr*, and YK 'K *
(*indicates thatthe isotopeis radioactive).

The only point that remains undetermined if we are to be able to calculate the age
is the ratio of effective cross-sections and their level of constancy depending on
particle flux and energy. The determination of effective cross-sections has, of course,
benefited from the extraordinary research activity in nuclear energy and we have a
good catalogofeffective cross-sections from which it hasbeen possible to derive precise laws.

REEEE

The 8Kr—®"Kr method is used to calculate exposure ages (Marti, 1982). The decay constant of
8Kris 1=0.32 - 10" ° yr *. What is the minimum age we can calculate using the steady state
formula?

Answer
For this, e ** must be negligible compared with 1. If we accept that e~
0.01, then t=1.4 million years.

A A

“ must be less than

Exercise

Can we not use this method for ages of less than 1.4 Ma?

Answer
The evolution equation is

Nr TsNe(l—e*t
Ne TN At ‘
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We need to just calculate the curve (1 — e #*f)/t and use the value of the ratio N,/N,. We
know that N_, is identical to N._.; for krypton. Calculate the curve for the ' Kr/®3Kr ratio,
given that I',/T's ~ 1.6612.

Exercise

The #Kr—8"Kr method can be used for calculating exposure ages in stony meteorites by the
formula:

T— 1l (%)
4Tg3 \BKr cosmogenic

where 1/L.=0.307 Ma. To be rid of any complications and given that many Kr isotopes are

produced by spallation, the ratio of effective cross-sections is calculated from the formula:

F3170.95 80Ky 82Ky
Igs 2 \8Kr 8Kr)’

Calculate the exposure age of the Juvinas meteorite if the isotopic measurement of Kr in it
is by convention:

84Kr 78Kr 80Kr 81Kr 82Kr 83Kr 86Kr
1 0.157 0.460 0.0166 0.767 0.968 0.182
Answer

T=10.7-10° years.

Exercise

We use the **K—*°K method to date iron meteorites (Voshage and Hintenberger, 1960). The
only target is therefore iron and we take it that 140 = 0.5543 - 10 ° yr . As the effective cross-
sections are I'yo=9.4 millibarns and I'y; =14.7 millibarns, what is the cosmogenic isotopic
composition of **K/*°K for two meteorites whose exposure ages are 100 Ma and 1 Ga?

Answer
For 100 Ma (**K/*°K)cosmogenic = 1.60; for 1 Ga (**K/*°K)cosmogenic = 2.038.

What are the main conclusions to be drawn from these measurements of exposure ages?

Exposureages are generally muchyounger thanthe ages of meteorite formation (or meta-
morphism). They range from a few million years to a few hundred millionyears. (Ages of for-
mation are closer to 4.5 billion years, as we have seen.) This shows that for most of their
lifetime meteorites are inside their parent body, where they are shielded from cosmic rays,
and that the fracturing of meteorites has occurred relatively late (but long before they fall to
Earth!).
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Figure 4.17 Exposure ages of various types of meteorites.

The distribution of meteorite exposure ages seems to display peaks at 5.7 and 20 million
yearsforordinarystony meteorites and at 700 million years for iron meteorites (Figure 4.17).

The differences in exposure ages for iron and chondritic meteorites is problematic. Why
should iron meteorites have so much older exposure ages? It was first thought that they
came from a different part of the Solar System. It is now thought that the exposure ages of
iron meteorites are older because iron withstands impacts better than the silicate assem-
blages that make up chondritic meteorites, which have been subjected to impacts resulting
in more recent fragmentation. In any event, the results show that meteorites have long life-
timesininterplanetaryspace.

4.3.2 Terrestrial rocks

The principle for terrestrial rocks (see review by Oeschger, 1982) is the same as for meteor-
ites. Galactic cosmic radiation causes nuclear reactions in rocks. The nuclei produced can
bemeasured, and ifwe know the flux we can calculate the duration of irradiation. The differ-
ence with meteorites is that the intensity of cosmic radiation at the Earth’s surface is far
lower becauseithasbeen attenuated by the absorption of protons and neutrons in the atmo-
sphere. It was not until measurement sensitivity had been improved that these methods
could be applied to terrestrial rocks. A second difficulty is that until now methods using
isotope ratios employed for meteorites, such as *°K/*'K and ¥*Kr/*'Kr, have not been
applicable for terrestrial rocks. For the first method, no equivalent has been found for iron
meteorites, which do not contain large quantities of initial K, which dilutes the effects
produced by irradiation. For the second method, sensitivity is still insufficient, but that
may change. Unlike the case of meteorites, where the particle flux ¢ is eliminated, here it
must be calibrated carefully. Now, the flux diminishes, of course, as it penetrates into a rock.
Hence thereis a further difficulty, which has been solved empirically, that of calibrating the
flux ¢, or calibrating absorption.
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Exploitable chronometers

In practice, we use the four radioactive isotopes 1cx 10Be* 26A1 and *°Cland the two rare
gases *He and >'Ne, which are stable isotopes. For radioactive elements, we use the formula
established for meteorite exposure ages:

M=)

Buthere, equilibrium is notachieved. By noting 7'the production rate pI" N._,, we obtain:

Ne =2 (1— e,

Y

Forexample, for beryllium,

0Be = x (1 —e ).
iBe
The difficultylies in determining the flux and assuming it to be constant over time and then
estimating the abundance of target nuclei.
For *He and *'Ne, exposure ages are also calculated by the method described for stable
isotopes in meteorites. This gives:

Ns = gb]'—‘NC*}S I

The production rate is written as P = ¢I' N._.. The gases *He and >'Ne accumulate linearly
withtime, therefore *He = Pror*'Ne = Pr. Heretooweneed toknow the flux (and toassume
thatitis constant) and the absorption laws.

For the target, *He production does not depend much on its composition whereas *'Ne is
produced by spallation of Mg and depends greatly on the chemical composition of the tar-
get. To make it uniform, olivine, whose Mg content is more or less constant, is separated
and measurements are made on this mineral.

Calibration of production rates, erosion rates, etc.
The particle flux varies with both altitude and latitude,® as we said when discussing '*C.
The flux has therefore to be calibrated in each place where the measurement is made.
There are two ways to do this. First, general laws have been established giving the value of
flux by altitude and latitude. To get some idea of this, let us say that at an altitude of
5000 m, the flux is 20 times greater than at sea level. At the poles, at a constant altitude, it
1s 60 times greater than atthe equator. This is why flux is calibrated locally, where possible,
bymeasuring'’Be, *°Al, *He, or 'Ne contents on samples whose age hasbeen determined
byother methods.

Let us look at two important examples that will help in understanding the thinking
behind the method but which will show its “fruitful complications”and so suggest its future
developments.

6 The first measurements were made in the Antarctic where the flux is greatest and, in addition, the erosion
rate is low.
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Table 4.1 Usable cosmogenic nuclides

Productionrate
(atoms/yr) Sea
Measurement level
Isotope Half-life(yr) method Difficulties latitude >55°N Time-span
*He Stable Massspectrometer  Diffuses easily 160 (olivine) lka -3 Ma
10B¢ 1.5-10° AMS Atmospheric 6(quartz) 3ka-8Ma
contamination
26A1 716 - 10° AMS Atmospheric 37 (quartz) Ska-2Ma
contamination
36| 3.08-10° AMS Atmospheric 8 (basalt) Ska—-1Ma
contamination
2INe Stable Mass spectrometer Common neon 45 (olivine) 7ka—10Ma
e 5730years  AMS Contamination 20 (basalt) 1ka —40ka
“Ca  103-10° AMS Verydifficultto ~300ka
measure

Erosionrate measurements
Our job is to measure the exposure age of a basalt flow from the Piton de la Fournaise
volcano on the island of Réunion (Staudacher and Allégre, 1993). This lava flow is at an
altitude of 2300 m and there is no indication that its altitude has varied over the course

of time.

We decide to use the cosmogenic age method based on *He applied to olivine. We
therefore separate the olivine from a rock sampled from the surface and measure the
*He content of the sample. To obtain the *He of cosmogenic origin, we must, of course,
correct for *He of internal origin. To do this, we measure the *He/*He ratio of internal
origin on olivine sampled at a great distance from the surface. We can calculate the
cosmogenic *He content by measuring the (3He/ “He) ot ratio and the total concentra-

. .3
tion in “He.

REEEE

Given (*He)iotar, (*He/*He)interna, and (*He/*He)iorai, establish the formula for calculating

cosmogenic >He.

Answer

cosmo™

(). -2
(3He) _ (SHe) |: *He total *He internaI:|
total .

(i%) internal

When all the calculations have been made, wefind 1.3 - 10~ > cm?® g~ at standard tempera-
ture and pressure of *He of cosmogenic origin. The production rate P, of *He in the olivine
hasbeen calculated for the latitude and altitude of the sample as 2.2 - 10~ cm® g ' per year
atstandard temperature and pressure.
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Itiseasy thento calculate the exposure age:
Tosmo = ~He/Py =59 090 years.

In addition, the “geological” age of the basalt flow has been calculated by the K—Ar
method as 65200 + 2000 years. The surface rock has been irradiated for 65200 years and
yetits exposure ageisjust 6000 years atthe youngest. How come?

After examining the various sources of error, we accept that the age difference is due
to erosion. The rock sampled at the surface today was in fact located at depth for much of
itshistory. Itonly came to the surface through ablation of the material above it, by erosion.

Now, we know that the particle flux decreases exponentially with the thickness of rock it
has penetrated.We need, then, to model the phenomenon.

We canwrite the rate of production of *He in the form:

P=P, exp<_§(1))

where X () is the thickness counting from the surface and Lis the attenuation factor of radia-
tionwith depth.
To simplify matters, we can assume that the rate of erosion is constant.We can write:

X=Xp— €t

where € is the erosion rate and Xy theinitial depth of the sample.
We can therefore write:
d(*He)
dr

=Py exp[i_(XoL_ Et]].

We integrate this equation between 0 and 7 and then replace X, by its value Xo= X+ €¢
(remembering that X is counted downwards). This gives:

PyL X —ct

3 0

He =— — {1 — (—)]
¢ exp( ) exp

Then Xis the current depth coordinate.

Ourobjectiveis to determine the erosion rate, €.

We know 7 (65200 years) and Py (2.2 - 1077 cm® g~ ! yr ' at standard temperature and
pressure), but there are still twounknowns: € and L.

To measure L, we bore a small core and so take samples at various depths. We isolate the
olivine and measure the cosmogenic *He on each sample of it. We can now draw the plot:

In| (He) gumo | = AX).

If our assumptions about the flux and erosion rate are valid, the relation is a straight line of
the form:

-X

ln[(3He)cosmo} L

where A4 is a constant. Theslopeis (—1/L).
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A core was taken from the lava of the island of Réunion discussed before. Olivine was
extracted at each level and the *He content measured. After correcting for He of internal
origin, the following results were found as a function of depth X (Table 4.2).

Table 4.2 Relation of *He content to depth in olivine
from lava on Réunion

X(gem ?) *He(10 Bem 3g ™))
10.45 13
37.86 912

131.95 6.9

217.42 3.58

318.41 1.74

Calculate the attenuation factor L.

Notice that depth X in this table is expressed in grams per square centimeter, which is an
unusual unit of length! The reason for this is that attenuation is, of course, dependent on the
quantity of matter penetrated and so depends on the density of that matter (attenuation per
unit length penetrated is not the same in rock, soil, or a layer of atmosphere). If attenuation
were expressed per mil length, we would have to multiply it by density, and so the effective
value would be:

length (cm) mass (g)
volume (cm?3)

which is equivalent to mass per square centimeter. Naturally enough, L too will be expressed

ingcm 2

Answer
After calculating In(*He) as a function of X (do it) we find for the slope:

L=165gcm 2 £5.

How can we now calculate the erosion rate €?
Let us go back to the expression as a function of Xbut now start from where X=0, that is, at
the present-day surface. The expression becomes:

se — PoL 1 _ ey (=S4
He_elexp L 5

We can develop the exponential in series limiting ourselves to the first three terms.
Remembering that 3He = T.osmo — Po, We can finally write:

ol (=)

If we note the relative difference between the geological age and cosmogenic age as AT/T:

6_ZAT L
o1 \t)
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In the present case we find € =4.7gcm 2 yr .

If we accept a density of 2 g cm ™2 because the lava sampled is “bubbly” and contains many
cavities, then € =2.1 pm yr~*=2.1 mm per 1000 yr.

Exercise

Cosmogenic >*Ne contents were measured on the same samples of olivine from the island
of Réunion (Table 4.3). Given that the production rate of >*Ne is 6.28 - 10 ** cm 3 g ' at
the latitude and altitude in question, calculate the attenuation factor Land the erosion rate €.

How do you account for the result for L compared with that found for *He? Which seems to
you to be the more accurate rate of erosion, that determined with 3He or that with 2*Ne? To
what do you attribute the difference?

Table 4.3 Relation of *!Ne content to depth in olivine
from lava on Réunion

X(gem ?) ZINe (10 Bem g
10.45 3.29
37.86 1.73
131.95 1.59
217.42 0.96
318.41 0.52
Answer
L =160 gcm 2.

It is identical to that for >He because the particle flux at the origin of >He and **Ne is the
same for both. The cosmogenic age of the surface sample is T.osmo =52 388 years.

€=9.6g cm2yr ' = 4.8 mm per 1000 yr.

The *'Ne age is greater than the *He age probably because helium diffuses more readily
than neon and the sample has probably lost a lot of helium. This invites caution when

interpreting helium ages (Figure 4.18).

[(J
—@,
o—

In(2'Ne, 3He()
3

1
100 200 300 400

Depth (gcm-2)

Figure 4.18 Attenuation curves for the creation of *He and 2*Ne in rocks of Réunion given by way of
example.
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Measuring therate of uplift
As said, the particle flux at 500 meters altitude is 20 times higher than the flux at sea level.
Suppose, then, we have a lava that has flowed at sea level. Subsequently the terrain it overlies
hasbeen lifted to an altitude of 500 m.

Of course, the lava would be irradiated much more over the course of uplift. This type of
model canbe calculated in the same way as before:

3
d’He =Py exp(@)

dt

where X(¢)isthe altitude for which zerois taken at 100 m and Lis the attenuation factor inthe
atmosphere. Ifwe call the rate ofuplift U, we get:

U=2 (Tcosmo - [> £
t t

Ascanbeseen, T.osmo = the age ofexposure and is greater than the “geological’age.
Naturally, erosion has not been allowed for in this example. If we add the erosion rate, we
will need other constraints and other chronometers to solve the problem because we will
then have twounknowns, € and U.
Here, we are at the frontier of current research.

Interest and limits of these methods
The methods are of interest foranumber of reasons:

e crosionratescanbedetermined (provided theyare nottoo high because sensitivity islost,
of course);

e we can date the time a surface comes to be exposed to the air, for example a fault plane or
thewall ofacollapsed caldera;

e therate ofupliftof mountains can be measured.

There are many limitations, the main one for terrestrial rocks being that flux is
weak (except at high altitudes near the poles). Very sensitive methods are therefore
required.

Of course, the “boxes” must have remained closed as for dating with natural radioactivity.
For reliable results, measurements must be made by various methods such as >'Ne or '°Be
or by combinations of methods (**Al/'°Be) as proposed by Lal (Lal ez al., 1958; Lal and
Peters, 1967). The various methods are dependent on the chemical composition of rocks or
minerals, first because the target must not contain too many non-cosmogenic natural iso-
topes, and second because reaction yields depend on the chemical composition of the
target.

The production of 2INe, for instance, can be written:

21 _ [ 1Mg+036A1+0.19Si
C NSeoumo = C{ +0.04Ca +0.01 (Fe + Ni) }

inwhich Cisaconstant.
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Lastly, of course, the fluxes must be calibrated in terms of altitude, latitude, and their
variations over time and averaged out (see the review by Lal, 1988).

4.4 Cosmic irradiation: from nucleosynthesis to stellar
and galactic radiation

We speak of cosmogenicisotopes as something special. But, in fact, all theisotopesin nat-
ure are cosmogenic. They were born of nuclear reactions in the cosmos by what is called
nucleosynthesis.We have mentioned this phenomenon several times. It answers the ques-
tion of the alchemists of old: how were the chemical elements created? For our purposes,
we need to complete this question: how were the various isotopes formed and in what
proportions? In the manufacture of an atom, what is important, as we have said, is
the nucleus, because it is in the nucleus that all the mass is concentrated, the electrons
being captured subsequently to populate the surrounding orbitals. Here, then, is a first
part of the answer: the chemical elements are the outcome of nuclear reactions. Nuclear
reactions produce both isotopes and chemical elements. Such reactions are not merely
the invention of nuclear physicists, they occur naturally throughout the Universe, where
the same causes produce the same effects, governed by the laws of nuclear reactions.
Upon examination, the table of chronometers based on cosmogenic isotopes looks very
similar to the table of extinct radioactivity. Why should the two converge like this? To
answer this, we need to broaden our field of view and raise the more general issue of
nucleosynthesis.

Nucleosynthesis and the theory explaining it are the foundation of modern astro-
physics. It is also the starting point of what is called chemistry of the cosmos or cosmo-
chemistry. This is hardly the place to develop this theory in full as it would take us to
the heart of astronomy and very far from our present subject matter. None the less, it is
worth expounding briefly a few important concepts,” particularly as astronomy and the
earth sciences have moved closer on these topics over the last 20 years (reread Chapter 1
on this).

The chemical elements were made in the stars by nuclear reactions. The levels of
energy involved (MeV or GeV) are so great that only the stars can be the sites of such
synthesis on so great a scale. These are the only environments in the Universe where
the “ambient energies”are intense enough and extensive enough for nuclear reactions to
be generated creating new chemical species in such large masses. The alchemists of old
were out by a factor of a million. They wanted to transform matter with burning coals,
that is, with energies of the order of the electronvolt (eV) whereas it takes energies of the
order of MeV at least to change nuclei and so atoms. With their athanors® they could

7 It is worth reading the few well-documented, introductory books on this, particularly D.D. Clayton
(1983), Principles of Stellar Evolution and Nucleosynthesis, Chicago University Press or C. Cowley
(1995), Introduction to Cosmochemistry, Cambridge University Press.

8 Athanors are receptacles used by alchemists to do their experiments.
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alter the atoms’ outer electron shells, whereas making an atom involves altering the
nucleus.

The idea that the nucleosynthesis of chemical elements occurred mainly in stars, first
hitupon byAtkinson and Houtermans (1929) and then by Gamow (1946), was confirmed
only in 1952 by the astronomer Merrill, who observed the presence of technetium-98
around a star. Now, all the isotopes of this element are radioactive, with a period of less
than 1 million years. If this element is found near an isolated star in the Universe, it must
have been created recently by the star otherwise it would be “dead,”destroyed by radioac-
tive decay.

The theory of nucleosynthesis was developed synthetically in 1957 in a pioneering paper
known as B2ZFH by Margaret Burbidge, Jeff Burbidge, Willy Fowler, and Fred Hoyle
(Burbidge eral., 1957).” The major stages are as follows. It all begins with the proton, that s,
the hydrogen atom, synthesized at the time of the Big Bang. After that, it all happens by
nuclear reactions in the stars, but not just any stars. Let us look at the successive stages in
nuclear terms.

4.4.1 The transition from the proton to helium

This is no straightforward transition. It first involves the intermediate products D
and *He. The entire process is written as a series of nuclear reactions in an
avalanche:

H+H—-D+4 +v
D+ 'H— He+~

*He + *He — *He + 2'H

wherevisaneutrino and yis gammaradiation.
These nuclear reactions occur in ordinary stars like the Sun. It is the most widespread
activity in stars. It requires temperatures of several million degrees."”

4.4.2 The synthesis of a elements

Helium-4 (« radiation) is an exceptionally stable building block in nuclear terms
(two protons and two neutrons). The nuclear reactions involving this nucleus are
written:

“He + “He — ®Be*.

Al Cameron of Harvard developed a similar theory at the same time but failed to publish any summary
in a major scientific journal but just gave conferences and lectures on the subject.

10 1t is these reactions we cannot manage to “calm” to produce “domestic” energy, we can only produce
them artificially in hydrogen bombs.
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Beryllium-8* is an unstable isotope which reacts quickly to give, in its turn, ">C by the
equation:

8Be* + “He — °C.
Therefore, all told:
3%He — '*C.

This is what is called helium fusion, that is, the formation of '>C. This type of nuclear reac-
tion continues.We have:

2C+%He - '"°0 +~
%0 +*He — *°Ne +

2ONe + “He — **Mg + .

Alongside the addition of successive “blocks” of “He, fusion of carbon and oxygen nuclei
occurs, these nuclei themselves being formed by the addition of three and four “He:

12C+12C—>24Mg+’7
"C+"”C—"Na+p
12C+12C—>20Ne—|—4He
204+ 12C 5 BMg4n

12C 4+ 12C -0 + 2*He
or

160 + 160 _ 3ZS +’7

160 + 160 N 31P + p (IH)
180 4190 - %S +n

190 4+ 10 — 8Si + *He

160 + 160_)24Mg+24He.

Triggering these nuclear reactions requires considerable energies to overcome the natural
repulsion between positively charged nuclei. The first stages begin at 100 million degrees
and endinstages atclose to1billion degrees.
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4.4.3 The iron peak

This phase of fusion (addition) of ever-heavier nuclei has its limits because with successive
synthesis we arrive at minimum energy per nucleon. And the element corresponding to
this minimum is iron. In other words, when there is fusion of nuclei whose mass is greater
thanthatofiron, the resulting nuclei areless stable than the initial ones. This stability of iron
underlies a statistical process of nuclear reactions. Fusion reactions occur in an anarchic
fashion and are offset by destruction reactions, which may even go as far as releasing “He
nuclei. We are dealing here with temperatures of 6 billion degrees. But all of these reactions
have a natural limit: we cannot “exceed” the atomic number of nuclei close to iron, nickel,
and cobalt, which are very stable too in nuclear terms. Accordingly, such nuclei accumulate
and are very abundant. Hence we get what is known as the iron peak, corresponding to an
exceptional abundance of iron and of the elements on either side of it (Figure 4.19). But how
can we go “further”and make elements with atomic numbers greater than that of iron, hea-
vier than iron? How can we cross this seemingly impassable stability barrier and make very
heavy elements? After all, these elements do occur, be they strontium, rubidium, neody-
mium, or uranium. Thisis possible through the relationship of neutron addition.

4.4.4 Neutron addition

Neutrons are electrically neutral particles. They react in nuclear terms by adding
to the nucleus without doing too much “damage.” On the (Z, N) plot the addition of neutrons
creates a new isotope with more neutrons and shifts the nucleus towards the right of the plot.
When neutron addition accumulates, ever-heavier isotopes of the element are created. On
the (Z, N) plot, the new nuclei move horizontally ever further to the right. There comes a

Iron (Fe)

B/A (MeV)

| | | | | | | | | | |
8 16 24 30 60 90 120 150 180 210 240

A

Figure 4.19 The curve of binding energies of nuclei by nucleon (B/A) versus mass number (A).
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point, then, when the new nucleus lies outside the valley of nuclear stability. It is therefore
unstable. To return to the valley of stability it disintegrates by 5~ radioactivity. The neutron
changes into a proton. By the same token, Z increases. A new chemical element has therefore
been made. New isotopes and new chemical elements can be made by neutron addition. This
is a general outline. In actual fact, the neutron addition process has two variants depending
on the relative number of neutrons and the equilibrium established between the addition of
neutrons and radioactivity.

Iftheneutronfluxis weak, the radioactivity of isotopes totherightof the valley of stability
isabarrier. Such isotopes disintegrate as soon as they form and we zigzag across the (Z, N)
plot (Figure 4.20).

Ifthe neutron fluxis very high, radioactivity has no time to disintegrate fully the radioac-
tive nuclei which are “loaded” with extra neutrons and in turn give rise to other radioactive
isotopes which move further to the right of the (Z, N) plot (Figure 4.21). Of course, decay
also occurs and a flux of new nuclei is formed, with larger Z numbers. New chemical ele-
ments have been synthesized.

The two figures (Figures 4.20 and 4.21) clearly show the two processes which are termed
s-process (slow) and r-process (rapid), respectively.

A few simple rules can be laid down to check whether an isotope of a heavy element
has been synthesized by an s-process or an r-process or by both. A stable isotope to the
right of a radioactive isotope (short period) cannot have been formed by an s-process
since the radioactive isotope is a barrier to any further horizontal rightwards shift.
Ifitoccursinnature, thenitmusthavebeen formed byan r-process. However, anyadjacent
stable isotope may be the outcome of an s-process. Conversely, any stable isotope
located onthe same negative diagonal as anisotope of anotherelement of lower mass can-
not have been created by an r-process as it is “shielded,” protected by the other isotope
(Figure 4.21).

Averysimple and convenient equation which the s-process obeys is:

Na_i OA

Na OA—1

where N is the abundance, o the effective cross-section of neutron absorption, and A and
A—laretwoisotopes with decreasing mass numbers.

Theabundance ratios of the twoisotopes arein inverse proportion to theireffective cross-
sections of neutron absorption. Let us show this simply. The kinetic equation of production
ofisotope A is written:
d(Na) = ¢(oa—1 Na—1 — oA Na)

dt
where ¢, is the neutron flux, No_;and Ny are the numbers of atoms of atomic numbers A
and A-1,and o_;and o4 arethe effective cross-sections.

This is a classic destruction—production equation like the one written for '*C. If equili-
brium is attained:

d(Na)

dr =0
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ProtON I
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Figure 4.20 The s-process on the proton—neutron plot. Top: theoretical pathway of neutron reactions.
In blue, the first radioactive isotope. There is a change of elements up to the left by 7~ decay. Bottom:
example of s-process pathways on the proton—neutron plot allowing the creation of elements heavier
than iron. After Broecker (1986).

Therefore:

0A—1 Na—1 = 0p Na.

Ourassertion hasbeen demonstrated.
Now consider the transitionby 5~ decay:

4N

q7 :¢N0A_11271N—12N*.
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Figure 4.21 The r-process on the proton—neutron plot. The neutron flux is intense enough for
considerable horizontal shift to the right before radioactivity becomes a barrier. But, of course, all
radioactivity plays a part before the barrier effect kicks in. After Broecker (1986).
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Production of the barrier radioactive isotope is noted with an asterisk (*), and A is the decay
constant.

d(z1N)

1A A
d[ :AZN*_¢NUAZ+1N*'

If equilibrium occurs, the radioactive term between the two equations is eliminated,
giving:

A—1 A
OA—1 ZN:O'A Z+1N'

Thisisthe same relation as before.

The abundance of isotopes of type s (i.e., formed by the s-process) heavy elements is
therefore determined by the effective cross-sections of absorption of neutrons. These
cross-sections can be measured in the laboratory (they are required for constructing atomic
reactors).

REEEE

Strontium has three isotopes, of masses 88, 87, and 86. Their effective cross-sections of
neutron absorption are 4.8, 60, and 48 millibarns, respectively. The “primitive” isotope ratios
of strontium are: 8Sr/26Sr = 8.3754, 7Sr/26Sr = 0.698, and #8sr/%7Sr=11.99.

Can strontium isotopes be synthesized by the s-process?

Answer
Let us first apply the rule N;/N, = o>/y. We find the ratios ®8sr/26Sr =10, 87Sr/%6Sr = 0.8, and
88Gr/87Sr=12.5.

Let us compare this with observations. In view of the uncertainties on effective cross-
sections, the agreement is quite good. This is odd because 8Sr derives from both the s- and
the r-processes, which proves that the r-process is not important here.

REEEE

Table 4.4 gives the abundance N, the effective cross-section o, and the product No for
samarium isotopes.

Table 4.4 Data for samarium isotopes

Samarium isotope Na% Class“ o (millibarn) No

144 2.87 p 119 4 55 342

147 14.94 rs 1173 £ 192 17600 + 2900
148 11.24 S 258 £48 2930 + 540
149 13.85 rs 1622 +£279 22500 4000
150 7.36 s 370 + 72 2770 £ 535
152 26.90 rorrs 411 £71 11100 £ 1900
154 22.84 r 325+ 61 743041400

9 For details of the p-process, see next subsection.

Calculate the proportion of the r-process involved in the formation of 147 and 149 isotopes.



m Cosmogenic isotopes

Answer
If we take the 148 isotope, which is a pure s-process isotope, the (s) isotopes give a cNvalue ~
2930.

We can therefore write:

17600 — 2930
f147 = (——————— 100 = 83.
percentage (r) o < TG ) x 100 = 83.35%
22500 — 2930
t f149 = ( ————— 100 = 86.97%.
percentage (r) o < = ) X %

445 The p-process

Some isotopes are depleted in neutrons (and so have “surplus” protons). In the chart of the
nuclides they lie to the left of the valley of stability, off the s-process pathway, and shielded
from the r-process. They include for example 8431, 22Mo, 12*Xe, and **Sm. They are called
p-process nuclides (or p-isotopes) and are said to be formed by the p-process. The produc-
tion process is fairly obscure but we do know that the abundance of p-isotopes plotted
against (Z) forms a curve which roughly follows that of the s- and r-isotopes except that the
abundance levels are much lower. To get some idea, the abundance ratios for silicon are:
s-process = 1, -process = 0.5, and p-process = 0.02.

Itcanbeinferred, then, that the p-processis secondary and tracks the s- and r-processes,
thus supplementing them. Nowadays it is thought that the p-process is mainly caused by
(7, m) reactions in supernovae.

4.4.6 The light elements lithium, beryllium, and boron

When the abundance of chemical elements is plotted against their atomic number
(Figure 4.22), it can be seen that three light elements, lithium, beryllium, and boron, are
underabundant compared with their atomic numbers. The He burning nucleosynthetic
process seems to have leapfrogged them, with three *He nuclei eventually combining to
give '>C. Andyet these elements do exist! How did they come to be?

Their formationis attributed to two causes:

e the BigBangforlithiuminpart;
e spallation reactions in interstellar space caused by galactic cosmic radiation and acting
oninterstellar material.

This explains the abundance curve of the chemical elements and isotopes (Figure 4.22).
But whatstructures produce these reactions? We now need to speak about the stars.

4.4.7 The stellar adventure: the life and death of stars

Letusnowlook at what nucleosynthesis is as the astrophysicist sees it.
The Universe is populated by stars clustered into galaxies. These stars are of different
sizes and brightnesses but they are all gigantic nuclear reactors. Nuclear reactions take place
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Figure 4.22 Abundance charts of elements in the cosmos. The scale is logarithmic. Silicon (Si) is taken as
the reference. After Broecker (1986).

inside the stars which give offenergy. Electromagnetic radiation, and light radiation in parti-
cular, is given off from the star’s surface. A balance is established between the two processes
anditishowlong thisbalanceis maintained that determines the star’slifetime.When the equi-
librium is disrupted, thatis, when the fuel is exhausted, the star changes nature.

The characteristic feature of nuclear reactions is that they need a certain amount of
energy to “ignite.” Once triggered, most of them produce considerable quantities of energy
intheir turn, because they convert matter into energy, in accordance with Einstein’s famous
formula AE = Amc?.

What is the source of energy triggering these nuclear reactions? Gravitational energy. A
star is born when an interstellar cloud of gas and dust contract under the influence of gravity,
that is the mutual attraction exerted by all components of matter. The contraction of the
cloud generates energy by the impacts produced between “portions”of matter. When the tem-
perature reaches about 10 million degrees, hydrogen fusion occurs and a star is born. This is
what happened for our Sun some 4.57 Ga ago. The birth of ordinary stars is the most everyday,
the most commonplace phenomenon in the Universe. Most stars are of this type. Like the
Sun they can make only helium. The stars are classified by the Hertzsprung—Russell (H-R)
diagram on which we plot brightness against color, that is, the star’s temperature
(Figure 4.23).White is very hot and red is cooler. Most stars lie on the leading diagonal of the
diagram, which is therefore called the main sequence.



m Cosmogenic isotopes

<—— Surface temperature

SR o
O P AP O N N
N O e A® &°

105 | SUPERNOVAE
Planetary _ ol
104 7~ nebulae 4
/ N
103 H Horizontal branch
| /
\ |
102 v\
\ o\
o 10° \‘\
(%]
o \
£ \
o 1
@
1077
1072 \ )
103 \///
104
violet blue white yellow yellow orange red
107>
Color

Figure 4.23 Hertzsprung—Russell (H-R) diagram of stars. Note that the temperature scale on the x-axis
increases from right to left.

Remark

The Sun was born from gravitational contraction of a cloud of gas and dust already containing all
of the chemical elements we now find in the Solar System (in the planets and in the Sun itself). The
origin of these elements therefore pre-dates that of the Sun itself.

For stars with low masses (like that of our Sun or lower), when the nuclear fuel is exhausted
the star burns out, expands slightly and then contracts, it shrivels up to give birth to a tiny star
known as awhite dwarf (bottom of Figure 4.23). This is what will become of the Sunin 5 Ga!

For more massive “ordinary” stars, the stellar adventure will continue more gloriously.
The core of the star, made of helium, will contract again and its temperature rise while at
the same time the outer envelope of the star will expand (and so its temperature fall). In the
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Figure 4.24 Stages in the evolution of a massive star.

core, fusion reactions will be triggered producing considerable energy. Little bylittle the star
will come to be made up ofa series of layers like an onion, with each layer corresponding to
a temperature and therefore to a type of nuclear fusion reaction (Figure 4.24). These stars
arealready red giants (like Betelgeuse). Some have three or fourlayers, other six or seven.

Atthe centerofthese red giantsreign temperatures of 1to 6 billion degrees, while the outer
envelopesare at only 100 million degrees. Itis in these red giants, through the course of their
evolution, thattheheavyelements are manufactured and that the fusion reactions of carbon,
oxygen, etc. occur and the statistical equilibrium of the iron peak isreached.

Some of these giant stars will evolve further and reach an extremely rare stage where they
explodeinafraction ofasecond.Theseare supernovae. In our galaxy thereis one supernova
explosion per century. Such events generate the enormous neutron fluxes (themselves the
outcome of nuclear reactions) required by the r-process. The s-process seems to occur as
red giants evolve towards the explosive zone, along what astronomers know as the asympto-
ticgiantbranch (AGB star).

The main lines of this theory of nucleosynthesis are well understood. It unites in
asingle coherent whole astronomic observations, the abundance of chemical elements and
isotopes, and the parameters measured in nuclear physics in reactors or accelerators.

Forourown purposes, inisotope geology, we can draw a few practical conclusions fromiit.
The Sun burns hydrogen only. The heavy elements in it therefore pre-date the Sun. They
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were formed in red giants or ancient supernovae. This simple remark allows us to under-
stand that the history of the Universe is a history of stellar cycles. Stars are born, synthesize
elements, and die, and their material is scattered into interstellar space. There the various
clouds mix and mingle the material synthesized previously. They wander around the cos-
mos until the day new gravitational contraction occurs. This gives rise to a new star, which
in turn makes matter and disperses itin the Universe and so on. One supernova per century
is not a lot, but that still makes 10 thousand every million years, or 40 million since the
Earth first formed (and in our galaxyalone).

These pre-solar heavy elements were therefore made in red giants and supernovae dating
fromsolar prehistory and then extensively mixed in interstellar space.

For us earthlings, as parts of the Solar System, there are two major dates in this cosmic his-
tory: the Big Bang and the formation of the Solar System. The Big Bang was the event with
which our universe began. Astronomers now date it to 13 billion years ago. For them, it is the
instant at which matter as we know it came into being in a phenomenal process of expansion
and heating. In the course of this process hydrogen, helium, and a little lithium were formed.
Then everything arranged itself into galaxies, stars, and planetary systems. It was in the
course of thisstellar history that all the other elements heavier than lithium were synthesized.

The formation of the Solar System occurred 4.6-4.5 billion years ago.We shall go into this
datemore closely butatthispointan order of magnitudeisenough. The Solar System gathered
upmatter madein previousstellar processesincludingexplosions of supernovae or red giants.
All this matter was mixed and arranged itself into a central star with orbiting planetary
bodies. But to account for the existence at the time the Solar System formed of what are now
extinct forms of radioactivity we must accept that red giants and supernovae existed and
explodedjustbefore its formation and that they are the source of these forms of radioactivity.

Thisscenario of late explosive nucleosynthesis (red giantand/or supernovae) to synthe-
size heavy elements in the Solar System has recently been challenged (or supplemented) by
asecondscenario, thatof primitiveirradiation. Inthis modelitisaccepted thatasit formed
the young Sun emitted extremely high-energy particles which in turn produced spallation
reactions on the solar material and that these reactions in particular produced the extinct
forms of radioactivity. This scenario is thought necessary to produce the '’Be discovered by
ateam from Nancy (France) (McKeegan ezal.,2000) and the *°Cl discovered more recently
bya Chinese team (Lin ezal.,2005). However, it does not seem to be able to make >*Mn. The
two processes probably occurred in succession, but in what proportions? This is a very hot
subjectat present.

All these events have left traces in meteorites. These objects, which date from the time the
Earth, planets, and Sun were formed, contain extraordinary information. Near their sur-
faces are cosmogenic isotopes which inform us about cosmic radiation, but also about the
time they have spentin the Universe as small pieces of rock. However, some of them contain
grains of interstellar dust whose isotopic composition in certain elements informs us about
the r- and s-processes of nucleosynthesis. These processes, as described, occurred well
before the beginnings of our Solar System. This is true for most, save one category: extinct
radioactivity, whichwe have already come across. Meteorites are an invaluable link between
cosmic and terrestrial processes. For physics, there is a continuum between stellar nucleo-
synthesis and nuclear reactions produced by particle fluxes from the Sun or from cosmic
radiation.
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This scenario is the one that has occurred tirelessly in the Universe over 10 or 14 billion
years. But in the beginning, what was there? What matter? The beginning was the Big
Bang, which synthesized the elementary particles, hydrogen, helium, and lithium and
enacted an essential event . . . which lies outside the scope of this book, although it impreg-
nates every partofit!

Problems

1 Carbon-14 is produced by nuclear reactions on *N, but it also decays to **N. We propose to use
this decay scheme for dating purposes as is done with 8’Rb—27Sr or *°K=*°Ar, for example.
We consider that to make a measurement, **N/**N must differ from the normal value (~ 276)
by 1 - 10 °. What should the C/N ratio be to apply this method to objects that are, say, 15 000
years old? Do you think this would be feasible?

2 The Holy Shroud of Turin long posed a problem for believers. Was it really the shroud in which
Christ had been wrapped? It first appeared in 1350 and the monks asserted it was a genuine
relic. It could not be dated by the traditional **C method as there was not enough material, but
with AMS it could be dated with just 150 mg of cloth. The **C age was between 600 and 800
years old. Given the correspondence curve in Figure 4.25, what is the age of the Holy Shroud?
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Figure 4.25 Correspondence curve of the radiocarbon age and calendar age of the Turin Shroud.

3 We measure the isotopic composition of K in an iron meteorite having undergone cosmic
irradiation for 500 Ma. The mass spectrum of K measured is a mixture between the cosmo-
genic mass spectrum and the normal mass spectrum. Estimating that (*°K)normai is negligible,
establish the equation for determining (**K/*°K)cosmogenic- (Suppose the normal K isotope
ratios are known.)
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4 Chlorine-36 is created in the atmosphere by spallation reactions on “°Ar, and T,/,=3 - 10°
years. From the time of its creation, the chlorine is incorporated in water masses and in the
hydrological cycle. The *®Cl/Cliot ratio is 100 +20 - 10 ° in rainwater at the Earth’s surface.
We analyze the water sampled from a deep aquifer and find 5 - 10™*° for the 3°Cl/Cl;o, ratio.
How old is the groundwater?

5 Here is a series of '°Be/°Be measurements on a manganese crust.

Depth (mm) °Be/°Be+2 o

Surface 3.944+0.32-10 8
0-1.0 3.23+0.12 - 108
1.5-2.0 2.19+0.25 - 108
2.5-3.0 1.79+0.08 - 10 8
3.5-4.0 1.41+0.06 - 1078
4.0-5.0 1.04+0.07 - 108
5.0-5.7 9.00+0.52 - 107°
5.7-6.0 5.98+0.88 - 10°°
6.0-7.0 5.20+0.44 - 10°°
8.0-8.5 3.944+0.26 - 10°°
8.5-9.0 2.69+0.62-10°

9.0-10.0 2.39+0.40 - 10°°
10.7-11.7 1.85+0.44 - 10°

(i) What is the rate of accretion?
(i) What is the error?



CHAPTER FIVE

Uncertainties and results of
radiometric dating

5.1 Introduction

The purpose ofthis chapter isto review radiometric dating methods as applied both to terres-
trialand to cosmic problems.We shall speak of the major results that now fix the chronological
framework of the Earth’s history, not forgetting that what they mean is inseparable from how
reliable they are. The central question we shall be dealing with in this chapter is: how reliable
arethe geological ages we determine? In other words, whatis thelevel ofuncertainty affecting
anage determination?’ What guarantee have we that this age is geologically meaningful ?

Ascertaining theuncertainty A, whenwe obtainavalue 7, allowing us towrite thatthe age
is T+ A, is a problem that breaks down into various sub-problems, some of which are
uncommon even in books on uncertainty. Let us get our ideas straight with a simple
example.

Suppose we measure a series of rocks by the ¥’ Rb—*’Sr method and the analytical results
arejustabout aligned on the (*’Sr/*°Sr, ¥ R b/3°Sr) diagram. How can we measure the slope
of the straight line isochron to calculate the age of the rocks? Any experimental physicist
will tell you that you first need to know the uncertainty affecting each individual physical
measurement: the strontium isotope ratios and the absolute values in *’Rb and *°Sr. And
thenthatyouneedto estimatethe slope of the straight line by using theleast-squares method
where the “weight” of each data point is measured by its individual uncertainty. We then
obtain an age and an uncertainty value reflecting the dispersion of data points relative to
the straight line we calculated. This approach, which has been tried and tested by years of
statistical practice, seemsunassailable ontheface of it. Andyet, assoon asitis putinto prac-
tice, it raises questions that are not to do with mathematical statistics but with what we
mightcall geological understanding.

The first question is: should we attribute the analytical uncertainty measured in the
laboratory to all the data points? Despite the reassuring look of this question, which invites
us to answer “yes,” we need to realize that such “automatic”attribution is not as safe as we
might think. In fact, the rocks with the highest *’ Rb/°Sr values and therefore *’Sr * values,
are probably those that, in the course of geological history, have been the most likely to

' To avoid any confusion with the word “error” used in ordinary language it is now recommended to use the
term uncertainty in scientific work. The word error is used when we know the difference between the true
value and the measured value; uncertainty is an estimate of this error. I shall try to abide by this logical rule,
although it goes against decades of habit. Indeed, it has often been used in the first three chapters.
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Figure 5.1 A series of Rb—Sr measurements plotted on the isochron diagram. After examining the
dispersion of data points, there seem to be three options for obtaining the “best age.” (a) We can
calculate the best straight-line fit using all of the data points to which analytical uncertainty has been
attributed and obtain an age determination. The uncertainty of the pattern suggests that this age is
very much influenced by samples 6 and 7. (b) We add a geological uncertainty to samples 6 and 7
because they are the most radiogenic and so liable to have lost #7Sr. We then calculate the best straight-
line fit. () We eliminate samples 6 and 7 and use samples 1-5 alone to calculate the best straight-line fit.

lose ¥’Sr* through exchanges with adjacent rocks. Logically, we should therefore attribute
greater uncertainty to their ages than to those of other rocks and measure the deficitin geo-
logical robustness. Moreover, such uncertainty would be asymmetrical because the loss of
87Sr* leads to a reduction in the ¥’Sr/®®Sr ratio (Figure 5.1). Should we therefore increase
the analytical uncertainty ofa geological uncertainty ?

Another question arises. Given that we are working with a natural system and that the
conditions of the basic model (perfectinitial isotopichomogenization, box closed since the
origin) have probably notbeen stringently observed, the data points are distributed “statisti-
cally” (thatis, moreorless accurately) around the best straight-line fit. How much dispersion
is acceptable for it to be considered that we are indeed working within the framework of a
theoretical model and therefore that the age determination is legitimate? This is a difficult
question and even more so if you think that, as we go back in time, the vagaries of disruptive
geological phenomena become ever more probable and that the alignment must be less
good for Precambrian rocks than for rocks of the Secondary era, say. Therefore geological
tolerance for non-alignment mustlogically increase with age. Byhow much? Towhat extent
canwe accept non-alignment, even for very old rocks? We must remember that, in addition
to measurement uncertainty, analytical uncertainty toois a function ofage. Thereis, then, a
series of prior questions to our central question: is age determination reliable?

There is a second aspect to this issue of the reliability of measurements, that of the geo-
logical significance of the age obtained. Imagine we have an age in thousands, millions, or
billions of years, together with its uncertainty, What does the number obtained correspond
to geologically? Let us return to our series of rocks whose ages have been determined by the
8"Rb-*"Sr method. Is the ¥’ Rb—¥"Sr straight line a“mixing line”or an isochron? Chapter 3
(Section 3.4) gave us a test for deciding between these two hypotheses. Suppose we think it
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plausible we have an isochron. What does this mean? Our basic model is of a closed box in
which we enclose radioactive and radiogenic isotopes at a well-defined “instant” 7). But to
what does this formal theoretical model correspond in the world of nature? Suppose that,
to getour ideas straight, the series of rocks in question is a series of granite rocks from a sin-
gle massif. Isthe age obtained the age when the granite was emplaced asa magma or the age
of the metamorphic basement whose partial melting gave rise to the granite mass?
Assuming it is the emplacement of the granite that is dated, what is the exact time of that
emplacement? When the magma firstintruded? When it crystallized? Or is it when hydro-
thermal circulation occurred, which seems to end the emplacement of granite massifs as
attested by quartz veins sometimes containing metallic minerals? Once again, this question
is not unconnected to the age measured. And if we measure the minerals, have they not
been subjected to some subsequentevent? Did theyall crystallize at the same instant?

The duration of emplacement of granite being estimated at 1 Ma in all (perhaps 2 Ma),
when we date a granite that is 2 billion years old this question is irrelevant as our power of
resolution is insufficient to distinguish the various episodes in its emplacement. But when
we date the granites of theisland of Elba (Italy) as 7 or 8 Maold, the question becomes a cru-
cial one.We are left to “date” something without really knowing what itis we are dating! The
age will be an “average age”of the emplacement of granite on the island of Elba, but we must
not read more into it than that! That is, unless we have other independent information
tohand.

This s the sort of question we are going to try to answer while exploring the major results
obtained by radiometric dating methods. Each will be placed in the context of how reliable
it is.We shall see that the preceding chapters have given some pointers for some of the pro-
blems. Forothers, weshall need to give substance to our intuitions and attempttorationalize
them ... or qualify them. But the ultimate test of any age determination by radiometric
methodsishow coherentitis withwhat we already know.

Thisknowledge forms the chronological setting within which the new determination is to
befitted. The overall framework is formed by the geological and cosmic timescale.

The age of the Earth or of the Sun is a fixed point and our ultimate reference pointin any
“cosmic” chronology. At the same time, these general references are only known with a
degree of uncertainty because of all the sources we have referred to and are going to study.
Thereis, then, constant feedback between advances on uncertainties and the major results.
The major results are to be looked on as numbers that are liable to vary somewhat or to see
their underlying meaning change (we shall see this is the case for the age of the Earth). We
shall see there is a broad range of uncertainty as regards the chronology of formation of the
elements. Itisto emphasize the fundamental connectionbetweentheuncertaintiesinherent
to the methods of radiochronology and its main findings that they have been brought
together herein a single chapter.

5.2 Some statistical reminders relative to the
calculation of uncertainties

When we make N measurements of x, they are represented in a (V, x) plot by grouping the
values of x into classes. This is a histogram. When Nis large and the results are distributed
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randomly, we consider that the best estimation of the true value sought is the mean of the
measured values (noted X).

N
Xi
),C_X1+X2+"‘+XN_XI':
N N

To estimate the uncertainty associated with this, we consider the dispersion of the measure-
ments obtained by calculating the deviations from the mean for each measurement and tak-
ing their average. In practice, we calculate the sum of the squared deviations:”

N

V= Z(xi - )_6)2

and we divide by the number of measurements N minus 1 to get the mean variance :*

S(xi— %)

=W

The standard deviation is the square root of the variance:

ooV =

The drawback of using o, is that it is expressed in units of x. So we cannot compare, say, the
dispersion for the isotopic measurement of lead and that of strontium. To make such com-
parisons we define the reduced dispersion 5 bydividing o, by x:

_ Ox
g = —.

X

This dispersion or reduced deviation is expressed as per cent, per mil, etc.

Whenuncertainty is considered to be a random fluctuation due to factors that are poorly
determined but which affect each measurement and make it deviate around its true value,
then results of theoretical statistics can be applied. It can be shown that if there were an infi-
nite number of random measurements, the values measured would be distributed around a
meanvalueinaccordance withwhatisknown asthe Laplace—Gauss or normal distribution
(Figure 5.2). The curve of the normal distribution is written:

]! (x — x) ?
4 V2t 2 Ox
where yis the measurement frequencyand is a function of the variable x.

2 We use the square so that positive and negative deviations are added and do not cancel out by
subtraction.

3 Suppose we have just one measurement. If we divide by N, the uncertainty would be zero whereas if we
divide by N — 1, that is by zero, it is indeterminate, which is indeed the case!



m The calculation of uncertainties

0.4
_‘? 03[
% —>»/ - - Oy - - \e—
2 02 | |
p=. I I
o 1 1
1 1
0.1 1 I
1 I 1 A\
1 I I \
/ I 1 \
] il | | \
-30 -20 -0 0 o 20 30
X—X

Figure 5.2 The normal curve. The probability of a measurement occurring, or its frequency, is plotted against
the value of the measurement on a scale expressed in x—x (value corrected by the mean). The distance
between the points of inflection is the dispersion o. Note the geometrical signification of 20 and 3o.

The curve y = f{x) has the famous bell shape. It is symmetrical about X (mean). The stan-
dard deviation o, is the distance between the point of inflection and the mean. The maxi-
mum deviation is equal toabout +30, or 99.7%.

Remark

The converse of this last observation is important: if a distribution is random and we know its
maximum dispersion D, we can then estimate o, = D/6. This dispersion is known as the maximum
range.

In practice, the distributions and parameters calculated are increasingly significant as we
approach the theoretical distribution, that is, as the number of measurements N increases.
Unfortunately, Nisnot always high.

When the shape of the histogram can be represented by a bell-shaped curve, we apply the
results obtained for the ideal distribution with a very large N to such histograms
(Figure 5.3). Let us say that in making this assimilation we are being optimistic about the
uncertainty. In statistics it is shown that this uncertainty is estimated by multiplying the
standard deviation of the histogram measured (o) by 1/v/N. The more measurements we
make, the lower the risk of uncertainty, of course, but this decrease obeys the square-root
law. Uncertainty on x, written A, is therefore defined as:

v ()

As, in the absence of other information, the standard deviation is the quadratic mean of
deviations, the totaluncertainty is therefore:
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Figure 5.3 Histogram of 100 measurements of strontium concentration in a series of rocks from a
single site. The histogram and the normal curve approximating it are shown. The mean is 20 ppm, the
dispersion o = 0.5 ppm. We can therefore write concentration C=20+ 0.5 ppm. Relative uncertainty is
written 0.5/20 = 2.5%.

Naturally, relative uncertainty mayalso be defined here:

Thisuncertaintyhasnounitandis expressed as percent, per mil, etc. This formula by which
uncertainty varies asl/v/N is absolutely fundamental. It indicates that after estimating
dispersion based on the histogram of experimental values, we estimate the reliability of this
uncertainty by attributing to it a weight of 1/v/N. If we make 10, 100, 1000, and 10 000
measurements, precision improves to 30%, 10%, 3%, and 1%.

Remark

It can be shown in statistics that if, for a normal distribution, we consider an uncertainty £A,, we
have a 63% chance of the real value lying within this interval. If we take +2A,, that is a greater
uncertainty, this probability reaches 95%. In the first case we speak of high-risk uncertainty, and in
the second of low-risk uncertainty.

In practice, then, we measure uncertainties to the nearest sigma or two sigmas, by the
expressions:

where Nisthe number of measurements.

A further procedure must be added to these: that of the elimination of aberrant values
(outliers). Somevalues measured are completely out of line with the histogram.These “aber-
rant” values are thought to arise from some random accident during measurement (typi-
cally a sudden fluctuation in electric current when making a measurement on the mass
spectrometer, or the sampling of an apparently sound rock which proves to be weathered
when analyzed more closely). The following criterion is used to eliminate these values: all
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Figure 5.4 The difference between reproducibility and accuracy. (a) Good reproducibility but poor
accuracy; (b) poor reproducibility and poor accuracy; (c) poor reproducibility but good accuracy; (d)
good reproducibility and good accuracy.

the values beyond +3¢ are eliminated, and then the entire calculation is repeated. The
resulting uncertainty that has been “cleaned” of extreme outliers is denoted Ax* or Ax
depending on whether itis an absolute or relative uncertainty.

We now need to introduce a few useful distinctions (Figure 5.4). The accuracy of a mea-
surement is estimated from the deviation between the measured value and the true value
sought. Precision or reproducibility is the dispersion of a measurement repeated N times:
itis this dispersion divided by the mean value. Reproducibility can be estimated from a his-
togram of measurements. Accuracy can only be estimated if we have independent knowl-
edge (or an estimate) of the true values. The power of resolution in geochronology is the
smallest age difference we can measure with any guarantee of reliability. It is defined as the
quantity significantly different from zero that can be estimated between two events:
R =1t — t,. Toestimate R, we assume the deviation must be greater than the sum of the stan-
darddeviations: R > o, + oy,.

Exercise

The 2°®Pb/2°*Pb ratio of a rock is measured six times giving: 18.35, 18.38, 18.39, 18.32, 18.33,
and 18.35. What value will we give for the isotopic composition of this rock? What is the
precision achieved? Is it worth making another six measurements given that the reproduci-
bility of each measurement is 3%.?
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Answer
Supposing the uncertainty values of each measurement are equal, we calculate:

X =18.353;0 = 0.025; A, = 05/VN = 0.010;A = A, /x = 5.4-10"*.

We can therefore write x = 18.353 4 0.010 with 63% confidence and x = 18.353 + 0.02 with
95% confidence.

If we were to make another six measurements, precision would move from 0.01 to 0.0077,
which is a gain of 4 - 10~ *. But the precision of a single measurement is 3 - 10 >, therefore it
is not worthwhile (except in special cases).

Remark

It is worth pondering that the numerical calculation gives more figures after the decimal point for
a much larger number of measurements (to be exact ¢=0.02494). Now, we have written
0 =0.025 because the figures 94 are not significant. This approach is in line with the answer to
the famous question: can we measure the length of a table to the nearest tenth of a millimeter
using a measuring rod graduated in centimeters? Common sense is as good a guide to the answer
as mathematics.

Exercise

Here are two histograms of measurements of ®7Sr/%6Sr ratios for a single sample
(Figure 5.5). The first consists of 20 measurements with a mean value of 0.709 166, with
ox=2.31 - 10 °. The second consists of 400 measurements with a mean value of 0.709 184
with 0,=4.34 - 10" ©.
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Figure 5.5 Histogram of 87Sr/26Sr ratios measured on a single sample. (a) 20 measurements, (b) 400
measurements. Notice that the classes become narrower as the number of measurements rises.
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(1) What is the uncertainty affecting the measurement?
(2) How many measurements need to be made to get a standard deviation of 1 ppm?
(3) Inthis last case, do you think the uncertainty should be taken as + oy /v/N or + 20y /v/N?

Answer

(1) Intrinsic uncertainty is determined from the (In A, In \/N) curve as 111 ppm.

(2) It would take 10 000 measurements.

(3) With iax/\/ﬁ, the 400 ratio measurement lies outside the uncertainty limits on the 20
measurement expression. However, with +20, /+/N it is within limits. The latter expres-
sion is therefore required.

EEEE

Two **C ages are measured: 3230 + 70 years and 3260 + 60 years. Are these ages significantly
distinct? What is the power of resolution of **C for 3000 years?

Answer
The two ages are not significantly different as their standard deviations overlap. The power
of resolution of **C for 3000 years is 2%, or 60 years, which is a somewhat optimistic
estimate!

5.2.1 Systematic uncertainties

Randomuncertainties are deviations of measured values from the true value caused by vag-
aries obeying the laws of chance.“Chance is aword that hides our ignorance,”as the mathe-
matician and great scholar of probability Emile Borel used to say. But some uncertainties
aresystematic, thatis, theyaffectthe outcome of measurements by the samefactor, although
that factor is not necessarily a known one. These really are random “errors.” Here’s an
example.

As stated, radioactive constants are affected by measurement uncertainty and so are
periodically “updated,” that is, improved. When we calculate an age with one of the dat-
ing formulae we have developed, with the given value of a constant, we invariably intro-
duce the same uncertainty (but the amplitude of the uncertainty is not always the
same). Such uncertainty is not really troublesome when the same method is used sys-
tematically. We then draw up a dating scale which can always be adjusted as required.
But whenever we wish to use ages obtained by methods based on different decay rates
and compare them, uncertainties about decay constants become very troublesome
indeed.

Another systematic uncertainty may arise from the system of physical measurements. As
described, international standards are used for calibrating any systematic uncertainties
there may be among laboratories. Avalue is set for these standards although one cannotbe
sureitisaccurate. Here again, this approach, while necessary, is not fully satisfactory when-
ever several methods are used. And what if some of the standards were wrong? After all,
even the U.S. National Bureau of Standards, the final arbiter, makes “errors” too and gives
its results with margins ofuncertainty!
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5.2.2 Pseudo-random uncertainties

In the problems we deal with, uncertainty is often a combination of systematic and random
phenomena. When we spoke in Chapter 3 of the histogram of *°K—*’Ar ages, which is
asymmetrical, we said it was better to take not the mean as the most likely age value but
the mode (the value most frequently measured) as the asymmetry was probably caused by
diffusion of the radiogenic isotope “°Ar, which tends to “lower” the age. Superimposed on
a random distribution due, say, to measurement uncertainties, we have a systematic trend
of argon diffusion. Even when a large number of measurements are made, pseudo-random
distributions are generally asymmetrical relative to the normal distribution (Figure 5.6).
Anyofthree types of parameter may represent the true value sought.

Themean is defined asinthe normaldistribution by:

Xi
i N
The mode is the value occurring most frequently in the distribution. It is, mathematically,
the most likely value. The median is the value dividing the sample measured into two equal
halves. Itis what we might call the halfway house.

mode median
mean
>
v
c
(]
=]
T
()
S
[T
X

Figure 5.6 The difference between mode, median, and mean illustrated on an asymmetrical distribution.

Exercise

The U-He age of a series of magnetites is measured. Table 5.1a shows the distribution of
apparent ages and Table 5.1b the distribution of uranium contents.

(1) Draw the corresponding histograms.
(2) Calculate the mean age and mean U content. Calculate the modes and medians.
(3) What is your geological interpretation of these results?

Answer
Mean age = 26.3 Ma; median age =27 Ma; modal age =30 Ma.
Mean U content ~ 25 ppb; median U content ~ 25 ppb; modal U content ~ 25 ppb.
The most likely geological age is 30 Ma since the distribution of uranium is virtually normal,
which is evidence that it has not been disrupted subsequently. The asymmetry seems to result
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solely from the diffusion of helium (Figure 5.7), which tends to lower the ages. Here, then, the
mode is the preferred value, although there is nothing to show that the maximum value of
32 Ma is not closest to the truth.

Table 5.1a Distribution of apparent ages

T(Ma)
32 30 28 26 24 22 20 18
Numberofsamples 3 10 7 6 5 4 3 2
Table 5.1b Distribution of uranium content
U (ppb)

425 375 32.5 27.5 22.5 17.5 12.5 75

Numberofsamples 1 2 7 10 10 6 3 1
N N
10 | 10 |
8 8 |-
6 - 6
4 4k

l I 1 l 1 1 1 1 1 1 ' 1

18 20 22 24 26 28 30 32 40 30 20 10

Age (Ma) U (ppb)

Figure 5.7 Histogram of age and uranium content measurements (see Tables 5.1a and 5.1b).

There is nothing automatic, then, about the choice of parameter (mean, mode, or med-
ian) that must be chosen to get closest to the truth. This must be decided in each individual
case by a qualitative analysis (here geochemical or geological). This is a characteristic fea-
ture of pseudo-statistics. Let uslay down a rule of procedure: we shall use the parameters
employedinstatisticsbuttheir meaning willbe discussedin terms of geologyandinparti-
cular therandom or non-random character of the phenomena considered.

Uncertainty is often expressed by the variance V., the standard deviation o, and the
uncertainty o./v/N = Ax. But here too uncertainties may be asymmetrical, as
mentioned in the introductory example. We might also write 300 Ma™.°. That means the

ageliesbetween 315 and 295 Ma and depends on what ultimately causes the uncertainty.
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5.2.3 Composite uncertainty

We define the possible estimated deviation between the measured value and the true
value by the absolute uncertainty Ax. This uncertainty is therefore expressed in the same
units as x. We also define relative uncertainty Ax/x. This has no units and is expressed
in per cent, per mil, etc. Both types of uncertainty are very important in radiometric
dating. Absolute uncertainty determines what time interval we can measure, which is
physically essential, of course, and is reflected in the expression of the power of resolu-
tion. Relative uncertainty represents the measurement quality, which is a very useful
pointer too.

In what follows, we take the standard deviation of the measurement o as the estimate of
uncertainty.

When a process leading to a measurement consists in a series of operations, the calcula-
tion of the final uncertainty involves some quite strict rules.

Addition of operations
Ifthe processisanaddition of operations x = au + by whereaand b maybe positive or nega-
tive, thenwe add variances:

2 22 22 2
Vi=ao,+bo, —I—Zabau"v

whereV,, ,isthe correlation between variances u and v, thatis, the covariance:

(xi=x)i—») _ >
Vu.v - ZT = Uu,v'

f
If b is negative and « positive, the covariance is subtracted. But be careful, the covariance
itself may be either positive or negative. The covariance can be written:

2
Ouy = Puy " Ou Oy

and thelinear correlative coefficentis:

2
_ u,v
Puy =

Oy - Oy

Thevalue of p, ,liesbetween 0 and 1 (Figure 5.8).
Ifx =u + v, wecanwrite:

oy = \/012( + 02 + 2puy Oy Oy

Notice that when covarianceishighandis subtracted o, may be verylow. Thislow variance
isthe result of acompensation effect and is misleading.

Thus, for example, when we wish to calculate the error on the radiogenic (**’Pb/2°°Pb)*
slope after making an isotopic measurement of lead, this error is very slight because of the
close correlation between the errors on 2°°Pb/?**Pb and *“’Pb/?**Pb created by the high
uncertainty on >**Pb.
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Figure 5.8 Diagram showing how errors on u and v in a product u-v may be correlated and how the
factor p,, varies (see text for definition of symbols).

Multiplication or division operations
Ifthe process involves multiplication or division operations:

X=a-u-v
orsimilarly
au
x=—.

v

Onceagainvariances are required, but this time they must be weighted:

2 2 2 2
Vil %% 20w
X2 ur ?

for multiplication

P
V2 o2 o2 20 L
S =3 —Y for division.
X2 w2y uy

(To obtain this expression, just shift to logs and we come back to additions.)

2
Oy o2 o2 20,, _
— =X —2+—2:|: = Oy,
X w v uy

thatis, reduced dispersion. In this case, covarianceis added for multiplication and subtracted
fordivision. In fact, thisuse of varianceis essential when uncertainties are correlated.
Ifthereisno correlation, we can deal directly with standard deviations, as with differential
deviations (obeying the rules of differentiation).
Foraddition

X = au =+ by

wewrite:

o, = ao, + bo,.
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For multiplication
X=a-uv

wewrite:

Oy - Oy gy

x u v’
Letusexaminethescopeofapproximation onasimpleexample wherex =u + v.Ifg,, , = 0it
canbe seen that o, corresponds to the length of the diagonal of the rectangle of dimensions
o,ando,:

oy =/02+ 02

If we make the approximation: o, ~ o,, + o, it holds good if o,, and o, are quite different. If
they are of the same order of magnitude, we can make a maximum error of 2/ V2 =14,
which is not bad for an uncertainty given that we gain in ease of estimation compared with
the calculation involving variance.

Notice that both expressions consist in differentiating and then replacing the differences
by finite increases which are taken to be equal to o. This practice is generalized when the
uncertainty ofavalue stems from a mathematical formula.

We differentiate and then replace the differentials by the o values.

Ifx=uv:
ox = o(u,v) = uo, + vo,, QED.
Likewiseifx =u":

oy = |nju" o,
andsoon.
Thisistheapproachweshalladoptinwhat follows, unless otherwise stated. Ifwehave sev-
eral measurements in each case, then we must systematically replace by A = o/v/N.
Noticethattobeabletoadduncertainties when theyare of different types, they must all be
expressed in the same units. A convenient way to do this in geochronology is to express
them all as ages (as we have already done for '*C). This makes it easier to compare different
geochronometers.

5.3 Sources of uncertainty in radiometric dating
Letusrecall thestages we go through in determininga geological age:

e we collectthesamples tobe analyzed: rocks, minerals, wood, etc.;

e weanalyze these samplesinthelaboratory for their isotopic and chemical ratios;
e weusethese measurements to calculate an age;

e wesituate this age within a geological scenario which we construct.

Eachstageisaffected by potential uncertainties (Figure 5.9).
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Chemical and isotopic Geological
Samplin = f =3 | Age computation |=> . .
pling analysis g P interpretation
: Geochronological
Sampling A"altyt_'c:fl Uncertainties with: model
uncertainties uncertainties i with total
+ . . . + ° c.omPUtatlon » uncertalnty
Systematic + random ¢ Chemical contamination * Histograms -
* Physical measurement * Correlations Sum of uncertainties

Figure 5.9 Determining a geological age while allowing for uncertainties affecting each stage.

5.3.1 Uncertainties introduced when collecting samples

A question arises before taking samples. Should the sample be taken at random? Such
an approach looks rigorous as it rules out any subjectivity. Unfortunately, if we set about
this “blindly” we would “knowingly” introduce systematic uncertainties. For example,
if we sample rocks from a massif of granite, a random sample may include weathered
rocks, rocks in contact with neighboring ones of different origins and ages, and which are
liable to be contaminated by such contact at tectonic faults, etc. In practice, we try to define
a homogeneous and representative geological whole (various units of the granite massif)
and then try to take a random sample of that. It is difficult to evaluate the uncertainty of
a sample if only one sample is taken. If several are taken, the results must be treated as for
anordinary measurement, assuming arandomuncertainty of 1 /v/Nwhere Nis the number
of samples collected. Each investigator must think about this sampling question and
solve it (not forgetting any hidden structures) by combining statistics and . .. geological
common sense!

5.3.2 Physical uncertainties on an individual measurement

Uncertainties on ages obtained from parent decay methods (**C, '°Be, etc.)
We begin with the dating equation, noting p = "*C/Cyop or = ""Be/Be. pn = ppe” ' from
whichz=1/Aln (po/ p).

Following the rules given earlier, the uncertainties are written:

1A (/1)

At:A(})ln(uo/M) 7 o/ )

At = A% A+ (AM A'uo)
2’ AN K o

At = AL JrAMJrM
;L, ;»,LL /L ()
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A A 1
A € Ao

We suppose that Al and Ay arenegligible. Thus:

A
At~ —2H
po Ae~H

Exercise

We wish to calculate the uncertainty associated with the determination of a **C age. We
accept that the uncertainty on the **C/C measurement is 2%. We ignore the uncertainty
affecting the estimate of (**C/C), (which is far from negligible in practice) and consider that
the uncertainty on the radioactive constant is 1/1000.

Calculate the absolute and relative uncertainties committed for ages of 500, 5000, 10 000,
and 30 000 years. Plot the relative uncertainty curve against age.

Answer

We get:
Age (yr) 500 5000 10 000 30 000
At (yr) 176 302 554 6219
At/t (%) 35 6 5.5 20

The curve of (At/t) diverges towards the low and high values of t (Figure 5.10).

Uncertainty on 14C

30%
L 20%
<

10% —

1 1 1 1
500 5000 10000 30000

Age (years)

Figure 5.10 Relative uncertainty on a **C age determination as a function of that age. Notice the scale is
logarithmic.

Opverall estimation of uncertainty on long half-life parent—daughter methods
The chronometric equation with the usual notational conventions is written in the linear
approximation, with a being the radiogenic isotope ratio and u the parent—daughter iso-
toperatio:

a = ap+ Aut
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fromwhich

1 /o — «
{=-~ ).

A < I )
Theuncertainties are then written:

At AL Ala—ay)  Ap
—_— = _ + _
t 2 (a — ) 1

but (o — ag) = pht, hence:

At AL 1 [Axa

—=—+- + Ap
t Aow

At

where Aaistheuncertainty onthe measurementof a, and Ay that onthe measurementof .
We note A*a = o — . Let us leave aside the uncertainty affecting the decay constant. For
agiven radiometric dating method:

At Ao Ap

t_i—ut 1

We noticeimmediately thatuncertainty rises very quickly when At — 0. Therefore each chron-
ometer based on the parent—daughter pair has a lower limit of application 7. In all of the
long-period methods we have considered, i never tends towards zero. So there is no upper
limit. All of these chronometers can date events from 7y, until the age of the Universe.”

Measurement uncertainty is related to the measurement of o and p, and again this was
consideredin Chapter 1. Thereare two kinds of measurementuncertainty: chemicaluncer-
tainties in the preparation stage because of possible contamination or poor practiceiniso-
topicdilution and physical uncertainties related to the precision of the mass spectrometer.

Inpractice, to minimize the first of these, the reagents are purified so as to make contami-
nation negligible. For the mass spectrometer, we increase the number of measurements to
improve the statistics, as already described.

Exercise

Typically, precision on the measurement of the 8”Sr/%¢Sr ratio is 10~ * and does not vary much
with the ratio, which is about 0.7. The uncertainty on the decay constant is 2 - 10~ 2. Precision
on measurement of the 8’Rb/%°Sr ratio is not as good because concentrations of elements
must be measured by isotopic dilution (we shall estimate it at 3.5 - 10 ). By taking the
example of granite where #’Rb/®°Sr = 3.5, calculate At and At/t as a function of age.

Answer

Atfz 102 + 1 LU +3.5.1073
t 35\1.4-1011.¢t ’

Figure 5.11 illustrates the variation of At/t and of At over time.

4 This remark applies neither to radioactive chains nor to extinct radioactivity, because in both these cases
there is a Ty and a Thax as in dating methods based on the parent isotope.



m Uncertainties and results of radiometric dating

At (Ma)

100

10

- — 10—1
-~ Aty
=~q (\Ceﬁa\
- > \a{\\Ie -110-2 S
e <
~
\h
B abSoIUte - 1073
Uncertaing,,
11 1 | |
4Ga 1Ga 100Ma 10Ma
Time —»

Figure 5.11 Variation of absolute and relative uncertainty on the ®’Rb—%’Sr age of a granite as a
function of its age. For the granite 8’Rb/2®Sr = 3.5. Notice that the relative uncertainty declines with
age. Notice too that the age scale is logarithmic.

Exercise

Lanthanum-138 decays by electron capture to **®Ba and by 5~ emission to **®Ce. The decay
constants are Ac,p =4.4 - 107 *yr~ *and 2;=2.255 - 10" **yr *.(This is a similar situation to
the branched decay of *°K into “°Ar and *°Ca.)

(1) Establish the general chronometric equation and its linear approximation.

(2) Lanthanum-138 represents 0.089% of normal lanthanum. Barium-138 makes up 88% of
naturally occurring barium. The uncertainty on the measurement of the **®Ba/**’Ba ratio
is =10 *for a ratio greater than 6.3997, which is the normal value. This value is the value
of the initial ratio for all rocks and terrestrial minerals.

What must the **8La/*3”Ba and therefore the La/Ba ratio be for us to use this method to date
rocks 2 - 10° years old (neglecting the uncertainty on 1) with an uncertainty of less than + 2%?
(Notice that if we measure a ratio with a relative precision of +2 - 10~ 4 the absolute
precision on the ratio of 6.4 is about 1.3 - 10 3))

Answer

13SBa

(1)

137g;

138 Ba
(137 Ba

A

) ;Lcap (
j~cap + /lﬂ

The linear approximation of this formula is:

13883

IBSBa

1375 1373

138|_a
+ (137 Ba

)it

e<;~cap+l;3> —

1).

(2) To solve the problem, **La/**’Ba must be roughly equal to 3.6, that is the La/Ba ratio
must be about 557. This is a substantial La/Ba ratio seldom found in nature.” Here are a
few ratios for common rocks, to give us an idea: peridotite =0.1, granite=0.75,
basalt =0.5. This is why this method is little used in practice.

> High ratios are found only in a few rather rare minerals such as allanite. This is the mineral used to

determine this date.
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5.3.3 Uncertainties on age calculations

After the measurement phase we have either a single measurement or a series of measure-
ments. In the firstinstance, we apply the dating formula which yields what we have called an
apparent age and we move on to the next stage which is the geological interpretation. If we
have a series of measurements, which is usually the case nowadays with the faster methods
ofanalysis available, any of several situations may arise.

Case 1. The series of measurements relates to various chronometers on various coge-
netic rich systems. This is the semi-quantitative problem we have already addressed. The
age is limited at the lower bound by the age of the most retentive mineral, say, the
206pp_297pp age on zircon or hornblende if it is K — Ar alone. This situation is nowadays
of historical and didactic interest only, since modern studies are made on a set of
measurements.

Case 2.We have many measurements made by one method on one type of mineral. This
caseisbecomingever more general with the development of in-situ methods of analysis: ser-
ies of 2°°Pb—*"’Pb measurements on zircon using an ion probe, series of **Ar—*°Ar or
40K —*9Aron mica or basalt glass using laser extraction techniques.

Case 3. A series of paired measurements may be used to define a straight-line isochron or
adiscordia.

In the latter two instances, which are now the most common, there is a twin problem
to overcome. First, can a valid age be calculated from the values measured? In other
words, do the conditions for applying the theoretical reference models prevail? Is the
alignment acceptable? This is the issue of acceptability. After answering this first ques-
tion, how do we calculate the most reliable age mathematically, and with what uncer-
tainty? This is the age calculation proper. Obviously, the answer may involve both
geological and experimental considerations. We have adopted the following rules. We
shall introduce the geological criteria at the same time as the acceptability criterion,
but not when calculating the age proper. This means we shall not attribute geological
uncertainties to each sample measured because we have no rational means of fixing them
quantitatively.

We shall therefore calculate ages and their uncertainties from standard statistical meth-
ods on measurements that are geologically accepted. We then have an age and an uncer-
tainty. We shall then introduce geological uncertainties when making the geological
interpretation.

To return to the example given in the introduction, if we have a series of measurements
plotted in the (*’Rb/*¢Sr, ¥’Sr/%6Sr) diagram we shall introduce a geological appraisal to
decide whether the alignment of experimental measurements is acceptable or not and
whether some peculiar measurements must be eliminated (we shall see how to do this with
an objective statistical criterion). If the answer is positive, we shall calculate the age using a
weighted least-squares method.” We then introduce geological uncertainties when inter-
preting the geological age obtained (Figure 5.12).

S Thus in the theoretical example in the introduction we use option (c) in Figure 5.1.
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Figure 5.12 The points in the procedure at which geological knowledge is introduced.
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Figure 5.13 A series of apparent 2°’Pb—2°°Pb ages determined on zircon using ion probe spot analysis.
The proposed age is 560 + 20 Ma.

Individual age statistics

These individual apparent age statistics relate to measurements made on rich systems. The
problem is analogous to that of physical measurements. Forexample, if we measure the appar-
ent 2*’Pb—2"°Pb age on what we think is a cogenetic series of zircon samples, we construct
the histogram of data. This distribution will be generally asymmetrical, with the asymmetry
being established towards the younger ages because of the diffusion of the daughter isotope
which tends to lower the age. From that point, we choose the modal value as the age and the
standard deviation of the distribution as the uncertainty. By way of example, here is a
207pp—295Ph asymmetrical age distribution obtained by using an ion probe on zircon
(Figure 5.13). But when we analyze detrital zircons in sedimentary rocks, not only grain by
grainbuteven byseveral measurements on a single grain, the histogram is extremely complex.
Itcan onlybeinterpreted after geological and quantitative statistical analyses.

Uncertainties in measuring straight lines of isotope evolution

Presence or absence of alignment

We must also know how to estimate the uncertainty on a series of measurements that do
or do not define an isochron or a straight line on the concordia diagram. This is what we
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may call the alignment uncertainty, because for the method of the straight line of isotope
evolution as for the concordia method, data points are rarely perfectly aligned and all
the less so as the precision of the experimental method increases. What causes this non-
alignment? A shortcoming in the initial natural isotopic homogenization, that is, at the
time the rock crystallized? A slight opening of the system? The choice of samples?
Admittedly, the mathematical uncertainty can be calculated with a least-squares pro-
gram, which is ultimately what we do (because we know of no alternative), butis thisareli-
able method? As long as we ignore what caused the uncertainty, its meaning remains
ambiguous.

The first estimate of the alignment or otherwise of data points must be made visually on
the diagrams, making allowance, of course, for the experimental uncertainties attributed
to each measurement. Next we turn to statistical methods as they allow the approach to be
rationalized.

All these words of warning are intended to emphasize the fact that there is no auto-
matic process or mathematical formula to be blindly applied. Instead, each step
requires all of the physical, chemical, and geological knowledge available in each
instance.

The correlation coefficient

Let there be two variables ( 3, x) and a series of paired values (yy, x1), (12, X2), - - -, (YA XN),
that is, for us, a couple of analyses of two isotopic or chemical ratios. We can calculate the
mean for bothvariables:

N o
Zl:yi andxzﬁsz,».

We can calculate the variances relative to the meanvalues of xand y:

1
y:

=|

1 \2 . 1 Y
Ve :NZ(xi—x) and V, :NZ()H—J/) ~

Thestandard deviations, which are the square roots of the variances, are written

> (x — %)’

> (i =)’
¥ :

N

oy = and o, =

Wehave analogously defined what is termed covariance (already encountered):

1 _ _
V=V = NZ(% = ¥)(xi = X).

Thiscovarianceiszeroifthevaluesof yand x varyindependently of one another. If the varia-
tions are correlated, the magnitude will be either positive or negative depending on the sign
of the correlation. This covariance could reflect the value of the correlation. However, if
itwere left so, it would depend on the actual values of both x;and xand of y;and y. For exam-
ple, it would be different for a pair of variables measured in ppm and another measured
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in percent where the correlation looked the same. To make the correlation measurement
independent of the units chosen for measuring y and x, we define the correlation coeffi-
cientr:

;= 2 i = y)(xi —X) Ve
\/Z(yf - y)Q\/Z(x,- e VT

When xand yareuncorrelated, r = 0; when they are fully correlated || = 1 (+1forapositive
correlation and —1 for a negative correlation). This was the parameter p,, , used previously
in combining statistics.

Exercise

We have a series of 3’Rb—2°Sr analyses given in Table 5.2. These analyses are plotted on the
diagram in Figure 5.14 as stars. (The white dots are for the next exercise.)

Table 5.2 Series of 2’Rb/%¢Sr analyses

1 2 3 4 5 6 7

85r/%6Sr=y 0800 0795 0790 0775 0770 0735  0.720
YRb/ASr=x 7 6 5 4 3 2 1

Calculate the coefficient of correlation.

Answer
We posit 7Sr/2%Sr=y and ®’Rb/%6Sr=x. The mean values are calculated as: X =4 and
¥ =0.769 28.

Sample 1 2 3 4 5 6 7
Xi— X 3 2 1 0 -1 -2 -3
yi—y 0.0308 0.0258 0.0208 0.0058  0.0008 —0.0342 —0.0492

(xi — )?)(yi = )7) 0.0924 0.0516 0.021 0.008 —0.0684 0.1476 0.3728

Hence ox=2, 0,=0.0284, V,,=0.0568, and r=0.9375.

Now, as can be seen (Figure 5.14), the points are not perfectly aligned. If dealing with a
very old age (>2Ga) we would be tempted to accept this procedure for calculating ages.
For younger ages, we must bear in mind that the result is affected by substantial
uncertainty.

Exercise

We posit 37Sr/26Sr = yand 8’Rb/%°Sr = x. Consider the table of measurements below (Table 5.3).
Calculate the means, standard deviations, covariance, and coefficient of correlation (see
Figure 5.14).
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Table 5.3 Further measurements from 3’Rb/%éSr analyses

1 2 3 4 5 6 7

71 6.53 6 55 3 25 1
y 0.801 0.791 0.785 0.775 0.746 0.735 0.720

0.80 |- K
>
5 x
O
0
=
w
~
® 075
> r=0.9375
/ O r=0.985
0.70 | | | |
2 4 6 8

87Rb/86sr

Figure 5.14 Analyses of 8’Rb—2°Sr plotted on the (27Sr/2°Sr, 87Rb/2%Sr) diagram.

Answer
X =4.5185,y = 0.7647.
Sample 1 2 3 4 5 6 7
Xj — X 2.5815 2.015 14815 0.9815 —1.518 —2.0185 —3.5185
yi—y 0.0363 0.0263 0.0203 0.0103 —0.0187 —0.0297 —0.0447
0.1572

(xi —X)(yi —y) 0.0937 0.0529 0.02398 0.01010 0.002839 0.05994

Hence 0, =2.5158, 0,=0.028 633 6, V,,= 0.060 88, and r=0.985.

It can be seen that ris closer to 1 than in the previous exercise. This shows us also the

sensitivity of the correlation coefficient to dispersion.

Figure 5.15 shows some examples of positive correlations with their correlation coeffi-

cientsr.
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Figure 5.15 Measurements that are more or less closely correlated with various values for the
corresponding correlation coefficient.

Remark

In practice, when the coefficient of correlation is less than 0.90 we consider the data points are
poorly aligned. We do not attempt to identify a straight line. We are outside the conditions accepted
for the various models: no initial isotopic homogeneity, complex opening of the system, etc. If
r>0.90 we calculate the parameters of the straight line of best fit by the least-squares method.

Inclusion of experimental uncertainties
Inthese calculations we have ignored the individual experimental uncertainties. Implicitly
we have considered they were all equal. In practice, when these uncertainties vary between
measurements, we must weight them and make allowance for them. Let us take the mean
value ¥ as an example.
Instead of simply calculatingthemeanby x = > x;/ N, weweightitallowing for variance:
(%)

(L)

i i

Let us take a simple example. We have three very different measurements of uncertainty:
3+0.1;4£2, and 2.5+ 0.1. If we make the usual calculation, X = 3.16. If we make the
weighted calculation Xt = 551/200.25 = 2.75. There is a 14% difference between the
results.

The variance of uncertainty (here it is a “true error”) committed is 0 = (3 07) ! or
oc=0.07and ¥t = 2.75+ 0.07.

If all the uncertainties are identical, the variance is 02 = o?/N.Wefind A = o;/v/N
again.
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An analogous procedure of weighting by uncertainties is followed to calculate variance
and covariance:

w1 2 [ i = 7] P23
Vy= Z andey—

—

S N‘._.
S N‘._.

( —X)(vi =)

=|—

—
~Q|

Ineach case, the means are calculated by the weighted method:

(EE

1

1

Ascanbe seen, all of this gives expressions which are a little heavy to manipulate but which
areno trouble for computer programs!

5.3.4 Calculating the equation of the straight line of correlation

We shall set out the principle of the least-squares method in a simple case. Let us look
for the equation of the straight line that statistically describes the cloud of points (x;, ¥;).
We accept without proving it (it seems acceptable intuitively) that the straight line will
pass through the mean point of coordinates (¥, y). We are therefore looking for an equa-
tion of the type y =ax + b. The idea in the least-squares method is to look for the best
(least bad) straight line passing through a cloud of points by using a precise criterion.
The usual criterion is to minimize the distance between the points observed and the
straight line we are looking for, which is done by minimizing the sum of the squares of
the distance between the data points and their respective vertical projections. This is
the simple case we shall work through mathematically to make the reasoning clear. If x
and y are connected by a straight line, for the various values (x;, y), (X2, ¥2), - - ..(Xn V&)
we have yy = ax; +b, y,=ax,+b, ..., yy=axy+ b. But this is not quite right because
the straight line does not pass exactly through each point. The square of the distances,
then, iswritten:

i —b—ax))* + (2 —b—axy)* + -+ (yy — b — axy)* = D*.

We try to minimize the distances from our two unknown parameters ¢ and b. We there-
fore write: d(D?)/0a =0 and 9(D?)/0b =0, which gives two equations with two
unknowns:

=Y “2xi(yi—b-ax)=0

D) = Z —2(yi—b—ax;) =0.
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Itcanbeseenthenthatthe problemis soluble: wehave to solve a system ofequations with two
unknownsa and b. The solution to this problem can be writtenvery simply:

whereristhe correlation coefficient.
The equation of the best straight-line fit passes through xand y:

gy
y=y4+r=(x—%).

Ox

Theuncertainty on the slope is written:

py =2V
P _Ux \/N ’

Theuncertainty on the ordinate at the origin is:

N~ P 1 -2
(U 5lph, or 11y =25
Letus turnback toTable 5.2 and Figure 5.14.We have calculated the coefficient of regression
r=0.9375; it is legitimate, then, to try to calculate the equation of the best straight-line fit
whose slope will give us the age, and whose intercept b will give us the initial isotope ratio.
The calculation gives:

a =r 22 =001325 and b = 0.704 84,
Ox
By eye, taking a little care, we read a = 0.0128 and » = 0.705, which is not so bad in the end!
The uncertainties are: on the slope, 0.000 347 6, therefore p = 0.01325 4+ 0.000 347 6, which
correspondsinagetos =939 + 24 Ma.
Theordinate atthe originis /= + 0.001567. Hence

('Sr/*Sr), = 0.704 84 £ 0.001 56.

In practice, to be rigorous, we must take account of the experimental uncertainties on x
and y, which are not necessarily related to the distance from the best straight-line fit. They
measure the importance attributed to each point in calculating the least squares. The
smaller the uncertainty, the more “important” the point is, of course. Introducing these
uncertaintiesleads to complications in the mathematics, especially where there are many
data.

All of this is done nowadays by computer programs associated with spreadsheets. But
vigilance is called for since these least-squares programs available on various computers or
inbooksare ofvery variable types and quality. Generally, theyare programs that do not pro-
vide for weighting by experimental uncertainties. Where experimental uncertainties are
taken into account, they are usually uncertainties relative to a single axis because they often
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Figure 5.16 The principle of least squares with experimental uncertainties. (a) We consider a cloud of
data points on x and y. (b) We have calculated least squares relative to y, which comes down to
accepting that uncertainty on x is negligible compared with that on y. (This is the program on good
little pocket calculators, the mathematics of which we have set out.) (c) Here the least squares are
calculated relative to x, the opposite case from that in (b): an enormous difference can be seen in the
outcome of these two techniques. (d) By a more elaborate procedure, the least squares are calculated
taking account of uncertainties on x and y and taking as the criterion the orthogonal projection whose
length is minimized. (d') Right: the true orthogonal projection; left: the representation is distorted to give
a plot with the same look as those before and after. (e) The idea here is to take account of uncertainties
on x and y by minimizing the areas of the projection triangles. (This is what we did with our simplified
method of calculation.) Notice this method gives acceptable results. (f) We consider each point to be
affected by uncertainties of variable amplitudes on x and y, which are correlated. So each point is
surrounded by an ellipse of uncertainty. This is the most elaborate program and is the benchmark. Notice
that if we average out the results of (b) and (c), we get values close to (f) p=2.76 and y;= —10.18.
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dominate the others. More often than not, such uncertainties are considered to be uniform
forall data points.

Programs that do take account of individual uncertainties on x and y are much rarer and
must be searched out in program libraries. Lastly, there are some even more complete ones
that take account not only of individual uncertainties but also of any correlations between
uncertainties (covariance again!).

To gain some idea of these different programs we have illustrated their outcomes for one
example (Figure 5.10).

Again, we must remain clear-sighted. We can only make rough estimates of geological
uncertainty. It is not certain, then, that the “blind” least-squares method, which admits of
random uncertainties on measurements and which accordingly measures geological uncer-
tainty implicitly by pointdispersion, is totally reliable. However, for want of anything better,
we choose this method as a first approximation, while bearing its limits in mind. (Never be
blinded by the mathematics used in the natural sciences!) As general references for this sec-
tion, see Crumpler and Yeo (1940), York (1969), Wendt (1991), Bevington and Robinson
(2003), and Ludwig (2003); see also the program package Ludwig (1999).

5.4 Geological interpretations

5.4.1 General remarks

The principle consists in integrating the age (or ages) obtained into an overall geological
scenario in which age becomes fully meaningful. This final step is not without its uncertain-
ties (and risks!).

This may be an uncertainty in identification, if we make an age correspond to the wrong
phenomenon. Thus we may attribute an age to the emplacement of a granite massif whereas
the age is that of late or even subsequent isotopic re-equilibration or conversely the age of
the parentrock remobilized in the materials tobe dated, etc.

It may be an uncertainty of indetermination. An age is determined which, on the face of
it, does not correspond to any phenomenon known at the time. Thus, say, we find an age of
420 Ma for a granite from southern France. Is it a mixed age between the age of Hercynian
mountain-building 320 Ma ago and of the Pan-African orogeny 550 Ma ago? Or is it evi-
dence of some previously unreported Caledonian event in the region and so a new discov-
ery? In this event, the age determined itself poses a problem for geologists, who must
identify the event by relative structural dating.

Uncertainties, then, may well arise. Remember that an age is only the translation of an
isotoperatio.Whenever wearefaced withan interpretation thatisunclear, we have toreturn
totheisotopes, their history, to the basic model of the closed box, and so on. Of course, ages
must be determined by using various methods to confirm the results. Here again, the com-
mon expression for making comparisons between different methods is age, but whenever
we wish to interpret a particular difference we must come back to the physical systems and
to geochemical behavior. For example, argon diffuses more readily than neodymium, the
Rb-Srmethodis moresensitive to hydrothermal phenomena than the U—Pb system on zir-
con, which in turn may be aged by adjunction of inherited whole or fragmented zircon, and
so on.We shall examine a few cases toillustrate these points with examples.
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5.4.2 Case studies

The aim here is not to achieve systematic coverage but to give a few examples to illustrate a
method, its difficulties, its limits, and its level of reliability. This approach will allow us to
test the various methods of quantitative discussion of geochronology, to compare them,
and to see how they can be integrated into the geological context. After noting how we shift
from the qualitative use of apparent ages to quantitative models (isochron, concordia, step-
wise degassing), we have to measure how reliable each approach is.

Contact metamorphism of the Eldora stock

We have made a qualitative study of discordances in apparent ages from this example. It
is interesting, then, to see what the result was of the various more elaborate methods in
this geologically well-defined case. As these studies, conducted by Stanley Hart when a
student at the Massachusetts Institute of Technology (see Hartezal., 1968), are ratherold,
we only have results for the U-Pb, Rb—Sr, and K—Ar systems (see Figure 5.17 and
Chapter 3).

The U-Pbsystemon zircon

We obtain a discordia cutting the concordia at 1600 + 50 Ma and 60 + 5 Ma, giving
apparently the ages of the Precambrian schist and the Eldora intrusion, respectively.
The points on the discordia are placed regularly with distance from the contact. The
most discordant ones are those closest to the contact.

The3"Rb—*"Srsystem inisochron construction

Themeasurements were made mainly on feldsparsbecause they might prove not verysignif-
icant on the whole rock of the schists. They are aligned on an approximate straight line iso-
chron corresponding to an age of 1400 + 100 Ma, except for the apatites and epidotes close
to theintrusion (*’Sracceptors).

The (Rb—Sr, K—Ar) measurements on micas discussed with the generalized
concordiadiagram

The discordia is a curve and not a straight line as in the U—Pb systems. We obtain the two
intersections corresponding to the age of the intrusion of 60 Ma and the “schist age.”
However, we cannotsay whether thelatter is1480 or 1600 Ma. Itis 1480*}88Ma.

The*°Ar—*° Ar measurements

These were made later on hornblende, biotite, and feldspar (Berger, 1975).We can define
plateaus giving increasing ages with distance from the contact. The hornblende and
large biotite minerals give an age of 1450 +20 Ma, that is, about the same as the
8’Rb-¥Srage.

We canenvisage the age of the schists as 1450 Ma and the age measured by the U—Pb con-
cordia of 1600 Ma corresponds to a few inherited pieces of detrital zircon. But what does
the schist age mean? Is it the age of metamorphism or of earlier sedimentation? The
39 Ar—*°Ar ages on biotite and the (K—Ar, Rb—Sr) concordia age suggest the age of meta-
morphism, because it was then that the minerals crystallized. The age of 1600 Ma is
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Figure 5.17 Radiometric ages of the Eldora stock examined in Chapter 3 in terms of apparent ages. (a)
The U—-Pb system on zircon (Hart et al., 1968). (b) The two ®’Rb—2’Sr methods on biotite in the
generalized Rb—Sr, K—Ar concordia. (c) The 8Rb—27Sr method on feldspar. (d) Stepwise *°Ar—3°Ar ages
(after Berger, 1975). The numbers indicate distances from the granite intrusion (Chapter 3).
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probably that of the earlier granites whose zircon was eroded and redeposited in the clays
from which the schists were formed. But the questioning and the answers are themselves a
measure ofuncertainty of the result. What does the age of formation of a schist mean?

Thevery ancient rocks of Greenland

The rocks of Greenland are the oldest in the world.” They have been studied by various
methods: U-Pb on zircon, 2°°Pb—>"Pb on whole-rock isochrons, **Rb-¥Sr, and
7Sm-'*3Nd. Steve Moorbath of the University of Oxford was both the pioneer and the
principal investigator (Moorbath and Taylor, 1981; Moorbath et al., 1986). These studies,
combined with precise mapping of the terrain, led to the identification of two separate geo-
logical formations (Figure 5.18), the Amitsoq gneiss and the Isua Group (the mountain of

& Amitsoq gneiss 3.65 3.824
o7 ”? Isua boulders 35 /',, g
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Figure 5.18 Results obtained by various methods for the Amitsoq and Isua gneisses. After Michard-
Vitrac et al. (1977); Moorbath et al. (1997).

7 There are older minerals (zircon) but they are detrital and separated from their parent rock in which they
crystallized.
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Table 5.4 Results obtained by various methods for the Amitsoq gneiss and the Isua Group

Dating methods Amitsoq gneiss (Ga) Isua Group (Ga)
U-Pbconcordia (zircon) 345+0.05 3.824 4+ 0.05 (conglomerate)
3.77 +0.01 (massive rock)
87Rb-"Sr (whole rock) 3.64+£0.06 3.66+0.06
7S m—'**Nd (whole rock) 3.640 +£0.12 3.776 +0.05
207pp_296py, (whole rock) 3.56 £0.10 374 +0.12
" Yoy
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Figure 5.19 Histogram of 2°’Pb—2°®Pb ages obtained by ion microprobe methods on Amitsoq zircon.
After Nutman et al. (1996).

references includes: Michard-Vitracetal., 1977; Moorbath et al.,1986,1997; Nutman et al.,
1996; Kamberand Moorbath, 1998).

The first is dated 3.65 +0.03 Ga and the second 3.74 and 3.82 Ga. These are the oldest
groups of rock in the world. As canbe seen by examiningTable 5.4 and Figure 5.18, summar-
izing the results obtained by the various methods, the two groups are quite distinct.
However, small differences can be noticed in the absolute values obtained by the various
methods and whose precise meaning is unclear. We have no explanations other than that
the rocks were subjected to subsequent metamorphism and the chronological systems were
probably disrupted somewhat.

The Australian group from Canberra has used ion probe point analysis methods to
measure zircon grain by grain and determine the U—Pb ages on the Amitsoq gneiss. A his-
togram can be made (Figure 5.19). It shows the two peaks at 3.60 Ga and 3.80 Ga, providing
we take the mode of the two asymmetrical distributions as the value. The two statistical ages
seem tobein agreement with the ages measured by conventional methods.

Letusdiscussandinterpretthese results. The distribution ofthe Amitsoqand Isuaforma-
tions is clear enough. The age of the Amitsoq gneiss is 3.64 £ 0.05 Ga, with A¢/t =1.3%.
The Isua formation is a little older but not as well defined. The age of 3.66 Ga given by
$Rb—*°Sr on whole rocks from Isua must be considered to be re-homogenization at the
time the Amitsoq gneiss formed.

There seem to be rocks dating from 3.82 Ga, particularly in the form of conglomerates
whosezircon “survived” the geological perturbations.
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But we may surmise that the Isua surface formation is rather aged 3.77 + 0.08 Ga (At/
t =2%).Theage of 3.82 Gaisthe result of inherited processes. Along the samelines, we can
infer that some old zircons have been incorporated into the Amitsoq formation, either
through the erosion—sedimentation cycle or by processes of magmatic assimilation or
metamorphism yielding the old values in the statistical distribution. As can be seen not
everythingisclear. Butitdid all happen nearly 4 billion years ago!

Archean komatiites

Komatiites are associations of basic and ultrabasic lavas found in Archean rocks alone (see,
e.g., Hamiltonetal.,1979; Zindler, 1982; Brévartetal., 1986; Dupré and Arndt, 1986). Theyare
the only evidence of what the mantle was like at that time. These associations of rock have been
dated mainly by Sm—Nd and Pb—Pb systems since the other geochronometers, particularly
Rb-Sr, Ar—Ar, and U-Pb, are generally very disturbed systems. In addition, the U—-Pb, con-
cordia method s difficult to use as uranium-rich minerals are very rare in these rocks. The old-
est well-identified komatiite belt is the Barberton Greenstone Beltin South Africa. Itis dated
3.4+ 0.12 Ga (almost as old as Amitsoq!). Several datings have been obtained on these rocks
by various methods, all of them more or less concordant. Here are the results.

The whole-rock isochron method gives: ¥Rb—*"Sr=3.35+0.2Ga; 'Sm-'**Nd =
3.54+0.07 Ga; **Ar—° Ar = 3.49 + 0.01 Ga; *°°Pb—2""Pb = 3.46 + 0.07 Ga. This poses the
question of the exact age of emplacement of the komatiites. Is it 3.35 Gaor 3.53 Ga? Thereis
agap of some 200 Mabetween the two dates, which is aslong as the time separating us from
the Jurassic. Given the data we currently have, we have no criterion for deciding one way or
another, and so choose the value of 3.45 + 0.10 Ga as the most likely age. The resolution of
such problems will answer the question of the duration of the emplacement episode of
komatiites.

An entirely different situation is found at Kambalda in Western Australia. Both the
7Sm—'*Nd and 2°°Pb—?""Pb methods give very handsome alignments on the isochron
diagrams. Unfortunately, these alignments do notyield the same age. The '¥’Sm —'**Nd age
is 3.26 Ga while the *°°Pb—2°"Pb is 2.72 Ga. Both methods are reputed to be robust. Which
should we choose when they fail to agree?

Dupré and Arndt (1987), then working together at the Max-Planck Institute in Mainz,
showed that the '*’Sm—"**Nd straight lines were in fact straight lines of mixing, as shown in
the (eng, 1/Nd) plot (Figure 5.20). The most likely age is therefore 2.72 Ga, which is consis-
tent with the local geological context and datings of other associated terrains. Dupré and
Arndt(1987) generalized the discussion of comparative Sm—Nd and Pb—Pb ages on koma-
tiites and made a systematic compilation (seeTable 5.5).

Therearethree caseswheretheageisfixed towithin 4+ 20 Ma: Barbertonin South Africa,
the Abitibi komatiite belt of Canada, and Zimbabwe. This assertion is based on the concor-
dance of ages determined by both methods and on the geological context and dating of
neighboring graniticrocks. Notice that A¢/t = 0.7%.

Cape Smith is a special case because the '’ Sm—'**Nd and **’Pb—?"Pb ages are not very dif-
ferent and have overlapping margins of uncertainty. For want of any other information, we must
putdown an age of 1.73 + 0.1 Gawith Az/t = 5%, which isnot bad compared with the others.

The case of West Pilbara in Australia is rather similar. The two 2°’Pb—2°°Pb measure-
ments seem weaker and incorrect because the geological context argues rather for an age of
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Table 5.5 Comparative Sm—Nd and Pb—Pb ages on komatiites (these are solely ages for which
alignments are statistically reliable)

978m—*3Nd ages 206pp_27Ph ages Most likely age
West Pilbara~ 3.5 Ga 3.560 Ga +30 Ma ~3.15Ga 3.5Ga?
Barberton~ 3.5 Ga 3.540 Ga+30Ma 3460 Ga =70 Ma 345Ga
Abitibi Munroe 2,662 Ga & 120 Ma 2724 Ga+20Ma 27Ga
Alexo (2.7 Ga) 2.750 Ga +90 Ma 2,690 Ga + 15Ma
Newton 2.826 Ga £ 64 Ma ~2.65Ga+15Ma
Kambalda=~2.7 Ga 3.260 Ga =40 Ma 2720 Ga & 105 Ma 27Ga
3.230 Ga+ 120 Ma 2730 Ga 4+ 30 Ma
Zimbabwe ~2.7 Ga 2.640 Ga £ 140 Ma 2.690 Ga+ 1Ma 2.7Ga
2.933 Ga % 147 Ma
Cape Smith~ 1.8 Ga 1.871 Ga 4+ 100 Ma 1600 Ga 4 150 Ma 1.73 Ga

ENd

1/Nd

Figure 5.20 Diagram of (€ng4, 1/Nd) plot on komatiites of Kambalda (Australia) showing a correlation in
agreement with the idea that the rocks are a mixture. After Dupré and Arndt (1987).

3.56 Ga. Itis the context alone that allows any conclusion, but the **’Pb—2°°Pb results indi-
cate there was a secondary, disruptive phenomenon.

As said, Kambalda is the opposite case. The geological context indicates that it is the
207pp—29Pp system thatyields the more reliable age.

The results of these last two cases show that there is nothing automatic about the process
and otherdatings probably need tobe madebyathird method or constrained by other geolo-
gical data.

Therhyolite of Long Valley, California
Itis probably on this very amenable rock that the University of California—Los Angeles team
around Mary Reid (Reid efal.,1997) made thebest use of the various methods for determining
the ages of geological units of very recent magmatic origin. The age of eruption and of empla-
cement are estimated, allowing for erosion, as 140 ka. The results obtained by the different
methods are: 257ka (*’Rb-"'Sr) and 200-235ka (isochronous **°Th—>*U), and the
39 Ar—*°Arages are much younger, ranging from 100 to 150 ka (Reid ezal., 1997).

The discordances here (several thousand years) are construed as not arising from subse-
quent disruptive phenomena but rather from complex magmatic sequences (Figure 5.21).
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Figure 5.21 Results obtained by various methods for the rhyolite of Long Valley, California. After Reid
etal. (1997).

The * Rb-*"Sr age is thought to mark the intrusion of the magma beneath the volcano and
the creation ofa magma chamber. The 2°Th—>*¥Uages supposedly date the crystallization
of zircon in the same magma chamber. The ¥ Ar—*’Ar ages date the eruptions. This exam-
ple raises not the question of uncertainty but of identification. What age is the radiometric
phenomenon associated with? What exactly is it that we date?

In the previous examples we barely posed the question just raised for Long Valley (except
for the Eldora gneiss). For the komatiites the answer is clear enough: we want to date the
magma intrusion. For Greenland, itis alittle fuzzier. Isit the emplacement of granite before
metamorphism? Isit the metamorphic episode? Itis not absolutely clear.

Here, with the Long Valley rhyolite, there is no getting round the question. The ages can
only be interpreted in the context of a geological scenario, a general model. At the same
time, itcan be seen that the different chronometers are not used for dating the same phenom-
ena. The very idea of concordance of ages obtained by the various methods, so far consid-
ered as the criterion of absolute reliability, must be refined. Perhaps the uncertainty that
can be estimated by the various methods reflects merely a problem of identification. Let us
try to extend this type of interpretation.

Thus, when we observe that *’ Rb—*’Srages on whole rock measured in granite are gen-
erallyalittle younger than the ages obtained on zircon by the concordia method, we ques-
tion what this difference means. It may arise because zircon is the first mineral to
crystallize whereas ¥’Rb—*"Sr is re-homogenized by the circulation of hydrothermal
fluid which is driven off towards the end of granite crystallization and gives rise to the
aplite and pegmatite seams. This is not the only interpretation. We might also consider
thatthe zircon is aged because it has inherited older zircon. Ion microprobe examination
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of zircon minerals has now provided an answer but before we were in a position of
indeterminacy!

Conclusions
There are two conclusions to be drawn from these studies (which we could have multiplied
indefinitely). First, it has been seen that the quantitative methods of interpreting isotope
measurements actually gave very coherent ages (despite the slight uncertainties with decay
constants). Second, we have justobserved that better understanding of these measurements
requires themtobeincludedingeological schemas of interpretation. The geological inter-
pretation benefits on the one hand from the results of radiometric dating but in exchange it
alone can make the figures yielded by the various methods fully meaningful.

Let us repeat, there is nothing automatic about interpreting radiometric ages. Age
is meaningful only in a given geological context. In addition, in return, inclusion in a
geological context enlightens the geochemical behavior of the various chronometers.
Each radiochronometer may bear original information, but for it to be credible it must
be matched against other sources of information. It must be consistent with the
other things we know, with the usual behavior of the chronometer in question compared
with other chronometers, and with the specific geological history under study. The
scientific approach is more like detective work than the application of automatic
programming.

5.5 The geological timescale

5.5.1 History

The making of the geological timescale, which is the greatest revolution geology has seen,
paradoxically has a long history. It took longer for it to become accepted than for its main
lines to be established. As stated, the idea of using radioactive decay to measure geological
ages seems to have occurred independently but at about the same time to Pierre Curie in
France (see Barbo, 1999) and to Ernest Rutherford in Canada (see Eve, 1939) in the early
twentieth century.

It was Rutherford who first attempted to translate this insight into an actual measure-
ment. He had just identified « particles as helium atoms. His colleague Ramsay had just
shown how the proportions and abundances of the rare gases could be measured.
Rutherford suggested to him measuring the amount of helium contained in a uranium ore.
Hedidso. Rutherford foundan age of more than1billionyears. Thiswasin1906, aboutacen-
tury ago. Rutherford’s discovery was abombshell: geological terrains were more than 1 bil-
lion years old! The second stage took place in 1907 at Yale University, where Rutherford
went to deliver the prestigious Silliman Lecture. Now, at Yale there was a chemist named
Boltwood, who was interested in chemical transformations related to radioactivity. He sus-
pected that the end product of radioactive chains, which he was analyzing by chemical
methods, was lead. Rutherford suggested he should test out his idea geologically by taking
what geologistsreported tobe youngand old uranium ores and analyzing theirlead content.
The older ones should contain more lead than the younger ones. Boltwood (1907) made the
corresponding series of measurements and confirmed there was a connection between
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leadanduranium chains. Inturn, hethen decidedtousethe method to datetheuraniumores
by analyzing the uranium and lead content of each, and he calculated the ages by applying
the exponential law for decay. These were purely chemical measurements, not isotope
measurements.

After Boltwood’s discovery, inspired by Rutherford, the chemical dating of lead was
improved by the discovery that thorium too was the parent of a radioactive chain ending in
lead. The dating formula was modified slightly to read:

(Pb)t tal
Age = — = Dol 7400 M
8= ) 1038 (Th) ~ 4

where (Pb), (U), and (Th) are the lead, uranium, and thorium contents in grams,
respectively.

However, the chemical U—-Pb method soon ran into what seemed at the time an insolu-
ble technical problem. Uranium ores could be dated, but what of ordinary rocks?
Chemical methods of the day were not sensitive enough and could not be used to measure
either uranium or lead contents in ordinary rocks. These contents are measured in parts
per million and at the time such elements could be measured only if their abundances
were of the order of 1%.

Thatis whyin1908 R. J. Strutt, who later became the famous Lord Rayleigh, undertook
to measure the age of ordinary rocks by using the helium method (Strutt, 1908). To do this,
he measured the radiation produced by the rock, which gave him the instantaneous quantity
of “He produced. He next measured the quantity of “He contained in the rock. It was then
possible to make a simple age calculation. Although Strutt was aware from the outset that
helium diffuses readily from minerals and rocks and so affects the age measured, the
method developed quickly in various parts of the world: in Britain with Strutt himself, in
the United States with Piggot, and in Germany with Paneth, who applied it to meteorites
above all. In this race to develop a reliable geochronological method, one of Strutt’s stu-
dents, the Scot Arthur Holmes, made a name for himselfand was to play an essential part
in geological age determinations for the next 40 years (see Holmes, 1946). He is one of the
founders of isotope geology.

Although geochronological methods based on lead and helium are subject to limitations
and uncertainties, geologists embarked upon the adventure of constructing an absolute
geological timescale to attribute durations to the geological eras and stages of the stratigra-
phers. Thefirst successfully to build a coherent whole was Barrell in 1917. As Holmes was to
do later, Barrell used radioactive datings and stratigraphic and geological observations to
correlate them. He judged some ages unrealistic, others acceptable, and by a series of
approximations and trials and errors he came up with a genuine quantitative stratigraphic
scalein millions of years. Table 5.6 shows the figures of his scale alongside the “modern” fig-
ures. With hindsight, Barrell’s work was outstanding — and yet no one believed it! When I
began studying geology in Paris in 1958-9 we were told there was an absolute stratigraphic
scale but that it was highly approximate and largely wrong and so should not be learned. If
truthwill out, it sometimes takes quite awhile to do so!

This absolute scale, and even more so the reasoning that underpinned it, that is, the age
attributions to geological phenomena in millions or billions of years, and the awareness of
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Table 5.6 The absolute scale of geological times in millions of years

Barrell Holmes Holmes Lambert Modern
(1917) (1947) (1960) (1971) ages
Quaternary Pleistocene 1-1.5 1 1 4
(Noozoic)
Tertiary Pliocene 7-9 12-15 11 7 12
(Cenozoic)  Miocene 19-23 26-32 25 26 26
Oligocene 35-39 37-47 40 38 37
Paleocene 55-65 58-68 70 65 65
Eocene
Secondary Cretaceous 120-150 127-140 135 135 141
(Mesozoic)  Jurassic 155-195 152-167 180 200 195
Triassic 190-240 182-196 225 240 235
Primary Permian 215-280 203-220 270 280 280
(Paleozoic)  Carboniferous 300-370 255-275 350 370 345
Devonian 350-420 313-318 400 415 395
Silurian 390-460 350 440 445 435
Ordovician 480-590 430 500 515 500
Cambrian 550-700 510 600 590 570

“Single dates indicate the beginning of the period.
Source: After Hallam (1983), in which the references cited may be found.

the extraordinary geological myopia of classical geology based on stratigraphic stages, did
notcome tobetrulyaccepted until thelate 1960s.

This scale must be subdivided into two separate periods because the conditions for age
determination are notthe same (see Plate 6).

e The Precambrian period extends from the formation of the Earth to the appearance
of the first “unquestioned” fossils 550 million years ago. This period began with the
earliest rocks, the first terrestrial rocks of Greenland, which, as we have seen, are
aged 3.82 Ga.

e The “classical” period is that of traditional geology where fossil-based geology
applies. Within this period a special place must be made for the interval ranging
from 0 to 200 Ma during which we have samples of a real oceanic crust overlain by
sediments that are well identified paleontologically thanks to microfossils. The under-
taking was to match the terrains identified on a worldwide scale and to classify
them, through their fossils, in time intervals measured in millions of years. The first
job, then, was to put numbers on the stratigraphic scale developed by stratigraphic
paleontology which divides the periods for which there is fossil evidence into eras
and stages. This scale was then extended to very ancient ages, and after that, its reso-
lution was improved for recent times.

5.5.2 The absolute scale of fossiliferous (Phanerozoic) times

The great difficulty in this undertaking is that the usual methods for dating long durations
such as Rb-¥Sr, 28U -2°°Pb, Sm—*3Ne, *"Re-¥"0s, or *°K —*°Ar cannot readily be
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used for dating sedimentary rocks. Now, the stratigraphic scale is defined by index sedi-
mentary strata containing fossil associations chosen as the boundary beds. The reasons it
isdifficultto date sedimentarystrata are thateither sedimentary rocks aremade up of inher-
ited material (sandstone and schists) of varied provenance and age and, in such cases, the
criteria for initial isotopic homogeneity are not satisfied, or they are newly formed material
(limestone), in which case the rock is sensitive to secondary phenomena (particularly
water circulation) and are not closed systems. Despite painstaking studies, which have not
been entirely unsuccessful (which are always cited, of course) no general method has
emerged.

The absolute chronology of sedimentary strata is generally established indirectly by dating
igneous rocks whose geometric and chronological relations with the strata are known.
Interstratified volcanism is a particularly favorable case, of course. Another case directly
derived from the process of oceanic expansion is that of the ancient ocean ridges, that is,
sea-floor spreading where a still-fresh layer of basalt (that can be radiometricallyand magnet-
ically dated) is overlain by a layer of limestone that is very rich in microfossils. Ocean drilling
has allowed such dating (although the basalt must not be overly affected by hydrothermal
circulation or by exchange with sea water at low temperature). The most commonly used
method for dating basaltis the ** Ar—*°Ar method. But such dating is increasingly difficult as
we go back in time because of weathering, since the older they are, the more the basalts have
beenaltered by reaction with sea water, with which the sediment isimpregnated.

In addition, direct methods yield dates for a few reference strata only. Other results must
be interpolated from them. The principle behind the method is simple enough. Suppose
thatin whatis considered a continuous sedimentary series we know from one of the earlier
methods the ages # and 7, of two points in the series, separated by a thickness
DX) = X; — X,. As a first approximation, all of the strata in the interval may be dated by
interpolation.

The sedimentation rate of the seriesis

X, — X
- (=)
Ih = n

sotheage; ofapointlocated at X5is

X;— X
3=1— <%>

To apply the method, first the series must be continuous, in other words, there must be no
sedimentary gap or hiatus, which stratigraphers are experienced at detecting. Next, sedi-
mentation must be ofthe same type if we are to assume the sedimentation rate has remained
constant. All of this is done by comparing, correlating, obtaining new dates, by modifying
old data, or confirming other data, little by little and case by case. As can be seen, itis along,
hard slog and there is scope for constant improvement. It is understandable, then, that the
age boundaries between stages or eras are affected by uncertainty which varies with the
date of publication.

The stratigraphic scale is shown in Plate 6. A few brief remarks are called for. The eras,
which our forebears thought were about equal in length, are in fact highly unequal:
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Figure 5.22 Relationship between duration and ages of geological eras. “Classical geologists” thought
these durations were about equal. We are indeed dealing with a case of geological myopia.

Paleozoic (Primary) 340 Ma, Mesozoic (Secondary) 145 Ma, Cenozoic (Tertiary) 65 Ma,
and Quaternary 5 Ma. If we plot the geological eras and the traditional subdivisions, it can
beseen thattheloss of information is about exponential with time (Figure 5.22).

Remark

With scientific advances, the names of the reference terrains do not change, but the ages of these
terrains are constantly changing. Uncertainties on the limits are not symmetrical because geolo-
gical constraints are not symmetrical either.

The case of the Quaternary
In recent periods, ranging from 1 to 5 Ma, which is the time in which humankind has
appeared and developed, the situation is very different for two reasons. The first is that
many dating methods can be applied directly to sediments. This is the case with '*C, '°Be,
and methods based on radioactive disequilibrium. Direct dating can therefore be prac-
ticed. The second is that there are many indirect methods: fluctuations in "*0/'°Oisotope
ratios (to which we shall return in Chapter 8), fission tracks, paleomagnetism, micropa-
leontology, etc. All of these methods can be used for intercalibration and refined
interpolation.

In short, we can now draw up a very precise chronological scale for the Quaternary but
onethatisbased on climatic phenomena.We shall speak of this in Chapter 6.

5.5.3 The Precambrian timescale

The Cambrianis the age at which the first common fossil faunas appeared. The two types of
characteristic fossils are trilobites and Archeocyatha. Its lower boundary is dated
540" Ma.

As Precambrian terrains cannot be subdivided on the basis of fossils, we work the other
way around: we set numerical limits and then map the corresponding terrains at defined
time intervals. The essential boundary has been set at 2.5 Ga. It divides the period before,
known as the Archean, and the period ranging from 2.6 Ga to 0.4 Ga, known as the
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Proterozoic because we suppose that it was during this period that life developed. The ques-
tion, of course, is how to determine the lower limit to this scale.

We assume that the continental crust as it is today has not existed since the first age of
the Earth but that it appeared after a time 7| or that it appeared at an early date but
was destroyed by multiple phenomena (meteorite bombardment?) and subsisted from
Ty only. This age T is therefore the upper limit of the Archean. Between the formation of
the Earthand 7y we have defined a period for which thereislittle and often only “indirect”
evidence (meaning there are no whole rocks) and that is known as the Hadean (see
Chapter 7).

But what is the value of 7y? How old are the oldest terrains, in the sense of uninterrupted
geological formations that can be mapped? The Isua and Amitsoq formations of
Greenland already mentioned and dated 3.77 Ga and 3.65 Ga, respectively, are the oldest
terrestrial rocks known as yet. But sedimentary rocks in Australia have been found to con-
tain zirconwhose U—Pbages concord at 4.3 Ga (and a few even at 4.37 Ga). These are indis-
putably the oldest terrestrial minerals. But what is the meaning of that? Zircon is a typical
mineral of granitic rocks, and so the remains seem to testify that there were pieces of conti-
nent at that time. Were those continents preserved, buried somewhere, or were they
destroyed by erosion, meteorite bombardment, and Hadean tectonism? This is a question
geochronology raises. We therefore provisionally fix the Hadean—Archean boundary at
3.8 Ga (see Plate 6 for the azoic (Precambrian) timescale). Here we have an uncertainty due
tolack of information.We must therefore be prepared to change these figures as new discov-
eriesare made.

5.6 The age of the Earth

The age of the Earth was touched upon in Chapter 2 and could in itself be the subject of an
entire book, such is its historical and philosophical significance. We shall give a brief sum-
mary of it, emphasizing the approaches taken by those who attempted to answer the
question.

5.6.1 History

The Bibleindicates thatthe Earthis 4000 years old. Around 1650 Archbishop Ussherestab-
lished by bibliographical studies that the Earth had been created on 26 October in the year
4004 BCat9.00inthe morning!

By contrast with this, in the late seventeenth century, the founder of geology, Scotsman
James Hutton, had dismissed the very idea of the Earth having an age we can estimate. The
Earth hadalwaysbeen hereand was the seatofthe same phenomenadescribed by geological
cycles and would be until the end of time. “No vestige of a beginning — no prospect of an
end,”ashe putit.

Inthemidnineteenth century, while classical geology was thriving, the British physicist
William Thomson, later to become Lord Kelvin, began to criticize the idea of an eternal
Earth and repetitive geology. His idea was simple. Geological processes consume energy,
if only to make reliefs, power volcanoes, or generate earthquakes. Now, the energy the
Earth contains is notinexhaustible. He identified the source of terrestrial energy as being
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of thermal origin. The inside of the Earth is hot and the Earth is cooling because it loses
heat from its surface by radiation. He thus came up with the figure of 100 Ma, confirmed
in two ways. First, he had used the same theory to calculate an age for cooling of the Sun
(this time by calculating the energy dissipated by radiation) of 100 Ma. Second, the
Irishman Joly had also calculated the age of the ocean and found 100 Ma. The age of
100 Mawas a must!

However, geologists, and foremost among them Charles Lyell and Charles Darwin,
rejected this age which they thought too young.® In 1910 Rutherford and then Boltwood
determined the first radiometric ages exceeding 1 billion years. Pierre Curie and
Laborde showed that radioactivity gave off heat, and so there was an energy source inside
the Earth, which implied Lord Kelvin’s calculation was false. And yet it was only after the
Second World War that Kelvin’s figure was seriously revised (see Burchfield, 1975;
Dalrymple, 1991).

EXAMPLE

Kelvin’s problem

Kelvin considered the cooling of the Earth, ignoring its roundness. He assumed the surface
was plane and supposed it was maintained at constant temperature as it lost its heat by
radiation into space.

For a semi-infinite solid separated by a plane surface, Fourier’s theory states that if we take
depth (z) with depth at the surface z=0 and assume the solid is at a temperature T, at the
initial time and we allow it to cool by conduction, the temperature T(z) is a function of T, and
of z/2(kt)*/?, where tis time and ks thermal conductivity. The thermal gradient (or geothermal
gradient as we say for the Earth) is written:

T . To ex —22

2~ (ke P\ake )

Near the surface z=0 and the exponential equals 1. The geothermal gradient G is:
G = To(mkt) /2.

If we take To =7000 °F, then G=1/1480. With k=0.0118 we get t=0.93 Ma.

EXAMPLE

The age of the oceans

The Irishman Joly (who was one of the first to use radioactivity in geology) decided to calculate
the age of the ocean (but attributed to it the same age as the Earth).

His reasoning ran like this: in the beginning the sea was fresh water. It became salty
through the input of rivers and evaporation of water. So if we divide the mass of sodium in
the ocean by the mass added annually by rivers, we will get the age of the ocean. To do this,

8 Kelvin changed his calculation somewhat and at different times his age for the Earth varied between
25Ma and 400 Ma, but that did not change the order of magnitude at stake!
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he used the values of his day. That of sodium in rivers was 2 - 10~ *moles kg~ * while the
sodium content of sea water was 0.5 moles kg~ *. And he asked: how long has it taken to make
the sea salty? Given that the mass of the ocean is 1.5 - 10** g and the mass of inflow from
rivers is 4 - 10*° g, he found an age of

0.50 , mass of ocean 0.93 - 107vears.
2 -10% °~ mass of rivers years.

5.6.2 The isotopic approach

In1938 Alfred Nier, then doing postdoctoral work at Harvard University, measured theiso-
topic composition of lead in galena (PbS) from various geological settings and to which var-
ious “geological” ages had been attributed. Nier undertook to calculate the **’Pb—2°°Pb
ages of the galena and found ages of 2.5 billion years. Now, at that time the astronomer
Edwin Hubble, working at the California Institute of Technology, had used the gradual
recession of galaxies to determine the age of the Universe and had come up with a figure of
2 billionyears!

Rocks that were older than the Universe! Wasn’t that impossible? Three scientists set
about using Nier’s results to recalculate the age of the Earth: Gerling (1942), Holmes
(1946), and Houtermans (1946). Their common starting point was Nier’s isotope analyses
on galena in 1938 at Harvard. Some of the samples were from geological formations of
known age. As galena does not contain uranium its isotopic composition is frozen from the
time it becomes isolated. If we write the isotopic compositions a = 2"*Pb/?**Pb and
6 ="2""Pb/?**Pb and assume that the isotopic composition of the galena was “constituted”
in a closed system (mantle or crust) which has been isolated since the origins of the Earth,
we canwrite:

238
204pp

235
U (e}./T() _ eﬂ/T|)
204Ph

oa=qay+ (e)'T0 — e)'T')

B =08+

where T\ istheage ofthe Earth, T the age of the galena, oy and (3 the initial isotopic compo-
sitions of the Earth, and where A corresponds to >**U and X’ to ?**U. As we have already
done, we can rewrite these equations as:

iTy _ oA
- etfo —e
TN _ 1378 — .
B— B, A To _ T
Unfortunately, to calculate the age of the Earth 7 in this equation, twounknowns are miss-
ing, theinitial isotopic compositions of terrestrial lead (g and ().

Gerling, atthe Institute of Precambrian Geologyat Leningrad (now St. Petersburg), sim-
plified the problem and adopted a new assumption (Gerling, 1942) (Figure 5.23). He chose

° This age is now referred to as the residence time of sodium in the oceans. See Chapter 8.
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Figure 5.23 Principle of Gerling’s method of calculating the age of the Earth.

the galena from Ivigtutin Greenland from among those Nier had measured, whoseisotopic
ratios were the lowest, and assumed those ratios corresponded almost to « and 3. To
remove the complication of the geological age of the galena, he considered recent galena
whoseageheassumedtobe0.The equationbecame:

_ . ZY |
> Ol _ 137.8(6”7)
ﬂ_ﬂlvig ersfo —1

He thus found an age for the Earth of 3.1 Ga.

Exercise

We take two samples of galena of recent ages, one from Joplin (United States) and the other
from Clausthal (Austria).

For the first, 2°°Pb/2°*Pb=22.28 and 2°7Pb/?°*Pb=16.10. For the second,
205pp /204ph — 18.46 and 2°’Pb/?°*Pb = 15.6. (For the Ivigtut galena 2°®Pb/°*Pb = 14.54 and
207pp /204ph — 14.6.)

(1) Determine the age of the Earth by Gerling’s method.
(2) What would the ages be if we assumed a, =0 and 3, =0?

Answer
(1) Tioplin=2.83 Ga and Tcjausthal = 3.2 Ga.
() Tioplin=4.73 Ga and Tcjausthal = 5 Ga.

Holmes used a more sophisticated method (Figure 5.24) but still based on the same prin-
ciple of a closed system for isotopic evolution as provided by the galena measured by
Nier. We take two galena specimens of “known”ages 77 and T,. We have two equations.
Forgalenal:

ap—ap 1 erTo _ o/
B1 — By T 137.8 \ e To — AT
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Figure 5.24 Measurements giving the age of galena by Holmes’s method.
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Figure 5.25 Age statistics determined by Holmes with his two-by-two galena method.

and for galena 2:
o) — _ 1 C)“TO _ eﬂng
By— By 1378 \e#To — T2 )’
and three unknown quantities o, 3, and Ty,.
Holmes (1946) then hitupon theidea ofasort of statistical method and reasoned like this:
suppose I give myselfages of the Earth 7y =2 Ga, 3 Ga, and 4 Ga. If we replace Ty by these

values in the equations, we can calculate the two unknowns o and 3, on a case-by-case
basis (Figure 5.25). Sowe can plot an (v, T) diagram. This operation may be repeated with
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Figure 5.26 The age of the Earth as determined by Clair Patterson, 1953-6.

asecond pairofgalena specimens, giving us a second curve, with a third pair, and so on.We
just have to take the mean of the intersections between the curves to get the real pair (cv, 7o)
and T,. Holmes came up with 3.4 Ga, an astonishing convergence with the date calculated
by Gerling. Houtermans (1946) adopted much the same method, leading him to a result
closeto3 Ga.

Inthe1950s, then, wehad anestimate for the age of the Earth ofabout 3.5 Ga. (Meanwhile
astronomershadrecalculated Hubble’s equation and found an age of 4 Gafor the Universe.)

In1950, advances in mass spectrometry meant the isotopic composition of lead of ordin-
aryrocks could be measured although this elementis only foundintraces. In his Ph.D. thesis
at Chicago University, Clair Patterson (1953) first measured two meteorites, an iron
meteorite (Canyon Diablo) and a basaltic meteorite (Nuevo Laredo) by the 2°°Pb—>""Pb
method (Figure 5.26). By joining up the two points in the (**°Pb/>**Pb, 2°’Pb/>**Pb) dia-
gram, he calculated an age of 4.55 Ga, which he claimed to be the age of planetary objects
(Patterson, 1953,1956).

He then measured a present-day volcanic rock from Hawaii, which supposedly repre-
sented what was assumed to be the homogeneous interior of the Earth, fine sediments from
the Pacific, and a manganese nodule supposed to represent averages of rocks from the
Earth’s surface. These three rocks lay roughly on the straight line at 4.55 Ga. He attributed
to the Earth the same age as the meteorites and asserted this was the age at which the Solar
System formed. This is the age which now features in all the textbooks. It also determines
theinitial values ag and .

These values have since been determined more precisely as (*°°Pb/?**Pb), = 9.307,
(C°"Pb/?**Pb), = 10.294, and (C°*Pb/***Pb), = 29.476.

Apart from the value of the age of the Earth and the benchmark it provides for the history
of geological times, Patterson’s work has an important consequence. It can be used to “situ-
ate” the isotopic compositions of galena measured in geological formations relative to the
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Table 5.7 Samples of galena used by Nier in two-by-two determinations

206pt, /204pp, 207pp /204p Age (Ma) Number

Casapalca (Peru) 18.83 15.6 25 1
Ivigtut (Greenland) 14.54 14.70 600 19
Yancey (North Carolina) 18.43 15.61 220 18
Great Bear Lake (Canada) 15.93 15.30 1330 25

“See Figure 5.24.

initial reference point («y, By) and by the same token to allow a series of calculations for the
age of the Earth from each sample of galena.We shall see whatthiswork leadstoin Chapter 6.

REEEE

Calculate the age of the Earth from Casapalca and Yancey galena samples given by Nier in
Figure 5.24 and Table 5.7, assuming ao and (3, to be the values known today and assuming
their age is about zero.

Answer
TCasapaIca =4.39Ga and TYancey =4.45 QGa.

5.6.3 The modern approach

A first, probably somewhat disarming, observation is that with modern analytical methods
(see Allegre et al., 1995) we cannot repeat Patterson’s measurements and find the same
result! The points that are supposed to represent the Earth do not lie on the straight line for
meteorites but form a cloud. Moreover, the decay constants for uranium have been changed
since, and so we would no longer find 4.55 Ga with modern values. And yet, Patterson’s
result is about right (Tatsumoto ef al., 1973)! Unfortunately for him, the very concept of
the age ofthe Earth has changed and hasbecome much less well defined than in his day.

First, it has been realized that the Earth’s history has been very complicated and that the
models of evolution of lead involving just a single episode in a closed system do not apply to
any terrestrial reservoir. All of the systems — crust—mantle—ocean — are open systems that
exchange material with each other: there is absolutely no ground for applying the closed-
box model to reservoirs like the mantle or continental crust as Patterson did, even as a first
approximation (as we shall see in Chapter 6). Then, with the advances in planetary explora-
tion and planetological models, it was realized that the Earth had not been formed in an
instant but by a slow process (named accretion) which probably lasted 100-150 Ma. We
come back to the question we raised at the beginning of this chapter: for dating we need a
box that closes at a definite given time. If we date the Earth by any particular method, what
isthemeaning ofthatage? Isitthe timethe core formed, or the end of degassing of the atmo-
sphere? Isitthe age of the solid material thatis its main component?

Weshallreturntothis problemin Chapter 6. Letusbe contentto say thatthe Earth formed
over a period of 100 to 120 Ma and that the process began 4.567 Ga ago! The concept of
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Figure 5.27 Changes in the age attributed to the Earth as geological sciences have developed.

dating can be applied in several ways. Either we date the beginning and end of accretion of
the Earth, or we determine an “average age”of formation of the Earthwith no precise mean-
ing. We can see that analytical uncertainty is no longer an issue, but that it is “geological
uncertainty” or even conceptual uncertainty that challenges the validity of the reference
model outside of which any age is meaningless. This, then, is a good example of the different
meanings we can attribute to uncertainty of a geological age measurement! For fun, we can
end by noticing that if we represent the age of the earth in semi-logarithmic coordinates
against the date of research into the subject (Figure 5.27), we obtain a straight line: this is
food for thought about the meaning of correlations with no theoretical support. (Perhaps a
sociologistora psychologist could draw conclusions from this?)

5.7 The cosmic timescale

One of the great success stories of radiometric dating is that it has been able to extend its
investigative power beyond the terrestrial domain and fix chronological markers for cosmic
evolution.

5.7.1 Meteorite ages

Meteorites are pieces of embryonic planets dating from early times, which were sent hur-
tling off into space after collisions and spent millions of years in interplanetary space
before falling to Earth.

Wehavesaid that, asafirstapproximation, meteorites are as old as the formation of the Solar
System and the planets (around 4.55 Ga), but we have just seen that this age is poorly defined.

Modern U-Pb methods applied to uranium-rich phases developed in Paris by Gérard
Manhés, Christa Gopel, and the present author have yielded meteorite ages with a preci-
sion ofabout 300 000 years, while the age is close to 4.55 Ga, giving a relative uncertainty of
3-10°/4.5 -10° (60 ppm), which corresponds to a precision of 60 years fora date of 1million
years! Using these U—-Pb methods as our reference, we have been able to establish a precise
chronology (Gopeletal.,1994) (Figure 5.28).
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Figure 5.28 The chronological scale of meteorites after Gopel etal. (1994) and Allégre etal. (1995). CAls,
calcium—aluminum inclusions.

Theresults obtained with the other chronometersbased on ¥’ Rb-"Sr, *°Sm—**Nd, and
'87Re—"¥70s long-period radioactivity are in general agreement with U—Pb ages but they
are far less accurate. Results obtained using extinct radioactivity ("*’I-'>"Xe, 2°A1-**Mg,
B2Hf182W, 3*Mn—>Cr) all indicate ages close to those of the reference meteorite, confirm-
ingthe greatage of all these objects. However, whenever we try touse the extraordinary tem-
poral power of resolution of these extinct forms of radioactivity, their relative ages and ages
relative to the U—-Pb clock, substantial inconsistency is observed. The age difference
between two objects (meteorites, minerals) is positive with U—Pb, negative with Mn—Cr
and Al-Mg, and positive but different with I-Xe, or the contrary. Between two other
objects, the differences obey some other rationale, and so on. This raises two questions.
Where does this anarchy come from? What do the “apparent ages”obtained mean?

Observation of meteorite structures and textures using the techniques of petrology has
revealed that most meteorites are brecciated and impacted. Chondrites, which are the
most “primitive” meteorites, are composed of spherical chondrules, evidence of transition
through a molten state, surrounded by a matrix containing many low-temperature minerals.
The overall impression is one of very complex relations among minerals.

Dating using *°Ar—*° Ar methods by Grenville Turner since 1968 has revealed highly
complicated outgassing patterns and ages of generally less than 4.56 Ga. ¥’ Rb—*"Sr ages
obtained on the minerals also show the system did not remain closed. When alignments can
be obtained from theisochron diagram they yield apparent ages of less than 4.56 Ga.

All this evidence suggests that meteorites were subjected to many complex disruptive
phenomena (metamorphism, impacts, reactions with fluids, etc.) during the evolution of
the solar nebula. It was long thought that differentiated meteorites (basaltic or iron meteor-
ites) had formed much later. In fact, the use of the '?Hf —'®?W method has shown that their
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differentiation, that is their fusion in small bodies, was also very old, dating from 3 to 4 mil-
lion years after the Allende meteorite (Lee and Halliday, 2000). It must therefore be con-
cluded that most of the ages obtained on meteorites are disrupted by secondary
phenomenathatoccurred right atthe beginning of the Solar System.

Inthe currentstate of knowledge, we cansay thatthe oldest objects are the calcium- and alu-
minum-rich, white inclusions in Allende. They are aged 4.567 +0.0003 Ga (Allegre et al.,
1995). Chondrites and differentiated iron meteorites formed in the 2 million years (probably
for less) that followed. Basaltic achondrites formed in the first 4 (maybe first 2) million years.
These objects were then subjected over 50 to 100 millionyears toimpacts, heating, and chemi-
cal reactions with fluids. All these phenomena brought about chemical and mineralogical
changes in these objects making the primitiveness of their dating extremely doubtful, not just
in terms of the figures obtained but also in terms of what the date means. Here is an example
ofuncertainty thatisnot analytical and is mathematically difficult to quantify.

EXAMPLE

Meteorites

Meteorites are rocks that fall from the sky (see Wood, 1968; Wasson, 1984; Hutchinson,
2004). Although they have been known since ancient times, their scientific value came to be
understood less than a century ago. They are pieces of small planetary bodies gravitating for
the most part in the asteroid belt between Mars and Jupiter. They are produced by impacts
between these bodies and then move through interplanetary space before falling to Earth.

During their travels, they are irradiated by galactic cosmic rays, as we have seen. This means
they can be identified positively because they contain radioactive isotopes that are specific to
such irradiation. They are of huge interest because the material dates from the time the Solar
System and the planets formed. All meteorites are aged about 4.56 Ga. The chemical composi-
tion of some of them, the carbonaceous chondrites, is similar to that of the solar photosphere.

Meteorites are classified into two main categories: chondrites and differentiated meteorites
(Table 5.8).

Table 5.8 Summary classification of meteorites

Chondrites

They are formed by the
agglomeration of small
spheres of silicates (chon-
drules)inamaterial com-
posed of small minerals

Differentiated meteorites

e Carbonaceous

o Ordinary

o Enstatite

e Basaltic achondrites
(eucrites)

® Mesosiderite and pal-
lasite (iron and rock)

e Ironmeteorites

Theycontain nometal. Theirchemical
composition is similar to that of the
solar photosphere.

These are the most numerous. They
are formed from a mixture of metallic
iron minerals and silicate minerals.
Their composition is close to a mix-
ture of peridotites and of metallic
iron.

All the iron is in the form of FeS or
metallic Fe.

These are basalts analogous to terres-
trial basalts.

Large pieces of metallic iron asso-
ciated with pieces of silicates.

Alloyof metalliciron and nickel.
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The chondrites are the more common. They contain small spheres known as chondrules and
their chemical composition is roughly similar to that of the whole Earth. They contain silicates
but also scattered metallic iron minerals. The distribution of iron forms a subdivision into
enstatite chondrites, ordinary chondrites, and carbonaceous chondrites. In enstatite chondrites
(E) all of the iron is in the form of metal or iron sulfide FeS. In ordinary chondrites, the iron is
divided between metal sulfide and silicates. Some have high (H) and others low (L) iron
contents. Carbonaceous chondrites (C) have no metallic or sulfidic iron and all their iron is in
the silicates and oxides.

A further classification is superimposed on the mineralogical-chemical one, based on the
extent of metamorphism of the chondrites. Chondrites were subjected to reheating after the
formation of the bodies from which they derived. This heating wrought more or less intense
mineralogical changes in all of the chondrites, except for the carbonaceous ones, thus causing
varying degrees of metamorphism. This metamorphism is rated on a scale from 1 to 6. So we
speak of H(3), L(5), or E(3) chondrites, etc.

Differentiated meteorites are the relicts of liquid—solid separation phenomena that
occurred within small planetary bodies upon their formation. Some of them are basalts
(eucrites), others are enormous blocks of metallic iron whose textures show they were
initially molten (iron meteorites). Yet others are made up of an assemblage of massive
metallic iron and of silicates such as olivine and pyroxene (pallasites and mesosiderites).
These structures are indicative of the differentiation of the metal cores of the small
protoplanets.

As can be seen, the distribution of iron between metal and silicate is fundamental in
meteorite classification. This must be related to the case of the Earth, where iron is mostly
presentin the core in metallic form and less present in the mantle where it is scattered among
the silicates olivine and pyroxene. Most meteorites come from the asteroid belt between
Mars and Jupiter, but some have quite different origins. They are pieces of planets broken off
by impacts. Some are known to come from the Moon and it is thought others come from Mars
(Figure 5.29).
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Figure 5.29 History of a meteorite.



m Uncertainties and results of radiometric dating

Meteorites can be studied by using radiochronometers with long half-lives, by cos-
mogenic isotopes, and by extinct radioactivity. They are prize items for radiometric
dating.

5.7.2 The history of the Moon

Moon rocks (seeTaylor, 1982) brought back by the American Apollo and Soviet Luna mis-
sions have also been dated by various geochronological methods. Here very briefly are the
main findings.

Thereis an ultrabasic lunar rock aged 4.50 Ga (the oldest evidence of the Moon) but that
apart, the Moon is composed of two geological entities:

(1) thehighlandswherethe dominantrock is anorthosite (calcium plagioclase) with an age
range of4.3-4.0 Ga;

(2) the maria, which are large depressions formed by gigantic impacts and are made up
of basalts ranging in age from 3.7Ga (Sea of Fecundity) to 3.2Ga (Sea of
Tranquillity)."”

Since that date it seems there has been no internal geological activity on the Moon. The
mostimportantinformation derived from these studies is probably thataboutthe number
of impact craters, which varies with time, decreasing markedly between 4.3 and 3.2 Ga.
As these craters result from the impact of celestial “thunderbolts,” which after impact are
captured and accreted by the Moon, itis inferred that the phenomenon of lunar accretion
(and by extension accretion of the other planets) declined very rapidly in the early days of
the Solar System (Figure 5.30). This provides an indirect indication about the process of
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Figure 5.30 Density of impact craters on the Moon versus age as measured by the Apollo missions. The
reference curve indicates what the density would be if the meteorite flux were constant. The half-lives
measure the speed of decline of these meteorite straight lines.

10" A Junar rock dated to 2.8 Ga was found in November 2004, but the context of its formation is not well
understood.
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Figure 5.31 Histograms of radiometric ages measured on three types of planetary object: Earth, Moon,
and meteorites. This illustrates how the dating of rock can be used for comparative planetology.

formation of the Earth by the successive, progressive build-up of ever larger planetary
bodies.

Toillustrate how the Moon is situated in the development of planetary objects, Figure 5.31
shows the abundance of rocks with their ages in three different planetary environments. No
long speeches are need to explain the value of comparative planetology for constructing a
history of planetary formation.

5.7.3 Pre-solar cosmochronology

The chemical elements were synthesized in the stars (see Hohenberg, 1969; Wasserburg
et al., 2000). This is the process of nucleosynthesis already discussed. The heaviest
chemical elements form in massive stars only and in particular during spectacular
explosionsknownassupernovae. Theideaarose of dating the time of formation of the che-
mical elements by explosive nucleosynthesis. This dating system'' is based on the abun-
dance of heavy radioactive elements and even more so on the abundance ratio of two
radioactive isotopes with different decay periods. Let us take the classic example of the

" Two important references are Hohenberg (1969) and Wasserburg ez al. (2006). See also Clayton (1968).
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isotopic ratio of >**U and >**U, both of which have long decay periods (one being much
longer than the other, though). The history of these two isotopes can be broken down into
two episodes:

(1) thetimebetween the Big Bangand the formation ofthe Solar System during which these
isotopes were synthesized in supernovatypestars;

(2) the period since the formation of the Solar System during which these isotopes have
been incorporated into rocky objects (meteorites or planets), after their nuclear synth-
esisof stellarorigin had ended, and theyhave then decayed over these 4.55 Gaby natural
radioactivity.

If we are to build a quantitative scenario of explosive nucleosynthesis, we must first go
back 4.55 Ga, just before the Solar System formed, and calculate the >**U/***U isotope
ratio atthat time.

Exercise

Given that the 22°U/?38U ratio is now 1/137.8, calculate the ratio 4.55 - 10° years ago.

Answer
Uranium-255 decays by the law: 22°U = (***U), 55, e 75!. Uranium-238 decays by the law:
28y = (28U), o5c, € 7L, Therefore:

<235u) (235u) efﬂ,st
238 = | 238 Tt
u present U 455Ga€ "®

with 15 =0.98485 - 10° yr *and g =0.155 129 - 10° yr~ *. Therefore: (***U/?*3U) 55, = 0.31.

This is what we shall have to reproduce in the chronological scenario of nucleosynthesis.
‘We shall examine two extreme scenarios, whichwill serve as references and on that basis we
shall discuss the construction ofa more plausible scenario.

The different scenarios of uranium nucleosynthesis'>

In the sudden nucleosynthesis model, we assume that all the uranium in the Universe
formed shortlyafter the Big Banginaveryshort period of time when a considerable number
of supernovae existed, synthesizing the heavy chemical elements in their explosions. In this
scenario, the remainder of cosmic time after the Big Bang witnessed only the decay ofuran-
iumby radioactivity. We can write:

23515 B\ e
<238 U) G = <238 U> o 7sAl
. a
where Atisthe timebetween the Big Bang and the formation of the Solar System.

The question is, of course, how dowe find the 25U/**8U ratio at the time of nucleosynth-
esis, just after the supernova explosion? This production ratio is not well known.

12 From D.D. Clayton (1968).
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Figure 5.32 The two scenarios for uranium synthesis. (a) Total initial formation; (b) continuous uniform
formation. R, ratio of 23U versus 33U production in nucleosynthetic processes.

Astrophysicists calculate it as R = 1.4.We shall take a figure between 1 and 2 for maximum
uncertainty.

Calculations give the age of the Big Bang as 6.5 Ga, with boundaries of 6 Ga and 7.2 Ga
(Figure 5.32). Comparison with the age determined by astronomers studying the recession
ofthe galaxies seems toindicate that this age is tooyoung (astronomers date the Big Bang to
10-15Ga).

In the continuous nucleosynthesis scenario, we assume that uranium formed through
stellar history at uniform rates of production. This scenario corresponds to continuous and
constant stellar activity with the frequency of supernovae always identical. The equations
forevolution of the two uranium isotopes can be written:

d 235U d 238U

— _ 23577 . _ _ 238
ds = A235 /15 U and ds A23g )vg U.

Byaccepting thatthere was nouranium at s = 0, integrating the system gives:

235U Anss )~238 ]_efi5At
U Axs Joss \1 —em

where 4,35 and A,3g are the rates of production of 25U and **U. Here again the big
unknown quantity is the production ratio R = 4,35 / A»35. We shall take it as varying from 1
to2 with aprobable range of 1.4-1.8.

Given that (***U/**®U),ssg.=0.31, we can plot the curve of the age against R
(Figure 5.32b). The age of the beginning of this process is taken as the age of the Big Bang
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and varies between 8 and 14 Ga. Notice that as A,3g/ Ar35 = 0.157, it would only need a pro-
duction ratio Rof 1.96 for the age to be infinite. We would then have a uniform Universe of
infinite age, which shows the extreme sensitivity of the entire scenario to the uranium pro-
ductionratio. Thisis afine example of the relative reliability of radiochronometric methods.
Aswith the age of the Earth, the age of the Universe is related to the definition of a scenario
(hereacosmicscenario).

The contribution of extinct radioactivity
Letus consider the case of *°I.We know we can write:

129 129
| B I o
1271 oo\ )
meteorites initial

Ifwe know theisotopicratio I/'*"Tatthe end of nucleosynthesis, we can calculate the time
between nucleosynthesis and the formation of the meteorite. The various scenarios astro-
physicists propose for nucleosynthesis indicate that ("*1/™"T); a1 = 1.

As the ratios measured for meteorites are about 10 - 10~ %, the age calculation AT =1/
In(10%) gives 210 Ma. So there was a nucleosynthetic event less than 230 Ma before the for-
mation of the Solar System during which '*°I was born. But the discovery of other extinct
forms of radioactivity such as > Aland then *'Ca and **Clshows that nucleosynthetic events
also occurred 5 Ma and 1 Ma before the formation of the Solar System for 2°Al and *'Ca,
respectively.” Thus all the evidence points to the occurrence of explosive nucleosynthetic
eventsjust beforethe Solar System formed. Some scientists claim these supernovae brought
about the collapse of the proto-Sun’s nebula by the mechanical action of the shock waves.
Nucleosynthesis, that is, the synthesis of the chemical elements, is therefore a process that
took place throughout cosmic time and is probably still going on in the stars.

Discussion and conclusions

Itisimmediately obvious that any combination of the two scenarios, that s, initial production
followed by continuous production, will yield Big Bang ages of 6.5 to 14 Ga. Since astrophysi-
cists think that there were supernova explosions well after the Big Bang and that extinct forms
of radioactivity prove that they occurred also 4.5 Ga ago (or shortly before that), we must con-
clude that the sudden synthesis model of all uranium at the beginning of the Universe isunac-
ceptable. On the other hand, all the astrophysical models seem to show that the Universe was
amuch more active place shortly after the Big Bang than itis today. It is therefore legitimate to
give greater weight to the older epochs when it comes to nucleosynthesis (Figure 5.33).

All of that suggests a mixed model involving initial synthesis and continuous formation.
Ifwe consider that R = 1.51is the most likely production ratio, the age of the beginning of the
Universe canbe estimated at 10 + 2 Ga.

Naturally, one might ask why we do not try to confirm this calculation with another
chronometer. In fact, we have used **Th and the ***Th/?*U ratio. This ratio is chemically
fractionated and we do not really know its value in the cosmos. However, taking a ratio of

13 We have taken the criterion of 6 half-lives for the element to still be “alive.”
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Figure 5.33 Nucleosynthesis of elements forming the Solar System before 4.5Ga. Isotopes are
synthesized (and destroyed) in stars. From 4.5Ga, stable isotopes maintain the same abundance
ratios and radioactive isotopes decay.

232Th/>5U = (Th/ 238U)present =4, we can repeat the calculations for the same scenarios
and we obt