
CHAPTER ONE

Isotopes and radioactivity

1.1 Reminders about the atomic nucleus

In themodel¢rstdevelopedbyNiels BohrandErnestRutherford and extendedbyArnold
Sommerfeld, the atom is composed of two entities: a central nucleus, containing most of
themass, and an arrayoforbiting electrons.1The nucleus carries a positive charge ofþZe,
which is balanced by the electron cloud’s negative charge of�Ze.The number of protons,
Z, ismatched inan electricallyneutral atomby thenumberofelectrons.Eachoftheseparti-
cles carries anegative 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
mn¼ 1.674 95 � 10�27 kg compared with mp¼ 1.672 65 � 10�27 kg for the proton.While of
similar masses, then, the two particles di¡er above all in their charges. The proton has a
positive charge (þ e) while the neutron is electrically neutral.The numberofprotons (Z) is
the atomic number.The sumA¼NþZ of the numberof neutrons (N) plus the numberof
protons (Z) gives themass 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)andAston (1919)showedthat, foragivenatomicnumberZ, thatis, foragivenposition
inMendeleyev’s periodic table, there are atomswith di¡erentmass numbersA, and there-
fore nuclei which di¡er in the numberof neutrons they contain (see Plate1). Such nuclides
areknownas the isotopesofan element.
Thus there isoneformofhydrogenwhosenucleus is composedof justa singleprotonand

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), andniobium(Nb),have justonenatural, stable isotope.
Theexistenceof isotopeshasgivenrisetoaspecial formofnotation for nuclides.Thesym-

boloftheelement ^ H,He,Li,etc.^ iscompletedbytheatomicnumberandthemassnumber
^ 1
1H; 21H; 63Li;

7
3Li, etc.Thisnotation leaves the right-handsideofthe symbol free forchemi-

cal notations used for molecularor crystalline compounds such as 2
1H2

16
8O2:The notation

atthe lowerleftcanbeomittedas itduplicates the letter symbolofthe chemical element.

1 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 di¡erent numbers of protons.The isobars rubidium
87
37Rbandstrontium 87

38Sroralternatively rhenium
187
75Reandosmium 187

76Osdonotbelong in
the same slots in theperiodic table and soare chemicallydistinct. It is importanttoknowof
isobarsbecause, unless theyareseparated chemicallybeforehand, they ‘‘interfere’’withone
anotherwhen isotopeabundancesaremeasuredwithamass spectrometer.

1.2 The mass spectrometer

Justas therewouldbeno crystallographywithoutx-raysnorastronomywithouttelescopes,
so there would be no isotope geology without the invention of themass spectrometer.This
was themajor contributionofThomson (1914) andAston (1918).Astonwonthe1922Nobel
Prize for chemistry fordeveloping this instrument and for the discoveries it enabled him to
make.2 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) andWasserburg etal. (1969) in connectionwithMoon explorationwith
the development of automated machines. More recent commercial machines have
improvedquality, performance, andreliability 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 di¡erence of 3^20 kV. This produces a stream of
ions, and so an electric current, which is passed through a magnetic ¢eld. The magnetic
¢eld exerts a force perpendicular to the‘‘ionic current’’and sobends thebeamof ions.The
lighter ions are de£ected more than the heavier ones and so the ions can be sorted accord-
ing to their masses.The relative abundance ofeach isotope canbemeasured 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.The ionaccelerationphase is:

eV ¼ 1

2
mv2

whereeV is the electrical energy, 12mv2 is thekinetic energy,e is the ion’s charge,v its speed,m
itsmass, andV thepotentialdi¡erence. Itcanbededucedthat:

v ¼ 2eV

m

� �1
2

:

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 de£ection isgivenbyequating themagnetic forceBev to centripetal acceleration
(v2/R) multiplied bymassm, whereB is the magnetic ¢eld andR the radius of curvature of
thede£ectedpath:

Bev ¼ m
v2

R

� �
:

Itcanbededucedthat:

v ¼ BeR

m
:

Makingthetwovaluesofvequal,which istantamounttoremovingspeedfromtheequation,
gives:

m

e
¼ B2R2

2V
:

ThereforeR isproportionalto
ffiffiffiffi
m
p

, foran ionofagivencharge.Allowingforelectroncharge,
elementalmass,3 anddi¡erences inunits,we canwrite:

m ¼ B2R2

20 721V
� 1012

inwhichB is in teslas,m in atomicmassunits,R inmeters, andV involts.

Exercise

A mass spectrometer has a radius of 0.3m and an acceleration voltage of 10 000V. The

magnetic field is adjusted to the various masses to be measured. Calculate the atomic mass

corresponding to a field of 0.5 T.

Answer
Just apply the formula with suitable units:

m ¼ ð0:5Þ
2 � ð0:3Þ2

20 721 � ð104Þ � 1012 ¼ 108:58:

Exercise

If hydrogen ions (mass number¼ 1) are accelerated with a voltage of 10 kV, at what speed are

they emitted from the source?

Answer
Just apply the formula v ¼ ð2eV=mÞ12. The electron charge is 1.60219 � 10�19 coulombs and

the atomic mass unit is 1.660 5402 � 10�27 kg.

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:9272 � 1012
p

¼ 1388 kms�1

3 Atomic mass unit: m¼ 1.660 540 2 � 10�27 kg, electron charge: e¼ 1.602 19 � 10� 19 C, therefore
e/m¼ 0.964 � 108 C kg�1 (C¼ coulomb).
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which is about 5million 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 m¼ 100 would move at just a tenth of the hydrogen speed.

1.2.2 The components of a mass spectrometer

The principal components ofamass spectrometer are the source, themagnet, and the col-
lectorandmeasurementsystems, allofwhicharemaintainedunder vacuum.

The source
Thesourcehas three functions:

� Togenerate ions fromatoms.The ionsmaybepositiveor negative.
� To accelerate the ion by potential di¡erences created by plates at di¡erent potentials

(fromgroundto20KeV,and inacceleratormass spectrometers toseveralMeV).
� Toshape thebeam, through calibrated slits in thehigh-voltageplates.Thebeam fromthe

source slit isusually rectangular.

Themagnet
The magnet has two functions. It deviates the ions and this de£ection separates them by
mass. At the same time it treats the various components of the ionbeamora singlemass as
anoptical instrumentwould. It handlesboth colors (masses) and alsobeamgeometry.One
of itsproperties is to focus each ionbeam foreachmassonthe collector.The characteristics
of focusing vary with the shape of themagnet and the shape of the pole face, which maybe
curved invariousways (Figure1.1andPlates 2 and 3).A further recent improvement, using
computer simulation, hasbeentofocus thebeamnotonly inthexandydirectionsbut inthe
z direction too. Inmodern solid-sourcemass spectrometers, the angulardispersion of ions
is fully corrected and almost all the ions leaving the source end up in the collectors which
arearranged inafocalplane.

The collectors
The collectors collect and integrate the ion charges so generating an electric current. The
collectormaybeaFaradaybucket,whichcollectsthechargesandconvertsthemintoacurrent
that is conducted along awire to an electrical resistor. Bymeasuring the potential di¡erence
across the resistor terminals, the current can be calculated from Ohm’s law,V¼ IR. The
advantage is that it is easy to amplify a potential di¡erence electronically. It is convenient to
workwithvoltagesofabout1V.As the currents tobemeasured range from10�11to10�9A, by
Ohm’s law, the resistors commonly used range from1011 to 109 �. This conversion may be
made for small ion £uxes of electron multipliers or ion counters.4 In all cases the results are
obtained by collecting the ion charges and measuring them. Just ahead of the collector
system is 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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Thevacuum
Afourth importantcomponent is thevacuum. Ions cantravel fromthe source to the collec-
tor only if they are in avacuum. 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�7 millibars is produced near the
source andanother vacuumof10�9millibars orbetter near the collector. Even so, someair
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Figure 1.1 A thermal-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� 7–10� 9mm Hg.5 Bottom: the mass spectrum of strontium.

5 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 105 Pa corresponds to
76 cm of mercury.
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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-
meterquality is characterizedbyanumberoffeatures.

E⁄ciency
This isgivenby the ratio

Number of ions collected

Number of atoms in source
¼ E

Number of ions ¼ intensity� duration� 6:24� 1018

Z ion charge

Number of atoms ¼ mass

atomic mass
�Avogadro’s number:

E⁄ciencyvarieswithatomicmass.
Ionization e⁄ciency of the source (I) and transmission e⁄ciency of the total ion

optics (T):

I� T ¼ E

ThevalueofT isvariable:1%for ICP-MS,25%for ionprobes.
The values of I have been greatly improved but vary with the nature of the element and

the ionizationprocess.The range is 5%00 to100%(ICP-MS)!

Powerof resolution
Thequestion is, what is the smallest di¡erence in mass that canbe separated and thenmea-
suredusingamass spectrometer?A formalde¢nition is:

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 themagnet faces are plane, butmay be plane if a curvedmagnet face is used. The figure shows
schematically how the magnet separates three isotopes in both configurations.
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resolving power RP ¼ M1

�M

whereM1is themass.�M is de¢nedasM2¼M1þ�M,whereM2 is the closestmass toM1

thatdoesnotoverlapbymorethan50%inthe collector.
We canalsode¢nearesolvingpowerat1%.
Thedistance�xbetweentwobeams inthe focalplane iswritten:

�x ¼ K
�m

m
:

Dependingontheangleofthe incidentbeamtothemagnet,K¼R foranangleof incidence
of908;K¼ 2R foranangleof278.
Fromtheformulaabove:

RP ¼ C
R

�x
;

R being the radius of curvature and �x the distance between two beams of M and
Mþ�M.
This is just to show that when one wants to separate two masses more e⁄ciently, the

radius has to be increased and then the voltage adjusted accordingly. Suppose we want to
separate 87Rb and 87Sr by the di¡erence 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 12CH4 has the same mass as 16O and benzene C6H6 interferes at mass 78 with
krypton.)

Abundance sensitivity
Another importantcharacteristic is the�xdistance (inmillimeters)betweenthebeams.We
have to comeback to the slits in the collectors.The problem is easy enough to understand.
At¢rst, thebeam is rectangular. Collisionswith residual air moleculesmeans that, when it
reaches the collector slit, thebeam iswiderand trapezoid-shapedwith long tails. Collector
slits areopen so that they can receiveonemassbutno contribution from theadjacentmass.
When the abundances oftwoadjacent isotopes areverydi¡erent, the tail of themore 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
rapiddecline in sensitivity.
Abundance sensitivity is themeasurementof the contribution of the tail ofone 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 14C close to the massively more abundant
12C. Abundance sensitivity is related to resolving power but also to the quality of the
ionoptics.
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Exercise

The isotopic composition of the element rubidium (Rb) is measured, giving a current

i¼ 10�11 A for the mass of 87Rb. 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 i¼ dq/dt,where dq 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�19 coulombs. The positive charge is identical but with the opposite sign. An

intensity of 10�11 amps therefore corresponds to 10�11 coulombs per second / 1.6 � 10�19
coulombs¼ 62.5 � 106 ions per second.
If this intensity is maintained for 1 hour: 6.25 � 107� 3600¼ 2.2464 � 1011 ions of 87Rbþ. As

the ionization is 1%, this corresponds to 2.2464 � 1013 atoms of 87Rb placed on the emitter

filament. As 85Rb/87Rb¼ 2.5933, Rbtotal (in atoms)¼ 87Rb (in atoms) (1þ 2.5933).

So a total number of 8.0719 � 1013 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

Howmuch rock is needed to determine the isotopic composition of Rb bymeasuring a sample

for 20 minutes at 10�11 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� 20)/60¼ 3.66 ng, that is

3.66 � 10�9/10�5¼ 0.36mg 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 ¢rst instruments developed by J. J.
ThomsonandF.Aston.Togive some ideaoftheadvancesmade,whenAlNierwasmeasur-
ing lead isotopes as apostdoctoral fellowatHarvard in1939 (moreaboutthis later), heused
agalvanometer projectingabeamoflightontothewall andmeasured thepeakwitharuler!
Nowadays everything takes the formofacomputeroutput.

Ionization
The ¢rst technique was to use the element to be measured as a gaseous compound.When
bombardedbyelectrons, atomsofthegas lose electrons and sobecome ionized (Nier,1935,
1938,1939). Later came the thermal-ionization technique (TIMS) (Inghram and Chupka,
1953). In the so-called solid-sourcemass spectrometer, a saltof the element is depositedon
ametal¢lament (Ta,W,Pt).The¢lamentisheatedbytheJoule e¡ectofan increasingelectric
current. At a certain temperature, the element ionizes (generally as positive ions [Sr, Rb,
Sm,Nd,U, Pb] but also as negative ions [Os]). Ionizationbecamea fundamental character-
isticofmass spectrometry.
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Nowadays, asanalternative,plasmaisusedforoptimal ionization in instrumentsnamed
ICP-MS.

Ion optics
Substantial e¡ort has been put into optics combining various geometries and assemblies.
Bainbridge and Jordan (1936) used a magnetic ¢eld to turn the beam through 1808.
Mattauch andHerzog (1934) combined electric and magnetic ¢elds to separate ions and
focusbeams.Magnetshapesweremodi¢edto improvetransmission e⁄ciency.
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 themagnet, which areboth 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, ionprobe, andAMSinstrumentshavebecomelargeandmore expensive.
Collectorsareanother important issue.Earlymass spectrometershadasingle collector.By

scanningthemagnetic¢eld, theionbeampassedinsequencethroughthecollectorandaspec-
trum of ion abundance was recorded (Figure 1.1). Nowadays most mass spectrometers use
simultaneous ion collectionwithanarrayofcollectors sidebyside, each collectorcorrespond-
ing to a distinct mass. This seems an obvious technique to use as it eliminates £uctuations
betweentherecordingsofonemass(peak)toanother.However, itistechnicallyextremelydi⁄-
culttoachieve,bothmechanically,accurately installingseveral collectors inasmallspace,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
advancessince1980havebeenmadebyindustrialengineersratherthanbyacademicscientists.
However, because of electronic ‘‘noise’’and electrical instabilities, all isotopic measurements
are statistical. On each run, thousands of spectra are recorded and statistically processed.
Onlysincemicrocomputershavebeenavailablehavesuchtechniquesbecomefeasible.

1.2.4 Preparatory chemistry and final accuracy

In mostmass 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 tobemeasured are present as traces, theyhave tobe separated from the
major elementswhichwouldotherwiseprevent any ionization as themajor elements rather
than the trace elementswould give out their electrons. For example, an excess ofK inhibits
any Rb ionization. Chemical separation also prevents isobaric interference between, say,
87Rband87Sror187Reand187Os.
Chemicalseparation canbedoneingaseousforminpuri¢cation lines,asfor raregasesor

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).All theseoperationshavetobeperformedinverycleanconditions,otherwisesample
contaminationwill ruinmeasurement.Thegreater the accuracyofmass spectrometry, the
cleaner the chemistry required.The chemistry is carried out in a clean roomwith special
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equipmentusingspecially preparedultra-clean reagents, thatare farcleaner thananycom-
mercialversions.

Whenjudgingmeasurementreliability, investigatorshavetostatethe leveloftheirblanks.
Theblank istheamountofthetargetelementsmeasuredinachemicalprocessdonewithout
anysample.Theblankhastobenegligibleorverysmall comparedwiththeamountofmater-
ial tobemeasured. So increases in accuracyare linkednotonlywith the improvementofthe
mass spectrometerbutalsooftheblanks.

Although this is nottheplace togive full technicaldetails about conditions for preparing
and measuring samples, as these can only be learned in the laboratory and not from text-
books, afewgeneral remarksmaybemade.

Moderntechniquesallow isotope ratios tobemeasuredwithadegreeofprecisionof10�5

or10�6 (a fewppm!) on samplesweighing just a fewnanograms (10�9 g) or even a fewpico-
grams (10�12 g). For example, if a rock contains10 ppm of strontium, its isotope composi-
tion canbemeasured on10�9 g with a degree ofprecision of 30 ppm.Therefore just10�4 g,
that is, 0.1mg 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 di⁄cult to separate and concentrate.Whatdo such levels
ofprecision mean?Theymeanwe can readily tell apart two isotope ratios ofstrontium, say
0.702 21and0.702 23, that is, towithin0.000 03, evenwherelowconcentrationsare involved.
Toachieve suchprecision themeasurementmustbe‘‘internally calibrated.’’Whenmeasur-
ing the abundance ratio (A1/A2) of two isotopes, the electrical current ratio (I1/I2) detected
is slightlydi¡erent from (A1/A2).The di¡erence is engenderedby themeasurement itself.This
is termedmass discrimination.6Eitheroftwomethods isusedforcalibratingmeasurements.

The ¢rst is the internal standard method. If the element has three or more isotopes one
particular ratio is chosenas the reference ratioandcorrection ismade formass discrimina-
tion. So if the abundances are A1, A2, A3, we take (A1/A3)¼R.The measurement (I1/I2) is
writtenR(1þ ��m), where�m is the di¡erence in massbetweenA1andA3.The fractiona-
tion coe⁄cient� is calculatedandthenapplied tothemeasurementofthe ratio (A1/A2).

7

The second method is to measure a standard sample periodically and to express the
valuesmeasured intermsofthatstandard.

The extraordinary precision themass spectrometer can achievemustnotbe jeopardized
byaccidental contaminationwhen preparing samples.To this endultra-clean preparatory
chemistry is developedusingultra-pure chemical reagents in clean rooms (Plate3bottom).

1.2.5 Ionization techniques and the corresponding spectrometers

Four major ionization techniques are used dependingon the characteristics of the various
chemical elements (ionizationpotential).

Thermal-ionizationmass spectrometry (TIMS)
The element to be analyzed is ¢rst puri¢ed chemically (especially to separate any isobars)
anddepositedon arefractory¢lament.Heating the¢lament in avacuumby the Joule e¡ect

6 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 electronbecomingpositive ions, as in the casesof
Rbþ, Srþ, and Pbþ, or gain an electronbecoming negative ions aswithOsO3

� andWO3
�.

Instrumental mass fractionation is of the order of1% bymass deviation for light elements
(Li) and0.1%bymass deviation forheavyelements (Pb,U).

Electronic bombardment
Lightelements suchashydrogen (H), carbon (C),nitrogen (N),andoxygen (O)or raregases
are analyzed as gases (H2, CO2, N2, O2, 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 formby extracting the gas from the
sample under vacuum either by fusion or by chemical reaction.The gas is then puri¢ed in
vacuum lineswhereothergases are captured eitherbyadsorption orbymanipulating their
liquefactiontemperatures.

Inductivelycoupledplasmamass spectrometry (ICPMS) inanargonplasma
The sample is ionized in an argon plasma induced by a high-frequency electrical ¢eld
(plasma torch).The high temperature of the plasma, about10 000K, means elements like
hafnium or thorium, which are di⁄cult 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.Thesolidaerosolsoformed is injected intotheplasmatorch.Mass fractiona-
tion is between a twentieth of1% for a light element like boron and1% for heavy elements.
Fractionation is corrected for by using the isotope ratios ofother similar elements as inter-
nal standards, because, atthe temperatureoftheplasma, fractionation is due tomass alone
and isnota¡ectedby the element’s chemical characteristics.

Ionic bombardment in secondary-ionmass spectrometry (SIMS)
The solid sample (rock, mineral) containing the chemical element for analysis is cut,
polished, andput into thevacuum chamber where it isbombardedbya‘‘primary’’ beamof
ions (argon, oxygen, or cesium). This bombardment creates a very-high-temperature
plasma at about 40 000K inwhich the element is atomized and ionized.The development
ofhigh resolution secondary-ionmass spectrometers (ionmicroprobes)means in-situ iso-
topemeasurements can bemade onvery small samples and, above all, on tinygrains.This
is essential for studying, say, thefewgrainsof interstellarmaterial contained inmeteorites.

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-puritymaterials

such as teflon). These techniques have recently become automated and automation will be more

systematic in the future.

1.3 Isotopy

Assaid,eachchemicalelementisde¢nedbythenumberofprotonsZ in itsatomicstructure.
It is the numberofprotonsZ thatde¢nes the element’s position in theperiodic table. But in
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eachposition there are several isotopeswhich di¡erby the numberofneutronsN 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
throughoutthehistoryoftheUniverse (seeChapter 4).

The isotopic composition of a chemical element is expressed either as a percentage or
more convenientlyasaratio.A reference isotope is chosen relative towhichthequantitiesof
other isotopes are expressed. Isotope ratios are expressed in terms of numbers of atoms
andnotofmass.Forexample, to study variations inthe isotopic compositionofthe element
strontium brought about by the radioactive decay of the isotope 87Rb, we choose the
87Sr/86Sr isotope ratio. To study the isotopic variations of lead, we consider the
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pbratios.

1.3.1 The chart of the nuclides

The isotopic composition of all the naturally occurring chemical elements has been deter-
mined, that is, the numberof isotopes and their proportionshavebeen identi¢ed.The¢nd-
ings havebeen plotted as a (Z,N) graph, that is, the numberofprotons against the number
ofneutrons.Figure1.3, detailsofwhicharegiven intheAppendix,promptsafewremarks.

Firstofall, thestableisotopesfall intoaclearlyde¢nedzone,knownasthevalleyofstability
because it corresponds to theminimum energy levels of nuclides. Initially this energy valley
follows the diagonalZ¼N.Then, afterN¼ 20, thevalley falls away fromthe diagonalonthe
side of a surplus of neutrons. It is as if, asZ increases, an even greater numberof neutrons is
neededtopreventthe electricallychargedprotons fromrepellingeachotherandbreaking the
nucleusapart. (Thingsareactuallymore complicatedthanthis simplistic imagesuggests!)
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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 N¼ 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.
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Asecond remark relates toparity. Elements for whichZ is an even numberhave farmore
isotopes than elements for which Z is an odd number. Fluorine (Z¼ 9), sodium (Z¼ 11),
phosphorus (Z¼ 15), andscandium(Z¼ 21)have justa single isotope.
Lastly, andnot least importantly, theheaviest elementwith stable isotopes is lead.8

1.3.2 Isotopic homogenization and isotopic exchange

As the isotopes ofanygiven chemical element all have the same electron suite, theyall have
prettymuch the same chemical properties. But in all chemical, physical, or biological pro-
cesses, isotopes ofanygiven elementbehave slightlydi¡erently from eachother, thusgiving
rise to isotopic fractionation. Such fractionation is very weak and is apparent above all in
lightelements. It is also exploited in isotopegeologyas shallbe seen inChapter 7.
Initially we shall ignore such fractionation, exceptwhere allowancehas tobemade for it

as with 14C or when making measurements with a mass spectrometer where, as has been
seen, correctionmustbemade formass discrimination.Thisvirtually identicalbehaviorof
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 theyare unequal initially, they exchange some atoms
until theyequalize them. It is important tounderstand that isotopic homogenization occurs
through isotopic exchange without chemical homogenization. Each chemical component
retains its chemical identity,ofcourse.Thispropertyof isotopichomogenization‘‘across’’che-
micaldiversity isoneofthe fundamentalsof isotopegeochemistry.Asimplewayofobserving
this phenomenon is to put calcium carbonate powder in the presence ofa solution of carbo-
nate in water in proportions corresponding to thermodynamic equilibrium.Therefore no
chemical reaction occurs. Repeat the experiment but with radioactive 14C in solution in the
formofcarbonate. Ifafter10daysorsothesolid calciumcarbonate is isolated, itwillbefound
tohavebecome radioactive. It will have exchanged some of its carbon-14 with the carbonate
ofmass12and13whichwere inthesolution.

Exercise

A liter of water saturated in CaCO3 whose Ca2þ content is 1 � 10�2 moles per liter is put in the

presence of 1 g of CaCO3 in solid form. The isotopic ratio of the solid CaCO3 is
40Ca/42Ca¼ 151.

The isotopic ratio of the dissolved Ca2þ has been artificially enriched in 42Ca such that
40Ca/42Ca¼ 50. What is the common isotopic composition of the calcium when isotopic

equilibrium is achieved?

Answer
40Ca/42Ca¼ 121.2.

As said, when two or more geochemical objects with di¡erent 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 (Z¼ 83), whose only isotope is 209Bi. In 2003 it was
discovered to be radioactive with a half-life of 1.9 � 1019 years!
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equilibrium) tends tohomogenize thewhole in termsof isotopes.This is known as isotopic
exchange. It isakineticphenomenon,dependingthereforeonthetemperatureandphysical
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 andgases, di¡usion is fast and so isotope exchange is fast too. In solids,
di¡usion is slowandsoisotopeexchangeis slowtoo. Inmagmas(high-temperatureliquids),
then, both trends are compounded and isotope homogenization occurs quickly.The same
istrueofsupercritical£uids, thatis,£uidsdeepwithintheEarth’scrust.Conversely, insolids
atordinary temperatures, exchange occurs very slowlyand isotopeheterogeneities persist.
Two important consequences follow from these two properties.The ¢rst is that a magma
has the same isotope compositionas the solid source fromwhich ithas issuedby fusion, but
notthe same chemical composition.The second is that, conversely, a solid atordinary tem-
peratures retains its isotopic composition over timewithoutbecoming homogeneouswith
itssurroundings.This iswhy rocksare reliable isotoperecords.Thispropertyisadirectcon-
sequenceofthe di¡usionpropertiesofnatural isotopes in liquids andsolids.

The theory of di¡usion, that is, the spontaneous motion of atoms in£uenced by di¡er-
ences in concentration,provides anapproximatebutadequateformula:

x �
ffiffiffiffiffiffi
Dt
p

wherex is thedistancetraveledby the element, t is time in seconds, andD thedi¡usion coef-
¢cient (cm2 s�1).

Exercise

In a liquid silicate at 1200K the diffusion coefficient for elements like Rb, Sr, or K is

D¼ 10�6 cm2 s�1. In solid silicates heated to 1200K, D¼ 10�11 cm2 s�1.
How long does it take for two adjacent domains of 1 cmdiameter 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 D¼ 10�6 cm2 s�1, t� x2/D¼ 106 s, or about 11 days.

If it takes 11 days for the magma to homogenize on a scale of 1 cm, on a 1-km scale

(¼ 105 cm), it will take t� x2/D¼ 1010¼ 1016 s, or close to 3 � 108 years, given that

1 year� 3 � 107 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� x2/D¼ 1011 s or about 3 � 105 years, or 300 000 years, which is rather fast

in geological terms. For 1-mm crystals, which is more realistic, t� 10�2/D¼ 3 � 103 years,
or 3000 years. So isotope equilibrium is established quite quickly where amagma is in the

presence of mineral phases.

Asecond importantquestion iswhether rocks atordinary temperatures can retain their
isotope compositions without being modi¢ed and without being re-homogenized. To
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answer this, it must be remembered that the di¡usion coe⁄cient varies with temperature
by theArrhenius law:

D ¼ D0 exp
�DH
RT

� �

where�H is the activation energy, which is about 40 kcal per mole,R is the ideal gas con-
stant (1.987 calperKpermole), andT theabsolute temperature (K). IfD¼ 10�11cm2 s�1in
solids at1300 8C,what is thedi¡usion coe⁄cientDoratordinary temperatures?

Dor

D1300
¼ exp

�DH
R

I

Tor
� I

T1300

� �� �
¼ hBi

fromwhichDor ¼ Bh i D1300.
Calculate Bh i to¢ndthat itgives1.86 � 10�25, thereforeDor¼ 2 � 10�36 cm2 s�1.
Tohomogenizea1-mmgrainatordinary temperatures takes

t ¼ 10�2

2 � 10�36 ¼ 0:5 � 1034s � 1:5 � 1026 years;

which is in¢nitelylong toall intents andpurposes.

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 phenomenonmight be termed isotopic quenching, by analogy with metal which, if it is

immersedwhen hot in coldwater, permanently retains the properties it acquired at high temperature.

1.3.3 A practical application of isotopic exchange:
isotopic dilution

Supposewewish tomeasure the rubidium contentofa rock.Rubidiumhas two isotopes, of
mass 85 and 87, in the proportion 85Rb/87Rb¼ 2.5933. (This is the value foundwhen mea-
suring theRb isotope compositionofnatural rocks.)The rock is dissolvedwithamixtureof
acids.To the solution obtained,we add a solutionwith aknownRb contentwhich hasbeen
arti¢cially enriched in 85Rb (spike), whose 85Rb/87Rb ratio in the spike is known.The two
solutionsmixandbecomeisotopicallybalanced.Onceequilibriumisreached, theabsolute
Rb contentof the rockcanbe determinedbysimplymeasuring the isotope composition of
a fractionofthemixture.
Writing

85Rb
87Rb

� �
¼ 85

87

	 

gives:

85

87

� �
mixture

¼ ð
85RbÞrock þ ð85RbÞspike
ð87RbÞrock þ ð87RbÞspike

¼
85
87

	 

spike
þ 85

87

	 

rock

87Rbrock
87Rbspike

h i
1þ 87Rbrock

87Rbspike

h i :

Topandbottomare dividedby 87Rb,bringingout 85
87

	 

.

A littlemanipulationgives:

87Rbrock ¼ 87Rbspike
85

87

� �
spike

85
87

	 

spike
� 85

87

	 

mixture

85
87

	 

mixture

� 85
87

	 

rock

" #
:
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Becauseweknowthe87Rbcontentofthespike, theRbcontentoftherockcanbeobtainedby
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 ofRb is 85Rb/87Rb¼ 0.12.The natu-
rally occurring 85Rb/87Rb ratio is 2.5933.We dissolve1g of rock and add to the solution1g
ofspike containing3 ngof 87Rbpercubic centimeter.After thoroughlymixing the solution
containing the dissolved rockand the spike solution,measurementofa fraction of themix-
tureyields a ratio of 85Rb/87Rb¼ 1.5.TheRb contentofthe rockcanbe calculated.We sim-
plyapply the formula:

87Rbrock ¼ 87Rbspike
0:12� 1:5

1:5� 2:59

� �
¼ 1:266;

or

87Rbrock ¼ 1:266� 87Rbspike ¼ 1:266 � 3 � 10�9 g ¼ 3:798 � 10�9 g:

As we took a sample of 1g of rock, C87Rb
¼ 3:798 ng g�1 ¼ 3:798 ppb. Therefore

C87total ¼ C87Rb
ð1þ 2:5933Þ ¼ 13:42 ppb.

This method can be used for all chemical elements with several stable isotopes for which
spikeshavebeenpreparedthatarearti¢ciallyenrichedinoneormoreisotopesandforelements
with a single isotope, provided it is acceptable to use a radioactive isotope (and so potentially
dangerousforwhoeverconductstheexperiment)asaspike.Themethodhasthreeadvantages.

First,aftermixingwiththespike,chemicalseparationmethodsneednotbeentirelyquanti-
tative. (The yields of the various chemical operations during analysis do not count.) Isotope
ratiosalonematter,aswell asanycontamination,whichdistorts themeasurement,ofcourse.

Then, as themass spectrometer makes very sensitive andvery precise measurements of
isotope ratios, isotopic dilution may be used to measure the amounts of trace elements,
eventhetiniesttraces,withgreatprecision.

Isotope dilutionwas invented for theneedsof laboratoryanalysisbutmaybe extended to
natural processes. As shall be seen, variable isotope ratios occur in nature. Mixes of them
canbe used to calculate proportions bymass of the geochemical elements involved just by
simplemeasurementsof isotope ratios.

As canbe seen, isotope dilution is an essential method in isotope geochemistry. But just
howprecise is it?This exercisewillallowustospecify theerror (uncertainty) in isotopedilu-
tionmeasurement.

Exercise

The isotope ratios of the spike, sample, and mixture are denoted RT, RS, and RM, respectively.

We wish to find out the quantity X of the reference isotope Cj in the sample. To do this,

quantity Y of spike has been mixed and the isotope ratios (Ci/Cj)¼ R of the spike, sample, and

mix have been measured. What is the uncertainty of the measurement?

Answer
Let us begin with the formula

X ¼ Y
RT � RM

RM � RS

����
����
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which may be written RMX – RSX¼ RTY – RMY or RM (Xþ Y)¼ RTYþ RSX, or alternatively

RM ¼ RT
Y

X þ Y
þ RS

X

X þ Y
:

Weposit X
X þ Y ¼W and Y¼ 1�W. Let us calculate the logarithmic derivative and switch to�

(finite difference):

DX
X
¼ DY

Y
þ DðRT � RMÞ
ðRT � RMÞ þ

DðRM � R SÞ
ðRM � R SÞ :

We can transform (RT – RM) and (RM – RS) as a function of (RT – RS), from which:

DX
X
¼ DY

Y
þ 2DRM

ðRT � RSÞ
1

W
þ 1

1�W

� �
¼ DY

Y
þ 2DRM

ðRT � R SÞ
1

W ð1�W Þ
� �

:

Neglecting the uncertainty on RT and RS, which are assumed to be fully known, uncertainty is

minimum when:

� RT – RS is maximum. A spikemust therefore be prepared whose composition is as remote as

possible from the sample composition.

� 1/[w(1�w)] ismaximum for given values of RT and RS, that is, whenW¼ 0.5, in otherwords

when the samples and spike are in equal proportions.

By way of illustration, let us plot the curve of relative error �X/X as a function of W. It is

assumed that DRM=ðRT � RMÞ ¼ 10�4 and DY=Y ¼ 10�4:
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 chemistrymodi¢es the isotope composition ofa sample tobe
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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.Toevaluatethisuncertainty(error)(orbetterstilltomakeitnegligible), isotopedilu-
tion isusedtogaugethequantityofthe elementtobemeasuredthathasbeen introducedacci-
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
negligible in£uenceonmeasurement.SeeProblem3attheendofthe chapter formoreonthis.

1.4 Radioactivity

Radioactivity was discovered and studied byHenri Becquerel and thenPierre andMarie
Curie from 1896 to 1902. In 1902 Pierre Curie (1902a) and independently Ernest
RutherfordandFrederickSoddy (1902a, b, c) proposedan extremelysimplemathematical
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 o¡ 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 numberof nuclei that disintegrate per
unit time is a constant fraction of the number of nuclei present, regardless of the tempera-
ture, pressure, chemical form,orotherconditionsofthe environment. It iswritten:

dN

dt
¼ �lN

where N is the number of nuclei and l is a proportionality constant called the decay con-
stant. It is theprobability thatanygiven nucleuswill disintegrate in the intervaloftime dt. It
is expressed inyr�1 (reciprocaloftime).

TheexpressionlN is calledtheactivityandisthenumberofdisintegrationsperunittime.
Activity is measured in curies (1Ci¼ 3.7 � 1010 disintegrations per second, which is the
activityof1g of 226Ra). Avalue of1Ci is averyhigh level of activity, which is why themilli-
curie or microcurie are more generally used.The international unit is now the becquerel,
corresponding to1disintegrationper second.1Ci¼ 37gigabecquerels.

This law is quite strange a priori because it seems to indicate that the nuclei ‘‘communi-
cate’’with eachother todrawbylots thosetobe‘‘sacri¢ced’’ateach instantatanunchanging
rate. Andyet it hasbeen shown tobevalid for nucleiwithvery short (a few thousandths ofa
second) or very long (several billion years, or more than1020 s) lifespans. It holdswhatever
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
remainsunchanged. Foragiven radioactive nucleus, l remains the sameover the course of
time. Integrating theCurie^Rutherford^Soddylawgives:

N ¼ N0 e
�lt

whereN is the numberof radioactive nuclei nowremaining,N0 the initial numberof radio-
active atoms, and t the interval of time measuring the length of the experiment.Thus the
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numberofradioactiveatomsremaining is afunctionof justthe initial numberofradioactive
atomsandoftime.
Each radioactive isotope is characterized by its decay constant l.We also speak of the

mean life � ¼ 1/l.The equation is thenwritten:

N ¼ N0e
�ðt=�Þ:

Radioactivityisthereforeastopwatch,anatural clock,which, likeanhourglass,measures
the passage of time unperturbed. The phenomenon can be displayed graphically in two
forms.
On an (N, t) graph, the negative exponential decreasesbecoming tangential to thex-axis

at in¢nity (Figure1.5a).Onasemi-log (lnN, t) graph, as lnN¼N0 ^lt, the curvedescribing
decay is astraight lineofslope ^l (Figure1.5b).
Tocharacterizethespeedwithwhichthe‘‘nuclearhourglass’’empties inalessabstractway

than by the decay constant l, the half-life (T) (also writtenT1
2
) of a radioactive element is

de¢ned by the time it takes for half the radioactive isotope to disintegrate. From the funda-
mental equationofradioactivitywehave: ln (N0/N)¼ ln 2¼ lT, fromwhich:

T1
2
¼ ln 2=l ¼ 0:693 �;

whereT1
2
is thehalf-life,l the radioactive constant, and � themean life.

Thehalf-life (likethemean life) is expressedinunitsoftime, inthousands,millions,orbil-
lionsofyears.9 It canbeused to evaluate, in a simpleway, the speedatwhichany 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 caseof 238Uor 87Rbandother isotopesweshallbeusing.Thisobservation
immediately prompted Pierre Curie in 1902 and independently Ernest Rutherford and
Frank Soddy to thinkthat geological time could bemeasuredusing radioactivity.Thiswas
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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 l.

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 sinceHutton in 1798 had laid down its
foundations from¢eldobservations.

Exercise

Given that the decay constant of 87Rb is l¼ 1.42 � 10�11 yr�1 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/87Rb¼ 2.5933. The atomic mass of Rb is therefore:

85� 2:5933þ 87� 1

3:5933
¼ 85:556:

In 10 ppm, that is, 10 � 10�6 by mass, there is 10� 10�6
85:556 ¼ 0:116 � 10�6 mole of Rb. There

is therefore 0:116 � 10�6 � 1
3:5933 ¼ 0:032282 � 10�6 mole of 87Rb and

0:116�10�6 � 2:5933
3:5933 ¼ 0:083717 � 10�6 atom g�1 of 85Rb.

N¼N0 e
�lt, therefore with l¼ 1.42 � 10�11 yr�1 and t¼ 2 � 109 yr, e�lt¼ 0.97199.

Therefore, 2 billion years ago therewas 0.032282 / 0.97199¼ 0.0332122 � 10�6mole of 87Rb.

The isotopic composition of 87Rb was 85/87¼ 2.5206, or a variation of 2.8% relative to the

current value in isotopic ratio, which is not negligible.

Exercise

The 14C 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 t¼ 0, there are 10�11 g of 14C, how much 14C is left after

2000 years? After 1 million years? What are the corresponding activity rates?

Answer
We use the fundamental formula for radioactivity N¼N0 e�lt. Let us first, then, calculate

N0 and l. The atomic mass of 14C is 14. In 10�11 g of 14C there are therefore 10�11/
14¼ 7.1 � 10�13 atoms per gram (moles) of 14C. From the equation lT¼ ln 2 we can calculate

lC¼ 1.283 � 10�4 yr�1.10
By applying the fundamental formula, we can write:

N¼ 7.1 � 10�13 exp(–1.283 � 104� 2000)¼ 5.492 � 10�13 moles.

After 2000 years there will be 5.492 � 10�13 moles of 14C and so 7.688 � 10�12 g of 14C.

After 106 years there will remain 1.271 � 10�68 moles of 14C and so 1.7827 � 10�67 g, which

is next to nothing.

In fact there will be no atoms left because 1:271�10�68 moles
6:02�1023 � 2 � 10�44 atoms!

The number of disintegrations per unit time dN/dt is equal to lN.
The number of atoms is calculated bymultiplying the number ofmoles by Avogadro’s number

6.023 � 1023. This gives, for 2000 years, 5.4921 � 10�13� 6.023 � 1023� 1.283 � 10�4¼ 4.24 � 107
disintegrations per year. If 1 year� 3 � 107 s, that corresponds to 1.4 disintegrations per

second (dps), which is measurable.

10 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 106 years, 1.27 � 10�68� 6.023 � 1023� 1.283 � 10�4¼ 9.7 � 10�49 disintegrations per

year. This figure shows one would have to wait for an unimaginable length of time to observe

a single disintegration! (1048 years for a possible disintegration, which is absurd.)

This calculation shows that the geochronometer has its limits in practice! Even if the 14C

content was initially 1 g (which is a substantial amount) no decay could possibly have been

detected after 106 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

Wewish tomeasure the age of the Earth with 14C, the mean life of which is 5700 years. Can it

be done? Why?

Answer
No. The surviving quantity of 14C 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. AsEnrico Fermi suggested in1934, the neu-
tron disintegrates spontaneously into aproton and an electron.To satisfy the lawof conser-
vation of energy andmass, it is assumed that the nucleus emits an antineutrino along with
the electron.Thedecayequation iswritten:

n! pþ �� þ ��

neutron! protonþ electronþ antineutrino

Too¡setthe (þ ) charge created inthenucleus, theatomcapturesan electronandso‘‘moves
forwards’’ in theperiodic table:

A
ZA! A

Zþ1Bþ e� þ ��:

In the (Z,N) diagram, the transformation corresponds to adiagonal shiftup and to the left.
Forexample,87Rbdecays into 87Srby thismechanism(seeFigure1.6).
Wewrite, then:

87Rb! 87Srþ �� þ ��:

This long-lived radioactivity is very important in geochemistry. Its decay constant is l
¼ 1.42 � 10�11yr�1. Itshalf-life isT1

2
¼ 49 � 109years.
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Beta-plus radioactivityandelectron capture
The nucleus emits a positron (anti-electron) at the same time as a neutrino. A proton
disintegrates into a neutron. A similar but di¡erent process is electron capture by a
proton.

pþ e� ! nþ �

protonþ electron! neutronþ neutrino

Theatomemits aperipheral electronto ensurethenuclide remainsneutral.

A
ZA! A

Z�1Bþ eþ þ � �þ radioactivity

or

A
ZAþ e� ! A

Z�1Bþ � 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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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.
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is said to be isobaric radioactivity. For example, potassium-40 (40K) decays into argon-
40 (40Ar):

40Kþ e� ! 40Arþ �:

This is avery important form of radioactivity for geologists and geochemists. Its radio-
active constant is l40K¼ 0.581 �10�10 yr�1 and its half-lifeT1

2
¼ 1.19 � 1010 years.11We shall

be lookingat it again.

Alpha radioactivity
The radioactive nucleus expels a helium nucleus 4

2He (in the form of Heþ ions) and heat is
giveno¡.The radiogenic isotopedoesnothavethesamemassas theparentnucleus.Bycon-
servationofmassandcharge, thedecayequation canbewritten:

A
ZA! A�4

Z�2Bþ4
2 He:

Inthe(N,Z)diagram,thepath isthediagonalofslope1shiftingdowntotheleft.Forexam-
ple, samarium-147 (147Sm)decays intoneodymium-143 (143Nd)by thedecayscheme:

147Sm! 143Ndþ 4
2He

withl¼ 6.54 � 10�12 yr�1andT1
2
¼ 1.059 � 1011years.

This formofdecayhasplayed an importanthistorical role in the developmentof isotope
geologyandweshallbeusing itonmanyoccasions.

Spontaneous ¢ssion
Fission is a chain reaction caused by neutrons when they have su⁄cient 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 ¢ssion
reactions, and neutron reactions on the nuclei formed by ¢ssion.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 awhole series ofpairs. Figure1.7 shows the abundance
ofthevarious isotopesproducedbyspontaneous¢ssionof 238U.
Noticethatthelasttwotypesofradioactivity (�and¢ssion)breakupthenucleus.Theyare

calledpartition radioactivity.Rememberthatspontaneous¢ssiontooobeysthemathemati-
cal (CRS) lawofradioactivity.

EXAMPLE

The Oklo natural reactor

The isotope 238U undergoes spontaneous fissionwhile 235U is subject to fission induced by the

impact of neutrons. Both these forms of fission occur naturally.

11 This is for disintegration of 40K into 40Ar. 40K also disintegrates giving 40Ca, as shall be seen later.
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Spontaneous fission of 238U has an extremely low decay constant l¼ 8.62 � 10�17 yr�1.
Induced fission of 235U 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 235U. Apart from a negative anomaly in the abundance of 235U, the

whole series of fission-induced products corresponding to this isotope was detected. This

fission of 235U, which was believed to be confined to laboratories or industrial nuclear

reactors, therefore occurred naturally, probably triggered by � disintegration of 235U,

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 238U/235U ratio nowadays is 137.8, what was the activity level of 235U per gram

of ore 2 billion years ago for a uranium ore that today contains 30% uranium?

The decay constants are l238¼ 0.155 125 � 10�9 yr�1 and l235¼ 0.9885 � 10�9 yr�1.
Answer
The activity of 235U was 1247 disintegrations per second per gram (dsg). Today the activity of
235U is 172 dsg.
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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.
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Exercise

What types of radioactivity are involved in the following very important reactions in cosmo-

chronology and geochronology: 146Sm! 142Nd, 53Mn! 53Cr, 230Th! 226Ra?

Answer
See Chapter 2, Section 2.4.3.

1.4.3 Radioactivity and heat

Each formofradioactive decay is associatedwith the emissionofparticles or� electromag-
netic radiation. Interaction of this radiationwith thematerial surrounding the radioactive
isotope createsheat, asPierreCurie andAlbert Laborde realized in1903, just 7 years after
Becquerel’s discovery. This heat is exploited in nuclear reactors to generate electricity.
Inside theEarth, the radioactivityof 40K, 238U, 235U, and 232Th isoneofthemain sourcesof
internal energy, giving rise to plate tectonics andvolcanism and to the heat £owmeasured
atthesurface. Inthe earlystagesoftheEarth’shistory, this radioactiveheatwasgreater than
todaybecause the radioactive elements 40K, 238U, 235U,and 232Thweremoreabundant.12

A L ITTLE H ISTORY

The age of the Earth

In the mid nineteenth century, when Joseph Fourier had just developed the theory of heat

propagation, the great British physicistWilliam Thomson (Lord Kelvin)13 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 40–100million years old. That seemed intuitively too short tomany geologists, particularly

to Charles Lyell, one of the founders of geology, and also to an obscure naturalist by the nameof

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:14

238U 235U 40K 232Th

2.24 � 10�8 1.36 � 10�7 6.68 � 10�9 6.44 � 10�9

12 At the time there were other radioactive elements such as 26Al 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.
14 These values include heat given off by all isotopes of radioactive chains associated with 238U, 235U, and

232Th (see Chapter 2).
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Calculate how much heat is given off by 1 g of peridotite of the mantle and 1 g of

granite given that 40K¼ 1.16 � 10�4 Ktotal; 238U/235U¼ 137.8; Th/U¼ 4 for both materials; and

that the mantle contains 21 ppb U and 260 ppm K and that the granite contains 1.2 ppmU and

1.2 � 10�2 K.
Answer
Calculation of heat given off by 1 g of natural uranium:

0:99279� 2:24 � 10�8 þ 0:00720� 1:36 � 10�7 ¼ 2:32 � 10�8 cal g�1 s�1:

Calculation of the heat given off by 1 g of potassium:

6:68 � 10�9 þ 1:16 � 10�4 ¼ 7:74 � 10�13 cal g�1 s�1:

Calculation for the mantle:

2:32 � 10�8 � 21 � 10�9ð Þ
uranium

þ 6:44 � 10�9 � 84 � 10�9ð Þ
thorium

þ 7:74 � 10�13 � 2:60 � 10�4ð Þ
potassium

¼ ð48:7þ 54þ 20Þ � 10�17

¼ 0:1227 � 10�14 cal g�1s�1:

To convert this result into SI units, 1 calorie¼ 4.18 joules and 1 watt¼ 1 joule per second.

Therefore 1 g of peridotite of the mantle gives off 0.512 � 10�14 W s�1. Calculation for

granite:

½2:32 � 10�8 � 1:2 � 10�6� þ ½6:44 � 10�9 � 4:8 � 10�6�
þ½7:74 � 10�13 � 1:2 � 10�2� ¼ 2:78 � 10�14 þ 3:09 � 10�14 þ 0:928 � 10�14

¼ 6:79 � 10�14 cal g�1s�1:

1g of granite gives off 28.38 � 10�14 W.

It can be seen that today the two big contributors are 238U and 232Th; 40K contributes less and
235U is non-existent. The granite produces 55 times more heat than the mantle peridotite.

Exercise

The decay constants of 238U, 235U, 232Th, and 40K are l238¼ 0.155 125 � 10�9 yr�1, l235
¼ 0.984 85 � 10�9 yr�1, l232¼ 0.04947 � 10�9 yr�1, and lK¼ 0.5543 � 10�9 yr�1, 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 ¼ 0:9927 � CU
0 � P 238 expð0:155 125 T Þ

þ 0:00720 � CU
0 � P 235 expð0:98485 T Þ

þ CTh
0 � P232 expð0:04947 T Þ

þ 1:16 � 10�4 CK
0 � PK40ð0:5543 T Þ:
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With T¼ 4 � 109 years, the result for the mantle is: 8.68 � 10�16þ 10.56 � 10�16þ 6.59 � 10�16þ
18.4 � 10�16¼ 44.23 � 10�16 cal g�1 s�1¼ 1.84 � 10�14 W g�1 s�1.
For granite of the continental crust: 4.96 � 10�14þ 6.03 � 10�14þ 3.76 � 10�14þ 8.537 � 10�14¼
23.28 � 10�14 cal g�1 s�1 or 97.3 � 10�14 W g�1 s�1.
Notice that, at the present time, radioactive heat is supplied above all by the disintegration

of 238U and to a lesser extent 40K and 232Th. Four billion years ago heatwas suppliedmainly by
40K and 235U (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 16O, 17O, and 18O when measured with a mass spectrometer? How can we make sure

they are absent?

2 The lithium content of a rock is to be measured. A sample of 0.1 g of rock is collected. It is

dissolved and 2 cm3 of lithium spike added with a lithium concentration of 5 � 10�3 moles per

liter and whose isotope composition is 6Li/7Li¼ 100. The isotope composition of themixture is

measured as 6Li/7Li¼ 10.

Given that the isotopic composition of natural lithium is 6Li/7Li¼ 0.081, what is the total

lithium content of the rock?

3 A sample contains 1 mg 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 87Sr/86Sr �0.7030 bears on 	 0.0001?

The 87Sr/86Sr ratio of the blank is 0.7090. What must the blank be if precision is 10 times

better?

4 We are to construct a mass spectrometer for separating 87Rb from 87Sr. What should its

radius be?
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Figure 1.8 Heat production by various forms of radioactivity in the Earth versus geological age.
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5 Suppose that 1mg of purified uranium has been isolated. It contains two (main) isotopes 238U

and 235U in the current proportions of 238U/235U¼ 137.8. What was the total activity of this

milligram of uranium 4.5 billion years ago and what is its activity today if l238¼
0.155 125 � 10�9 yr� 1 and l235¼ 0.9875 � 10� 9 yr� 1?

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 � 1013W, which is 42 terawatts.

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

U¼ 21 ppb (Th/U)mass¼ 4 and K¼ 210 ppm.

Calculate the Urey ratio today.

(ii) In a second hypothesis, it is assumed that the entire mantle is similar to the uppermantle.

The upper mantle has a uranium content of 5 ppb, and the Th/U ratio is 2. Calculate the

Urey ratio.
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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
withoutaprecisewayofmeasuringtime.Itis safetosaythatnomoderndiscoveryingeology
could havebeen madewithout radioactive dating: reversals of themagnetic ¢eld, plate tec-
tonics, the puzzle of the extinction of the dinosaurs, lunar exploration, the evolution of life,
humanancestry, nottomentiontheageoftheEarthoroftheUniverse!
The ages involved in the earth sciences are very varied.They are measured in years (yr),

thousandsofyears (ka),millionsofyears (Ma),andbillionsofyears (Ga).Geological clocks
mustthereforebevariedtoo,withmean lives ranging fromayear toabillionyears.

2.1 Dating by parent isotopes

Imagine we have a radioactive isotope R and N
R is the number of atoms of this isotope.
Suppose thatgeological circumstances (crystallizationofarockormineral, say) enclosean
initial quantityofR, i.e., the numberofatomsofRat time zero, writtenN
Rð0Þ, in a‘‘box.’’ If
theboxhas remained closed fromwhen it¢rst formeduntil today, thenumberofatomsofR
remaining isN
RðtÞ ¼ N
Rð0Þe�lt, where t is the time elapsed since theboxwas closed. Ifwe
know the quantityN
Rð0Þ and the decay constant l, by measuringN
RðtÞ we can calculate
the age tatwhich theboxclosedbyusing the radioactivity formula‘‘upside down’’:

t ¼ 1

l
ln

N
Rð0Þ
N
RðtÞ

� �
:

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 is the caseofcarbon-14 (14C)andberyllium-10 (10Be).

Exercise

The half-life of 14C is 5730 years. The 14C content of the atmosphere is 13.2 disintegrations per

minute and per gram (dpm g�1) of carbon (initial activity A0). We wish to date an Egyptian

artefact dating from approximately 2000 BC. What is the approximate activity (A) of this

artefact? If our method canmeasure 1 dpm, what mass of the (probably precious) sample will

have to be destroyed?

Dating by parent isotopes



Answer
If the half-life T¼ 5730 years, the decay constant is l ¼ ln2=T ¼ 1:209 � 10�4 yr�1. 2000 BC

corresponds to a time 4000 years before the present, therefore since A0¼ 13.2 dpmg�1 and
A¼A0 e

�lt, A¼ 7 dpmg�1.
Making the measurement means using at least 1/7 g, or 142mg of the sample.

As seen in the examples, the abundance of a radioactive isotope is estimated relative to a

reference. For 14C we use total carbon. The dating formula is therefore:

t ¼ 1

l
ln
ð14C=CÞ0
ð14C=CÞt

� �

where (14C) and (C) represent the concentrations of 14C 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 14C, we use stable 13C and we write:

t ¼ 1

l
ln
ð14C=13CÞ0
ð14C=13CÞt

" #
:

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

Thedi⁄cultywithdatingby theparent isotope isofcourseknowingN
Rð0Þ, thatis, knowing
exactlyhowmanyradioactiveatomsweretrapped intheboxatthebeginning.Thisdi⁄culty
is overcomeby involving the stable daughter isotope produced by the disintegration noted
(D) (the asteriskbeing a reminderof the radioactive origin of the isotopeR*).The parent^
daughter relation iswritten:

ðRÞ
 ! ðDÞ
l

:

FromtheCurie^Rutherford^Soddylaw,we canwrite:

dN
RðtÞ
dt

¼ �l N
RðtÞ

dNDðtÞ
dt

¼ � dN
RðtÞ
dt

¼ l N
RðtÞ:

Integrating the ¢rst equation yields the decay law, N
RðtÞ ¼ N
Rð0Þ e�lt. The second is
thereforewritten:

dNDðtÞ
dt

¼ l N
Rð0Þe�lt;
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which integrates to:

NDðtÞ ¼ �N
Rð0Þe�lt þ C:

The integration constant C is determined by writing in t¼ 0, ND¼ND(0), hence:
C ¼ NDð0Þ þN
Rð0Þ.Thisgives:
NDðtÞ ¼ NDð0Þ þN
Rð0Þð1� e�ltÞ:

But this expression leaves the troublesome unknown N
Rð0Þ. This is advantageously
replacedby:

N
Rð0Þ ¼ N
RðtÞ elt:

Thisgives:

NDðtÞ ¼ NDð0Þ þN
RðtÞðelt � 1Þ:

If the box remains closed for both the radioactive isotope and the radiogenic isotope, by
measuring the present valuesND(t) andNR(t), we can calculate t, providedweknowND(0).
This canbeplottedas (ND(t), t).Theslopeofthe curveateachpointequals:

dNDðtÞ
dt

¼ � dN
RðtÞ
dt

¼ lN
RðtÞ ¼ lN
Rð0Þe�lt:

It therefore equalslNR(t), at l times the parent isotope content.As this content decays con-
stantly, theslopeofthetangentdoes likewise, andthe curve is concavedownwards.Tocalcu-
lateanage,wewritethedatingequation:

t ¼ 1

l
ln

NDðtÞ �NDð0Þ
N
RðtÞ

� �
þ 1

� 
:

Thevalues ofND(t) andN
RðtÞ canbemeasured, but t canonlybe calculated ifND(0) canbe
estimated or ignored and, of course, ifwe know the decay constant l. Figure 2.1 illustrates
all thesepoints.

EXAMPLE

Rubidium–strontium dating

Let us take rubidium–strontium dating by way of an example. As seen, 87Rb decays to
87Sr with a decay constant l¼ 1.42 � 10�11 yr�1. The parent–daughter dating equation is

written:

t ¼ 1

lRb
ln

87Srðt Þ � 87Srð0Þ
87Rbðt Þ þ 1

� �
;

where 87Sr(0) is the quantity of 87Sr present at time t¼ 0, and 87Rb(t) and 87Sr(t) the quantities

of 87Rb and 87Sr 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 T¼ t.
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The equation is then written:

T ¼ 1

l
ln

87SrðpÞ � 87SrðT Þ
87RbðpÞ þ 1

� �
;

where 87Sr(p) and 87Rb(p) relate to the present-day values (p¼present), and 87Sr(T) relates to

the initial values at time (T). When dealing with minerals that are very rich in Rb such as

biotite and muscovite, the initial 87Sr is negligible relative to the 87Sr 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:

T ¼ 1

l
ln

87SrðpÞ
87RbðpÞ þ 1

� �
:

This formula can be extended to rich systems in general:

T ¼ 1

l
ln

NDðpÞ
NRðpÞ þ 1

� �
:

As seen, if l is known, the age can be calculated directly from measurements of the present-

day abundances of ND(p) and NR(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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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*R number of atoms of the radioactive isotope (R)
ND number of atoms of the radiogenic isotope (D)
NR(0) number of atoms of R at time t¼ 0
ND(0) number of atoms of D at time t¼ 0
l radioactive decay constant
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Remark
Where l is very small relative to the age, the exponential can be approximated by elt� 1þ l. This
is the case for the constant l of rubidium (l¼ 1.42 � 10�11 yr�1) and for many others. The dating

formula is then:

T � 1

l

87SrðpÞ
87RbðpÞ
� �

:

Exercise

Suppose we have a specimen of biotite from Quérigut granite (Pyrénées Orientales, France)

whose age is to be determined from 87Rb ! 87Sr decay. We measure the total content of

Rb¼ 500ppm and of Sr¼ 0.6 ppm. Knowing that Rb is composed of 87Rb and 85Rb in the

proportions 85Rb/87Rb¼ 2.5, that the Sr is ‘‘pure’’ radiogenic 87Sr, and that the decay constant

is l¼ 1.42 � 10�11 yr�1, calculate the age of the biotite in Quérigut granite.

Answer
The Rb content is written Rbtotal¼ 85Rbþ 87Rb¼ (2.5þ 1) 87Rb, therefore:

87Rb ¼ Rbtotal
3:5

� 142:8 ppm:

The 87Sr content is 0.6 ppm. (There is no need to come back to atom–grams since 87Rb and 87Sr

have virtually the same atomic mass.) We can therefore write directly:

T � 1

1:42 � 10�11
0:6

142:8

� �
� 298 � 106 yr ¼ 298million years:

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

T � 1

1:42 � 10�11 ln
0:6

142:8
þ 1

� �
� 297:36 � 106 yr:

As can be seen, the linear approximation is valid for the 87Rb/87Sr systemwhen the age is not

too great.

2.2.2 Special case of multiple decay

Letus consider the caseofthe long-period 40K radioactive isotopewhich decays in two dif-
ferentways, either by electron capture giving 40Aror by �� decaygiving 40Ca, eachwith its
owndecayconstantleandl�� , respectively:

e–cap
40Ar

40K

β –
40Ca

What is the dating formula?Letusgetbacktobasics:

d=dt½NKðtÞ� ¼ �ðle þ l�ÞNKðtÞ
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whereNK is thenumberof 40Knuclides andNAr thenumberof 40Ar nuclides.

d=dt½NArðtÞ� ¼ leNKð0Þe�ðleþl�Þt:

Integratingusing theusual notationwith 40Kand 40Ar0gives:

40ArðtÞ ¼ 40Ar0 þ 40KðtÞ le
le þ l�

eðleþl�Þt � 1
� �

withle¼ 0.581 �10�10 yr�1andl�¼ 4.962 � 10�10 yr�1.
l ¼ le þ l� ¼ 5:543 � 10�10 yr�1:

The initial 40Ar is usually negligible.We are therefore generally dealing with rich systems
but notwithvery young systemswherewhat is known as excess argon raises di⁄culties for
accurateage calculations.

Exercise

We analyze 1 g of biotite extracted fromQuérigut granite by the 40K–40Armethod. The biotite

contains 4% K and 40K¼ 1.16 � 10� 4 of Ktotal.

The quantity of argon measured at standard temperature and pressure is 4.598 � 10�5 cm3

of 40Ar. What is the radiometric age of this biotite?

Answer
The dating formula to calculate the age is written:

T ¼ 1

le þ lb
ln

40Ar
40K
� le þ lb

le

� �
þ 1

� �
:

We must therefore calculate the 40Ar/40K ratio in atoms.

As there are 22 400 cm3 in a mole at standard temperature and pressure, the value of 40Ar

in number of moles is:

4:598 � 10�5
22 400

� �
¼ 2:053 � 10�9 moles of 40Ar:

The value of 40K is:

0:04� 1:16 � 10�4
40

¼ 1:16 � 10�7 moles of 40K:

Therefore:

T ¼ 109

0:5543
ln

2:053 � 10�9
1:16 � 10�7 � 0:1048

� �
þ 1

� �
¼ 280million years:

Comparing this with the result obtained previously using the 87Rb–87Sr method, we find

about the same age but slightly younger.

There is another branched decay used in geology, that of 138Lawhich decays into 138Ba
and138Ce (Nakaı̈etal.,1986).
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e–cap
138Ba λCap e–  = 4.44 . 10–12 yr–1

λβ  = 2.29 . 10–12 yr–1

138La

β –
138Ce

There is also a case where even more intense multiple decay occurs, in the spontaneous
¢ssion of 238U, which yields a whole series of isotopes. Luckily, ¢ssion decay is negligible
comparedwith�decay. In the dating equationwe can consider the constant l�alone as the
decay constant, but allowancemustbemade, of course, for the¢ssion products. For exam-
ple, for136Xewewrite thedatingequation:

136Xeradio
238U

¼ Y
lfission
l�
ðel�t � 1Þ

whereY is theyieldof136Xeproducedduring¢ssion�0.0673,withl¢ssion¼ 8.47 � 10�17yr�1
andl�¼ 1.55 � 10�10 yr�1.
Wesawwhen lookingatdatingbyparentisotopesthatitwasconvenienttoexpressthedat-

ing equationby introducing isotope ratios rather than moles of radioactive and radiogenic
isotopes.This is callednormalization.Thusfor 87Rb^87Srweuseastablestrontiumisotope,
86Sr.Thedatingequation is thenwritten:

t ¼ 1

l
ln

87Sr
86Sr
ðtÞ � 87Sr

86Sr
ð0Þ

87Rb
86Sr

 !
þ1

" #
:

This is the form inwhich dating equationswill be expressed from nowon. A systemwill be
richwhen:

87Sr
86Sr
ð0Þ �

87Sr
86Sr
ðtÞ:

2.2.3 Main geochronometers based on simple
parent–daughter ratios

� Rubidium^Strontium 87Rb ��87Sr; l¼ 1.42 � 10�11 yr�1.The normalization isotope is
86Sr.Developed in itsmodern formbyAldrich et al. (1953).
� Potassium^Argon 40K^40Ar, with the constants alreadygiven.The reference isotope is

36Ar.Developed in itsmodern formbyAldrichandNier (1948a).
� Rhenium^Osmium 187Re �� 187Os with l¼ 1.5 � 10�11 yr�1. The reference isotope is

186Os and more recently 188Os. Developed by Luck, Birck, and Alle' gre in 1980 after a
¢rstattemptbyHirtetal. in1963.

These are the three simple clocks that are commonly found as rich systems in nature.We
shall see thatother formsofdecaycanbeusedbutundermoredi⁄cultcircumstances.

� Samarium^Neodymium 147Sm�143Nd; l¼ 6.54 � 10�12 yr�1.Normalizationby144Nd.
DevelopedbyLugmairandMarti in1977afteranattemptbyNotsu etal. in1973.
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All of these phenomenawerebrought to light and investigated littleby 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).

Eachoftheotherthreesectionsofthischapterdealswithatypeofnuclearreaction.The¢rst
concentrates on 14C and concerns the radionuclides produced in the atmosphere and their
use ingeochronology.The seconddealswith exposure ages¢rst in meteorites and then in ter-
restrial rocks.Thethirdsectiongivesanoverviewofstellarprocessesofnucleosynthesis.

4.2 Carbon-14 dating

Ofall the radiometricmethods, this isundoubtedly themostfamous, theonethatis familiar
to thegeneral public and theone thatpeople (mistakenly) thinkofwhen speakingoftheage
oftheEarthorofrocks.ThismethodwasdevelopedbyWillardLibby (1946)whoeventually
receivedtheNobelPrize forchemistry forhiswork.

4.2.1 The principle of 14C dating

Carbon-14 is produced in the atmosphereby cosmic rayswhose protons engender second-
aryneutrons.Theseneutrons reactwith14N:

14Nðn; pÞ 14C�:

In this reaction, 14N is the target nucleus, n (neutron) is the projectile, and p (proton) is the
particle ejected; 14C*istheradioactive isotopeproducedwhichdisintegratesby��radioac-
tivity to give14N.As soon as it has formed, the14C combineswith oxygen to give CO2. Ifwe
noteN(14C) the numberof 14C atoms at the time ofmeasurement t and [N(14C)]0 the initial
numberofcarbonatoms, thenwemaywrite:

Nð14CÞ ¼ Nð14CÞ
h i

0
e�lt:

Libbyshowed that the proportion of14C in the atmospherewas roughly constantover time.
Whataccounts for this constancy?Letuswriteoutthebalance for14Cproduction:

d
dt

N 14C
� �� � ¼ F� lN 14C

� �
:

" "

production destruction by radioactivity

:

Ifa stationarystate is attained:

d

dt
N 14C
� �� � ¼ 0 from which N 14C

� � ¼ F

l

� �
;

where F is the product of the £ux � of neutrons by the number N(14N) of atoms of 14N
by the e¡ective cross-section�.

The£ux�varieswith latitudebecause cosmicrays,whichare composedofprotons,andso
are positively charged, are de£ected by the Earth’s magnetic ¢eld.The poles receive much
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more radiation than the equator. The £ux also varies with altitude, because the Earth’s
atmosphere ‘‘absorbs’’and transforms the incident £ux (Figure 4.4).
Forourpurposes, themainphenomenon is thattheprimaryprotonsproduce secondary

neutrons, which produce others in a snowball e¡ect. It is these neutrons that produce the
14C. As said, as soon as it has been produced, the 14C reacts with oxygen (or ozone) to give
CO2, andthisCO2mixeswith the remainderoftheatmosphere.
Sincetheatmosphereitself iswellmixedinafewweeks, the14Cishomogenizedallaround

the planet on the timescale of interest to us. It can be taken, then, that the mean amountof
14Cproduced intheatmosphere is avalid, uniformbenchmark.
Libbyand his co-workers (Libby etal.,1949) determined the quantityof14C produced in

the steady state.They expressed it as the number of disintegrations per minute (dpm) per
gramofcarbon:

lN 14C
� �

Ncarbon
¼ F

Ncarbon
¼ 13:5:

They also determined the decay constant of 14C as l¼ 1.209 � 10�4 yr�1 (the half-life is
therefore5730years).3
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increases as we move from the equator to the poles.

3 These values have been amended slightly today.
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Exercise

What is the 14C/12C isotopic composition of atmospheric carbon, given that the isotopic

composition of stable carbon is defined by 13C/12C¼ 0.011 224 or the reciprocal
12C/13C¼ 89.09, or 12C¼ 98.89% and 13C¼ 1.11%?

Answer
The atomic mass of carbon is 12.011. One gram of carbon therefore represents 1/12.011�
6.02313 � 1023¼ 5.014 � 1022 atoms, including 5 � 1022� 0.9889¼ 4.95 � 1022 atoms of 12C. The

basic relation of radioactivity is lN¼ 13.5 dpm (where N is the number of 14C atoms).

In one year there are 5.26 � 105 minutes, therefore there are 13.5� 5.26 � 105¼ 71.48 � 105
disintegrations per year. Since l¼ 1.209 � 10�4 yr�1, we have 5.88 � 1010 atoms of 14C.

Therefore:

14C
12C
¼ 5:88 � 1010 atoms 14C

4:96 � 1022 atoms 12C
¼ 1:1849 � 10�12 � 1:18 � 10�12:

This ratio is tiny and cannot be measured by a conventional mass spectrometer, because the
12C peak is too high comparedwith the 14C peak. This is why it was long preferable tomeasure
14C with a Geiger counter.

When carbon is incorporated in a living organism (plantor animal), its isotopic composi-
tion (and so its activity) is equal to thatof the atmosphere and is determinedby phenomena
such as photosynthesis or respiration. As soon as the organism dies, such exchanges cease
and radioactive decay is the onlysource ofvariation in the14C content.The timeofdeath of
anorganism(ormoreprecisely thetimeatwhich itstoppedexchangingCO2withtheatmo-
sphere) canthereforebedatedby theformula:

ð14C=CÞ ¼ 13:5 e�lt

t ¼ 1

l
ln

13:5

ð14C=CÞmeasured

" #
:

Exercise

Let us take one of the examples that helped to make 14C dating so popular: Egyptology (see

Figure 4.5). A sample was taken from a wooden beam in the tomb of the vizier Hemaka at

Saqqara. He was an official of the First Dynasty of Egyptian pharaohs. After measuring the 14C

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

t ¼ 1

l
ln

14C=Cð Þatmosphere

14C=Cð Þsample

" #

114 Cosmogenic isotopes



The intricatemeasurement of the 14C/C ratio Libbymade on the wooden artefact yielded 6.68

dpm g�1. Applying the age measurement formula then gave t¼ 4880 years.4

This method was highly successful and brought about a revolution in archeology. By the
sameprinciple,apapyrus,bones,andburntorpetri¢edtreesweredated, therebyproviding
anarcheological chronometer thatwasunknownuntil then.Thismethodhas thedrawback
ofdestroying theobject that is tobe dated,whichmeans acareful choicemustbemade.This
is why recent advances in 14C analysis made with accelerator mass spectrometers, which
requireonlyone-hundredthoftheamountofmaterial, are so importantandhavemade the
methodevenmore incisive.

4.2.2 Measuring 14C

Measuring14C isadi⁄cultbusiness, aswehavejustseen.Aseriesofsimple calculationswill
provide insight into this di⁄culty, which has alreadybeen illustrated in an earlier exercise.
One gramof ‘‘young’’carbon gives o¡ 13.5 dpm, or1disintegration every 4.5 seconds. Ifwe
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 sameorderofmagnitude.
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Figure 4.5 Calibration of the reliability of 14C dating on historical data in Egyptology.

4 In fact, Libby found a constant l¼ 1.244 � 10�4 yr�1 and therefore t¼ 5568 years, which corresponds to
7.35 dpm g�1. Oddly enough, 14C specialists still use Libby’s constants and then make a correction. For
didactic reasons we shall not follow this practice.

115 Carbon-14 dating



Butsupposewehave a sample some 55 000 yearsold. Itnowemits just1.7 � 10�2 dpm, or1
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 £ows on the Earth from
the cosmos or the Sun, etc. How canwe eliminate these disturbances and make a reliable
measurement?

The countingmethod
Libby’s answer was tobuild aGeiger counter whose internal gas itself contained14C chan-
ged intoCO2 (Figure4.6).

With themain counter surrounded byan arrayof secondaryGeiger counters, any exter-
nal radiation could be subtracted because it ¢rst passed through the outer counters (the
anti-coincidencemethod). Lastly, it was all buried and surrounded by ‘‘old’’ lead shielding
to prevent interference radiation.Howmuchbackground noise did the counters measure?
Without shielding 1500 disintegrations per hour were detected, with shielding the ¢gure
was just 400, andwith the anti-coincidence counters it was just 8! Itwas thereforevirtually
impossible to measure an artefact 55 000 years old since it gave o¡ just one disintegration
perhour!Measurementwas intricateandnecessarilylasted fora long time.

Theacceleratormass spectrometrymethod (AMS)
Since the late 1980s mass spectrometry has been adapted for 14C by using small particle
acceleratorswith energiesofmore than1MeV(seeKieseretal.,1986); this is theaccelerator
mass spectrometry (AMS) method. The high energy imparted to the ions puri¢es the

Iron

Paraffin and boric acid

14C counters

Anti-coincidence
counters

Old
lead

Lead

Figure 4.6 Libby’s anti-coincidence counting. Geiger counters whose gas contains the 14C 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.
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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
anymoleculesare‘‘deactivated’’andstopped. Inthiswaythemethod’s speedofanalysis, sen-
sitivity, and precision have been increased compared with counting. A measurement that
oncetookmorethanaweekcannowbemade inan hour.Butaboveall, themethodrequires
samples of one-tenth of the size and achieves levels of precision 100 times greater (see
Figure4.7).

Exercise

If the maximum that can be measured by AMS for the 14C/12C ratio in 1mg of carbon is 1.2 �
10�17, what is the maximum age that can be measured with 14C?

Answer
10 000 years.

Exercise

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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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.
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4.2.3 Conditions for performing 14C dating

Applying the formula 14C ¼ 14Cð0Þ e�l14t to ¢nd an age entails meeting a number of
extremelystringentconditions.

The systemmusthave remained closed since the timethat is tobe dated.Thismeans ifwe
wish to date a parchment, it must have neither gained nor lost any 14C since the time the
lamborsheepwhosehidewasusedtomaketheparchmentdied.Weneedtoknow14C(0)pre-
cisely, that is the initial 14C content, that is theproportion of14C/C in the animal at the time
of its death.Theremust remain enough14C for ittobemeasurable.

Lastly, and this is not the least of the problems, the event whose age is to be determined
mustbede¢ned.

Canwebe certainaboutall fourconditions inpractice?

The closed system
Thegreatestdanger fromanopen system is contaminationofthe sample,whether naturalor
arti¢cial.Take the caseofatree trunkwewish to date. Ifthe trunkhasbeen lying in humus for
some time it will be impregnated, contaminated, by the carbon in the humus.Now, this car-
bon is‘‘older’’thanthe carbonofthetreethathas justdiedandsodistorts themeasurement.

Letus take the exampleofatree trunkwhose speci¢c activity, that is, the14C radioactivity
pergramofcarbon, is r1. It lies for some time in humuswhose radioactivity, in14C pergram
ofcarbon, is r2.Whatis the levelofradioactivityofthemixturesupposingthat10%ofthe car-
bon comes fromthehumus?

r1 ¼
14C

C

� �
tree

; r2 ¼
14C

C

� �
humus

rtotal ¼
14Ctree þ14Chumus

Ctree þ Chumus
¼

14C

C

� �
tree

Ctree

Ctree þ Chumus
þ

14C

C

� �
humus

Chumus

Ctree þ Chumus

rtotal ¼
14C

C

� �
tree

wþ
14C

C

� �
humus

ð1� wÞ:

Thevalue ofw¼Ctree/Ctotal variesbetween 0 and1. (This is the samemixing formula as in
the sectionon isotopic dilution.)

Assuming that (14C/C)tree¼ 12.5 dpm g�1 and that (14C/C)humus¼ 4 dpm g�1, then
rtotal¼ 12.5� 0.9þ 4� 0.1¼ 11.65dpmg�1,w¼ 0.9.

This corresponds to an error of 7% by default. The age measured is older than the real
age.Conversely, ifwesuppose the tree trunk found in the sedimenthadbeen in soilwhichwas
still involved inatmospheric exchanges, thenthe contamination, that is, themixturebetween
14C inthedeadtreeandthegroundwouldcontinuallymakethewood‘‘younger.’’

Determining the initial 14Ccontent
Libbyhadassumedthatthevalueof13.5dpmg�1ofcarbonwasthe currentvalueandvalidas
the initial value throughout time. However, several complications have arisen since then.
Not all plants absorb carbon isotopes in an identical manner. If (14C/C)present¼ r0, the
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value absorbed by living organisms is (14C/C)organism¼R r0, whereR is a partition coe⁄-
cient.This coe⁄cient has been determined and to check it wemeasure the 13C/12C ratio of
theobjecttobedated (Figure4.8) (this ismorefullyexplained inChapter 7).
Onthe left is the �13Cscale, suchthat:

d13C ¼
13C
12C

� 	
sample

� 13C
12C

� 	
standard

13C
12C

� �
standard

2
64

3
75 � 103:

The standard is a carbonate. In practice, this fractionation is converted into an age di¡er-
enceby takingareference standard.
Weassumethatfractionation isdirectlyproportionaltothedi¡erenceinmass.Therefore,

ifR3/2 is the partition coe⁄cient between some plant and the atmosphere, for the 13C/12C
ratiode¢nedby:

13C
12C

� 	
plant

13C
12C

� 	
atmosphere

¼ R3=2

thepartition coe⁄cient for the (14C/12C) ratio

14C
12C

� 	
plant

14C
12C

� 	
atmosphere

¼ R4=2

is suchthatR4/2¼ 2�R3/2.
It ispossible, then, to correct for natural fractionationof14Candexpress this correction

inage,which is doneonthe rightofFigure 4.8.
It was realized that the14C contentof the atmospherehadvaried over the course of time.

This e¡ect was shownbymeasuring the 14C of tree rings.Tree rings are evidence of annual
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growth, with each ring representing one year. By counting the rings, we can work back
through time, yearby year.This isknownas dendrochronology. Itwasnoticed thattheages
ofringsmeasuredby14Candtheagesobtainedbycounting the samerings failed tomatch.

Systematic investigation has shown that multiple phenomena are involved in this. The
burningof coal and oil, that is, materialswhose 14C is ‘‘dead,’’ has diluted the‘‘natural’’ 14C
contentof the atmosphere.The present-day content is too low comparedwithwhat itwould
be without this e¡ect. Likewise, for recent periods, nuclear testing by explosions in the
atmosphere has injected a large quantity of 14C, which has largely disrupted the natural
cycle (Figure4.9) and,ofcourse, increasedthe14Ccontentoftheatmosphere.

The £uxofcosmic particles and therefore the production of14C varies over the course of
time. This is related to solar activity, to £uctuations in the Earth’s magnetic ¢eld, etc.We
therefore need a calibration curve describing variation of the14C/C ratio over time.At¢rst
sight, this looks something like a chicken-and-egg situation becausewewish to determine
an age from the 14C/C measurement but at the same time we wish to calculate the 14C/C
ratio by using age measurement.The curve of 14C/C variation in the atmospherewas con-
structed by dating samples using a di¡erent method. For recent periods, tree rings were
used as thebenchmark, and for earlier periods dateswere ascertainedby radioactive dise-
quilibriummethods.

To calibrate the 14C/C ratio, we ¢rst seek to calculate (14C/C)initial¼ (14C/C)measured e
lt,

where t is the independentlydetermined age. In this waya correction can be applied to the
agemeasured by the conventional method (Figure 4.10). It is then possible to drawa curve
connecting14C dates tohistorical calendarages.To do this,1950was taken as the reference
date for14C. Supposewe calculate a14C dateof 3000 yearsbefore1950 (ifwemade themea-
surementintheyear2000wewouldremove50years!).ToobtaintheBCdate,wemustthere-
foresubtract1950: 3000^1950¼ 1050BC(Figure4.11).
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Exercise

We use the curve of 14C/C variation with time (Figure 4.11). Suppose we find an age of 200

years for a piece of fabric using the standard 14C 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 14C.
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Synthetic formula forage calculation
Whenmakingcalculations,we can converteverything totheadditionofmagnitudeswhich
themselves have age dimensions.When applying theuncorrected conventional formulawe
obtain:

tapparent ¼ 1

l
ln

Ac

Am

� �

whereAc is the initial conventional activityandAm is the activityasmeasured.The true age
mustbewritten:

ttrue ¼ 1

l
ln

A0;real P2;4

Am

� �

whereA0,real is the real, initial activityoftheatmosphereandP2,4 is the isotopefractionation
factor.We can also introduce in the parenthesis the referencevalueAc for the initial activity.
Dividing thetopandbottomgives:

ttrue ¼ 1

l
ln

A0;real

Ac
� Ac

Am
� P2;4

� �
 �
:

Takingadvantageoftheadditivepropertyoflogarithms,wehave:

ttrue ¼ 1

l
ln

Ac

Am

� �
þ 1

l
ln P2;4

� �þ 1

l
ln

A0;real

Ac

� �
:

Fromwhich,by transformingeverything intotimeunits:

ttrue ¼ tapparent þ Dtfractionation þ Dtatmospheric correction

where:

Dtfractionation ¼ 1

l
lnðP2;4Þ and Dtatmospheric correction ¼ 1

l
ln

A0;real

Ac

� �
;

withalittleextracalculationtrickbecause A0;real=Ac

� �
canbeevaluatedasafunctionoftime

only.
We therefore calculate t1¼ tapparentþ�tfractionation, then we can use t1 to calculate

�tatmospheric correctionusing the£uctuation curvesofFigure4.11, andwethenobtainttrue.

Exercise

Wemeasure the activity of a camel bone found in the tombof the vizier Hemaka as 6.68 dpmg�1.
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 1 ¼ t apparent þ Dt fractionation
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Using Figure 4.8 and the previous result, we get t1¼ 4800þ 100¼ 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:

t real ¼ 4980� 250 ¼ 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
intothreegroups (seeFigure4.3):

� The rare gases, which are free gases. These are incorporated into solid material by
trapping part of the atmosphere.These are 39Ar (T1/2¼ 269 years) and 81Kr (T1/2¼ 2.1 �
105years);
� Gaseous products, which, similarly to 14C, are incorporated into reactive atmospheric

molecules.Forexample 3H(tritium;T1/2¼ 12.43years) or 36Cl (T1/2¼ 3.08 �105years);
� Productswhicharenotgaseousbutadhere immediatelyafter their formationtodustpar-

ticles and follow the history of the dust rather than the gaseous atmosphere. Examples
are10Be (T1/2¼ 1.51 �106years)or 26Al (T1/2¼ 7.16 �105years).

Beryllium-10
Beryllium-10(10Be) isproducedbyspallationofnitrogenandoxygen intheatmosphere.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 14C), its distribution may be extremely heteroge-
neousandeven erratic (Figure4.12).
A further complication arises because 9Be, common beryllium (which has just this one

isotope), has a completelydi¡erent geochemical history to10Be. It is incorporated in rocks
andsoindustderivedfromerosionandscatteredbythewind.The10Be/9Beratiois therefore
just as erratic as the absolute10Be content.We cannotuse10Be like14C, assumingauniform
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Figure 4.12 Variations in the flux of 10Be with latitude display substantial dispersion.
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value for the entire Earth at anygiven time. Onemethod is to assume that, at a given place,
£uctuations in the 10Be/9Be ratio are low and at any rate much lower than those arising
fromthe radioactive decayof10Be. It is thenpossible touse10Beas achronometer.

Exercise

Wewish tomeasure the rate of accretion of manganese nodules found in the ocean. How can

we set about this, knowing that the variation in the 10Be/9Be ratio with depth is
10Be/9Be¼ (10Be/9Be)0 e

�lt?

Answer

t ¼ x thicknessð Þ
a accretion rateð Þ,

from which:

10Be
9Be

� �
¼

10Be
9Be

� �
0

e�
lx
a .

Switching to logarithms gives:

ln
10Be
9Be

� �
¼ ln

10Be
9Be

� �
0

� lx
a
:

The logarithm of the ratio 10Be/9Be plotted as a function of thickness is a straight line of slope

l=aÞð , which gives the rate of accretion, a.

O’Nions et al. (1998) measured the 10Be/9Be ratios in manganese crusts of the North
Atlantic. Figure 4.13 shows the results theyobtained.Thismethodyielded an accretion rate
of2.37� 0.15mmMa�1.
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Figure 4.13 Variation in the 10Be/9Be 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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4.2.5 Dating oceanic cycles with 14C

This is a rather unusual method ofdating, but one that is very important in oceanography.
The residence time � 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). IfW is the £ux
andV the reservoir volume,wepositthat � ¼ (V/W).
Broecker and colleagues at the Lamont Observatory of Columbia University at

NewYorkcameupwith the ideaofusing14C to determine the residence timeofwater 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 andwhich is constantly exchanging its
CO2(andsoits

14C)withtheatmosphere,andadeeplayerwhichexchangeswaterandmatter
with the surface layer. LetB denote the £owofsolid carbonate particles (moles yr�1) falling
from the surface and dissolving in the deep ocean;WandW0are the £ows of descending
and ascending water which summarize the exchange between the upper layer and the
deep ocean (m3 yr�1):W¼W0; Cs and Cd are the concentrations of carbon dissolved in
the surface and deep layers (moles m�3); R is the 14C/C ratio standardized relative to
the atmosphere,Rs andRd being the ratios for the surface water and deepwater.The total
carbon conservation equation iswritten:

ðWCs þ BÞ ¼WCd:

The equation for14C is:

ðWCs þ BÞRs ¼WCdRd þ VdCdRdl:

Theresidence time inthedeepwater is:

�d ¼ Vd Cd

W Cd
¼ Vd

W
;

Atmosphere

Surface water

Deep water

RA = 1

RS = 0.95

Rp = 0.80

W'W

B

Water exchange Solid particle flux

Figure 4.14 The behavior of 14C in the ocean. The ocean is divided into two reservoirs: the upper layer,
which is well mixed, and the deep ocean. R is the 14C/C ratio. B, flow of solid carbonate particles; W,W1,
descending and ascending flows of water.
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which, giventheforegoingequations, iswritten:

�d ¼ Rs

Rd
� 1

� �
1

l
:

Now,l¼ 1.209 � 10�4 yr�1, therefore �d¼ 1550years.

4.3 Exposure ages

4.3.1 Meteorites

Meteorites are fragments ofplanetarybodies resulting from collisions andwhose primary
age is close to that of the Solar System (4.55 Ga, as an indication).They are pieces of rock
‘‘£oating’’ in interplanetary space. Most come from the asteroid belt, between Mars and
Jupiter,which isformedofrockdebris,piecesofwhichmaymeasureakilometerorsoacross
(Ceres). Somewere ripped fromMarsor theMoon.These rocks drift loose in spaceandare
continuallysubjected to cosmic radiationwhoseaverage energy is1GeV. Just ashappens in
theatmosphere,when cosmic‘‘primary’’protonspenetrate these rocks theygive rise to sec-
ondary neutrons, which produce most of the nuclear reactions.5 These particles produce
nuclear reactions at depths ranging from a few tens of centimeters up to a meter at most.
Thesurface layersofrocks exposedto cosmicraysarethereforethesiteofnuclear reactions,
usually spallation reactions.Theygive rise to isotopes of lower mass than the target, which
are known as cosmogenic isotopes (see Paneth etal.,1952; Honda andArnold,1964).The
nuclei engenderedbysuch reactions include radioactive and stable isotopes. Both types are
verynumerous.

Stable isotopes
Thenumberofcosmogenic stable isotopesNsproducedperunittime iswritten:

dNsðtÞ
dt

¼ ��s Nc!s;

where� is the particle £ux,�s is the e¡ective cross-section of the reaction, that is, the prob-
abilityofanuclear reaction occurring, andNc!s the numberoftarget atomsproducing the
stable daughter isotope, s, by nuclear reaction. If the £ux is constant in terms of intensity
andspectral energy, then:

NsðtÞ ¼ ��s Nc!s t:

Thenumberofdaughter isotopes is directlyproportional tothe irradiationtime.
Itseemsstraightforwardenoughtocalculatetheageof irradiation,providedweknow�,�s,

andNc!s. It is comparatively easy tomeasure the parameterNc!s: it is the concentration of

5 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.

126 Cosmogenic isotopes

supriyo
Pencil



CHAPTER SEVEN

Stable isotope geochemistry

When de¢ning the properties of isotopes we invariably say that the isotopes of an element
have the same chemical properties, because theyhave the same electron shell, but di¡erent
physicalproperties,becausetheyhavedi¡erentmasses.However, ifthebehaviorof isotopes
of any chemical element is scrutinized very closely, small di¡erences are noticeable: in the
course of a chemical reaction as in the course of a physical process, isotope ratios varyand
isotopic fractionation occurs. Such fractionation is very small, a few tenths or hundredths
of1%, and is only well marked for the light elements, let us say thosewhose atomic mass is
lessthan40.However, thankstotheextremeprecisionofmodernmeasurementtechniques,
values can be measured for almost all of the chemical elements, even if they are extremely
small for theheavyones.

When we spoke of isotope geochemistry in the ¢rst part of this book, we voluntarily
omitted suchphenomena and concentratedon isotopevariations related to radioactivity,
which are preponderant.We now need to look into the subtle physical and chemical
fractionation of stable isotopes, the use of which is extremely important in the earth
sciences.

7.1 Identifying natural isotopic fractionation
of light elements

The systematic studyof the isotopic composition of light elements in the various naturally
occurring compoundsbrings out variationswhich seem to comply with apurely naturalis-
tic logic. These variations in isotope composition are extremely slight, and are generally
expressed inaspeci¢cunit,the dunit.

d ¼ sample isotope ratio� standard isotope ratio

standard isotope ratio

� �
� 103:

Ultimately,d isarelativedeviation fromastandard,expressedasthenumberofpartspermil
(ø). Isotope ratios are expressedwiththeheavier isotope inthenumerator.

Ifd ispositivethenthesample is richer intheheavy isotopethanthestandard. Ifd isnega-
tive then the sample is poorer in the heavy isotope than the standard.The terms‘‘rich’’and
‘‘poor’’are understood as relative to the isotope in the numeratorof the isotope ratio in the
formula above: by convention it is always the heavy isotope.Thus we speakof the 18O/16O,
D/H, 13C/12C ratio, etc. The standard is chosen for convenience and may be naturally

supriyo
Pencil



abundant such as seawater for 18O/16O and D/H, a given carbonate for 13C/12C, or even a
commercial chemical (Craig,1965).

Exercise

Oxygen has three stable isotopes, 16O, 17O, and 18O, with average abundances of 99.756%,

0.039%, and 0.205%, respectively. The 16O/18O ratio in a Jurassic limestone is 472.4335. In

average sea water, this same ratio is 16O/18O¼ 486.594. If average sea water is taken as the

standard, what is the d of the limestone in question?

Answer
By convention, d is always expressed relative to the heavy isotope. We must therefore invert

the ratios stated in the question, giving 0.002 1167 and 0.002 0551, respectively. Applying

the formula defining d18O gives d18O¼þ30.

Exercise

The four naturally occurring, stable isotopes of sulfur are 32S, 33S, 34S, and 36S. Their average

abundances are 95.02%, 0.75%, 4.21%, and 0.017%, respectively. Generally, we are interested

in the ratio of the two most abundant isotopes, 34S and 32S. The standard for sulfur is the

sulfide of the famous Canyon Diablo meteorite1 with a 32S/34S value of 22.22. We express d
relative to the heavy isotope, therefore:

d ¼ ð34S=32SÞsample

ð34S=32SÞstandard
� 1

 !
� 103:

If we have a sample of sulfur from a natural sulfide, for example, with 32S/34S¼ 23.20, what is

its d34S?

Answer
Given that the standard has a 34S/32S ratio of 0.0450 and the sample a ratio of 0.0431,

d34S¼� 42.22. Notice here that the sign is negative, which is important. By definition, the

standard has a value d ¼ 0.

7.1.1 The double-collection mass spectrometer

Variations in the isotope compositionoflightelements are small, evenverysmall.Aprecise
instrument is required to detect them (and a fastone, ifwewant enough results to represent
natural situations).We have already seen the principle of how a mass spectrometer works.
Remember that in a scanning spectrometer, themagnetic ¢eld is varied and the ionbeams
correspondingtothedi¡erentmasses (ordi¡erentisotopes)arepickedupinturn inacollec-
tor.The collector picks up the ions and provides an electric current which is fed through a
resistor togiveavoltage read-out.
As we have already said, in multicollector mass spectrometers, the collectors are ¢xed

andthebeamsofthevarious isotopesarereceivedsimultaneously. Inthiswaywegetaround

1 Canyon Diablo is the meteorite that dug Meteor Crater in the Arizona desert.
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the temporary £uctuations that may occur during ionization. However, the recording cir-
cuits for thevarious collectorsmustbe identical.

Since1948, the double-collectionmass spectrometer inventedbyNier hasbeenused for
measuring slight isotopic di¡erences for elements which can be measured in the gaseous
state and which are ionized by electron bombardment (Nier, 1947; Nier et al., 1947).2 The
two electrical currents, picked up by two Faraday cups, are computed using aWheatstone
bridge arrangement, whichwe balance (we measure the resistance values required to bal-
ancethebridge).Theratioofelectrical currentsIa/b is thereforedirectlyrelatedtotheisotope
ratioRa/bby the equation:

Ia=b ¼ KRa=b

whereK is a fractionation factorand re£ectsbias thatmayoccurduringmeasurement. It is
evaluatedwith an instantaneous calibration systemusing a standard.The standard sample
ismeasured immediatelyafter theunknownsamplex.Thisgives:

Is ¼ KRs:

EliminatingK fromthetwoequationsgives:

Ix

Is
¼ Rx

Rs
:

Themeasurementofthe relative deviation is then introducedquitenaturally:

Dx ¼ Rx � Rs

Rs
¼ Rx

Rs
� 1

� �
Ix
Is
� 1

� �
:

Aswearehandlingsmallnumbers, thisnumber ismultipliedby1000forthesakeofconveni-
ence. This is where the de¢nition of the d unit comes from, which is therefore provided
directlyby themass spectrometermeasurement, sinced¼�x � 103.

This gas-source, double-collection mass spectrometer automatically corrects two types
of e¡ect. First, it eliminates time £uctuations which mean that whenwe‘‘scan’’ by varying
themagnetic ¢eld (see Chapter1), the emission at time twhen isotope1is recordedmaybe
di¡erentfromemissionattime(tþ�t)when isotope2isrecorded.Second, itcorrectserrors
generatedby theapplianceby thesample^standardswitching technique.

The measurement sequence is straightforward: sample measurement, standard meas-
urement, samplemeasurement, etc.Theoperation is repeatedseveral times to ensuremeas-
urement reproducibility. Fortunately, many light elements can enter gas compounds.This
is the case of hydrogen in the form H2 (or H2O), of carbon and oxygen as CO2, of sulfur
(SO2) or (SF6), of nitrogen (N2), of chlorine (Cl2), and so on. For other elements such as
boron, lithium, magnesium, calcium, and iron, it was not until advances were made in
solid-source mass spectrometry or the emergence of inductively coupled plasma mass
spectrometry (ICPMS), originally developed for radiogenic isotope studies, that an

2 Multicollector mass spectrometers for thermo-ionization or plasma sources have been routinely used
only since the year 2000 because of electronic calibration difficulties.
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e¡ective multicollection technique could be used.This domain is booming today and we
shall touchupon itatthe endofthis chapter.3

7.1.2 Some isotope variations and identifying coherence

Oxygen
This is the most abundant chemical element on Earth, not only in the ocean but also
in the silicate Earth (Figure 7.1). Its isotope composition varies clearly, which is a
godsend!
Oxygen has three isotopes: 18O,17O, and16O (themost abundant).Wegenerallystudy var-

iations in the18O/16O ratio expressed, of course, in � units, takingordinary seawater as the
benchmark (with d¼ 0byde¢nition).4 Systematicmeasurementofvariousnaturallyoccur-
ring compounds (molecules, minerals, rocks, water vapor, etc.) reveals that theyhave char-
acteristic isotope compositions that are peculiar to their chemical natures and their
geochemical origins, whatever their geological ages or their geographical origins. For
igneous or metamorphic silicate rocks d is positive, ranging from þ5 to þ13. Such rocks
are therefore enriched in 18O (relative to sea water). Limestones are even more enriched
since their d valuesvary fromþ25 toþ34.Ofcourse,wemayaskwhat ‘‘o¡sets’’such enrich-
ment in18O.
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Figure 7.1 Distribution of oxygen isotope compositions in the main terrestrial reservoirs expressed in
d18O. The isotope fractionation factors are shown for various important reservoirs. The smaller
numbers indicate extreme values. Values are of d18O expressed relative to standard mean ocean
water (SMOW). After Craig and Boato (1955).

3 The technique of alternating sample and standard used with electron bombardment of gas sources is
difficult to implement whether with sources working by thermo-ionic emission or by ICPMS because of
the possible memory effects or cross-contamination.

4 It is called standard mean ocean water (SMOW).
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Which compoundshavenegative d values?Weobserve thatthoseoffreshwaterarenega-
tive, ranging from �10 to �50. A few useful but merely empirical observations can be
inferred from this. As we know that limestones precipitate from seawater, enrichment in
18O suggests that limestone precipitateswith enrichment in the heavy isotope. Conversely,
we know that fresh water comes from evaporation and then condensation of a universal
source, theocean. Itcanthereforebededucedthatthereisdepletion in18Oduringthehydro-
logical cycle (evaporation^condensation).Theseobservationssuggestthere isaconnection
between certain natural phenomena, their physical and chemical mechanisms, the origin
oftheproducts, and isotopefractionation.

Hydrogen
Letusnowlookatthenatural isotopicvariationsofhydrogen, thatis,variations inthe(D/H)
ratio (D is the symbol for deuterium). Taking mean ocean water as the standard, it is
observed thatorganic products, trees, petroleum, etc. and rocks are enriched in deuterium
whereas freshwatercontains lessof it (Figure7.2).

We¢nd similar behavior to that observed foroxygen, namelydepletion of the heavy iso-
tope in fresh water and enrichment in rocks and organic products.The product in which
hydrogen and oxygen are associated is water (H2O). It is important therefore to know
whether the variations observed for D/H and 18O/16O in natural water are ‘‘coherent’’or
not. Coherence in geochemistry is ¢rst re£ected by correlation. Epstein and Mayeda
(1953) from Chicago and then Harmon Craig (1961) of the Scripps Institution of
Oceanographyat theUniversityof California observed excellent correlation for rainwater
between D/Hand18O/16O, which shows that there is ‘‘coherence’’ in isotopic fractionation
related to the water cycle (Figure 7.3).This invites us therefore to look more closely at any
quantitative relationsbetween isotopefractionationandthemajor naturalphenomena.
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7.1.3 Characterization of isotope variations

Between two geological products A and B, related bya natural process, andwhose isotope
ratiosarenotatedRAandRB,we canwrite:

�AB ¼ RA

RB

where �AB is the overall fractionation factor between A and B.With dA and dB being
de¢ned as previously, we canwrite:

�AB ¼
1þ �A

1000

1þ �B
1000

� 1þ ðdA � dBÞ
1000

following theapproximation 1þ "ð Þ= 1þ "0ð Þ � 1þ "� "0ð Þ.
We note �AB¼ dA� dB. This yields a fundamental formula for all stable isotope

geochemistry:

1000ð�AB�1Þ � DAB:

Exercise

Given that the d18O value of a limestone is þ24 and that the limestone formed by precipita-

tion from sea water, calculate the overall limestone–sea water fractionation factor �.

Answer
DLim�H2O ¼ dCa � dH2O ¼ 24� 0. We deduce that �¼ 1.024.
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It is possible, then, to calculate the overall fractionation factors for various geological
processes: the transition from granite to clay by weathering, the evaporation of water
between ocean and clouds, the exchange of CO2 in the atmosphere with that dissolved in
theoceanorwith carbonofplants, andsoon.

This is a descriptive approach, not an explanatory one.Various chemical reactions
and physical processes have been studied in the laboratory to determine the variations
in theirassociated isotope compositions.Thus, for instance, ithasbeenobserved thatwhen
water evaporates, the vapor is enriched in light isotopes for both hydrogen and oxygen.
Fractionation factors havebeen de¢ned for eachprocess from carefulmeasurementsmade
in the laboratory.These elementary fractionation factorswillbe denoted�.

Geochemists have endeavored to synthesize these two types of information, that is,
to connect q and a, in other words, to break down natural phenomena into a series of
elementary physical and chemical processes whose isotope fractionations are measured
experimentally. This approach involves making models of natural processes. We then
calculate � frommeasurements of�made in the laboratory.When the agreementbetween �
so calculated and � observed in nature is ‘‘good,’’ the model proposed can be considered a
‘‘satisfactory’’ imageofreality.Thus,while the studyof the isotopic compositions ofnatural
compounds is interesting in itself, it also provides insight into the underlying mechanisms
ofnatural phenomena.Hence the role oftracers ofphysical^chemicalmechanisms ingeo-
logicalprocesses thatareassociatedwithstudiesoflight-isotopefractionation.

In attempting to exposematters logically, we shall not trace its historical development.We
shall endeavor ¢rst to present isotope fractionation associatedwithvarious types ofphysical
andchemicalphenomenaandthentolookatsomeexamplesofnatural isotopefractionation.

7.2 Modes of isotope fractionation

7.2.1 Equilibrium fractionation

As a consequence of elements having several isotopes, combinations between chemical ele-
ments, that is molecules and crystals, have many isotopic varieties. Let us take the molecule
H2Obywayof illustration.Thereare di¡erent isotopicvarieties:H2

18O,H2
17O,H2

16O,D2
18O,

D2
17O,D2

16O,DH18O,DH17O,DH16O (omitting combinationswith tritium,T).These di¡er-
entmolecules are known as isotopologs. Of these,H2

16Oaccounts for 97%,H2
18O for 2.2%,

H2
17O for about 0.5%, and DH16O for about 0.3%.When the molecule H2O is involved in a

chemical process, all of its varieties contribute andwe shouldwrite the various equilibrium
equationsnotjustforH2Oalonebutforall the corresponding isotopicmolecules.

Chemical equilibria
Letus consider, forexample, the reaction

Si18O2 þ 2H16
2 O! Si16O2 þ 2H18O;

which corresponds toamassaction law:

ðH2
18OÞ2ðSi16O2Þ

ðH2
16OÞ2ðSi18O2Þ

¼ KðTÞ:
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HaroldUrey (1947),andindependentlyBigeleisenandMayer (1947),showedusingstatisti-
cal quantummechanics that this kindofequilibrium constant, although close to1, is di¡er-
entfrom1.
Moregenerally, foran isotope exchange reaction aA1þ bB2! aA2þ bB1,whereB andA

are compounds and the subscripts1and 2 indicate the existence of two isotopes of an ele-
ment common toboth compounds, we canwrite in statistical thermodynamics, following
Urey (1947) andBigeleisenandMayer (1947):

K ¼ QðA2Þ
QðA1Þ
� �a

� QðB1Þ
QðB2Þ
� �b

:

FunctionsQaretermedpartition functionsofthemoleculeandaresuchthatforagiven sin-
gle chemical specieswe canwrite:

Q2

Q1
¼ �1

�2

M2

M1

� �3=2 P exp �E2i

kT

� �
P

exp �E1i

kT

� � � I1
I2
:

Inthis equation�1and�2 arethesymmetrynumbersofmolecules1and2,E2iandE1iarethe
di¡erent rotational or vibrational energy levels of the molecules, M1 and M2 are their
masses, and I1and I2 aretheirmomentsof inertia.
Thegreater theratioM1/M2 thegreater thefractionationbetween isotopespecies,all else

beingequal. It canalsobe shownthat lnK, as foranyequilibriumconstant, canbeput in the
form a0 + b0/T+c0/T2, which induces the principle of the isotopic thermometer. It can be
deduced from the formulathat asT increasesK tends towards1.At veryhigh temperatures,
isotope fractionation tends tobecome zeroandat low temperature it ismuchgreater.5 Ifwe
de¢ne the isotope fractionation factor � associated with a process by the ratio
A2=A1ð Þ= B2=B1ð Þ ¼ �AB, � and K are related by the equation � ¼ K1=n, where n is the
numberofexchangeableatoms.Thus, intheprevious example,n¼ 2as therearetwooxygen
atomstobe exchanged, butusually�¼K.
Letus nowwrite the fractionation factor�AB in d notation, noting each isotope ratioRA

andRB:

dA ¼ RA

RS
� 1

� �
103 dB ¼ RB

RS
� 1

� �
103;

RSbeing the standard.

� ¼ 1þ �A
1000

1þ �B
1000

 !
� 1þ ðdA � dBÞ

1000
;

sincedAanddBaresmall.

5 Remember that isotope geology studies phenomena from �80 8C (polar ice caps) to 1500 8C (magmas)
and in the cosmic domain the differences are even higher.
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We come back to the equation (�AB� 1) 1000¼ dA� dB¼�AB, which we met for the
factor�.

Exercise

Wemeasure the d 18O of calcite and water with which we have tried to establish equilibrium.

We find dcal¼ 18.9 and dH2O ¼ �5. What is the calcite–water partition coefficient at 50 8C?
Calculate it without and with the approximation ð1þ d1Þ=ð1þ d2Þ � 1þ ðd1 � d2Þ.

Answer
(1) Without approximation: �cal�H2O ¼ 1:024 02.

(2) With approximation: �cal�H2O ¼ 1:0239.

Physical equilibria
Such equilibrium fractionation is not reserved for the sole casewhere chemical species are
di¡erent, but also applies when a phase change is observed, for instance.The partial pres-
sure of a gas is Pg¼Ptotal � Xg, where Xg is the molar fraction. Moreover, the gas^liquid
equilibrium obeys Henry’s law.Thus, when water evaporates, the vapor is enriched in the
light isotope. If the mixture H2

18O andH2
16O is considered perfect, and if thewater vapor

is aperfectgas,we canwrite:

PðH2
16OÞ ¼ Xe

H2
16

O
� P0ðH2

16OÞ

PðH2
18OÞ ¼ Xe

H2
18

O
� P0ðH2

18OÞ

whereP is thetotalpressure,Xdesignatesthemolar fractions intheliquid,andP0 (H2O)the
saturatedvapor pressure.Then (prove it as an exercise):

�ðvapor�liquidÞ ¼ P0ðH2
18OÞ

P0ðH2
16OÞ ;

thedenser liquidbeing thelessvolatileP0 (H2
18O)<P0 (H2

16O)and�< 1.Likeall fractiona-
tion factors,� isdependentontemperature.UsingClapeyron’s equation, itcanbeshownthat
ln� canbewritten in the form ln � ¼ ða=TÞ þ b. Forwaterat 20 8C(this is thevapor^liquid
coe⁄cient,nottheopposite!),�18O ¼ 0:991 and �D ¼ 0:918.At208Cfractionationisthere-
foreabouteighttimesgreater fordeuteriumthan for18O. (Remember this factorof8 forlater.)

Exercise

What is the law of variation of � with temperature in a process of gas–liquid phase change?

We are given that �¼ P0 (X1)/P
0 (X2), where X1 and X2 are the two isotopes.

Answer
Let us begin from Clapeyron’s equation:

dP

dT
¼ L vapor

TV vapor
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where T is the temperature, V the volume, and Lvapor the latent heat of vaporization.

1

P

dP

dT
¼ L

TVP
:

Since PV¼nRT (Mariotte’s law):

1

P

dP

dT
¼ L

RT2 hence
dP

P
¼ L

RT2 dT :

Integrating both terms gives ln P ¼ L
RT þ C .

Since � ¼ P0ðX1Þ=P0ðX2Þ, we have:

ln� ¼ ln P 0ðX1Þ � ln P 0ðX2Þ ¼ L X1
� L X2

RT
þ C :

Exercise

The liquid–vapor isotope fractionation ismeasured for oxygen and hydrogen of water at three

temperatures (see table below):

Temperature (8C) �D �18O

þ 20 1.0850 1.0098

0 1.1123 1.0117

� 20 1.1492 1.0141

(1) Draw the curve of variation of � with temperature in (�, T), [ln(�), 1/T], and [ln(�), 1/T2].

(2) What is the d value of water vapor in deuterium and 18O at 20 8C and at 0 8C, given that

water has d¼ 0 for (H) and (O)?

(3) Let us imagine a simple processwherebywater evaporates at 20 8C in the temperate zone and

then precipitates anew at 0 8C. What is the slope of the precipitation diagram (d D, d 18O)?

Answer
(1) The answer is left for readers to find (it will be given in the main text).

(2) At þ 20 8C, d D¼�85 and d 18O¼�9.8, and at 0 8C, d D¼�112.3 and d 18O¼�11.7.
(3) The slope is 14.3. In nature it is 8, proving that we need to refine themodel somewhat (the

liquids have as starting values at 20 8C, d D¼ 0 and d 18O¼ 0 and at 0 8C, d D¼�27.3 and

d 18O¼�1.9).

7.2.2 Kinetic fractionation

Forageneral accountofkinetic fractionation seeBigeleisen (1965).

Transport phenomena
During transport, as isotopic species have di¡erent masses, they move at di¡erent speeds.
The fastest isotopes are the lightest ones. Isotopic fractionation may result from these
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di¡erences in speed. Suppose we have molecules or atoms with the same kinetic energy
E¼ 1

2mv2. For two isotopicmolecules1and 2 ofmassesm1andm2, we canwritev1, v2 being
thevelocities:

v1
v2
¼ m2

m1

� �1=2

:

The ratio of the speed of two‘‘isotopic molecules’’ is proportional to the square root of the
inverse ratio of their mass.This law corresponds, for example, to the isotopic fractionation
that occurs during gaseous di¡usion for which the fractionation factor between two iso-
topesof16Oand18Ofor themoleculeO2 iswritten:

� ¼ 32

34

� �1=2

¼ 1:030:

Note in passing that such fractionation is ofthe sameorderas the fractionationwe encoun-
tered during equilibrium processes! Such fractionation is commonplace during physical
transportphenomena.Forexample,whenwaterevaporates, vapor is enriched inmolecules
containing light isotopes (H rather than D, 16O rather than 18O). In the temperate zone
(T¼ 20 8C), for water vapor over the ocean �18O¼�13, whereas for vapor in equilibrium
thevalue is closer to �18O¼�9, as seen.

Chemical reactions
Isotopically di¡erent molecules react chemically at di¡erent rates. Generally, the lighter
molecules react more quickly. Lighter molecules are therefore at a kinetic advantage.This
is due to two combined causes. First, aswehave just seen, lightmolecules move faster than
heavymolecules.Therefore lightmoleculeswill collidemore. Second, heavymolecules are
more stable than lightones.Duringcollisions, theywillbe dissociated lessoftenandwillbe
less chemically reactive.Thedetailsofthemechanismsaremore complex.Duringachemi-
cal reaction, there is avariation in isotopic compositionbetween the initialproduct andthe
endproduct.Letus consider, forexample, the reaction:

CþO2 ! CO2:

Intermsofoxygen isotopes, thereare twomain reactions:

Cþ16 O18O! C16O18O

Cþ16 O16O! C16O2:

Remark
The other possible reactions are not important. The reaction Cþ 18O16O!C16O18O is identical to

the first in terms of its result. The reaction Cþ 18O18O!C18O2 yields a molecule of very low

abundance as 18O is much rarer than 16O.

Thesetworeactionsoccuratdi¡erentspeeds,withtwokinetic constants,K18andK16.Letus
note the initial concentrations of the product containing the isotopes18 and16 asU18 and
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U16, giving
16O16O,andnoteasY18andY16 the concentrationsofC

18O16OandC16O2.We can
write:

� dU18

dt
¼ K18 U18 ¼ dY18

dt

and

� dU16

dt
¼ K16 U16 ¼ dY16

dt
:

Ifthe concentrationof initialproducts iskeptconstant

Y18

Y16
¼ K18

K16

U18

U16
:

Therefore

18O
16O

� �
CO2

¼ �
18O
16O

� �
O2

;

or:

� ¼ K18

K16
:

The isotopic fractionation factor is equal to the ratio of the kinetic constants for each
isotope.
A fuller expressionofthis ratiomaybeobtainedbystatisticalmechanicsby using the fact

that the kinetic process consists of two transitions, one towards the activated complex and
theother towardsthestable compound.Naturally,weusuallyhavevery fewdataonthisacti-
vated complex which is very short-lived. Two reactions with two di¡erent isotopes (see
Lasaga,1997)arewritten:

Aþ BC�!K1
ABþ C and Aþ BC0�!K2

ABþ C0:

Itcanbeshownthat

K1

K2
¼ QABC0 QBC

QABC QBC0
;

Q being partition functions corresponding to theactivated complexandto themolecules.
It should be possible to determine the parameters by spectrometry and so check the
precision of this theory but in fact the problem is so complex that we are far from having
resolved the theoretical approach and having determined the necessary spectroscopic
parameters. But we do understand the general sense of the mechanisms, which is the
most important thing. Experimental data are therefore used to model natural
phenomena.
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The temperature e¡ect
During transport, isotopic fractionation is insensitive to temperature as it is in (m1/m2)

1/2.
However, collisions and molecular recombinations are a function of energy and therefore
oftemperatureandaretheoreticallyactivated. It isunderstandable, then, that isotopic frac-
tionationvarieswith temperature duringkineticprocesses.

Roughlyspeaking, temperature shouldpromotekinetic fractionation.Havingmade this
simple observation, things become more complicated. Isotopic exchange, the process by
which equilibrium is attained, is itself a kinetic process and is therefore activated by tem-
perature, so much so that the increased fractionation because of kinetic e¡ects is progres-
sively cancelled because the equilibrium processes become dominant and therefore
fractionationwill diminishwiththe increase intemperature.

This doublegeneral processwill thus leadtoa lawofkinetic fractionation representedby
abell-shaped curve: fractionation increasing with temperature at ¢rst, and then declining
beyond a certain temperature.This rule is modulated byspeci¢ckinetic mechanisms.This
is why, despite many attempts, we have never managed to give a general expression for
kinetic isotopic fractionationbasedon statisticalmechanics.

Biological e¡ects
Many (if not all) biochemical reactions involve isotopic fractionation. A number of these
fractionation phenomena have been studied in vitro and in vivo, elucidating the intimate
mechanisms of certain important biochemical reactions. It is understandable, then, that
somebiologicalmechanisms, formedby the combinationor the successionofbiochemical
reactions, produce isotopic e¡ects someofwhichare particularly important in geochemis-
try and so deserve our attention. Let us discuss two of them: sulfate^sul¢de reduction by
Desulfovibrio desulfuricans bacteria and chlorophyll photosynthesis (Harrison and
Thode,1957,1958).

Sulfate^sul¢de reduction byDesulfovibriodesulfuricansbacteria The reaction for the
reduction of sulfate to sul¢de is written SO2�

4 ) S2�. It involves a big change in the
degreeofoxidation ofsulfur (þ6) to (�2),which ismadepossible at low temperature only
by the intervention of the bacteria in question (conversely, the reaction S2� ! SO2�

4 is
easy). This bacterial reduction goes along with isotopic fractionation favoring the light
isotope of sulfur but whose amplitude is well below that of the sul¢de, sulfate equili-
brium process, governed by the mass action law (�¼ 1.025 at 25 8C versus �¼ 1.075 for
the equilibrium process). This means the sulfate is enriched in the heavy isotope (34S)
when there is fractionation with the sul¢de.This fractionation plays a role in nature and
helps to¢x the isotopic composition of low-temperature naturallyoccurring sul¢des (see
the endofthis chapter).

Chlorophyll photosynthesis During this process atmospheric CO2 is ¢xed and
the reduced carbon is incorporated into organic molecules. An enrichment in 12C com-
pared with 13C is observed.The d13C value of atmospheric CO2 is �8ø. For carbonate
sediments, d13C varies from þ5 to �5ø. However, plants have d13C values ranging,
depending on varieties, from �15 to �35ø. Park and Epstein (1960) of the California
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Institute of Technology showed that an important step in 12C enrichment occurred in
the process of photosynthesis. They were even able to attribute partition coe⁄cients to
the di¡erent photosynthetic mechanisms (this is outside our ¢eld but is important in
biochemistry).
In short, letus say thatthebiochemical e¡ects are important.Theyare even fundamental

in some instances in geochemistry for understanding awhole series ofphenomena such as
those related to the CO2 cycle or the sulfur cycle. But need they be considered as speci¢c
e¡ects of living organisms that are not bound by ordinary physical and chemical laws?
Various studies have shown on the contrary that biological processes involving enzymes
are in fact a series of chemical reactions.These reactions are associatedwith isotopic frac-
tionation,generallyofthekinetic type.Theredonotseemtobe certainspeci¢cmechanisms
(such as the spin e¡ect) for biological reactions.Thesebiological fractionations of isotopes
havebeendiscussed indetailbyEricGalimov (1985).

7.2.3 The effects of molecular symmetry: mass-independent
fractionation

All the e¡ects we have examined so far fractionate isotopes according to laws propor-
tional to the di¡erence in mass of the isotopes.Thus, in carbonate precipitation, 18O/16O
fractionation is twice17O/16O fractionation. Inbacterial reduction ofsulfate, 34S/32S frac-
tionation is half 36S/32S fractionation. However, kinetic fractionation has been discov-
ered where di¡erences do not depend on the mass di¡erence but on the symmetry of
the molecule. Thus, 18O/16O and 17O/16O fractionation is the same. Mark Thiemens of
the University of California at San Diego has referred to these phenomena explaining
some fractionation observed byRobert Clayton in meteorites (Figure 7.4). Hehas proved
the reality of this phenomenon in the laboratory (Thiemens and Heidenreich, 1983).
These e¡ects also occur in nature, for instance, with ozone (O3) in the atmosphere and
for sul¢des in meteorites and also in Precambrian rocks. Although their theoretical
explanation is complex,6 it does seem that the decisive parameter in such fractionation is
molecular symmetry.
In this sense, two molecules 16O�18O or 16O�17O, both equally asymmetrical, should

have similardegreesoffractionation.During theozone-forming reaction in thehighatmo-
sphere (at an altitude of 50 km),which reaction is extremely important as ozone not only
absorbsultraviolet radiationandprotects theEarth,

OþO2 ! O�3

andthen

O�3 þM! O3 þM

in which O�3 is the excited molecule, and M is the molecule with which O�3 collides and
becomesde-excited.

6 This explanation was given by Rudy Marcus’s team at the California Institute of Technology chemistry
department, but is quite complicated. See Gao and Marcus (2001) for an example.
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Ithasbeen shownthatozoneofmass 54 (18O18O18O) is notenriched relative to16O16O16O
ozone ofmass 48, whereas the asymmetrical molecule 16O17O18Oofmass 51is enriched by
200%. It has also been shown that symmetrical ozone molecules 17O17O17O or 18O18O18O
are depleted, whereas all the asymmetrical molecules 16O17O17O or 17O18O18O, etc. are
enriched.This e¡ect, which is calledmass-independent fractionation andmightbe more
appropriately termed the molecular symmetry e¡ect, seems to act with reactions such as
OþCO!CO2,Oþ SiO!SiO2, etc.
This is an important process in the atmosphere and seems to have played a role in the

presolar primitive nebula as a linear relation of slope1is found in carbonaceous meteor-
ites between �17O and �18O (Figure 7.5).This is an important e¡ect but highly speci¢c to
certain processes. It is just beginning to be exploited but already very successfully (see
below).

7.3 The modalities of isotope fractionation

7.3.1 Kinetic effects or equilibrium effects? Isotopic exchange

Wehave already spoken of this in the earlier chapters. Letus recall a few facts here, as it is a
very important but often neglected phenomenon. Let us bring into contact two chemical
compounds, AO and BO, with at least one element in common, for example, both having
oxygen in their formulas. One of these species has been prepared with 18O exclusively, the
otherwith16O.Aftera certain time in contact it canbe seen thatthe18O/16O compositionof
thetwocompounds is suchthat:

ð18O=16OÞAO

ð18O=16OÞBO
¼ KðTÞ

where K (T) is the equilibrium constant. In other words, the isotopes 18O and 16O have
exchanged suchthatequilibriumhasbeenattained.The rateofthis isotope exchange canbe
measuredandseveralphenomenaobserved:

(1) It is fasterathigher temperatures.
(2) It is faster in gases or liquids than solids. If one of the compounds is a solid it

becomes very slow (in this case the rate of di¡usion in the solid limits the kinetics
of the process).

(3) It depends largely on the position oxygen occupies in the steric con¢guration of
compounds AO and BO,7 that is, the nearer oxygen is to the outside of the
molecular structure, the faster the kinetics8 ^ this isotope exchange is essential in
geochemistry as it provides understanding of various fundamental observations
(Figure7.6).

7 Which relates to the spatial arrangement of the atoms composing the molecule.
8 For example, in the complex ion SO4, oxygen exchanges much faster than sulfur. This is why in sulfate
water S retains the memory of its source but O does not.
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Letus supposewehave a reactionA!B together with kinetic isotope fractionation. If
A and B are left in contact for long enough, the isotopes of A and B swap over, and even-
tually the fractionation between A and B is of the equilibrium fractionation type. To
maintain kinetic fractionation, the initial product and the end product must not be left
in contact. An example of this is the reduction of the sulfate ion SO2�

4 to the sul¢de S2�

(bybacteria) which goes along with an out-of-equilibrium isotope e¡ect. If, after partial
reduction, the sulfate ion remains in contact with the sul¢de ion, the system tends to
establish sulfate^sul¢de isotopic equilibrium. Conversely, if the sul¢de ion S2� is in the
presence of a ferrous ion Fe2þ, the following reaction occurs: 2S2�þFe2þ!FeS2.This
iron sul¢de crystallizes and ‘‘isolates’’ the sul¢de from any further isotopic exchange which
would cancel out the kinetic e¡ect. This is why a number of naturally occurring sul¢des
have isotope compositions re£ecting the kinetic e¡ect (bacterial) related to sulfate
reduction.

Isotope exchange is activated by temperature; therefore, at high temperatures,
only swift and complete isolation of the resulting product can prevent equilibrium
fractionation from taking over. In practice, except for the case of gases that escape and
become isolated, such as gases fromvolcanoes, it is generally di⁄cult to observe kinetic
e¡ects at high temperatures. In these circumstances, equilibrium e¡ects are mostly
preponderant.
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7.3.2 A consequence: isotopic memory

As we have already said when discussing radiogenic isotopes, it is fundamental to under-
stand that all isotope geochemistry, including that of stable light isotopes, is based on the
fact that isotope exchange in the solidphase at low temperatures is veryslowandthe system
isnotconstantlyre-equilibrated,otherwisetherewouldbenoisotopicmemory.Thisderives
fromthe issuesofdi¡usion coveredpreviously.
Let us take the example of calcareous fossil shells. A shell records the 18O/16O isotope

composition of the sea water it was formed in and also the ambient temperature. Once
formed, the shellmoves aroundwith the animal that carries it andwhen the animal dies the
shell falls tothesea£oor.Thereit is incorporated intosedimentsandwiththemwillbepetri-
¢ed in a certain proportion and possibly, much later, will be brought to the surface on the
continentsby tectonicprocesses. Itwill remain there formillionsofyearsbeforeageologist
comes along and collects it for analysis. During this time, the fossil shell is in contact with
the groundwater that circulates in the outer layerof the Earth.Howdoes the shell behave in
contactwith this newwater? If it is isotopically re-equilibratedwith the freshwater whose d
value isverydi¡erentfrom zero, it loses its former isotopic compositionandsoitspaleother-
mal memory. Its isotopic composition no longer re£ects the conditions of the old ocean
but the conditions of recent aqueous circulation. In fact, in most (but not all!) cases, the
shell remains compact and no isotope exchange occurs.The low rate ofdi¡usion ofoxygen
in calciteat lowormoderatetemperatures limits themechanism.Andall thebetter forgeol-
ogists! Theycan determine thepast temperatureoftheoceanwhere the animalwhose shell
itwas lived.
An important phenomenon is cooling. Isotopic equilibrium among minerals is

established at high temperature.The mineral assemblage cools and so follows a decreas-
ing thermal trajectory. The isotope equilibrium constant is dependent on temperature,
and isotope reactions should continue to take place constantly matching temperature
and isotope composition. If this were so, the system would lose all memory of its past
at high temperature and isotope analysis would merely re£ect the low-temperature
equilibrium. In fact, as isotope exchange at low temperatures occurs very slowly, if
cooling is rapid, theminerals often retain the composition acquired at high temperature.
But this is not always so. Cooling is not always rapid. In metamorphism especially,
exchanges are sometimes accelerated by certain factors and ‘‘initial’’ isotope composi-
tions are not alwaysmaintained. But as the oxygen di¡usion constants of the various sili-
cateminerals are di¡erent, the temperatures indicatedby thevariousminerals also di¡er.
There is a sort of disequilibrium allowing us to detect the occurrence of any secondary
e¡ect.
All of this means that when measuring a compound’s isotopic composition we

must question the meaning of the message it carries and the time it was encoded.
Does it correspond to the period when the object formed? Is it the outcome of second-
ary phenomena? If so, what phenomena? Once again, everything is dominated by iso-
tope exchange mechanisms. The importance of these e¡ects is attested by the answer
to the following general observation. Why is sulfur isotope geochemistry not used
more often, since it has substantial natural variations (from þ60 to �40)? Because in
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many compounds, and particularly in sul¢des, secondary isotope exchange occurs
very rapidly. Through this exchange, the compounds lose much of the isotope memory
of their origins. Another reason is the fact that sulfur geochemistry is highly complex
with many degrees of oxidation, etc. However, interesting results have been obtained
with sulfur isotopes.

7.3.3 Open system or closed system

The open systemor in¢nite reservoir
Whenoneofthe reservoirspresent is of in¢nite size (or is in direct contactwithaboundless
reservoir) the modalities of isotope fractionation are governed by the initial fractionation
conditions and by conditions related to subsequent isotope exchange. No mass balance
e¡ectdisturbs the relationbetween�and�:

� ¼ �equilibrium; � ¼ �kinetic; or � ¼ �mixed;

dependingonthenatureofthe initial fractionation and the subsequent isotope exchange. If
the isotope composition of the in¢nite reservoir isR0, the‘‘large’’reservoir imposes its iso-
tope compositionthroughthefractionation factor:

R ¼ �R0 and � � �0 þ ð�� 1Þ 1000:

Exercise

Sea water has a d18O value of 0. Liquid–vapor fractionation at equilibrium at 20 8C is

�¼ 1.0098. What is the composition of the water vapor evaporating if it is in equilibrium

with the water?

Answer
The fractionation factor 18O=16Oð Þvapor= 18O=16O

� 	
liquid

¼ 1=� ¼ 0:99029: Therefore (�� 1)¼
�0.0097, or d18O¼�9.7ø.

The closed system
Where the system is closed, a balance e¡ect is superimposed on the modalities described.
We note the isotope composition of the initial system R0 and assume that from there two
compounds,AandB, areproducedwith isotopic ratiosRAandRB.We canwrite an isotope
fractionation law (without specifyingwhether it is for equilibriumor not) characterized by
�AB, and an atom conservation equation.This gives:R0¼RAxþRB (1� x), wherex is the
molar fractionofthe element. In � notation, thisgives:

d0 ¼ dAxþ dBð1� xÞ or d0 ¼ ðdA � dBÞxþ dB or d0 ¼ DABxþ dB:

Exercise

Let us consider bacterial reduction SO2�
4 ! S2� by Desulfovibrio desulfuricans. The kinetic

fractionation factor 34S/32S between sulfate and sulfide at 25 8C is 1.025 (Harrison and
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Thode, 1958). Let us suppose that bacterial reduction occurred in oceanic sediment that was

continually supplied with sulfate ions. The sulfate stock can therefore be considered infinite.

What is the composition of the S2� on the ocean floor if the d34S of the sulfate is þ24?
Answer
Applying the equation �AB¼ 103 ln � gives �¼þ24.6.
dsulfate� dsulfide¼þ24.6 hence it can be deduced that dsulfide¼�0.6.

Exercise

Let us suppose now that the sediment becomes isolated from the ocean and is no longer

supplied with sulfate ions and that the same phenomenon occurs. The quantity of organic

matter is such that the proportion of sulfur in the state of sulfate is 1/3. Suppose that, in the

initial state, all of the sulfur was in the sulfate state at d34S¼þ24. What is the isotope

composition of S2�? What is the isotope composition of the sulfate?

Answer
We apply the equation:

d0 ¼ DABx þ dB; or dB ¼ d0 � DABx :

From this we obtain dS2� ¼ 15:8; dSO4 ¼ 40:4.

As seen in the previous exercise, the result ismarkedlydi¡erent foranopen system, as the d
value is thenpositive.The e¡ectofthe closed systemhas shifted the isotopevaluesofthe sul-
fate and sul¢de, but not the fractionation factor, of course! (The limiting caseswherex¼ 0
andx¼ 1shouldbe examined.)
However, a £aw can be found in the foregoing reasoning. If the sul¢des remained in a

closed system as ions long enough, it might be that there was some isotopic exchange and
that the sulfate and sul¢de attained thermodynamic equilibrium. In this case �¼ 1.075 at
25 8C (Tudge and Thode, 1950). Repeating the calculation with this value gives
d34sul¢de¼ 0.14and d34sulfate¼ 72.4.
Intermediatescenarios canbe imaginedandtherefore, in nature, thevalueswillprobably

be intermediateones.
As just seen, then, widely di¡erent isotope values are obtained for the same phenom-

enon but di¡erent modalities. It is probably the diversity of modalities that accounts for
thegreat isotopicvariation in sul¢desofsedimentaryorigin (Figure 7.7).

Distillation
Herewe lookat a rather special (butwidelyapplicable!) casewhere the system is closedbut
where theproduct is isolatedas it forms.LetX2 andX1representthenumberofatomsofthe
twoisotopes.Ateachmoment in time,wehave:

dX2=dX1

X2=X1ð ÞA
¼ �
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where�maybeanequilibriumorkineticvalue, dX2 is thequantityof isotope2ofAwhich is
transformed intoB, anddX1is thequantityof isotope1ofAwhich is transformed intoB.By
separating thevariables and integrating,weget:

XA
2 ¼ cX�

1

therefore:

X2=X1ð ÞA¼ cX��1
1 :

Attimet¼ 0 X2=X1ð ÞA ¼ X2=X1ð Þ0 andX1¼X1,0, therefore: c ¼ X2=X1ð Þ 1
X��1

1;0

.
Hence:

X2=X1ð ÞA¼ X2=X1ð Þ0 X1=X1;0

� ���1
:

If the transformed remaining fraction of X1 is called f, we get the famousRayleigh distil-
lation law:

RA ¼ R0f
��1:
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Figure 7.7 Analysis of 34S/32S isotope composition in the main terrestrial reservoirs. Notice that the
domains are very extensive for all reservoirs. This corresponds to highly variable reducing conditions to
which sulfur is subjected.
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Figure 7.8 shows the Rayleigh lawas a function of fwhere�> 1and�< 1.We shall see that
the e¡ects are oppositebut are only extremewhen f is very small.We seehowAevolves, and
alsoB, forwhich, ofcourse,wehave

RB ¼ �R0f
��1:

Themean compositionofA iswritten:

RA ¼ RA;0
f � � 1

f� 1

� �
:

Itcanbeseenthatwhenf is small, the compositionsofthetwocompoundsseemtoconverge.
Andyet their partition coe⁄cient remains constant! But it is clear that as small variations
in f lead to large variations in d, the optical illusion gives the impression of convergence.
Notice too that when f¼ 0, R¼RA,0, because of course ‘‘matter is neither created or
destroyed’’asLavoisier said (except in nuclear reactionsathigh energy!).

Exercise

Find the Rayleigh formula expressed in d.

Answer
d ¼ d0þ 103 (�� 1) ln f. See the next exercise.

Exercise

Let us go back to our example of the formation of sedimentary sulfides. For the time being, we

assume that as soon as the sulfide is formed, it reacts with iron dissolved in solution and

a
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Figure 7.8 Changes in the instantaneous isotopic composition of a reservoir (dR) and an extract (dE)
during a Rayleigh distillation process as a function of the partition coefficient (1.01 and 0.99
respectively). We have �ext-res> 1, �ext-res¼ 1, and �ext-res< 1 and an initial isotopic composition of
the reservoir d0R¼ 0; f is the remaining fraction of the reservoir and (1� f) the extent to which the
reaction has progressed. After Fourcade (1998).
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forms FeS2, without isotope fractionation (in fact, things are more complex than this). Being

heavy in its solid state, the iron sulfide settles out and is removed from contact with the

sulfates. This is a distillation effect. Given that in the end sulfates make up only one-third,

what are the sulfide compositions?

Answer
The initial d 34S is still þ24. The kinetic coefficient � is 1.025. Let us first apply the Rayleigh

equation, which we can use in a handier formwith d. Its mathematical form invites us to shift

to logarithms. The formula becomes:

ln R ¼ ln R 0 þ ð�� 1Þ ln f :

Given that R¼ RS (1þ d/1000) with the logarithmic approximations ln(1þ ")� ", and approx-

imating the two terms ln RS, we get:

d ¼ d0 þ 103 ð�� 1Þ ln f :

This is the form we shall use. The final composition of the sulfates is d¼ 24þ 25 ln(1/3)¼
24þ 27.7¼ 51.7.

The sulfides precipitating in the end have a d value of þ27.1. The average sulfide is

obtained by the balance equation dS average¼þ10.4.

Exercise

In the first quantitative studies to estimate the degassing rate of magmas, Franc� oise
Pineau and Marc Javoy (1983) of the Institut de Physique du Globe in Paris measured the
13C/12C partition coefficient of CO2 in a magma at 1200 8C and found 4.5ø (CO2 being

enriched in 13C). Let us take a basalt with an initial d13C value of �7. After degassing we find

d13C¼�26ø, with a carbon content of 100–150ppm. If we assume a Rayleigh distillation,

what is the extent of degassing of the magma? What was the initial carbon content of the

magma?

Answer
We apply the Rayleigh law in d:

d � d0 ¼ 1000 ð�� 1Þ ln f :

Hence: �20¼ 4.5 ln f and f¼ 0.011, therefore the magma was degassed to 98.8%. Its initial

carbon content was therefore 9000–13000ppm.

EXAMPLE

Isotopic evolution of a cloud shedding rain

A cloud forms over the sea. It then migrates over a landmass or migrates to higher latitudes

and loses rain. It is assumed that the cloud formed by the evaporation of sea water and that

the fractionation factor for the oxygen isotopes remains constant at �¼ 1.008. Figure 7.9

summarizes the isotope evolution of the cloud and of the rain that falls as it evolves. It is

described by a simple Rayleigh distillation.
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7.3.4 Mixing

Aswehavealreadyseen several times,mixingoftwosources is an extremely importantphe-
nomenon ingeochemistry.Forexample,seawater isamixtureofthevarious inputsofrivers,
submarine volcanoes, rain, and atmospheric dust.We have a mixture of two components
A1andA2with isotopic compositions:

xA
yA

� �
1

and
xB
yB

� �
2

:

The isotope compositionofthemixture is:

xA
yA

� �
m

¼
xA1 þ xA2

yA1 þ yA2
¼

xA
yA

� �
1
yA1 þ yA

yA

� �
2
yA2

yA1 þ yA2
:

Ifweposit:

yA1

yA1 þ yA2
¼ x1 and

yA2

yA1 þ yA2
¼ 1 � x1;

and ifwewrite the ratios

x=yR :x=y Rm ¼x=y R1x1 þx=yR2ð1� x1Þ;
then replacingRby the d notationgives:
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(the liquid
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Figure 7.9 Rayleigh distillation between a cloud and rain for d18O. The liquid (rain) is continuously
removed. The vapor fraction is 1� f. After Dansgaard (1953).
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dm ¼ d1x1 þ d2ð1� x1Þ:
We¢ndafamiliarold formula!

Exercise

Carbonates have a 13C/12C isotope composition expressed in d13C of 0ø. Organic products

precipitating on the sea floor have a d13C value of �25ø. What is the mean value of d13C of

the sediments, given that 80% of the sedimentary carbon is in the carbonates and 20% in the

organic products?

Answer
The main isotopic component of carbon is 12C. Therefore x and (1� x) are 0.2 and 0.8,

respectively. This gives 0.2� (�25ø)þ 0.8� 0ø¼�5ø. The average composition of the

sediments is therefore �5ø.

Mixing inacorrelationdiagramoftwoisotoperatiosobeystheequationsalreadydevelopedfor
radiogenic isotopes. Let the two elements whose isotopes are under study be A and B.
Remember that ifthe (CA/CB) ratio is constant for thetwocomponentsofthemixture, themix-
ture is representedbyastraight line. Ifthe tworatios are di¡erent, themixture is representedby
ahyperbolawhosedirectionofconcavity isdeterminedbythe concentrationratiosofAandB.

7.4 The paleothermometer

In some sense, paleothermometry is to stable isotopes what geochronometry is to radio-
genic isotopes, bothan exampleandasymbol.

7.4.1 The carbonate thermometer

Anexampleofthis¢eldofresearchhasbecomealegendofsorts. In1947,HaroldUrey (1934
Nobel Prize winner for his discovery of deuterium, the hydrogen isotope 2H) and
Bigeleisen andMayer published two theoretical papers in which they calculated isotope
fractionation occurring in a series of chemical equilibria. In 1951, while professor at
ChicagoUniversity, Urey and his co-workers used his method of calculation to determine
the isotope equilibriumofcarbonate ionsCO2�

3 andwater (H2O) and calculated the isoto-
pic fractionation that must a¡ect the 18O and 16O oxygen isotopes whose common natural
abundances are 0.205% and 99.756%, respectively. The (18O/16O)carbonate/(

18O/16O)water
ratiomustbe a function ofthe temperature atwhich the two species are in equilibrium.The
variations Urey predicted were small but could be measured, after converting the CO2�

3

into CO2 gas, on the double-collection mass spectrometer already developed byAlfred
NierandhisstudentsattheUniversityofMinnesotaatthetime.Thisfractionationwasmea-
sured experimentallybyUrey’s teamwith the special involvementofSamuel Epstein, who
was to become one of the big names in the speciality.Together, they developed the simple
thermometric equation (in fact, theoriginal coe⁄cientswereslightlydi¡erent):

T 8C ¼ 16:5� 4:3 d18CO3
� d18H2O

� 	
þ 0:13 d18CO3

� d18H2O

� 	2
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whereT8C is the temperature in degrees centigrade, and d18CO3
the isotope composition of

theCO2 extracted from the carbonate,which is expressedbyadeviation fromthe reference
carbonatesample:9

d18CO3
¼

18O=16O
� 	

CO2; carbonateX
� 18O=16O
� 	

CO2; standard

18O=16O
� 	

CO2; standard

2
64

3
75 � 103:

The standard chosen is a reference limestoneknownas PDB.TheChicago teamdecided to
use its carbonate thermometer tomeasuregeological temperatures.To dothis, theychosea
common, robust fossil, the rostrum (the front spike on the shell) ofa cephalopodknown as
a belemnite that lived in the Jurassic (�150Ma) and was similar to present-day squids.
Suppose that in the course of geological time, the isotopic composition of oxygen in sea
waterhadremained constantatd18O¼ 0.Thenthe18O/16Ooxygen isotopic compositionof
the carbonate of the fossils re£ects the temperature of the sea water in which the shell
formed.This isotope composition became ¢xed when the carbonate was incorporated as
calcite crystals in the fossil shells (as solid-phase reactions at low temperatureareveryslow,
there is little chance that the compositionwas altered bysecondary processes). Bymeasur-
ing the isotope composition of fossils, it is possible to determine the temperature of the
ancient seas.To con¢rm this idea, the Chicago team thereforemeasured a series of belem-
nite rostrafromvariousgeographicareasandofdi¡erentstratigraphic ages (Figure 7.10).
The results, ¢rst announced in preliminary form at the 1950 annual meeting of the

Geological SocietyofAmericawere spectacular and immediately claimed the attention of
the entiregeological community.Letus summarize them.
At the scale of the planet, for the Jurassic, when belemnites lived, isotope temperature

obtained varied from12 to 18 8C.These are likely and coherent temperatures; likely because
otherpaleoecological indicatorsare inagreementwiththem,coherentbecausevariationsover
time in various measurements in various parts of the world concord.Thus it has been deter-
minedthatthemaximumtemperaturewas intheLateCretaceous,usingsamples fromasingle
area(Sweden,Britain)orsamples includingfossils collectedfromNorthAmericaandEurope.
Encouragedby theseworldwide results, theChicago scientists set about dissecting indi-

vidual rostra.Each rostrum ismadeupofconcentric layerswhichareevidenceofbelemnite
annual growth. Layer-by-layer analysis revealed regularly alternating temperatures.There
werethereforesummersandwintersatthetime!Theyevenmanagedtoshowthatoneparti-
cular individualwasborn inthe fall anddied in springtime!

Exercise

The standard chosen for oxygen is SMOW (d18O¼ 0). McCrea and Epstein’s simplified thermo-

metric equation is:

T 8C ¼ 16:5� 4:3 d
18O
CO3

:

9 This is an important detail. It is not the isotopic composition of the CO2�
3 that is measured but that of the

CO2 in equilibrium with the carbonate!
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The precision of measurement of oxygen isotope composition is 0.1 in d units. What is the

power of resolution in temperature of the isotope method defined by Urey?

Answer
Differentiating the formula above gives �T¼ 4.3 �d. So the precision is 0.43 8C. One
might envisage further increasing the precision when making measurements with the

mass spectrometer to attain 0.01%, but this raises a geochemical problem: what do

the tiny differences revealed signify? We shall get some inkling of an answer in what

follows.
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Figure 7.10 Study of a Jurassic belemnite rostrum. (a) A famous figure of a cross-section through a
Jurassic belemnite rostrum. Samples were taken a different radial distances (S, summer; W, winter;
numbers of rings are counted from the outside). (b) Values of d13C and below d18O converted directly
into temperature. The curve shows that the belemnite was born in the fall and died in spring! After Urey
et al. (1951).
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This exceptional scienti¢c success story opened the way to a new geological discipline,
paleothermometry, or the studyofpast temperatures on aprecise scienti¢cbasis, which gave
tremendous impetus to paleoclimatology. It also encouraged researchers to forge ahead. If
stable isotopes ofoxygen hadyielded such signi¢cant results in their ¢rst application in geol-
ogy, itcouldbehopedthatthe examinationofotherproblems,otherproperties, andotherele-
mentswouldbe equallysuccessful.Thishopegave rise totheworkthat founded stable isotope
geochemistry.However, theChicagoteam’spaleothermometerwasbasedontheassumption
that �seawater¼ 0hasbeen constantthroughoutgeological times.Aswe shall see, thishypoth-
esis probablyholds over the average for millions ofyears but not on the scale of thousands of
yearswhich is thetimescaleoftheQuaternaryera (Epsteinetal.,1953;Epstein,1959).

7.4.2 The 18O/16O isotope composition of silicates
and high-temperature thermometry

It is relativelyeasy tomeasure the isotopic compositionofoxygen in carbonates sinceCO2�
3

reacts with phosphoric acid to transform into CO2, which can be measured directly in
double-collector mass spectrometers. It is far more di⁄cult to extractoxygen from silicate
minerals. This means using £uorine gas or even the gas BrF5 and then transforming the
oxygen into CO2 by burning. Of course, all such processes should be performed with no
isotopic fractionation or well-controlled fractionation! These techniques were developed
at theCalifornia Institute ofTechnologybyHughTaylor andSamEpstein in the late1960s
(EpsteinandTaylor,1967).
Measuring the oxygen isotope composition of silicate minerals reveals systematic

variations with the type of mineral and the type of rock to which the mineral belongs.
These compositions can be characterized by measuring isotope fractionation between
minerals.Now,oneofthegreatfeaturesof isotopes is thatisotopefractionation isverylargely
independent of pressure and dependent mainlyon temperature.Variations in volume asso-
ciated with exchange reactions are virtually zero.Therefore isotope equilibrium reactions
are very useful for determining the temperatures at which natural mineral associations
formed. Indeed�varieswithtemperatureandtendstowardsunityatveryhightemperatures.
Aswehavesaid, thevariationof�withT takes theform:

ln � ¼ Bþ C

T
þ A

T2
:

The form of this equation is preserved for � and �. Between two minerals m1 and m2 in
equilibrium:10

Dm1m2
¼ �m1

� �m2
� A 106 T�2

� �þ B ¼ 1000 ln �:

The term1/T is generally negligible. Oxygen isotopes are especially useful here. Oxygen
is the most abundant element in silicates and the 18O and 16O isotopes fractionate in
nature in proportions that can be easily measured by mass spectrometry. Experimental
studies conducted mostly by the Chicago University group under Robert Clayton and

10 Tables usually give absolute temperatures so degrees must be converted from Celsius to Kelvin.
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Jim O’Neil and supplemented by theoretical workof Yan Bottinga andMarc Javoy at the
InstitutdePhysique duGlobe inParishaveprovideda seriesofreliablevalues forcoe⁄cients
AandB (seeO’Neil andClayton,1964;BottingaandJavoy,1975; Javoy,1977).

In the experimental procedure, the isotope fractionation between minerals and
water ismeasured¢rst.This is a convenientmethodas isotope equilibration is attainedquite
rapidlyatabout80^100 8C.Thefractionationbetweenminerals is thencalculated.

Tables7.1and7.2showthevaluesofcoe⁄cientsAandB forvariousmineral^waterequili-
bria (we shall see the intrinsic importance of such fractionation later) and then for fractio-
nationbetweenpairsofminerals.

Exercise

What is the d18O compositionof amuscovite in equilibriumwithwater at 600 8Cwhose d ¼�10?
Answer
The � is written:

1:9 106 � 1

ð873Þ2
 !

�3:1 ¼ �0:6

where �¼ dmusc� dwater.

From this we obtain dmusc¼�10.6.

Table 7.1 Isotope fractionation for mineral–water pairs

Mineral Temperature (8C) A B

Calcite (CO3Ca) 0^500 2.78 � 2.89
Dolomite 300^500 3.20 � 1.5
Quartz 200^500 3.38 � 2.90
Quartz 500^800 4.10 � 3.7
Alkali feldspar 350^800 3.13 � 3.7
Plagioclase 500^800 3.13 � 3.7
Anorthite 500^800 2.09 � 3.7
Muscovite 500^800 1.9 � 3.10
Magnetite (reversedslope) 0^500 � 1.47 � 3.70

Table 7.2 Results of 18O isotope thermometry based on 18O/16O
fractionation of mineral pairs

Pair A B

Quartz^albite 0.97 0
Quartz^anorthite 2.01 0
Quartz^diopside 2.08 0
Quartz^magnetite 5.57 0
Quartz^muscovite 2.20 � 0.6
Diopside^magnetite 5.57 0

Source:AfterO’Neil (1986)modi¢edbyBottingaandJavoy (1975).
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Theseareshown inFigure7.11intwoways:asafunctionoftemperature (8C)andasafunction
of106/T2 because the fractionations are linear.We plot1000 ln�, that is�, on the ordinates,
which means we can calculate �water¼ dmineral ^ dwater directly. Notice that fractionation
cancels itselfout at high temperatures. On the experimental curves, this convergence seems
to occur at less than�¼ 0, but this e¡ect is probablydue to experimental errors.Thatwould
meanthatmineralsandwaterwereofthesame compositionathightemperatures.

Exercise

Water with dwater¼�10 and rock (composed of several minerals) with an initial d value of

d(0)rock¼þ6 are put together. If we mix 100 g of rock and 110 g of water and heat them to

high temperature (500 8C in an autoclave) for which we take a zero overall� value, what will

be the composition of the rock and water after the experiment, given that the rock contains

50% oxygen and 90% water?

Answer
dwater¼ drock¼�4.29.

So having the valuesA and B for several minerals, we can calculate fractionation between
mineralpairs foreachtemperature:
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Figure 7.11 Isotope fractionation curves for water and some minerals as a function of temperature
(T, or 106/T2). Notice that the curve should theoretically converge to zero. The error is the result
of experimental uncertainty. After O’Neil (1986).
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Dm1�m2
¼ Dm1�water � Dm2�water:

Letus takethe caseofquartz^muscovitebetween500and800 8C:

Dquartz�musc ¼ 2:20 � 106=T2 � 0:6:

We can set about geological thermometry using these various pairs ofminerals. Having
measured�m1�m2

,we returntothe established formulaandcalculateT.
In thisway, the temperatures ofvariousmetamorphic zones havebeen determined. But,

ofcourse,muchaswithconcordanceofagesbyvariousmethods,wemustmakesurethevar-
iouspairsofmineralsyieldthe sametemperature.

MarcJavoy,SergeFourcade,andthepresentauthor,attheInstitutdePhysiqueduGlobe
in Paris, came upwith a graphical discussion method: after choosing a reference mineral,
wewrite foreachmineral:

D quartz�mineral � B ¼ A=T2:

Inaplotof��BagainstA, thevariousmineralsofarock in isotopic equilibriumarealigned
on a straight line through the origin whose slope (1/T2) gives the temperature at which they
formed (Figure 7.12). If thepoints are not aligned, the rock is not in equilibriumand the tem-
perature cannotbedetermined. Itwasthuspossibletodrawupatableofthethermaldomains
where the main rocks were formed (Figure 7.13).These ¢ndings are consistent with indirect
evidencefrommineralsynthesis experimentsandmetamorphiczoneography.

Exercise

The d18O values of the minerals of a metamorphic rock are: quartz þ14.8, magnetite þ5.
(1) Calculate the equilibrium temperature of quartz–magnetite.

(2) Calculate the d18O of an aqueous fluid in equilibrium with the rock.

Answer
(1) 481 8C.
(2) þ11.3.
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Figure 7.12 Javoy’s method of determining paleotemperatures, used here for San Marcos gabbro. P,
plagioclase; Hb, hornblende; Px, pyroxene; Mg, magnetite; A and B are defined in the text.
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7.4.3 Paleothermometry of intracrystalline isotopic
order/disorder

After the paleothermometry of silicate rocks, one might legitimately ask with hindsight
why the same approach was not adopted for low-temperature paleothermometry and
why several minerals were not used instead of calcite alone to break free of the hypothesis
of a constant � value for seawater? In fact, researchwas conducted along these lines and,
for this, the isotopic fractionation between water and calcium phosphate and water and
silica was measured since these minerals are commonplace in marine sediments and in
particular in ¢sh teeth for phosphates and diatoms for silica. Unfortunately, as
Figure 7.14 shows, while the fractionations are di¡erent for the three minerals (CaCO3,
CaPO4, and SiO2), their variations with temperature are parallel.They may therefore not
be used two-by-two to eliminate the unknown factor which is the isotopic composition
of seawater!
Anewmethodhasvery recentlyemergedto eliminate theunknownquantityofthe isoto-

pic composition of ancient water. It was developed by the new team around John Eiler at
theCalifornia Institute ofTechnology. It isbasedon isotopic fractionations existingwithin
a single molecular species among the di¡erent varieties of isotope (see Ghosh et al.,
2006b). Let us take the carbonate ion CO2�

3 as an example. This ion comprises num-
erous isotopic varieties: 12C16O16O16O, 12C16O16O18O, 12C16O18O18O, . . ., 13C16O16O16O,
13C16O16O18O, . . ., etc. These are what are called isotopologs (see Section 7.2.1). Table 7.3
provides an inventory and gives their mean proportions in the ‘‘ordinary’’carbonate ion.
Each is characterizedbyadi¡erentmolecularmass.
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Figure 7.13 Isotope temperature of different metamorphic grades determined from pairs of minerals.
After Garlick and Epstein (1967).
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In a calcium carbonate crystal, thermodynamic equilibria in the sense of Urey occur
among the various isotopic species. Keeping to the most abundant varieties, we canwrite
the equilibrium:

13C16O2�
3 þ 12C18O16O2�

2 , 13C18O16O2�
2 þ 12C16O2�

2 :

masses: ð61Þ ð62Þ ð63Þ ð60Þ:
Theequilibriumconstantdependsontemperature.Thelower thetemperature, themorethe
reaction favors the right-handmembers, that is thememberswith theheavy isotopesofcar-
bon and oxygen (the most advantaged would be 13C18O18O18O, but as its abundance is
94 ppt, itcanbarelybemeasured). In fact, thisreactionmaybeconsideredanorder/disorder
reaction. The lower the temperature, the greater the ordering (light species with light,
heavy species with heavy).The higher the temperature, the more disordered the assembly
andthe equilibriumconstanttends towardsunity.

It is a smart ideatouse these equilibriawithin the calcite crystal, butthere is amajordif-
¢culty inpractice.Calciumcarbonate isotopic compositions cannotbemeasureddirectly
inthelaboratory (theymaybemeasurableonedaywith instrumentsfor insitu isotopeana-
lysis, but for the time being they are not precise enough). To measure the isotopic

+25 +30

Ph
o

sp
h

ate – w
ater

C
arb

o
n

ate – w
ater

Silica – w
ater

+35 +40

0

10

15

20

25

Δ18O = δmineral 
–

 
δwater

Te
m

p
er

at
u

re
 (

°C
)

Figure 7.14 Fractionation for 18O/16O for various minerals with water. The curve shows clearly that
they are parallel. After Longinelli and Nutti (1973); Labeyrie (1974).
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compositionofCO2�
3 radicals theyare transformed intoCO2moleculesbyareactionwith

phosphoric acid.
Thebreakthroughby the Caltech teamwas to have developed a technique for extracting

carbonate isotopevarieties and transforming them into clearly identi¢able CO2molecules
and in particular for distinguishing 13C18O16O (mass¼ 47), 12C16O16O (mass¼ 44),
12C18O16O (mass¼ 46), and 13C16O16O (mass¼ 45) and showing they re£ect the propor-
tions of CO2�

3 molecules (by adding 16O to each). To do this, they de¢ned the unit �47

betweenthe ratiosmeasured formasses 47and44:

D47 ¼ ð47=44Þsample � ð47=44Þreference
h i

� 103:

Table 7.3 Isotopologs

Mass Abundance

CO2
16O12C16O 44 98.40%
16O13C16O 45 1.10%
17O12C16O 45 730 ppm
18O12C16O 46 0.40%
17O13C16O 46 8.19 ppm
17O12C17O 46 135 ppm
18O13C16O 47 45 ppm
17O12C18O 47 1.5 ppm
17O13C17O 47 1.5 ppm
18O12C18O 48 4.1ppm
17O13C18O 48 16.7 ppm
18O13C18O 49 46 ppb
CO3
12C16O16O16O 60 98.20%
13C16O16O16O 61 1.10%
12C17O16O16O 61 0.11%
12C18O16O16O 62 0.60%
13C17O16O16O 62 12 ppm
12C17O17O16O 62 405 ppb
13C18O16O16O 63 67 ppm
12C17O18O16O 63 4.4 ppm
13C17O17O16O 63 4.54 ppb
12C17O17O17O 63 50 ppt
12C18O18O16O 64 12 ppm
13C17O18O16O 64 50 ppb
12C17O17O18O 64 828 ppt
13C17O17O17O 64 0.5 ppt
13C18O18O16O 65 138 ppb
12C17O18O18O 65 4.5 ppb
13C17O17O18O 65 9 ppt
12C18O18O18O 66 8 ppb
13C17O18O18O 66 51ppt
13C18O18O18O 67 94 ppt
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Figure 7.15 (a) Calibration of the isotopic order/disorder thermometer with the corresponding
formula. (b) Uplift of the Andes reconstructed by the isotopic order/disorder chemometer. After
Ghosh et al. (2006).

392 Stable isotope geochemistry



The reference (47/44) is the ratio that would pertain if the isotopic distribution among the
varietiesof isotopeswerepurely random.Theyestablishedthefractionation curve (�47, as a
functionoftemperature).
The temperature can therefore be determined from a measurement of �47. The exact

formula (between0and50 8C) is:

D47 ¼ 0:0592 � 106T�2 � 0:02:

Precision is estimatedtobe�2 8C.
An interesting application of this method has been to determine the rate of uplift of

the Bolivian Altiplano. Samples of carbonates contained in soil were taken from the
plateau but of di¡erent ages and dated by other methods.The temperature at which these
carbonates formedwas then calculated.As the curveoftemperaturevariationwithaltitude
intheAndes isknown, the curveofaltitudeversus time couldbedetermined (Figure 7.15).

Exercise

Do you think this isotopic order/disorder method could apply to SiO2 at low temperature

(diatoms)? Write the equivalent equation to that written for carbonate. What would the

isotopic parameter be? Do you see any practical difficulty in this?

Answer
Yes, in principle. The order/disorder equilibrium equation would be:

30Si16O2 þ28 Si18O16O,30 Si18O16Oþ28 Si16O2

mass : ð62Þ ð62Þ ð64Þ ð60Þ

D64 ¼ ð64=60Þsample � ð64=60Þreference
h i

� 103 (or 104 as necessary):

The difficulty is that with the present-day method, Si is measured in the form of SiF4 on the

one hand, oxygen being extracted on the other hand. To apply the method, direct measure-

ment by an in situmethod in the form of SiO2would be required. This will probably be feasible

in the future with ion probes or laser beam ionization.

7.5 The isotope cycle of water

Let us return to the water cycle mentioned at the beginning of this chapter. On Earth, it is
dominatedby thefollowing factors.

(1) The existence of four reservoirs. A series of exchanges among the ocean, the ice caps,
freshwater, and the atmospheremakeup thewater cycle. It is anotherdynamic system.
The reservoirs are of very di¡erent dimensions: the ocean (1370 million km3), the ice
caps (29million km3), river water and lakes (0.00212million km3).The transit time of
water in each reservoir varies roughly inversely with its size, each reservoir playing an
importantgeochemical role.Thus thequantityofwater thatevaporates andprecipitates
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is 500million km3 per thousand years, or more than one-quarter of the volume of
theoceans.11

(2) The ocean^atmosphere hydrological cycle. Water evaporates from the ocean and
atmospheric water vapor forms clouds that migrate and may occasionally produce
rain.Thus salt water is changed into freshwater and transferred from tropical to polar
regions and from the ocean to the landmasses. The hydrological cycle has a double
e¡ect.Cloudsmovefromlowtohigh latitudesandalsofromtheoceantothe continents.
The freshwater that falls as rain over the landmasses re-evaporates in part, runs o¡or
seeps in, thusformingthefreshwater reservoirwhichultimately£owsbacktotheocean.

(3) Thepolarregions.Whenprecipitation fromcloudsoccurs inpolar regions,wenolonger
have rain but snow.The snow accumulates and changes into ice forming the polar ice
caps. These ice caps £ow (like mountain glaciers, but more slowly) and eventually
breakup intheoceanas icebergsandmixwiththeocean.

Thewholeofwatercirculationontheplanetandthevariousstagesofthe cyclehavebeenstu-
died in terms of isotopes.We have seen, when examining theoretical aspects, that when
water and water vapor are in equilibrium, oxygen and hydrogen isotope fractionation are
associated.This double pairof isotopes has allowedus to construct quantitative models of
watercirculation.However, theproblemsraisedbythesestudiesarenotas simpleas thethe-
oretical studysuggested.

7.5.1 Isotope fractionation of clouds and precipitation

Acloudis composedofwaterdroplets inequilibriumwithwatervapor.Watervaporanddro-
plets are in isotopic equilibrium. All of this comes, of course, from water which initially
evaporated.

Letus takeacloudnear the equatorand follow itas itmoves tohigherlatitudes.The cloud
is enriched as awhole in 16O relative to seawater, as we have seen, and so has a negative �
value.As itmoves itdischarges someof itswateras rainfall.The rainwater is enriched in the
heavy isotope, and sothe cloudbecomes increasinglyenriched in the light isotope.Thepre-
cipitation is increasingly rich in light isotopes, which e¡ect is o¡set in part by the fact that
thefractionation factorvarieswith1/T.Aswemoveawayfromtheequator, itcanbeseensta-
tistically thattheprecipitation has increasinglynegatived18Ovalues (Figure7.16).

As clouds undergo genuine distillation, by progressively losing their substance, their iso-
tope composition obeys a Rayleigh law, but a‘‘super law’’ because as they move polewards,
thetemperaturefalls, thefractionation factoralsoincreasesanddistillationbecomes increas-
inglye¡ective (Figure7.17), somuchsothatatthepolesthed18Ovaluesare extremelynegative.

Weobservegeographical zoning for which the d18Ovalueandmeanair temperature can
be related (Epstein etal.,1965;DansgaardandTauber,1969) (Figure7.18).

The general cycle of clouds is repeated at local scale, when clouds move over landmasses
andprogressivelyshed theirwater.Thus, freshwaterhasnegative d values.Thisphenomenon
has been studied using the paired tracers 18O/16O and D/H.Harmon Craig of the Scripps
Institution of the University of California showed that rain and snow precipitation and the

11 1 km3� 1012 kg.
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composition ofglaciers lie onwhat is known as themeteoricwater line: dD¼ 8� d18Oþ 10
in the (dD, d18O) diagram (Figure 7.3).The slope of value 8 corresponds to an equilibrium
fractionation between the water and its vapor at around 20 8C. We have good grounds
to think, then, that precipitation occurs in conditions of equilibrium. It was thought in early
studies ofthewater cycle that evaporationwasalso statisticallyan equilibriumphenomenon.
In fact, this is not so. Evaporation,which is akinetic phenomenon in isotopic terms, leads to
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Figure 7.16 Fractionation of �18O in a cloud as a function of Rayleigh distillation. The cloud forms at the
equator and moves to higher latitudes, losing water. The fractionation factor varies with temperature.
Modified after Dansgaard (1964).
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18Ocontentsofvapor thataremuch lower than theywouldbe in equilibrium.Butdepend-
ing on the climate, kinetic evaporation may or may not be followed by partial isotope
re-equilibration which means the vapor composition does not lie on the straight line
of precipitation.The same is true, of course, of surface seawater, which forms the residue
of evaporation. Its 18O composition is variable and depends on the relative extent of
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Figure 7.17 Study of 18O/16O fractionation. Liquid–vapor fractionation of H2O for 18O/16O and D/H as a
function of temperature. Notice that the scales are different. After Jouzel (1986).
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evaporation and ofprecipitation (which are substantial over the ocean) and of the input of
fresh water.These variations are particularly sensitive in the North Atlantic (Epstein and
Mayeda,1953).Wevisualize thevariations and the in£uence ofthevariousphenomenathat
causes them in a (d18O, Sø) plot, where Søis the salinityof seawater (Figure 7.19). As can
be seen, there is avery close correlationbetween the two.All ofthis shows thatthis is awell-
understood¢eldofresearch.

EXAMPLE

Precipitation in North America

This is a map of dD and d18O for precipitation in North America (Figure 7.20). From what has

just been said about the effect of isotope distillation of clouds, the pattern of rainfall over

North America is described. The main source of rainfall comes from the Gulf of Mexico with

clouds moving northwards and becoming distilled. This distribution is modified by several

factors. First, the relief, which means the clouds penetrate further up the Mississippi valley

but discharge sooner over the AppalachianMountains in the east and the RockyMountains in

the west. Other rain comes in from the Atlantic, of course, so the distribution is asymmetrical.

Conversely rain from the Pacific is confined to the coast and moves inland little, so the lines

are more tightly packed to the west.

Exercise

From the information given since the beginning of this chapter, use theoretical considerations

to establish Craig’s equation:

d18O ¼ þ8; dD þ10:

E > P
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Figure 7.19 Relations between d18O and salinity. (a) Theoretical relation. P, precipitation; E, evaporation.
(b) Various measurements for the North Atlantic. NADW, North Atlantic Deep Water. After Craig (1965).
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Answer
Clouds obey a Rayleigh law:

dD � dD;O þ 103ð�D � 1Þ ln f

dO � d18O;O þ 103ð�O � 1Þ ln f :

This simplifies to:

dD � dD;O
d18O � d18O;O

� �D � 1

�O � 1

� �
:

At 20 8C, as seen in the previous problem, �D¼ 1.0850 and �18O � 1:0098, hence:

�D � 1

�18O � 1
� 8:

We therefore have the slope. The ordinate at the origin seemsmore difficult tomodel because

for vapor formed at 20 8C, dD;O � 8d18O;O ¼ �6:8 whereas we should find 10. We shall not go

into the explanation of this difference, which is a highly complex problem, as shown by Jean

Jouzel of the French Atomic Energy Commission. The different aspects of the hydrological

cycle, including kinetic effects during evaporation, play a part.

7.5.2 Juvenile water

It iswellknownthat inthewatercycle, there isan inputfromhotwater fromthedepthsofthe
Earth. Itwas long thoughtthat thishotwater was thegradual degassingofwater trappedby
the Earthwhen it ¢rst formed, aswith the primitive ocean. If thiswere so, thiswater would
progressively increase the volume of thehydrosphere.Water fromdeepbeneath the surface
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Figure 7.20 Distribution of 18O/16O and D/H in rainfall in North America. The 18O/16O ratios are in
brackets. After Taylor (1974).
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is still referred to as juvenile water.Harmon Craig (he again) studied geothermal water to
determine the isotope composition of any juvenile water. He showed that the d values of
geothermalwaters fromthesamesource canbeplottedona (dD,d18O)diagramon straight
lines pretty well parallel to the d18Oaxis andwhich cut the straight line ofprecipitation cor-
responding to the composition of rainwater for the region. And so the composition of
geothermalwater canbe explainedby the evolutionofmeteoricwater via isotope exchange
ofoxygenwith the country rock.There is no need to invoke juvenile water from the mantle
to explainthese isotope compositions (Figure7.21).
As these relations are systematic forall thegeothermal regions studied,Craig concluded

thatthe inputof juvenilewater into the currentwatercycle isnegligibleandthatgeothermal
waters are only recycled surface water. The same goes for water from volcanoes. This
hypothesis hasbeen con¢rmedbymore elaborate studies ofvariations in the isotope com-
position of geothermal water over time. In many cases, it has been shown that variations
trackedthoseobserved in the sameplace for rainwater,withatime lag corresponding to the
transittimewhichvaried frommonths toyears.12

EXAMPLE

Iceland’s geysers

In some instances, such as the geysers of Iceland, the straight line of (dD, d18O) correlation is

not horizontal but has a positive slope (Figure 7.22).
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Figure 7.21 Correlation diagram for (18O/16O, D/H) in geothermal waters. They form horizontal lines
cutting the meteoric straight line at the point corresponding to local rainwater. This is interpreted by
saying that water has exchanged its oxygen isotopically with the rock but the hydrogen of water does
not change because it is an infinite hydrogen isotope reservoir compared with rocks that are relatively
poor in hydrogen. After Craig (1963).

12 A spa water company signed a research contract with a Parisian professor to study the isotopic
composition of the water it sold to prove it was ‘‘juvenile’’ water, a name whose advertising value can
be well imagined. As the studies showed the water was not juvenile, the company terminated the
contract and demanded that the results should not be published!
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Suppose we begin with rainwater of local composition and that this water undergoes

distillation by evaporating. Then:

dD � dO;D þ 103ð�D � 1Þ ln f :

d18O � d18O;Oþ 103ð�18O� 1Þ ln f :

Eliminating ln f gives:

dD � dO;D
d18O� d18O;O

� �D � 1

�O � 1

� �
:

We know that at 100 8C, for water–vapor fractionation, �D¼ 1.028 and d18O¼ 1.005. The

slope corresponds to 5.6, a lower value than that of equilibrium fractionation (8). The effect is

therefore a combination between exchange and distillation.

In fact, in nature, isotopic compositions of geothermal water or vapor are combinations

between Rayleigh distillation and the water–rock oxygen isotope exchange, between kinetic

fractionation and equilibrium fractionation. A horizontal slope indicates that isotope

exchange has been possible and so the transit time is long. When the slope is identical to

that of the Rayleigh law, the transit time has been short.

7.6 Oxygen isotopes in igneous processes

Examination shows that the18O/16O isotope composition ofunaltered rockofdeep origin,
whether ocean basalts or ultrabasic rocks, is extraordinarily constant at d18O¼þ5.5
(Figure 7.23).This value is analogous to themeanvalue ofmeteorites. It has thereforebeen
agreed that this value is the reference value for the mantle.When taking stockofmeasure-
ments on basic or acid, volcanic or plutonic igneous rocks, the results are found to divide
between:
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Figure 7.22 Correlation diagram for (18O/16O, D/H) in acidic geothermalwaters and geysers. The diagram
is identical to the previous one except that these are acidic geothermalwaterswith a high sulfate content
whose pH is close to 3 and for which the correlated enrichment in D and 18O results mostly from more
rapid evaporation of light molecules with kinetic fractionation into the bargain. After Craig (1963).
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� igneous rockswithad18Ovaluegreater than5.5;
� igneous rockswithad18Ovalue less than5.5, andsomewith negativevalues.

These two trends correspond to two typesofphenomenaa¡ecting igneous rocks: contami-
nationbycrustal rocksandpostsolidus exchangeswith hydrothermal£uids.

7.6.1 Contamination phenomena

These phenomena are classi¢ed under two types: those involving mixing at the magma
source where melting a¡ected both acidic and basic metamorphic rocks, and those
where contamination occurred when the magma was emplaced. The latter process,
known as assimilation, obeys a mechanism already accounted for by Bowen (1928).
Mineral crystallization in a magma chamber releases latent heat of crystallization.
This latent heat melts rock around the edges of the magma chamber leading to their
assimilation.
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Figure 7.23 Values of d18O in rocks and minerals. After Taylor (1974).
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m # L ¼ m " CP DT;

whereL is the latentheat,m# themassofcrystalsprecipitatingperunittime,m" themassof
rockassimilated,CP thespeci¢cheatofthesurroundingrocks,and�T thetemperaturedif-
ference between the wall rock and the magma. If we can writem#¼ kM, then kML¼m#
CP�T, therefore:

m"
M

� �
¼ kL

CP DT

� �
:

Themagmais contaminated isotopically tooby themixing law:

ðd18OÞHy ¼ ðd18OÞmagmað1� xÞ þ ðd18OÞcountry rockðxÞ

with x¼ m #=Mð Þ, because the oxygen contents of the country rock and the magma are
almost identical. This was shown by Hugh Taylor (1968) of the California Institute of
Technology (see also Taylor, 1979).

Exercise

What is the d18O value of a basaltic magma whose d18O¼ 0 and which assimilates 1%, 5%,

and 10% of the country rock whose d18O¼þ20?
Answer

The contamination effect therefore increases the d18O value because sedimentary and

metamorphic rocks have positive d18O values. An interesting approach to studying the

contamination of magmas by continental crust is to cross the studies of oxygen isotopes

with those of strontium isotopes. The (O–Sr) isotope diagram can be calculated quite simply

because it is assumed that the oxygen content is analogous in the different rocks. The mixing

diagram depends only on the Sr contents of the two components of themixture. Figure 7.24 is

the theoretical mixing diagram.

Such combined studies have been made of volcanic rocks of the Japan arcs and the

Peninsular Range batholith in California (Figure 7.25).

Exercise

A basaltic magma is emplaced and assimilates 1%, 5%, and 10% of the country rock. The d18O
values are those of the previous exercise. The 87Sr/86Sr values are 0.703 for the magma and

0.730 for the country rock. The Sr content of the magma is 350 ppm and that of the country

rock is 100 ppm. Calculate the isotopic compositions of the mixture and plot the (d18O,
87Sr/86Sr) diagram.

Assimilation

1% 5% 10%

d18O 5.64 6.22 6.95
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Answer
The d18O values have already been given.

It is left to the reader to plot the diagram.
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Figure 7.24 Theoretical O–Sr isotope mixing plots. The x values show the proportion of country rock
relative to the magma. The Srmagma/Srcountry rock parameter varies from 5 to 0.1. M, magma; C, crust.
After James (1981).
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granites in California. After Ito and Stern (1985).
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7.6.2 Water–rock interaction

As we have said, isotope memory is retained if no exchange occurs after crystallization.
When this is not the case, secondary isotopic disturbances canbe turned to account.Hugh
Taylorandhis studentsobservedwhen examining variousgranitemassifs orhydrothermal
mineral deposits that the 18O/16O isotope compositions had been disrupted after their
initial crystallization by water^rock exchanges. The calibration made on water^mineral
fractionationwas thereforeturneddirectly toaccount.

Whereas the d18O values of minerals and rocks of deep origin are generally positive
(betweenþ5 andþ8), these rocks had negative d18O values of�6 to�7. In the same cases,
relative fractionation as can be observed between minerals, such as quartz^potassium
feldspar fractionation, was reversed.Taylor remembered Craig’s results on thermal waters
and postulated that, rather than observing the waters, he was observing rockwith which
the waters had swapped isotopes. From that point, he was able to show that the emplace-
mentofgranite plutons, especially thosewith associatedmineral deposits, involves intense
£uid circulation in the surrounding rock.Ofcourse, the existenceofsuch£uidswas already
knownbecause theygive rise toveins ofaplite andquartz pegmatite and theyengender cer-
tain forms of mineralization around granites, but their full importance was not
understood.

Inaclosedsystem,we canwrite themassbalance equation:

Wgw d0;W þ Rgr d0;R ¼Wgw dW þ Rgr dR

whereW is the mass of water and R the mass of rock, gw is the proportion of oxygen in
the water and gr the proportion of oxygen in the rock, d0,W and d0,R are the initial
compositions of water and rock, and dW and dR are the ¢nal compositions thereof.

W

R
¼ gr

gw

� �
dR � d0;R
d0;W � dW

� �
;

since dW and dR are related by fractionation reactions dW¼ dR��. This gives:

W

R
¼ gr

gw

� �
dR � d0;R

d0;W � ðdR � DÞ
� �

gr
gw
� 0:5:

Indeed,gr¼ 0.45andgw¼ 0.89.Weestimated0,R fromthenatureofthe rockandthe catalog
of sound rock (close toþ5), andwe estimate� by calibrating and estimating temperature
by fractionation amongminerals.This temperature canbe comparedwith the temperature
obtainedby theheatbudget.

Acalculationmaybemade, for example, fora feldsparwithd18O¼þ8and dW;18O ¼ �16
at various temperatures (Figure 7.26a). It shows that in a closed system, theW/R ratiosmay
be extremely variable.

404 Stable isotope geochemistry



Exercise

What is the W/R ratio of a hydrothermal system supposedly working in a closed system at

400 8C?
The initial d18O value of feldspar is þ8, that of the water determined by the meteoric

straight line is d0,W¼�20. The �feldspar–water fractionation factor is 3.13� 106 T�2� 3.7. The

d18O of feldspar is measured as dR¼�2.
Answer
The fractionation factor D ¼ 3:13 � 106=ð673Þ2 � 3:7 ¼ 3:21 ¼ dR � dW ðW=R Þ ¼ 0:34:

δ18O 

δ D
 M

et
eo

ric
 lin

e 

Measured
point

Initial composition
of the fluid

Computation of W/R

10

6

2

-2

-6

-10

10.50 2 3 4 6 10 15 20 25

150 °C TO –3.3

TO –8.9

TO –12.0

250 °C

350 °C

(W/R) closed system
δ1

8 O
 r

o
ck

δRR = 8.5 
δRW = –16 

a

b

Figure 7.26 Variation in d18O composition and (dD, d18O) correlation diagram. (a) The variation in the d18O
composition of a feldspar with an initial composition d ¼þ18 is calculated as a function of (W/R) for
various temperatures, with the initial composition of water being d¼�16. (b) It is assumed the altered
rocks are represented by the blue area in the (dD, d18O) diagram. We can try to determine the initial
composition of the fluid by assuming, as a first approximation, that the dD values of the rock and water
are almost identical. The intersection between the horizontal and the (dD, d18O) correlation diagram of
rainwater gives the value of water involved in alteration. Reconstructed from several of Taylor’s papers.
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Exercise

Let us now suppose the W/R ratio¼ 5, that is, there is much more water. All else being equal,

what will be the d18O value of the feldspar measured?

Answer
d18O¼�14.54.

Theprocessdescribed intheprevious exercise involvesadouble exchangeand it is either the
water or the rock that in£uences the isotopic composition of the other depending on the
W/R ratio.

Allowing for the point that�varieswith temperature, awhole range of scenarios canbe
generated.

Exercise

Let us pick up from where we left off in the previous exercise. Imagine an exchange between

sea water and oceanic crust whose d0,R¼þ5.5. The exchange occurs at W/R¼ 0.2. What will

the isotope composition of the water and rock be?

Answer
At high temperature �¼ 0; maintaining gr/gw¼ 0.5 gives drock¼þ3.64 and dwater¼þ3.64.

Exercise

Let us imagine now that the water is driven out of the deep rock and rises to the surface and

cools to, say, 200 8C. It attains equilibrium with the country rock and its minerals. If the rock

contains feldspar, what will the isotope composition of the feldspar be?

Answer
At 100 8C, �feldspar–water¼ 10. Therefore the feldspar of the rock will have a d value of

13.92�þ14.

It canbe seen from thewater cycle in the previous exercise that hydrothermal circulation
reduces the d value ofdeep rocks and increases the d value of surface rocks. (This iswhat is
observed inophiolitemassifs.)

7.7 Paleothermometry and the water cycle:
paleoclimatology

We have just seen how hydrothermalism can be studied by combining information on the
isotope cycle ofwater and that of isotope fractionation.We are going to see how these two
e¡ects combine to give fundamental information on the evolution ofour planet and its cli-
mate. After the initial impetus from Cesare Emiliani at Miami University and Sam
EpsteinattheCaliforniaInstituteofTechnology,Europeanteamshavebeenthemoreactive

406 Stable isotope geochemistry

7.7 Paleothermometry and the water cycle:
paleoclimatology

supriyo
Pencil



ones in this ¢eld: for sedimentpaleothermometry, the teams fromCambridge andGif-sur-
Yvette; forglacial records, those fromCopenhagen,Berne,Grenoble, andSaclay.

7.7.1 The two paleoclimatic records: sediments and polar ice

Carbonate paleoclimatology
In order to use oxygen isotopes as a thermometer, wemust, strictly, know the d18O values of
two compounds in equilibrium: water and carbonate.The formula established byUrey and
his team for the carbonate thermometer draws on d

18O
CaCO3

and d
18O
H2O

. In a ¢rst approach, the
ChicagoteamhadconsideredthatdH2O, that is the �ofseawater,was constantovergeologi-
cal timeandtherefore thatthed

18O
CaCO3

measurementgavepaleotemperatures directly.Thedis-
covery of extreme d18O values for Antarctic ice challenged this postulate. If the amount of
Antarctic ice lost every year into the ocean varies, the d18O value of the ocean must vary
too, since this icemayhave d18O values as lowas�50. In this case, thehypothesis of constant
dH2O is untenable and it seems that temperatures cannotbe calculated simply. On the other
hand, if the dissolutionofAntarctic ice in theoceanvaries involume, thisphenomenonmust
berelatedtoclimateandtherefore,tosomeextent,mustre£ecttheaverageglobaltemperature.
The ¢rst idea developed byEmiliani in1955 was therefore tomeasure the d18O values of

carbonate foraminifera in Quaternary sediment cores for which (glacial and interglacial)
climatic£uctuationshavelongbeenknown.Variations in isotope compositionareobserved
(Figure 7.27) and seem to be modulated by glacial and interglacial cycles and more
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Figure 7.27 The first isotope determination using �18O of Quaternary paleotemperatures by Emiliani
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speci¢cally to follow the theoretical predictionsoftheYugoslavastronomerMilankovitch.
Are these variations a direct e¡ect of temperature on (carbonate^water) fractionation or
are they the e¡ectof18Odilutionbypolar ice?Thequestion remainedunanswered.
Theformula:

T	C ¼ 16:9� 4:2 d
18O
CaCO3

� d
18O
H2O

� 	
þ 0:13 d

18O
CaCO3

� d
18O
H2O

� 	2
shows us that that two e¡ects work in the same direction. When T increases,
dCaCO3�dH2Oð Þ fractionation decreases and so dCaCO3 decreases if dH2O remains
constant. If, with constant local� fractionation, d

18O
H2O

decreases for wantofpolar ice then
d

18O
CaCO3

also declines.Nick Shackleton of the University of Cambridge suggested that the
18O/16O variations measured in forams were the result of £uctuations in the volume of
polar ice, aclimate-relatedphenomenon.

Jean-Claude Duplessy and his colleagues in the Centre National de la Recherche
Scienti¢que (CNRS) at Gif-sur-Yvette had the idea of comparing d18O £uctuations of
surface-living (pelagic) foraminifera and bottom-dwelling (benthic) foraminifera. It is
knownthatthe temperatureofthedeepoceanvaries littlearoundþ4 8C.

In conducting their study they realized thatd18O£uctuationsofpelagic andbenthic spe-
cieswerevery similar (Figure 7.28). Atmost, extremely close scrutiny reveals an additional
£uctuationof 2øinthed18Oofpelagic species,whereasnogreatdi¡erenceappears for the
same comparison with d13C. This means, then, that the d18O variations in foraminifera
re£ect just as muchvariation in the d value of seawater as variations in local temperature.
Thesignal recorded is thereforemeaningful for theglobal climate (Emiliani,1972).

In fact,morerecentstudieshave con¢rmedthat, forpelagic species, some50%ofthesig-
nal re£ects a Urey-type local temperature e¡ect (remember that when temperature rises
d18O falls), above all in the temperate zones, and 50% the e¡ect of melting of the polar ice
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Figure 7.28 Variation in d18O in samples of two species of foraminifer. Top: a pelagic (ocean surface)
species. Bottom: a benthic (ocean floor) species. Modified after Duplessy et al. (1970).
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caps. For benthic species, the dominant factor is the isotopic £uctuation of the ocean as
Shackleton (1967b) had surmised. In addition, Duplessy’s group and Shackleton estab-
lished that an additional isotope fractionation occurred which was characteristic of each
species of foraminifera studied. But those ‘‘vital e¡ects’’ were calibrated and so isotopic
measurementsondi¡erentspecies couldbemade consistentwith eachother.

Exercise

We have just seen that the d18O variation of foraminifera was mostly due to d16O variation

because of melting ice. Let us look more closely at the quantitative influence of melting polar

ice on d18O. Imagine an intense glacial period when the sea level falls by 120 m. What would

be the volume of polar ice and the d18O value of sea water?

Answer
The ocean surface area is 3.61 � 108 km2. The volume of the ocean is 1370 � 106 km3. The

volume of present-day polar ice is 29 � 106 km3. If the sea level is 120 m lower, 46 � 106 km3

has been stored in the ice caps, corresponding to a mass fraction of the hydrosphere of 3.3%.

The polar ice caps were 1.6–2 times larger than today.

If we take the d18O value of ice as�50ø, then�50ø� 0.033¼�1.65ø. There is indeed a

difference in d18O of this order of magnitude between glacial and interglacial periods. Notice

that, as with radiogenic isotopes, these effects could not be detected if we did not have a very

precise method for measuring d18O.

Glaciers
Another interesting application of this fractionationwasbegun on glaciers independently
by Samuel Epstein of theCalifornia Institute of Technologyand (more systematicallyand
continuously) byWilli Dansgaard ofCopenhagenUniversity.When a core ofpolar glacier
ice is taken, it has layers of strati¢ed icewhich canbe datedby patient stratigraphyandvar-
ious radiochronological methods. Now, the study of these ice strata reveals variations in
d18O and dD (Dansgaard, 1964; Epstein et al., 1965; Dansgaard and Tanber, 1969)
(Figures7.29and7.30).
For a single region such variations are analogous and mean the sequence ofone glacier

can be matched with the sequence of a neighboring glacier. An isotope stratigraphy of
glaciers can be de¢ned. We can venture an interpretation of these facts in two ways.
Either we accept that the origin of precipitation has varied over recent geological time
and we then have a way of determining variations in the meteorological cycle of the past.
Or we consider that the fractionation factor has varied and therefore the temperature has
varied.
Research by Dansgaard and his team on the ice ¢rst of Greenland and then of

Antarctica showed that the temperature e¡ect is predominant. By simultaneously
measuring isotope composition and temperature, he showed that the d18O and dD
correlation did indeed correspond to this e¡ect. Moreover, the qualitative rule is the
reverse of the carbonate rule: when the temperature rises, both d18O and dD increase,
because fractionation diminishes with temperature; but the d values are negative and so
move closer tozero (Figure7.31).Asimple empirical rule is thatwhenever thetemperature
risesby18C,d18O increasesby 0.7ø.
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We can investigate why d
18O
H2O

£uctuation is very important for foraminifera andwhy it is
the local temperature e¡ect that dominates with ice. Because isotope fractionation at very
low temperatures becomes very large and dominates isotope £uctuation related to the
watercycle.Butweshall see thatthis assertionmustbequali¢ed.Modern studiesof isotope
£uctuations of glaciers use a combination of both e¡ects, local temperatures and isotopic
changes in thewatercycle, as for foraminifera, butwithdi¡erentrelativeweightings.

7.7.2 Systematic isotope paleoclimatology of the Quaternary

Wehave justseentherearetwowaysofrecordingpasttemperatures.

(1) Oneisbasedon�18Oanalysisoffossilshells insedimentaryseries (marineandcontinen-
tal cores).

(2) Theotheruses �18Oanalysisofaccumulated layersof ice in the ice caps.

Both these methods have progressively converged to allow very precise studies of climatic
£uctuations in the Quaternary and more especially for the last million years. Nick
ShackletonandWilliDansgaard sharedtheCrafoordPrize in recognitionoftheircomple-
mentaryachievement. Eachmethodhas its limits, and it is onlygradually thatwehavebeen
able to compareandusebothtypesofrecords in a complementaryway to decipherclimatic
variations thathavea¡ectedourplanetover the lastmillionyearsandwhich consist inalter-
natingglacial andwarmer interglacialperiods.
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Core sampling (sequential records)
Coresofmarine sediments canbe taken fromall latitudes and longitudes (in theocean and
from continents and lakes); however, two conditions restrict their use. First, sedimentation
must have occurred above the‘‘carbonate compensation depth’’ for there tobe anymeasur-
able fossil tests left. And second, sedimentation must have been very rapid to provide a
recordwithgoodtime resolution. Sedimentarycoreshavenotime limitsother thanthe life-
span of the ocean £oor. Quaternary,Tertiary, and Secondary cores can be studied up to
120Ma, which is the age of the oldest remnants of oceanic crust that have not been swal-
lowedupbysubduction (ancient cores are compactedand transformed intohard rocks and
sotime resolution isnotasgood).

For ice caps, the¢rstproblem is, ofcourse, their limitedgeographical andtemporal extent.
Geographically, records are primarily from the glaciers of Antarctica and Greenland.
Mountainglaciershavealsorecordedclimatic eventsbutovermuchshorter time-spans.13

Ice caps are limited in time. For a long time, the longest core was one from Vostok
in Antarctica covering 420 000 years. A new core of EPICA has been drilled and covers
700 000 years. Cores from the big mountain glaciers go back a mere 2000 years or so. For
both types of record ^ sediments and ice ^ precise, absolute dating is essential, but here
again many di⁄culties arise. Especially because as research advances and as studies
becomeevermorere¢nedforeversmaller time-spans, theneedforprecision increases con-
stantly.There is scope for 14C dating and radioactive disequilibriummethods on sedimen-
tarycores, but their precision leaves something tobe desired.Useful cross-checking canbe
donewithpaleomagnetism andwell-calibratedpaleontological methods. In turn, the oxy-
gen isotopesofawell-datedcore canbeusedtodatethelevelsofothercores.Thus,gradually,
amoreor less reliable chronology is established,whichmustbe constantly improved.Dating
is di⁄culton ice caps except for themostrecentperiodswhereannual layers canbe counted.
Methods based on radioactive isotopes such as 14C, 10Be, 36Cl, 87Kr, and 37Ar are used, but
theyare extremelydi⁄cultto implementbothanalytically (ice is averypurematerial!) and in
termsof reliability. Switzerland’sHansOeschger (and his team) is associatedwith the devel-
opment of these intricate techniques for dating ice, which, despite their limitations, have
broughtaboutdecisiveadvances indeciphering the ice record (Oeschger,1982).

These clari¢cations should make it understandable that establishing time sequences of
records is adi⁄cultand lengthy jobthat is constantlybeing improved.All reasoningshould
makeallowancefor this.

Deciphering sedimentaryseries and the triumphofMilankovitch’s theory
Between 1920 and 1930, the Yugoslav mathematician and astronomer Milutin
Milankovitch developed a theory to account for the ice ages that had alreadybeen identi-
¢ed by Quaternary geologists (see Milankovitch, 1941). These periods were thought to
be colder.The polar ice extended far to the south andmountain glaciers were more exten-
sive too (Figure 7.32). Alpine glaciers stretched down as far as Lyon in France. These
glacial traces can be identi¢ed from striated rock blocks forming what are known as
moraines.

13 They have been used by Lony Thompson of Ohio State University for careful study of recent tempera-
ture fluctuations (see his 1991 review paper).
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Milankovitch’s theory gave rise to vehement controversy (as vehement as that over
Wegener’s theoryofcontinental drift14).Andyetthis vision ofthepioneers ofthe1920swas
largelyaccurate.This isnottheplacetosetoutthis theory in full. Itcanbefoundintextbooks
onpaleoclimatology, for example, Bradley (1999).However,we shalloutline themainprin-
ciples andtheterms to clarifywhatwehavetosayabout it.
TheEarth’s axisofrotation isnotperpendicular to itsplaneofrotationaroundtheSun. It

deviates from it by 238 on average. But the axis of this deviation rotates around the vertical
over a period of 23 000 years. A further movement is superimposed on these, which is the
£uctuation of the angle ofdeviationbetween 21.88 and 24.48.The period of this £uctuation
is 41000 years.The ¢rst of these phenomena is termed precession, the second is obliquity.
A third phenomenon is the variation in the ellipiticity of the Earth’s orbit, with a period
of 95 000 years. These three phenomena arise from the in£uence on the Earth of the
Sun, Jupiter, and the other planets and the tides. They not only combine but are

Today

18 000 years ago

Figure 7.32 Worldwide distribution of ice in glacial and interglacial times.

14 Wegener had been the first, with his father-in-law Köppen, to suggest an astronomical explanation for
the ice ages before becoming an ardent defender of Milankovitch.
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superimposed, leading to complexphenomena.Thus, at present, the Earth is closest to the
Sun on 21December, but the Earth’s axis is aligned away from the Sun, and so, in all, the
northern hemisphere receives little sunlight. It is winter there, but other conjunctions
also occur. Thus we can calculate the sunshine received during the year at various lati-
tudes. Celestial mechanicsmean such calculations canbemade precisely (see Figure 7.33
for a simpli¢ed summary). As Milankovitch understood, if little sunshine reaches the
Earth at high latitudes in summer thewinter icewill remain, thewhite surfacewill re£ect
solar radiation,andthe coolinge¡ectwillbeampli¢ed.This isagoodstartingpointforcli-
matic cooling.
What should be remembered is that whenwebreakdown the complex signal of sunlight

received by the Earth using Fourier analysis methods (that is, when we identify the sine-
wave frequencies that are superimposed to make up the signal) we ¢nd peaks at 21 000,
41000,and95000years.WhenweconductasimilarFourierdecomposition ford18Ovalues
recorded by foraminifera in sedimentary series, we ¢nd the same three frequencies
(Figure7.34).
The d18O variations re£ect those of the Earth’s temperatures. This ¢nding con¢rms

Milankovitch’s theory (at least as a ¢rst approximation) and so fully bears out the early
studies of Emiliani. In complete agreement with the theory, the sedimentary series also
showed that climatic variations were very marked at the poles (several tens of degrees),
very low in the intertropical zone, and intermediate in the temperate zones (of the order
of�5 8C).
Figures7.35and7.36giveafairlycompletesummaryoftheessential isotopicobservations

madefromsedimentarycores.
Thesedimentarycore record(Figure7.35)alsoshows indetailhowthetemperaturevar-

iations evolved. Cooling is slow, followed by sudden warming. Finer £uctuations are
superimposed on these trends but their frequencies match those of the Milankovitch
cycles.

Con¢rmation ofMilankovitch cycles byAntarctic isotope records
ItwassomeconsiderabletimebeforeMilankovitchcycleswerecon¢rmedintheicerecords,
for two reasons.Therewere no ice cores long enough and so covering a long enough time-
spanandthedatingmethodsweretoo imprecise.
It was only after the famous Vostok core from Antarctica was studied by the Franco-

Russian teamthatevidenceofMilankovitch cycleswas found in the ice record.Butthe core
yieldedmuchmore thanthat: it allowed climatic variations tobe correlatedwithvariations
ofotherparameters:

� dust content: itwas realized thatduring ice ages therewasmuchmore dust and therefore
morewindthanduring interglacialperiods.
� greenhousegas (CO2andCH4) content in airbubbles trapped in the ice ^ when the tem-

perature increases there is an increase inCO2 (in theabsenceofhumanactivity!).

This last question on the debate about the in£uence of human activity on the greenhouse
e¡ect and so on climate is a fundamental one.Which increased ¢rst, temperature or CO2

levels? It is a di⁄cult problem to solve because temperature is measured by dD in ice
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whereas CO2 is measured from its inclusion in ice. Now, gaseous inclusions are formed
by the compacting of ice and continue to equilibrate with the atmosphere, that is, the air
samples areyounger thanthe ice thatentraps them(Figure7.37).
We need, then, to be able to measure the temperature of inclusions directly and com-

pare it with the temperature measured from the �D value of the ice. A method has been
developed by Severinghaus etal. (2003) for measuring the temperature of £uid inclusions
using 40Ar/36Ar and 15N/14N isotope fractionation. After stringent calibration, the teams
at the Institut Simon-Laplace at Versailles University and at the Scripps Institution of
Oceanography (La Jolla, California) managed to show that the increase in CO2 lags
behind the increase in temperature by 800 years (Figure 7.38) and not the other way
round as asserted by the traditional greenhouse-e¡ect model (Severinghaus et al., 1999;
Caillon et al., 2003). Now, we know that CO2 solubility in sea water declines as tempera-
ture rises and that the characteristic time for renewal of the ocean water is 1000 years.
The ¢rst phase of temperature increase followed by the increase in CO2, with a lag of
800 years, can be readily understood, then, if we invoke the lag because of the thermal
inertia of the ocean.There may also be some feedbackof the CO2 e¡ect on temperature.
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Exercise

Argon and nitrogen isotope fractionations are caused by gravitational fractionation in the ice

over the poles. Using what has been shown for liquid–vapor isotope fractionation, find the

formula explaining this new isotope thermometer.

Answer
If we write the fractionation:
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Figure 7.38 Records of �40Ar and CO2 from the Vostok core after shifting the CO2 curve 800 years
backwards. After Caillon et al. (2003).
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� ¼ Cm1
P ð1Þ

Cm2
P ð2Þ

ln� ¼ ln Pm1 � ln Pm2 ¼ Dm
gz

RT
:

From the approximation formulae we have already met:

Dd
1000

� Dm
gz

RT

� 	
with g¼ 10m s�1, T¼ 200K, for z¼ 10m, and R¼ 2.

This gives �d ¼ 0.25 for nitrogen and �d ¼ 1.1 for argon. Once again, extremely precise

methods for measuring isotope ratios had to be developed.

GreenlandandAntarctica records comparedand the complexityofclimatic
determinants
Althoughstudies ofGreenland ice corespre-dated thatoftheVostokcoreby far, itwasonly
after theVostokcorehadbeen deciphered that the signi¢cation of theGreenland coreswas
fully understoodbycontrast (Figure7.39). Itwasobservedthatthe recordoftheoxygenand
hydrogen isotopes at Vostok was much simpler than in Greenland and that the
Milankovitch cycleswere clearly recorded.
Things are more complex in Greenland because sudden climatic events are superim-

posed on theMilankovitch cycles.The ¢rst well-documented event is a recurrent cold per-
iod at the time of transition from the last ice age to the Holocene reported byDansgaard’s
team in 1989.While some 12 800 years ago a climate comparable to that of today set in, it
was interrupted 11 000 years ago by a cold episode that was to last about 1000 years and
which isknownas theYoungerDryas.This eventwas foundsomeyears later inthesedimen-
tary recordoftheNorthAtlantic.
Generalizingon this discovery,Dansgaardusedoxygen isotopes to show that the glacial

period was interrupted by warm periods that began suddenly and ended more gradually.
These events, oftheorderofa few thousandyears, correspond toa 4^5øchange in the �18O
value of the ice and so to a temperaturevariation ofabout 7 8C.Dansgaard’s team reported
24 instancesofthis typeofD^Oepisode, as theyare called (D is forDansgaardandO is for
Oeschger), between12000and110 000yearsago.Theyhavebeendetected inthesedimentary
records of the North Atlantic and as far south as the intertropical zone. Cross-referencing
between sedimentary cores andpolar ice cores has proved so instructive thatboth types of
recordcontinuetobeusedtoanalyzeoneandthe same event.
A second series of events was read this time from the sedimentary records.These were

brief events characterized by the discharge of glaciers as far as the Azores.There are 34 of
these H events (see Heinrich,1988) during the last glacial period and nothing comparable
hasbeen identi¢ed in the ice ofGreenland.The relationshipbetweenD^OandHevents is
unclear, butwhat is clear is thattheyarenot identicalhappenings.
What compounds the mystery is that these brief events are recorded very faintly in

Antarctica,withatime lag.Thereare thereforeoneormoremechanismsgoverning climate
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thataresuperimposedontheMilankovitchcycles.Whyarethese eventsmorereadilydetect-
able in thenorthern hemisphere?Oneofthebigdi¡erencesbetween the twohemispheres is
the asymmetrical distribution of landmasses and oceans (Figure 7.40).This is probably an
important factor, but how does it operate? We don’t know.This qualitative asymmetry is
compoundedbyafurtherasymmetry. Itseemsthatthetransitionsbetweenglacialandinter-
glacial periods occur 400^500 years earlier in the Antarctic. Once again, there is as yet no
clearandde¢nite explanation for this.

Exercise

When the d 18O values of foraminiferan shells are analyzed for glacial and interglacial periods,

variations are of 1.5ø for cores from the intertropical zone but of 3ø for cores from the

temperate zones. How can you account for this phenomenon?
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comparable in both hemispheres, which is evidence that chemically the atmosphere is broadly
homogeneous. By contrast, the d18O (and dD) records are very different. Greenland is the site of
many sudden climatic events that have been numbered, which events are not seen in Antarctica.
After Petit et al. (1999).
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Answer
Temperature variations between glacial and interglacial periods are very large at the poles,

very low in the intertropical zone, and intermediate in the temperate zones. The variation of

1.5ø for the intertropical zone is caused by themelting of ice. It must therefore be considered

that the additional variation of 1.5ø of the temperate zones is due to a local temperature

effect. Applying the Urey–Epstein formula of the carbonate thermometer

T 8C ¼ 16:3�4:3ð�dÞ=0:13ð�dÞ2

gives�T� 4.3�d. This corresponds to 5–6 8C, the type of temperature difference one would

expect in the temperate zone between a glacial and interglacial period.

Veryrecently, the ice recordhasbeen extendedto700 000years thanks tothe coredrilled
byan international consortium in Antarctica at the EPICA site. As Figure 7.41shows, this
facilitates comparison between sedimentary and ice records. New data can be expected
shortly.

7.8 The combined use of stable isotopes and radiogenic
isotopes and the construction of a global geodynamic
system

Climate isacomplexphenomenonwithmultipleparameters.Temperature,ofcourse, isacar-
dinal parameter, but the distribution of rainfall, vegetation, mountain glaciers, and winds
areessential factorstoo.Oxygenanddeuteriumisotopesprovidevital informationabouttem-
peratures and the volume of the polar ice caps. The 13C/12C isotopes are more di⁄cult to
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Figure 7.40 Distribution of landmasses and continents by latitude. The difference between northern
and southern hemispheres is clearly visible.
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interpretbutyieldusefulpointers, forexample,aboutthetypeofvegetation(C3/C4plants)and
its extent. But such information, which should in principle enable us to construct a biogeo-
chemicalpicture, is stillverydi⁄culttodecipherandhasbeenoversimpli¢edinthepast.

The use of long-lived radiogenic isotopes has a similar objective, namely to determine
how climatic £uctuations are re£ected in the planet’s erosional system. Erosion is a funda-
mental surface process. It is what changes volcanoes or mountain ranges into plains and
peneplains.The end products oferosion are of two types. Some chemical elements are dis-
solved as simple or complex ions, while others remain in the solid state. The former are
transported in solution, the latter as particles.Whichever state they are in, they are carried
by rivers down to the oceans where they form sea water in one case and sediments in the
other.The radiogenic isotope ratios are preserved throughout these erosion and transport
processes.They are then mixed in the ocean, either as solutions in seawateror as particles
in sediments.The erosion sites have characteristic radiogenic isotope signatureswhich dis-
tinguishold landmasses,youngcontinents,andvolcanicproductsofmantleorigin.Theiso-
topic compositionsofthemixture thatmakesup seawater thus re£ecttheproportionofthe
various sources involved in the erosionprocesses.
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Figure 7.41 Comparisons of (a) insolation and sedimentary (c) and glacial (b, d) records at the EPICA site.
After the EPICA Community (2004).
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