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PREFACE

Isotopegeology is theo¡springofgeologyononehandandof the concepts andmethodsof
nuclearphysicsontheother. Itwas initiallyknownas‘‘nucleargeology’’andthenas‘‘isotope
geochemistry’’before its currentnameof isotopegeologycame tobepreferredbecause it is
basedonthemeasurementand interpretationofthe isotopic compositionsofchemical ele-
ments making up the various natural systems.Variations in these isotope compositions
yield useful information for the geological sciences (in the broad sense). The ¢rst break-
through for isotope geology was the age determination of rocks and minerals, which at a
stroke transformedgeology intoaquantitative science.Nextcamethemeasurementofpast
temperatures and the birth of paleoclimatology.Then horizons broadened with the emer-
genceofthe conceptof isotopictracerstoencompassnotonlyquestionsoftheEarth’s struc-
tures and internal dynamics, oferosion, andofthe transportofmaterial, but alsoproblems
ofcosmochemistry, including those relating totheoriginsofthe chemical elements.Andso
isotopegeologyhasnotonlyextendedacross the entire domainofthe earthsciencesbuthas
also expandedthatdomain, openingupmanynewareas, fromastrophysics to environmen-
tal studies.
This book is designed to provide an introduction to the methods, techniques, andmain

¢ndingsof isotopegeology.Thegeneral characterofthe subject de¢nes its potential reader-
ship: ¢nal-year undergraduates andpostgraduates in the earth sciences (or environmental
sciences), geologists, geophysicists, orclimatologistswantinganoverviewofthe¢eld.
This is an educational textbook.To my mind, an educational textbook must set out its

subject matter and explain it, but it must also involve readers in the various stages in the
reasoning. One cannot understand the development and the spirit of a science passively.
The reader must be active.This book therefore makes constant use of questions, exercises,
and problems. I have sought towrite a bookon isotope geology in the vein of Turcotte and
Schubert’s Geodynamics (Cambridge University Press) or Arthur Beiser’s Concepts of
ModernPhysics (McGraw-Hill),whichtomymindare exemplary.
As it is an educational textbook, information is sometimes repeated in di¡erentplaces.As

modern research in the neurosciences shows, learning is based on repetition, and so I have
adopted this approach. This is why, for example, although numerical constants are often
given in themain text,manyofthemare listedagain in tables at the end. Inother cases, I have
deliberatelynotgivenvalues sothat readerswill have to lookthemup for themselves, because
informationonehastoseekoutisrememberedbetter than informationserveduponaplate.
Readers must therefore work through the exercises, failing which they may not fully

understandhowthe ideas followon fromoneanother. Ihavegiven solutions aswegoalong,



sometimes in detail, sometimes more summarily. At the end of each chapter, I have set a
numberofproblemswhosesolutions canbefoundatthe endofthebook.

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

Thisbookdoesnotsetouttoreviewall theresultsof isotopegeologybuttobringreadersto
apointwhere theycan consult theoriginal literature directlyandwithoutdi⁄culty.Among
current literature on the same topics, this book could be placed in the same category as
Gunter Faure’s IsotopeGeology (Wiley), to be read in preparation for AlanDickin’s excel-
lentRadiogenic IsotopeGeology (CambridgeUniversityPress).

The guideline I have opted to followhas been to leave aside axiomatic exposition and to
take instead a didactic, stepwise approach.The ¢nal chapter alone takes a more synthetic
perspective,whilegivingpointers for futuredevelopments.

I have to give a warning about the references. Since this is a book primarily directed
towards teaching I have notgiven a full setof references for each topic. I have endeavored to
give due credit to the signi¢cant contributorswith theproperorderofpriority (which is not
always the case in modern scienti¢c journals). Because it iswhat I ammost familiar with, I
havemade extensive use ofworkdone in mylaboratory.This leads to excessive emphasis on
myown laboratory’s contributions in some chapters. I feel sure my colleagues will forgive
meforthis.Thereferencesattheendofeachchapteraresupplementedbyalistofsuggestions
for further readingatthe endofthebook.
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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



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 0.002 116 7 and 0.002 055 1, 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:

364 Stable isotope geochemistry



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

We measure 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)/P0 (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

T V P
:

Since PV¼nRT (Mariotte’s law):

1

P

dP

dT
¼ L

R T 2 hence
dP

P
¼ L

R T 2 dT :

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

Since � ¼ P 0ðX1Þ=P 0ðX2Þ, we have:

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

R T
þ C :

Exercise

The liquid–vapor isotope fractionation is measured 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 process whereby water 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 the model 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.

15

11

7

3

–1

–5

1 2 3 4 5
Time (days)

C

B
50

%
ex

ch
an

g
e

75
%

ex
ch

an
g

e

97
%

ex
ch

an
g

e

A

Δ1
8 O

 (
q

u
ar

tz
–H

2O
) 

at
 5

00
 °C

equilibrium

Figure 7.6 Kinetic curve showing the speed of equilibration by water–quartz exchange. The quartz has
a d18O value of 10. Three types of water with different compositions are brought into contact with the
quartz at 500 8C. The initial isotope compositions of the waters are expressed in d: A (�5), B (þ5), and C
(þ15). The equilibrium value is 3. It can be seen that the three equilibration curves converge towards
the equilibrium value in a matter of days. After O’Neil (1986).

374 Stable isotope geochemistry



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 0:990 29: 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
d34

sul¢de¼ 0.14and d34
sulfate¼ 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 �

377 The modalities of isotope fractionation



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.

378 Stable isotope geochemistry



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

b
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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 form with 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 100–150 ppm. 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 9000–13 000 ppm.

E X A M P L E

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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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 d18
CO3
� d18

H2O

� 	
þ 0:13 d18

CO3
� d18

H2O

� 	2
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whereT8C is the temperature in degrees centigrade, and d18
CO3

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

d18
CO3
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 composition of a muscovite in equilibrium with water at 600 8C whose 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
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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).
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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 situ method in the form of SiO2 would 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.

E X A M P L E

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 Appalachian Mountains in the east and the Rocky Mountains 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:
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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 seems more difficult to model 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

E X A M P L E

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 geothermal waters and geysers. The diagram
is identical to the previous one except that these are acidic geothermal waters with 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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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 ðd
18OÞmagmað1� 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 the mixture. 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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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.
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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:
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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
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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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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.

413 Paleoclimatology



a

b

c

0.05

400

Total

Precession

Obliquity

Excentricity

200

413
100

41

23

19

0 600 800

0.02

0.0
24.5

23.3

22.0
-0.07

-0.02

0.04

2.7

0.0

2.7

Time (ka BP)

Fo
u

ri
er

 s
p

ec
tr

u
m

Summer
solstice

Winter
solstice

Autumn
equinox

Winter
equinox

Sun Perihelion

Precession

Obliquity

Aphelion
dpda

Age (ka)

I II
Insolation in June

1230

950

80°N

60°N

40°N

20°N

0°N

20°N

40°N

60°N

80°N

1130

900
1140

930

880

740
870

520
360
280
100

100
0

0

1080

910

1000 200 300
Age (ka)

I II
Insolation in December

100
0

100
0

80°N

60°N

40°N

20°N

0°N

20°N

40°N

60°N

80°N

1000 200 300

370
270
670

520
810

740
1080

880
1150

930
1150

910
1260

980

Figure 7.33 The principle of Milankovitch’s theory. (a) The three parameters that change: eccentricity of
the orbit, obliquity, and precession. (b) Variations in the three parameters calculated by astronomical
methods with their Fourier spectrum on the right. (c) Variation in the sunlight curves in June and
December with latitude, calculated by the theory.

414 Stable isotope geochemistry



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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Figure 7.36 Various parameters recorded in the Vostok ice core. After Jouzel et al. (1987) and Petit et al.
(1999).
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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 C m1
P ð1Þ

C m2
P ð2Þ

ln� ¼ ln P m1 � ln P m2 ¼ Dm
gz

RT
:

From the approximation formulae we have already met:

Dd
1000

� Dm
gz

RT

� 	
with g¼ 10 m s�1, T¼ 200 K, for z¼ 10 m, 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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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 the melting 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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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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7.8.1 Strontium in the ocean

A¢rstexample is the 87Sr/86Sr isotopic compositionofpresent-dayseawater.The 87Sr/86Sr
ratio is 0.70917 and is identical whichever ocean is considered.Where does the Sr come
from?Obviously fromtheerosionoflandmassesandsubaerialorsubmarinevolcanicactiv-
ity.Measurementofthe isotopic composition of Srdissolved in riversyields ameanvalueof
0.712� 0.001.The mean isotopic composition of the various volcanic sources (mid-ocean
ridges, islandvolcanoes, and subduction zones) liesbetween 0.7030 and 0.7035 (depending
on the relative importance attributed to the various sources). From the mass balance
equation:

87Sr
86Sr

� �
sea water

¼
87Sr
86Sr

� �
continental rivers

xþ
87Sr
86Sr

� �
volcanic input

ð1� xÞ:

The fraction from continental rivers corresponds to 66%� 2% of the Sr in sea water.
(Notice this fraction x re£ects the mass of chemically eroded continent modulated by the
correspondingabsolute concentrationofSr.)

x ¼ _mc Cc

_mc Cc þ _mv Cv

where _mc is themass of continent eroded chemically per unit time, _mv is themass ofvolca-
noes eroded chemically per unit time, and Cc and Cv are the Sr contents of rivers £owing
fromcontinents andof volcanoes, respectively.
We can go a little further in this breakdown.The isotopic composition of Sr in rivers is

itself a mixture of the erosion of silicates of the continental crust, whose mean isotopic
composition we have seen is 87Sr/86Sr� 0.724� 0.003,15 and the erosion of limestones,
which are very rich in Sr and are the isotopic record of the Sr of ancient oceans. For rea-
sons we shall be in a better position to understand a little later on, the mean composition
of these ancient limestones is 87Sr/86Sr¼ 0.708� 0.001. The mass balance can be
written:

87Sr
86Sr

� �
rivers

¼
87Sr
86Sr

� �
limestones

yþ
87Sr
86Sr

� �
silicates

ð1� yÞ;

whichmeans thatlimestonesmakeup71%oftheSrcarriedtotheocean insolution fromthe
continents.Therefore, all told, the Srof seawater is madeup of 49.5% from reworked lime-
stone, of16.5% from the silicate fraction of landmasses, and of 34% fromvolcanic rockof
mantle origin. Of course, these ¢gures must not be taken too strictly.The true values may
varya little fromthese, butnotthe relativeordersofmagnitude.
The 87Sr/86Sr isotopic composition ofpresent-daymarine carbonates is identical to that

of seawater in all the oceans. It is assumed, then, that the 87Sr/86Sr isotopic compositions
measuredonmoreancient limestoneswere identical to thoseoftheoceans fromwhich they
precipitated (Figure7.42).

15 Corresponding to the mean value of detrital particles transported by rivers.
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These isotopic compositions havebeen studied and are found to have varied in the past.
The curve ofvariation of strontium in the course of the Cenozoic has been drawn up with
particularcare (Figure7.43).

Itshowsthatthe87Sr/86Sr ratiowaslower65Maagothan itis todayandremainedroughly
constant from 65Ma to 40Ma, fromwhich date it began to rise, at varying rates, up to the
present-day value.Whydidthesevariationsoccur?

Returning toour fundamentalmassbalance equation,wemustconcludethatthegrowth
in the ocean’s 87Sr/86Sr ratio since 40Ma can be attributed to a variation in the relative
inputoferosion fromthe landmassesor the input fromthemantle, orboth. Initially, a¢erce
con£ict opposed proponents of the growth of continental input with mantle input suppo-
sedly remaining constant and their adversaries who thought that it was the mantle input
that had varied along with the intensity of erosion. For the former, the predominant phe-
nomenonwas theupliftoftheHimalayas after India collidedwithAsia 40Maago (Raymo
andRuddiman,1992). For the latter, the essentialvariationwas in theactivityofmid-ocean
ridges in the form of the hydrothermal circulation occurring there (Berner et al., 1983).
Now, itwasonce thoughtthatthe total activityofthemid-ocean ridgeshadvariedovergeo-
logical time and in particular had declined since 40Ma ago.We no longer think this.The
ideatoday is thatboth changesare concomitant.The increasederosionbecauseoftheuplift
of the Himalayas is consistent with reduced input from the mantle, which derives mostly
from erosion of subduction zone volcanoes. Such erosion has been partially slowed by the
disappearance of a signi¢cant sourcewhichwas swallowed up in theHimalayan collision.
All in all, then, it is the formation of the Himalayas that explains the 87Sr/86Sr curve as

Silicates Carbonates

Sea
water

Marine
carbonates

Mid-ocean
ridge

hydrothermalism

Continental
rivers

Mantle

Volcanic
islands

Figure 7.42 The determining factors of the isotope composition of strontium in sea water. The strontium
in the ocean comes from alteration of the continents and volcanic arcs. Hydrothermal circulation along
the ridges also injects strontium into sea water. Limestones reflect the isotopic composition of the ocean
at the time they formed. They are recycled either by erosion or by inclusion in the mantle.
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suggestedby the formerColumbia team (RaymoandRuddiman,1992) and JohnEdmond
(1992) fromMITindependently.
Regardlessofanycausal explanations, the curve isnowadaysusedtodateCenozoic lime-

stones.This is known as Sr stratigraphic dating.The idea is straightforward enough. Since
the curve is identical for all the oceans, it is an absolute marker. As the variation in the
87Sr/86Sr curve is all one way, the measurement of an 87Sr/86Sr ratio for any limestone can
be used to determine its age from the curve. As can be seen, this clock is e¡ective from 0 to
40Ma, butbarelybeyond that as the curve £attens out.The precision achieved for an age is
�1Ma.This is auseful couplingwithmicropaleontological techniques.
But,ofcourse,whateveryonewants toknowiswhythe 87Sr/86Sr ratio curve in limestones

is identicalwhichever the ocean? The answer is that the residence time of Sr in the ocean is
very much greater than its mixing time and so it has time to homogenize on a global scale.
Thiswillbe explained in thenextchapter.
The second question relates to climate. As it is observed that d18O increased through-

out the Cenozoic, corresponding to a general cooling, what relation is there between
tectonic activity and climate? This is a fundamental question to which there is as yet no
clear answer.

Exercise

There are two inputs to the isotope composition of continental rivers: one from silicates and one

from carbonates, in the proportions of 75% from carbonates and 25% from silicates, with average

isotope ratios of (87Sr/86Sr)silicates¼ 0.708 for carbonates and (87Sr/86Sr)limestone¼ 0.724 for
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425 The Construction of a global geodynamic system



silicates. Suppose that carbonate recycling falls to 70%. How much will the Sr content of sea

water vary assuming that the Sr content of rivers remains the same (which is unrealistic, of

course)?

Answer
In the current situation, the Sr isotope ratio of rivers is 0.712 with 75% carbonate and 25%

silicate. Recycled limestone has a Sr isotope composition of about 0.708 while that of silicates

is 0.724. The composition for rivers with the new proportions becomes 0.7128, which gives a

value of 0.709 52 for sea water. The recycling of limestone is clearly an important parameter,

then.

Exercise

Assuming the isotope different compositions and inputs remain constant and the flow from

volcanic sources remains the same, by how much does the Sr flow from rivers have to vary to

change the ocean values from 0.708 to 0.709?

Answer
The calculation is the same as before:

�R

R
¼ �x

ð1� xÞx :

Therefore �F/F¼þ0.49. So the flow from rivers must increase by 50%.

7.8.2 Isotopic variations of neodymium in the course
of glacial–interglacial cycles

As with Sr, the isotopic variations of Nd are related to long-period radioactivity.When
isotopic variations aremeasured inQuaternarysedimentary cores, thesevariations canbe
attributed to di¡erences in origin alone.The in situ decayof 147Sm in the core has virtually
no in£uence.The fundamentaldi¡erencebetweenthebehaviorof SrandofNd intheocean
is that Sr, havinga long residence time (1or 2Ma), is isotopicallyhomogeneouson the scale
of the world’s oceans whereas Nd, having a shorter residence time (500^2000 years),
varies isotopically between oceans and even within oceans. For example, the "Nd

value todayaverages�12 for the Atlantic Ocean,�3 for the Paci¢c, and�7 for the Indian
Ocean.These variations are interpreted by admitting that the Nd of seawater is a mixture
between avolcanic source coming from subduction zones ("� 0 toþ 6) and a continental
source ("�^12� 2).The "Ndvaluevaries dependingonthe degreeofvolcanic activity in the
region relative to continental input (seeGoldsteinandHemming,2003).

StudyofaQuaternary core from the IndianOcean, southof theHimalayas, has allowed
the Paris laboratory (Gourlan et al., 2007) to highlight an interesting phenomenon. The
sedimentarycore ismostly carbonated (more than 70%carbonate). Byappropriate chemi-
cal treatment, it is possible to extract theNdof ancient seawater trapped in the small coat-
ings of Mn surrounding foraminifers. Isotopic analysis of the Nd shows that "Nd varies
from �7.5 to �10.5 and that the variations follow the pattern of 18O/16O £uctuation
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correspondingtotheglacial^ interglacialpattern.There isanexcellent (inverse)correlation
betweend18Oand "Nd (Figure7.44).
SouthoftheBayofBengal, themixtureofout£ow fromIndonesiaandthe input fromthe

RiversGanga^Brahmaputra (butalsotheIrrawaddyandtheSalween rivers)homogenizes
thevaluesofseawaterofabout "��6� 1.
Sowe can suppose that in the Bay of Bengal the £uctuation during glacial^ interglacial

alternation corresponds to the £uctuation in the impact from the Ganga^Brahmaputra
Rivers from the Himalayas.Those variations are linked with variations in intensity of the
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monsoon and the existence of large glaciers during glacial periods in the highHimalayas.
Monsoons areweakerduring glacial times andglaciers accumulate snowand then stop (or
strongly reduce) the river runo¡.

Exercise

Calculate the relative input of the Ganges–Brahmaputra (GB) Rivers between interglacial and

glacial if we suppose that "GB
ND ¼ �12 and "ocean

Nd ¼ �6. The measured ratios of concentration

are "Nd¼�10 during interglacials and "Nd¼�7.5 during glacials, the concentration of Nd in

river and ocean staying the same during all periods.

Answer
We applied the mixing formula. Notating concentration as CNd and the masses as m, we have:

"measured
Nd ¼ "GB

Ndx þ "ocean
Nd 1� xð Þ

x ¼ mass of fresh water � C river
Nd

mass ocean � C ocean
Nd þmass of fresh water � C river

Nd

:

With a little manipulation

m river

m ocean
¼ C ocean

Nd

C river
Nd

1

x�1 � 1

� �
:

So for the ratios between interglacial (i) and glacial (g):

m i
river

m g
river

¼
x�1

g � 1

x�1
i � 1

 !
¼ 3

0:5
¼ 6:

The river £ux from the Himalayas was 6 times higher in interglacial than in glacial
times.

This is a simple example in a work in progress in author’s laboratory to illustrate the
powerof investigationofcombiningOandNdisotopes.

7.9 Sulfur, carbon, and nitrogen isotopes and
biological fractionation

We give two examples of how stable isotope geochemistry can be used in various types
ofstudy.

7.9.1 A few ideas on sulfur isotope fractionation

When we examine the 34S/32S composition of naturally occurring sulfur isotopes as a
function of their geological characteristics, several features stand out. All sul¢des asso-
ciated with basic or ultrabasic rocks have extremely constant compositions close to
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34S/32S¼ 0.045 (�¼ 0), that is, largely analogous to that of sulfur in meteorites (Nielsen,
1979).
Sulfur mineralization in veins crossing geological structures, with a gangue of quartz,

£uorite, or barite, have � values of about 0 which are very constant. It is therefore legiti-
mate to attribute a deep origin to them or at least an origin related to deep-lying rocks.
Cluster mineralization exhibits much morevariable compositions, particularlyminerali-
zation related to sedimentary strata. Its composition may range from �¼þ22 to �¼�52.
This observation is tied in with the point that oxidation^reduction reactions
S2� , SO

2�
4 are accompanied by equilibrium isotope fractionation which, at low tem-

peratures, is substantial (1.075 at 25 8C) (Tudge and Thode, 1950). Moreover,
S2� ! SO

2�
4 is an easy reaction at low temperature. However, reduction can only occur

through Desulfovibrio desulfuricans bacteria. This bacterial reduction is accompanied
by an isotopic e¡ect that is weaker than the equilibrium reaction (�¼ 1.025 at 25 8C)
(Harrison and Thode,1958). Remembering that sulfates of seawater and freshwater have
d34S values that range fromþ26 toþ4, we can explain the dispersion observed byassum-
ing that the sul¢des related to strata derive from bacterial reduction of sulfates, but that
such reduction exhibits a number of variations. Sometimes reduction may involve sea
water, sometimes groundwater circulation. Sometimes it occurs in replenished systems,
sometimes in bounded reservoirs (Rayleigh distillation). Sometimes it is followed by iso-
tope exchange leading to equilibrium fractionation, sometimes not. Here we ¢nd, but in
a di¡erent context, variations in scenarios similar to what was calculated for bacterial
reduction in sediments.
In any event, case by case, the sulfur isotope composition, associatedwith metallogenic

and geological observations, allows distinctions to be drawn between the various types of
deposits (Figure7.45)andthenallowsthepotentialmechanismfor theoriginofmineraliza-
tiontobelimited.Generally, thesedatahavemade itpossible toasserttheoccurrenceofsul-
fur mineralization of exogenous origin, which many workers had contested before,
claiming thatallmineralizationderived fromthedepthsoftheplanetthroughmineralizing
£uids (OhmotoandRye,1979).
One particularly fascinating observation with sulfur isotope geochemistry relates to

mass-independent fractionation (MIF). Such fractionation has been mentioned for
oxygen,butitexists forsulfur too.Sulfurhas four isotopes: 32S,33S,34S,and36S. Interrestrial
sulfur compounds variations in 33S/32S ratios account for about half of 34S/32S fractiona-
tions (0.515 tobeprecise). Ifwede¢ne�33S¼ (�33S)^0.515 (�34S), thisdi¡erence isgenerally
zero.Whenmeasuring the isotopic composition ofsul¢des and sulfates ofgeologically var-
ied ages, we obtain an unusual result. Between 2.30Ga and the present day, �33S¼ 0. For
samplesof2.30^2.60Ga,�33Svarieswithanamplitudeof12ø.Forolder samples, £uctua-
tions are smaller but around 4ø. Samples of barium sulfate are depleted in 33S (compared
with ‘‘normal’’ fractionation, their �33S is negative). Sul¢de samples are enriched in 33S
(their�33S is positive).This observation cannotbe easily interpreted.James Farquhar and
his team thinkthat therewas little oxygen in the atmosphere in ancient periods.The ozone
layer surrounding theEarthatanaltitudeof30kmandwhich now¢lters theSun’sultravio-
let rays did not exist. Sulfur reduction phenomena shifted sulfur from the degree ofoxida-
tion �2 (sul¢de) to þ6 (sulfate) via a cycle of photochemical reactions involving these
ultraviolet rays. Now, laboratory experiments show that photochemical reactions (that
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is, reactions taking place under the in£uence of light) produce important non-mass-
dependent fractionations (Farquhar et al., 2007).

This idea of oxygen being absent from the ancient atmosphere is consistent with many
geochemical observations: the presence of detrital uranium in the form of UO2 in ancient
sedimentaryseries andparticularly in the famousWitwatersranddeposits of SouthAfrica.
Uranium in its degree ofoxidationþ4 is insolublewhereas in theþ6 form, it forms soluble
complex ions.Today uranium is mostly in the þ6 state (in solution), but in the Archean it
was in the þ4 state (as detrital minerals) . Until 2 Ga, very special rich iron deposits are
found, known as banded hematite quartzite or banded iron formation (BIF). These are
evidence that at that time rivers carried soluble iron in the þ2 oxidation state and that it
precipitated in theþ3 oxidation state on reaching the ocean. Nowadays, surface iron is in
theþ3oxidation stateand forms insoluble compounds in soils.These iron compoundsgive
tropical soils theircharacteristic redcoloring.

Dick Holland (1984) has long used these observations to argue that the ancient
atmosphere was rich in CO2 and N2 (as are the atmospheres of Mars and Venus
today) and that oxygen, which makes up 20% of our atmosphere today, appeared only
2Ga ago as a consequence of the superactivity of bacteria or of photosynthetic algae.
The appearance of oxygen meant the end of both detrital uranium and chemical iron
deposits, which, in fact, are not found after that period. Observations of sulfur isotope
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fractionations by Thiemens’s team re¢ne this model. They seem to indicate that the
growth of oxygen in the atmosphere occurred very quickly, almost suddenly, between
2.5 and 2.1 Ga and that this growth was accompanied by the progressive formation of
the ozone layer protecting the Earth’s surface from excessive solar ultraviolet radiation
(Figure 7.46).

7.9.2 Carbon–nitrogen fractionation and the diet
of early humans

Biochemical operators fractionate carbon and nitrogen isotopes. Gradually the mechan-
ismsandthepracticalrulessuch fractionationobeyshavebeendetermined.Thus, itwascor-
rectlypredictedthatC3plants (the¢rstproductofphotosynthesiswith three carbonatoms)
(trees, wheat, and rice) fractionate di¡erently from C4 plants (corn, grass, sugar cane). It
has also been shown that marine plants are di¡erent again. From these observations
MichaelDeNirooftheUniversityofCaliforniaatLosAngeles studiedthe isotope compo-
sition ofherbivores (eating the various types ofplant) andof carnivores eating those herbi-
vores. Oddly enough, a numberof regularitieswere preserved and turnedup in the isotope
composition of bone (in the mineral matter and also in collagen which withstood decay
quitewell).Hewas thus able to determinewhat earlyhumans ate (Figure 7.47).Those of the
Neolithic ateC3 plant leaves and thenpeople later certainlybegan to eat corn (C4).Wheat
does not seem to have been grown until much later.This is an example of isotope tracing
which is developing in biology and archeology. Stable isotopes measured on bone and
tooth remains of extinct animals canbe used to answer questions about the type ofmeta-
bolismof certain dinosaurs (hotor coldblooded), the dietofextinct animals, or the e¡ect
of paleoclimate on the cellulose of tree rings. Once again this discipline o¡ers consider-
ableprospects.
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Figure 7.46 �33S¼ (d33S)� 0.515 (d34S). The figure shows 33S variation in �33S of sulfides and sulfates
of various ages.
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7.10 The current state of stable isotope geochemistry
and its future prospects

As has been repeated incessantly throughout this book, developments in isotope geology
have always tracked advances in measurement methods, which themselves are often the
consequence of technological progress. The development of the double-collection mass
spectrometerbyNierandhis collaborators (Nier,1947;Nieretal.,1947)made it possible to
study the e¡ects ofvery weak isotopic fractionation (oxygen, hydrogen, carbon, and sulfur)
in carbonates,water, rock, and livingmatter.

Since then technical advances havemoved in three directions.The¢rstwas thatof sensi-
tivity. It has become possible to analyze isotopic fractionation on small quantities ofmate-
rial. Hugh Taylor managed to analyze D/H in rocks while Franc� oise Pineau and Marc
Javoyhaveanalyzed13C/12Cand15N/14Ninbasalts.

The second directionwas that of precision. In1950, ratios could be measured to 0.5ø.
Nowthe¢gure is0.05ø.Thishasmade itpossibletoanalyzesedimentarycoreswithpreci-
sion and to highlight Milankovitch cycles. Robert Clayton was able to discover paired
17O/16O and 18O/16O fractionations of meteorites, which had many consequences for
the study of meteorites even if the initial interpretations have been modi¢ed. Mark
Thiemens hasbeen able tomove on from there to openup the studyofmass-independent
fractionation.

The third advance has been the automation of analytical procedures which has enabled
large numbers ofsamples tobe studiedboth in sedimentary carbonates and in polar ice for
O,C, andHisotopes.Climatologyhasgainedenormously fromthis.

Today twonewtechnical advanceshaveoccurred:multicollectionICPMSandthedevel-
opment of in situ probes, ion probes, or ICPMS laser ionization. In addition, advances
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in computing and electronics have brought progressive gains in precision, sensitivity, and
measurement time for all conventional techniques, TIMS, or double-collection gas
spectrometry.
What will come of all this? It is probably too early to answer this question but the

trends as perceived can be set out. The most spectacular trend is probably the rush to
study isotopic fractionation of ‘‘non-classical’’elements that are often present in terres-
trial materials.These include some major elements (Si, Mg, Fe, or Ca) for which physi-
cochemical fractionations have been identi¢ed and then minor light elements like B
and Li and minor heavy elements like Cr, Cu, Zn, Cd, Se, Mo, or Tl (the list is not
exhaustive) (see the review edited by Johnson et al., 2004). It is undeniable that some
interesting results have been obtained for the major elements Mg, Fe, Ca, and Si as well
as for B, Li, Cu, Mo,Tl, and Cl. For trace elements, no result has as yet allowed new tra-
cers of geological phenomena to be introduced, as is the case for the isotopes of the
major elements H, O, C, and S. Analyses are di⁄cult, the results are often uncertain,
and approaches are not systematic enough.These attempts have not achieved the results
expected.The present author thinks, but this is open to question, that the most interest-
ing processes are:

� ¢rst in biogeochemistry. It seems that living organisms fractionate some isotopes: Ca
for the food chain ending with shells, Si for the food chain ending with diatoms, Cu
for cephalopods. This, combined with C, N, and S geochemistry, may be the advent
of the famous biogeochemistry we have been waiting for since Vernadsky’s 1929
book!
� then, for pH conditionsboron is ahope, provided thehypothesis of constant d11B for the

ocean over geological time is eliminated. The degree of oxidation^reduction with the
useof iron isotopes andmolybdenum isotopes is also relevant.We shall review this if this
bookruns toanewedition!

The other trend is illustrated by John Eiler’s program at the California Institute of
Technology. He is trying to take advantage of the improvement in techniques ofanalysis of
traditional elements to develop newandoriginalmethods, themost spectacularofwhich is
intercrystalline order^disorder fractionation, which we have spoken of, but also for
18O/16OorD/Hfractionations in high-temperaturephenomena.
The study of non-mass-dependent fractionation by Mark Thiemens’s team has

probably still not yielded all its results but perhaps requires a more structured
approach.

Problems

1 Take a cloud that evaporates at the equator with a mass M0 dH2O ¼ 0 for D and 18O (to

simplify). It moves polewards and when the temperature is þ10 8C loses one-third of its

mass as rain and continues in the same direction. In the cold zone, where the temperature is

0 8C, it loses one-third of its remaining mass. It moves on and loses another one-third of its

remaining mass at �20 8C. When it reaches temperatures of �30 8C it loses a further one-

third of its mass. The fractionation factors at three temperatures are given in Table 7.4

below.
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(i) Calculate the dD and d18O composition of the rain and snow.

(ii) Plot the (dD, d18O) curve and calculate its slope.

(iii) Plot the dD and d18O curves as a function of the remaining fraction of the cloud.

2 Take a magma chamber whose magma has an initial d18O isotope composition ofþ5.5. Some

30% of olivine Mg2SiO4 precipitates in the chamber. Then we precipitate a eutectic mixture

with equal proportions of olivine–pyroxene. We precipitate 30% of the remaining melt and

then the olivine, orthopyroxene, and plagioclase mixture in equal proportions for 20% of the

remaining melt. Given the melt–silicate partition coefficients in Table 7.5 below, calculate the

isotope evolution of the melt and the minerals.

3 Consider rainwater with dD¼�70ø. This water penetrates into the ground and finally reaches

a metamorphic zone where it meets a schist whose proportion relative to water is 15% and

whose composition is O¼ 53.8%, Si¼ 33.2%, Al¼ 7.8%, Fe¼ 2.8%, Ca¼ 7.1%, Na¼ 0.6%,

K¼ 1.5%, and C¼ 1.8%. This schist contains the following minerals which equilibrate with

water at 550 8C in a closed system. The composition of the rock is: 40% quartz, 4% magnetite,

16% plagioclase, 15% muscovite, 20% alkali feldspar, and 5% calcite. Calculate the oxygen

isotope compositions of the minerals and the water in the end.

4 The CO2 content of the recent atmosphere is 320 ppm, its d13C value is �7. As a result of

burning of coal and oil the d13C value has shifted from �7 to �10 in 20 years.

(i) Given that d13Coil¼�30, what quantity of carbon has been burned?

(ii) However, a problem arises. The CO2 content of the atmosphere is 330 ppm. How can you

explain this?

(iii) Suppose the �calcite–CO2
fractionation at 20% is 1.0102. What is the variation observed in

the d value in the calcites precipitating in sea water?

(iv) Does the d13C isotope analysis of limestone seem to you a good way of testing CO2

degassing in the atmosphere by human activity? Mass of the atmosphere: 5.1 � 1021 g.

5 Basalt magma contains sulfur in the form S2� (sulfide) and SO2�
4 (sulfate), whose proportions

vary with oxygen fugacity.

S2� þ 2 O2 , SO2�
4

S2�
 �
O2½ 
2

SO2½ 
 ¼ K ðT Þ:

Table 7.5 Partition coefficients

Plagioclase–melt Olivine–melt Pyroxene–melt

� 0.6ø � 0.2ø � 0.3ø
�¼ 0.9994 �¼ 0.9998 �¼ 0.9997

Table 7.4 Fractionation factors

T (8C) �D �18O

þ20 1.085 1.0098

0 1.1123 1.0117

�20 1.1492 1.0411
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Therefore:

S2�

SO2�
4

¼ K ðT Þ
½O2
2

:

When the magma degasses, it loses almost exclusively its SO2 and the H2S content is usually

negligible (even if it smells). Determine the partition �gas–magma¼ (d34S)g – (d34S)m.

Given that the magma contains S2� and SO2�
4 , show that degassing of the magma leads to an

increase in the d13S value of the solidified magma or to a decrease depending on oxygen

fugacity (after Sakaı̈ et al., 1982). (We know that DSO2

S2� ¼ þ3 and DSO2�
4

S2� ¼ þ7.)

6 Various scenarios are imagined in which the temperature of the Earth reaches extremes. The

first scenario, known as the snowball scenario, says that all the landmasses are covered by a

layer of ice 100 m thick in addition to the present-day polar ice which has doubled in volume.

The second, reverse, scenario says that the Earth has heated and the polar ice caps melted. In

the first scenario the d18O of continental ice is supposed to reach �30, with the polar ice caps

being like today at �50. The ocean is at d¼ 0.

(i) What is the d value of sea water in the snowball scenario?

(ii) In the scorching Earth scenario, what is the d value of sea water?

(iii) Examine each scenario. Calculate the rate of increase (or decrease) of d18O in meters

above sea level.

(iv) Does this figure vary with the speed of the process?
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CHAPTER EIGHT

Isotope geology and dynamic
systems analysis

WehaveseenthattheEarth canbesubdivided into¢vemain reservoirs:

(1) the continental crust, where elements extracted from the mantle are stored (K, Rb,
U,Th, rare earths, etc.) andwhich ismadeupofageprovinces assembled likeamosaic;

(2) the upper mantle, theMORB source, which is mainly a residue of extraction of conti-
nental crustandtheplacewhereoceanic crust is formedanddestroyed;

(3) the lower mantle, ofwhich little is knownbydirect information other than that it is the
sourceofthe raregas isotope signature inOIB;

(4) the atmosphere, which is the recipient of rare gases given out by the mantle and is not
sealed for somegases (He,Ne); and

(5) the hydrosphere, which is the driving force and the potential vector of all transfers of
material atthesurface, throughthe cycleoferosion, transfer, andsedimentation.

These reservoirs exchange material with each other. Material is extracted from the
upper mantle to form the continental crust, probably during subduction processes.
Material fromthe landmasses is reinjected into theuppermantle, eitherduring subduction
or during episodes when the continental crust is delaminated and falls into the mantle
(Dupal province).

Exchanges probably occur between the lower and upper mantle, as shown by mass bal-
ance calculations for the depleted mantle and the results for rare gases, implying the exis-
tence of two reservoirs in the mantle, with injection of the lower mantle into the upper
mantle. But the exact processes are unknown even if it is obvious that mantle plumes and
subductionare related in somewaywiththese exchanges.

Exchanges with the atmosphere are by volcanic outgassing and, for the continental
crust, erosion (which destroys rock and releases some of the rare gases in rock) or hydro-
thermal processes. It seems that gases are reinjected into the mantle through subduction
phenomena as shown by Marc Javoy and colleagues of the Institut de Physique du
Globe in Paris for CO2 and N2 (Javoy et al., 1982) when these gases are transformed into
chemical compounds. This does not seem to be so for rare gases, for which subduction
is apparently a barrier, and which return to the atmosphere through volcanism in sub-
duction zones.

There remain major questions that are the subject of ¢erce debate. Do subduction
processes a¡ect the lower mantle?Are plumes created in theuppermantle, the lowerman-
tle, or both, and by what processes? Does the lower mantle exchange material with the
upper mantle? All of these questions are suggested by the ¢ndings of seismic tomography



whichprovides spectacularcolor imagesbutwhich cannotreadilybe interpretedbecause it
is di⁄cult to distinguish between heat and mass transfers. This is a reality that relates to
the present day for geophysicists while isotope geochemistry includes thewhole historyof
theEarth.
These exchanges ofmaterial between reservoirs havebeen modulated by the vagaries of

geological historyand, for the external reservoirs, by thevagariesofclimate.Allofthis cre-
ateswhat is nowadays termedadynamic system, or several interlockingdynamic systems if
youprefer (Figure8.1).
Wehave looked at the Earth’s external systemwhere the ocean exchangeswith the atmo-

sphere, is fed water charged with ions by the landmasses, precipitates some compounds,
and stores water in ice and releases it under the in£uence of dynamic £uctuations
(Figure8.2).Onceagain, this isahugedynamicsystem.Thewayinwhichthesystemreceives
energy from the Sun, distributes it, and modulates it triggers the water cycle, modi¢es the
surfacetemperatureanddetermines the climate.
Quite what the relative in£uence is of the greenhouse e¡ect, caused by CO2 or CH4,

and of the hydrological cycle, an extraordinary thermal machine, remains an unre-
solved issue. Geographical distribution is essential in this dynamic system and, as
has been seen, the very di¡erent e¡ects between the northern hemisphere with many
landmasses and the southern hemisphere, which is largely ocean, are still poorly
understood.
The evolution and determining factors of the chemical workings of the oceans and the

questionofthe relative in£uenceofchemical elements extracted fromthemantle compared
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Figure 8.1 The structure and dynamics of the mantle–landmass–atmosphere system. The Earth system
is made up of reservoirs exchanging matter and energy with each other.
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with those from the landmasses on the recordof the past chemical or isotopic composition
of the oceans depend largely on closely interconnected parameters.This is the example of
vast dynamic systemswith complex interactionswhose determining factorswe still do not
understandproperly.

Future developments of paleo-oceanography or paleoclimatology, like those of
chemical geodynamics, are related to our understanding of such complex systems.
Accordingly, at the end of this book, it has been thought useful to address, in an admit-
tedly very elementary and succinct way, but prospectively, what is now a huge ¢eld of
study in the earth sciences but whose formal features exceed our present framework
and apply equally to biology and the chemical industry as well as to ecology or to phy-
sics. It is this methodology that we call dynamic systems analysis.When we say that
the Earth is a ‘‘chemical plant’’ it is not just for the pleasure of a new image. The same
methods of systems analysis apply to chemical plants as to the Earth and its component
parts.

We shall give a few very elementarybases of thesemethods thatwe shall apply, of course,
to the system that the Earth constitutes, looking at the questions speci¢c to it, but, more
than that, opening up future prospects. In this context, isotopes appear as tracers, indica-
tors, like radioactive tracers inbiologyor industrial chemistry, but they contain awealth of
information as we shall see (for general references see: Jacobsen and Wasserburg, 1981;
Beltrani, 1987; Jacobsen, 1988; Albare' de, 1995; Haberman, 1997; Lasaga and Berner,
1998;Rodhe,2000).
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Figure 8.2 The hydrological cycle considered as a system. The masses of the reservoirs are shown
in brackets. Flows are marked by arrows. Units are km3, corresponding to 1012 kg, and km3 yr�1

for flows.
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8.1 Basic reservoir analysis: steady states, residence
time, and mean ages

8.1.1 Well-mixed, simple reservoirs

Letus considera¢rst simple example.A reservoirofmassM, in a steadystate, intowhich a
£owofmatter _M# enters (and fromwhich a quantityofmatter _M" exits).The reservoir itself
is well mixed and is assumed to be statistically homogeneous.1The reservoir might be the
Earth’s mantle, the ocean or the mass of sediments, etc. For the steady state _M# ¼ _M", we
de¢ne the residence time as the average timematter spends in the reservoir.The residence
timeR is de¢nedby

R ¼ M

_M"
¼ M

_M#
:

The dynamic equation is written dM/dt¼ _M# ^ _M", with _M# ¼ _M" in the steady state.
Whatgoes intothe reservoirequalswhatcomesoutof it, andsoresidencetime canbe calcu-
latedbyconsideringeither the inputtermor theoutputterm.
Toreason in termsofage,wemustspeakofthemeanage ofmaterial leaving the reservoir

andwhich enteredattimet¼ 0.What is themeanageofmaterial in the reservoir?
The output £ow _M"maybewritten in the form: _M" ¼ kM, where k is the fraction of the

reservoir exiting per unit time. Then dM¼ kM dt, which may be written dM/dt¼ kM.
Thus kmay be considered as the probability that an element of the reservoir will exit at a
time t. As it is notated, k¼ 1/R is the inverse of residence time.We can thereforewrite that
thequantityofparticles exiting the reservoir is:

dM=dt ¼ �kM;

henceM ¼M0e
�kt.

This equation translates the evolution attime tofthenumberofparticles that entered the
reservoirattime t¼ 0. It is also theage distributionofthe‘‘particles’’ofmatter present in the
reservoir.
Theproportionofparticlesofaget still in the reservoir iswritten:

MðtÞ=M0 ¼ e�kt:

Themeanageofparticles inthe reservoir iswritten:

Th i ¼
Z1
0

te�kt dt ¼ 1

k

Z1
0

kt e�kt dt:

Integratingbyparts,
R1
0

kt e�kt dt ¼ 1, therefore Th i ¼ 1=k ¼ R.

In thiswell-mixed reservoir, themeanageofparticles is equal to the residence time.This
is a fundamental result.

1 We often refer to such reservoirs as boxes (a single box or multiple boxes).
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Exercise

The mantle may be thought of as a reservoir from which mantle escapes at the ocean ridges

and which it enters at the subduction zones. Accepting that it operates in a steady state, what

is the residence time of a lithospheric plate in the upper mantle? We ask the same question

for the whole mantle.

It is taken that the rate of formation of ocean floor is 3 km2 yr�1, the thickness of a plate is

8 km, and its mean density 3.5.

Answer
The area subducted (swallowed up by the mantle) equals the area created, therefore the mass

of the lithosphere subducted is 8.4 � 1014 kg yr�1.

The mass of the upper mantle is 1.05 � 1024 kg, therefore the corresponding residence time

is R¼ 1.25 Ga. The mass of the total mantle is 4.02 � 1424 kg, therefore for the whole mantle

R¼ 4.78 Ga.

Exercise

Suppose we wish to calculate the residence time of the ocean crust alone, which would tend

to suggest the ocean lithosphere is made up of oceanic crust and a piece of average mantle

attached to it. What is the residence time of such an ocean crust in the upper mantle?

Answer
Oceanic crust is 6 km thick, the mass of oceanic crust subducted is therefore 8.4 � 1013 kg yr�1.

Hence R¼ 12.4 Ga for the upper mantle alone.

Exercise

The quantity of 3He in the atmosphere is 1.26 � 109 moles. The degassing rate of 3He at the mid-

ocean ridges is 1100 moles yr�1. Atmospheric 3He is lost to space. Accepting that the atmo-

sphere is in a steady state for helium, what is the residence time of 3He in the atmosphere?

Answer
R is about 1 million years, 1.18 Ma to be precise.

Let us now try to calculate the residence time of a chemical element i in a well-mixed

reservoir (Galer and O’Nions, 1985). We reason as before. Let Ci
# be the chemical concentra-

tion of the element entering the reservoir and Ci
M that present in the reservoir:

Ri ¼ M Ci
M

_M # C i
#
¼ R

Ci
M

C i
#

where M and _M # are the overall mass and the mass of the flow entering the reservoir,

respectively, and R is the residence time of the material.

Exercise

Suppose the ocean is a system in a steady state. The mass of the ocean is M¼ 1.39 � 1021 kg,

and the mass of water entering from rivers _M # ¼ 4:24 � 1016 kg yr�1.
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Given the Sr and Nd concentrations in sea water and rivers in the table below, what is the

residence time of these elements in sea water?

Answer
For Sr, R¼ 4 � 106 yr. For Nd, R¼ 2500 yr.

Exercise

It is considered that most of the chemical elements in sea water disappear into pelagic

sediments by various processes (absorption, precipitation, biochemical reaction, etc.), that

the sedimentation rate for such sediments is 3�10�3 kg m�2, that the ocean area, excluding

continental margins is 3.1 �1014 m2, and that the average concentrations of Sr and Nd of these

sediments are CSr¼ 2000 ppm and CNd¼ 40 ppm. Calculate the residence time of Sr and Nd in

sea water and compare this result with the previous one.

Answer
For Sr, R¼ 5.5 �106 yr. For Nd, R¼ 1162 yr.

The figures are similar to the previous ones, which confirms the hypothesis that the ocean is

in a steady state. (These values are controversial and not hard and fast, but they do give a

good order of magnitude.)

Exercise

What is the residence time of U and Ni in the upper mantle if we consider the ocean crust is

‘‘independent’’ of its underlying lithosphere? The enrichment of U in the oceanic crust is given

as 10 and that of Ni as 0.1.

Answer
RU¼ 12.4/10¼ 1.24 Ga and RNi¼ 12.4/0.1¼ 124 Ga. They differ by a factor of 100.

The average age is calculated using exactly the same process and leads to the various

elements being differentiated by their geochemical properties. The ocean lithosphere struc-

ture is probably intermediate between the two extremes evoked. It is composed of an oceanic

crust, a part of the depleted mantle, the residue of partial melting, and perhaps also a

thermally added part which is just accreted averaged mantle.

8.1.2 Segmented reservoirs

Letus now look at averydi¡erent kind of reservoir formed by the juxtaposition of cells (or
boxes)whichdonotmixbutareadjacentandpassedthrough inturn.
This reservoir is segmented. It takes a timeT to go from the ¢rst to the last segment.

The maximum age of the reservoir is the exit age from the reservoir, which is the

Sr (ppm) Nd (ppt)

Sea water 7.65 3.1
Rivers 0.06 40
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residence time R¼T. The mean age of the reservoir, supposing it is created in a uni-
form way, is:

Th i ¼ 1

M"T

ZT
0

t _M" dt ¼ T

2
:

An example is that of the human population. The residence time is 80 years, the mean
age 40 years. Of course, if _M" is not constant, Th i is di¡erent fromT/2 and varies between
0andT.

Reasoning like this can be applied to the continental crust, supposing the survival of a
portion of the continent depends on its age and therefore that the pieces of continents are
destroyed by the geodynamic processes (erosion, metamorphic recycling, etc.) and that
their maximum age is 4.2Ga and their mean age 2.2Ga, as calculated for the (Sr, Nd)
isotopebalances.The relation between residence time andmean age of a reservoir re£ects
the internaldynamicsofthis reservoirand its internal structure.

Exercise

Calculate the mean age of a continental reservoir made up of four segments aged 3.5, 2.5, 1.5,

and 0.5 Ga whose masses in arbitrary units are in a first instance 10, 6, 3, and 1 and in a second

instance 1, 3, 6, and 10.

Answer
The proportions of the four segments are 0.5, 0.3, 0.15, and 0.05 respectively, and the inverse for

the second case. The mean ages areT ¼ 2.75 Ga in the first case andT ¼ 1.25 Ga in the second.

Exercise

Let us suppose regular mantle convection (without mixing with the environment) with,

for example, subduction, a loop, and partial melting at a mid-ocean ridge (Figure 8.3).

Suppose the subduction rate is 4 cm yr�1, that the ridge is 20 000 km from the subduction

zone (Pacific), and the depth is 400 km. What is the residence time of this portion of the

mantle?

Melting

Subduction

T1

T2
T3

T11

Figure 8.3 Regular mantle convection. T1, T2, . . ., T11 are a set of subduction dates with T11 the earliest.

442 Isotope geology and dynamic systems analysis



Answer
The length of time spent in the mantle is written:

T ¼ distance

speed
¼ 400� 2þ 20 000 � 105

4
¼ 502 Ma:

This is just under half the residence time measured in the upper mantle. But such a process is

very similar to that of a segmented reservoir!

8.2 Assemblages of reservoirs having reached the
steady state

Awhole series of complex (multi-box) systems can be imagined by combining the two
types (well mixed or segmented) of simple system.We shall give a few examples which
could apply to the upper mantle but also to the ocean, considered as a series of separate
reservoirs (Atlantic, Indian,Paci¢c, surfacewater, deepwater, etc.).

8.2.1 Model 1

Letus consideramantlemadeupoftwolayerswhich exchangematerial (Figure 8.4). Itmay
be the upper mantle^lower mantle system or even the upper mantle separated into two
layersby the400-kmseismic discontinuity.
LetM1andM2 be themasses of the twomantles. Let _S and _Dbe the £owofmatter in the

subduction zone and at the mid-ocean ridge.We have _S ¼ _D. In addition, let _M1�2 be the
£ow of material from mantle 1 to mantle 2 and _M2�1 the £ow from mantle 2 to mantle 1.
Supposing a steady state (therefore _M1�2 ¼ _M2�1), what are the residence times (and
thereforethemeanages)?

S

M1–2

D
••

•

•

Subduction Ridge

M2–1

M1

M2

Figure 8.4 Model of mantle with two layers exchanging matter (and energy). M1 and M2 are the
reservoir masses; M

�
1–2 and M

�
2–1 are the mass fluxes.
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R1 ¼
M1

_S
and R2 ¼

M2

_M1�2
:

Thetotal residencetime � is suchthat:

R ¼M1 þ M2

_S
¼M1

_S
þ M2

_S
¼M1

_S
þ M2

_M1�2
� M1�2

_S
:

PositingM1�2= _S¼ f,weget:

R ¼ R1 þ R2 f:

Themeanagesare equal to the residence times.

Exercise

Calculate R, R1, and R2 assuming a division between upper and lower mantle with f¼ 0.1.

Answer
R¼ 4.75 Ga; R1¼ 1.28 Ga; R2¼ 34.7 Ga.

Exercise

Let us now suppose the upper mantle is divided in two by the 400-km discontinuity. Assuming

f¼ 0.3, calculate R, R1, and R2.

Answer
Rounding the figures, the mass of the mantle above 400 km is 0.60 �1024 kg and from 400 to

670 km it is 0.4 �1024 kg.

R¼ 1.28 Ga; R1¼ 0.769 Ga; R2¼ 1.7 Ga.

8.2.2 Model 2

The upper mantle is assumed to be divided into two reservoirs: an upper layer (astheno-
sphere) and a lower layer (transition zone) of massesM1andM2 (Figure 8.5). Subduction
injects 50% into theupper layerand 50% into the lower layer.Theupper layer is assumed to
be well mixed, while the lower layer is segmented and matter advances horizontally in
sequenceand is then¢nally injected intotheupperlayer.

Wehave:

R1 ¼
M1

_S

becausethe input isbothdirectand indirect, and

R2 ¼
M2

_M1!2

;

and T1h i ¼ �1 and T2h i ¼
�2
2
:
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With M1¼ 0.6 � 1024 kg and M2¼ 0.4 � 1024 kg, we get: R1¼ 0.714Ga, R2¼ 0.952Ga,
T1h i ¼ 0:714Ga, and T2h i ¼ 0:47Ga.
Itcanbeseenthatthemeanageofthedeepreservoir is lessthanthatoftheupper reservoir,

while theoppositeapplies for residence time.
In these examples, information can be deduced about the convective structure of the

reservoirs by juggling with residence times and mean ages. Such a model can be con-
structed for ocean dynamics with di¡erent time constants. The upper layer is the well-
mixed surface layer, and the lower layer is traversedbyslowmoving, deep currents, similar
toasegmentedreservoir.

8.3 Non-steady states

8.3.1 Simple reservoirs

General equations
Letusgobackto the simple caseofa reservoir fedbyan in£uxJ, withanout£owconsidered
proportional to the quantity of materialM in the reservoir. Let k be the kinetic constant.
Thedynamic equation iswritten:

dM

dt
¼ J� kM;

with at t ¼ 0;M ¼M0 ¼ 0:

Integratinggives:

M ¼ J

k
1� e�kt
� �

:

It is con¢rmed that when t! 0, M! 0.When t!1, M tends towards J/k, that is, the
steady state, since J/k is the solution to the di¡erential equation at equilibriumwhen dM/
dt¼ 0.

Figure 8.5 Model 2 of the mantle (left) and ocean (right) showing the two layers that exchange material.
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Butwhat is the signi¢canceofk?Atequilibrium, the residence time isR¼M/kM¼ 1/k,
thereforeR¼ 1/k. Sok is the inverseofresidencetime, asalreadysaid.

Letus rewritethe solutiontothe equation:

M ¼ JR 1� et=R
� �

:

The equilibrium solution for the full reservoir is therefore:M¼ £ow� residence time.The
‘‘speed’’toattain equilibrium isproportional to1/R¼ k.

Suppose now that the reservoir is full, and so its mass isM¼ JR.We decide to empty it.
What is thedrainage law?

dM

dt
¼ �kM

henceM ¼ JR et=R:

The constantofthe drainage time is the residence time. Likewise,R controls the time the
systemtakes toattain the stateofequilibrium.

Exercise

How long does the system take to attain 99% of its equilibrium mass?

Answer
t¼ 4R.

Exercise

What is the mean age of the reservoir in this case? Remember that

T ¼ 1

m

Z1
0

t
dm

dt
dt :

Answer
d M

dt
¼ J� k

J

k
1� e�kT Þ:
�

Hence, as with the simple case of the well-mixed reservoir, T¼ R.

Such a model could apply to the growth of the continents where it is considered that at

each period the same amount of material is formed and that the material is destroyed over

time and reinjected into the mantle. As we shall see, this is a very general equation.

The case ofchemical elements
The problemof the evolution of concentrations ofa chemical element in a reservoir is trea-
ted analogously following Galer and O’Nions (1985). Let us consider the evolution of the
massofan element i:
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d CiMð Þ
dt

¼ Ci
ex J� k iC iM

where Ci is the concentration in the reservoir, Ci
ex the concentration in the £ow of

material entering from outside, J the £ux of incoming material, and M the mass of the
reservoir.
If the mass is constant, we can divide by M. This gives:

dCi

dt
¼ Ci

ex

J

M

� �
� kCi:

Theresidencetimeofthe chemical element iswritten:

R ¼MCi

JCi
ex

¼ RM
Ci

Ci
ex

¼ 1

k
;

where RM is the residence time of the mass making up the reservoir, a formula we have
alreadyestablished inthe steadystate.

The case ofa radioactive isotope
Letuswrite the equation for the evolutionofthe radioactive isotope:

dC�

dt
¼ Q� � kC� � lC�

withQ� ¼ C�ex (J/M) (l is the radioactive constant).The constantk is replaced in this equa-
tionby (kþ l)¼ k*.The residence time isR*¼ 1/k*.
As canbe seen, radioactivity is involved in residence time. Ifl is very large, it reduces the

residence time.

Exercise

The residence time of carbon in the ocean is 350 years. What is the residence time of 14C?

Answer
About the same since for 14C, l¼ 1.209 � 10�4 yr�1.

k*¼ 1.2 � 10�4þ 2.8 � 10�3¼ 2.92 � 10�3.

R14C
¼ 342 years.

8.3.2 Creation–destruction processes

The Earth is a living planet; all terrestrial structures are created by some processes and
destroyed by others.What we observe is merely the outcome of antagonistic processes:
birth and death.Thus, magmatic volcanic and metamorphic processes create portions of
continents.These landmasses are then destroyedbyerosion orby recyclingof their materi-
als in a newmetamorphic cycle.The oceanic crust is formed at the mid-ocean ridges. It is
swallowed up in the mantle in the subduction zones.There it is destroyed either by being
thoroughly mixed with the middle mantle or by being fed back through an ocean ridge
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where it is again melted and reformed. These problems are analogous to those of birth
anddeath indemography, as canbeseenbyconsultingbooksonthesubject.

Letus¢rstconsider thequestionofthegeodynamic cycle.LetDbethequantityofmantle
di¡erentiatedatthemid-ocean ridges.Wehave:

d Dð Þ
dt
¼ J� k Dð Þ

where J is the rate offormation at the ocean ridge, and k(D) is the destruction ofquantityD
which is fed back through an ocean ridge. But J¼ kV, ifV is the total volume of themantle
and ifthe residence timeR is suchthatR¼ 1/k.

dD

dt
¼ k V�Dð Þ:

Thesolutionofthis di¡erential equationwhereV is constant is:

D ¼ V 1� e�kt
� �

:

Timeis settot¼ 0,4.55Gaago.SoD/V¼ (1^ e^kt) tends towards1whent is large, andD¼ 0
whent¼ 0.Thequestion is, ofcourse,whatvaluetotakefork.

Letus takethevaluefor the residencetimeoftheuppermantle recycledbyplatetectonics
and assumed tobe in a steady state:R¼ 1.2 � 109 yr and k¼ 0.83 � 10�9 yr�1 (Figure 8.6). It
may also be that there was more recycling in the past because more heat was produced in
themantleandthetimemayhavebeen0.7Ga, that is,k¼ 1.4 � 10�9 yr�1.

Onthisbasis then, letus lookattwoissues.The¢rst is to determinethequantityofvirgin
upper mantle, that is, mantle that has not been melted at a mid-ocean ridge.This part of
the virgin mantle is the complement of the mantle that has been recycled through ocean
ridges:

1 ¼ V 1� e�kt
� �

þ virginmantle ðV0Þ

V0

V
¼ e�kt:

It can be seen therefore that the mass of the virgin mantle decreases with time, of course.
What of the upper mantle? For k¼ 0.83 � 10�9 yr�1, it is 2.3ø. For k¼ 1.4 � 10�9 yr�1 it is
1.8ø(thesearepermilvalues!).

Exercise

What proportion of virgin mantle would be preserved if the flow at the ocean ridges were

identical but the system were the entire mantle?

Answer
Let us now try to calculate the age spectrum of this recycled mantle. It is the age distribution

at the time the mantle went through the ridge-subduction cycle. It follows the law:

NðtnÞ ¼ kV e�kt :

As can be seen, the mathematical equations are analogous to those of the previous example,

but their physical meaning is very different. It is an example to remember.
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8.3.3 Time-dependent formation

Letus nowconsidera slightlymore complex casewhere the formation termdecreaseswith
time.This is geologically fairly logical as we know that the creation of radioactive energy
has decreasedwith time.The equationbecomes:

dM

dt
¼ J0 e

�qt � kM:

This is averygeneral equation found in many cases (Alle' gre and Jaupart,1985). For exam-
ple, forcontinentalgrowth,where the equations foundcanbemodi¢edasaconsequenceor
alsofordegassingofthemantle,whichwehave lookedat.
Integratinggives:

M ¼ J0
k� q

e�qt � e�kt
� �

:

ThereforeMdependsonthetwoconstantskandq.
Togetour ideas straight, letus take the caseofdegassingof 40Ar fromtheuppermantle,

andstudy the 40Arcontentoftheuppermantle:

d 40Ar

dt
¼ le 40K0 e

�lt � G 40Ar
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4 3 2

k = 0.5 10–9 yr–1

R = 2 Ga

1 0

Figure 8.6 Spectrum calculation for k¼ 0.83 � 10� 9 yr� 1 and 0.5 � 10� 9 yr� 1. Notice the very rapid
growth towards recent times. This is because the probability of double or triple recycling increases very
rapidly with time.
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where le is the fraction of 40K giving 40Ar; l is the total decay constant of 40K; G is the
constantofoutgassing (Figure8.7).The equation canbe easily integrated:

40Ar ¼ le 40K0

G� l
e�lt � e�Gt
� �

:

We are going to study the behavior of 40Ar for the di¡erent values of G, arbitrarily setting
G0¼ 1.

The qualitative behavior is understandable.When G is quite large, the quantity of 40Ar
reaches a maximum and then declines. So let us try to apply this information to the actual
uppermantle.

The present-day potassium level in the non-depleted mantle is K¼ 250 ppm, and
40K¼ 1.16 � 10�4 or 116 ppm.The decay constant is l¼ 0.554 � 10�9 yr�1. Some 4.55 � 109
yearsago, the 40K levelwas12 timeshigherandso equal to0.35 ppm.

Given that the mass of the upper mantle is 1 �1027 g, 4.55Ga ago, there was therefore
0.35 �1021g of 40K.Fromthepreviouscalculationweobtainthefollowingvaluesof 40Artoday:

Time (Ga)

with K extraction by landmass
G = 0

G = 0.25 10–9 yr–1

5×108G = 0.75 10–9  yr–1

0.05 20×1018

0.02

0.01

0.04

0.03

44.5 3 2 1 0
2×1018

Time (Ga)

40
A

r
40

A
r

0.05

0.1

4 3 2 1 0

1.5×1019

3.2×1019

1.1×1019

5×1018

4.5

G = 0

G = 0.25 10–9 yr–1

G = 0.375 10–9 yr–1

G = 0.75 10–9 yr–1

without K extraction 
a

b

Figure 8.7 Mantle degassing model. (a) Evolution of 40Ar in the mantle over time, assuming that 40K
varies by radioactive decay alone. The scale on the right is drawn assuming 40K0¼ 1. The scale on the left
is in 1019 g of 40Ar and corresponds to the total mass of 40Ar on the hypotheses made in the main text.
(b) Evolution of 40Ar in the mantle assuming 40K decreases both by extraction from the continental
crust and by radioactive decay. The scale on the left is in 1018 g of 40Ar. On the right, it is assumed
that 40K0¼ 1.
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Thepresent-daymass is estimatedat2^3 � 1018g,which isnotbad!
Thereisoneassumption inthemodelthatisnotverysatisfactorybecauseitwasconsidered

that 40Kdecreased in theuppermantleby radioactive decayalone.Now,weknow thatKhas
alsodecreasedintheuppermantlebecauseithasbeenextractedatthesametimeascontinen-
tal crust inwhich it is enriched.Letus therefore consider that 40Kdecreasesby the law:

40K ¼ 40K0 e
�ðlþ�Þt

where � is the constant for extraction of K from the mantle to the continental crust. (Such
extractiondoesnotobeyan exponential lawexactly, but it is a¢rstapproximation.)
We take �¼ 0.35 � 10�9 yr�1 because, with this constant, total K evolves from 250 ppm

to 50 ppm in 4.5 � 109 years, which is about the value estimated for the degree of depletion
of the upper mantle in K.The change in 40Ar contentof themantle can thereforebe calcu-
latedbyreplacing thevalueofl¼ 0.5 � 10�9 yr�1by (lþ�)¼ 0.85 � 10�9 yr�1.

40Ar ¼ le
G� lþ �ð Þ e� lþ�ð Þt � e�Gt

� �
:

As can be seen from the curves, we obtain an acceptable value: 2.77 � 1018 g of 40Ar in the
upper mantle for G¼ 0.75 � 10�9 yr�1. Now, what does 0.75 � 10�9 yr�1 represent? The
value1/G¼ 1.3 � 109 is about the residence time ofplates subducting into themantle. If it is
taken that the oceanic lithosphere degasses entirely by being fed through the mid-ocean
ridges, a plausible scenario canbe reconstructed for degassing the upper mantle.Which is
noguaranteeatall thatthemodel is aproper re£ectionofreality!

8.3.4 Effects of cyclic fluctuations

General equations
We saw when examining climatic variations that the Earth’s temperature varied cyclically
(Milankovitch cycles).We can readily imagine that theEarth’s tectonic activity varies cycli-
cally (Wilson’s plate tectonic cycles). How will such variations a¡ect a dynamic system, a
reservoirwhich receives andexchangesmatter?2

Let us consider the equation for the dynamic evolution ofa reservoir as wehave already
examined it:

dM=dt ¼ J� kM;

but inwhichwewrite that the input £ux varies periodically with the formula J¼ J0þ b sin
!t,where!¼ 2p/T,Tbeing theoscillationperiodand k¼ 1/R,Rbeing the residence time.

G (10�9yr�1)

0.25 0.375 0.75 0
40Ar (g) 1.5 � 1019 1.1 �1019 0.49 � 1019 3.2 � 1019

2 This problem has been addressed by Richter and Turekian (1993) and then by Lasaga and Berner (1998).
The latter presentation has inspired the one given here.
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The equation formass evolutionM (orconcentration inan element) is therefore:

dM

dt
¼ J0 þ b sin !t� kM:

The equation canbewritten inthe form:

kM þ dM

dt
¼ J0 þ b sin !t:

The ¢rst term of this equation depends on M alone, the second term being the forcing
imposedon the system fromoutside (we shall also call this the source term).The question
is, of course, how does the system react and what is its response to external stimulus
(Figure 8.8).

We integrate this ¢rst-order di¡erential equation with constant coe⁄cients in the
standard manner: integrate the equation without the second member dependent on t,
then calculate the ¢rst integration ‘‘constant.’’ In the course of calculation, we get on the
integral:Z

ekt sin!t dt:

This is theonlyminormathematicaldi⁄culty.Z
ex sin x dx

is integratedbyparts, integrating twice.This leads to:Z
ex sin x dx ¼ ex sin x� ex cos x�

Z
ex sin x dx;

hencethe calculationof
Ð
ex sinxdx. Integrating thisgeneral equationthereforegives:

M ¼M0 e
�kt þ J0

k
1� e�kt
� �

þ b!

k2 þ !2
e�kt þ bk

k2 þ !2
sin !t

� �

� b!

k2 þ !2
cos !t

� �
:

Source Response

Forcing

System

Figure 8.8 Model of response of a system subjected to external action.
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Itcanbeseenthat ifM0¼ 0and b¼ 0,we¢ndthe equation inSection8.3.1:

M ¼ J0
k

1� e�kt
� �

:

Whenevert is quite large (saymorethan3/k), the equation is simpli¢edandcanbewritten:

M ¼ J0
k
þ bk

k2 þ !2
sin !t� b!

k2 þ !2
cos !t:

If ! << k, that is, if R << T (the residence time is very much less than the oscillation
period), the cosineterm isnegligible.The equation canthenbewritten:

M ¼ J0
k
þ b

k
sin !t

whereJ0/k is the equilibriumvaluearoundwhichoscillationoccurs.
The system response is in phasewith the sourceoscillation.Theamplitudeof£uctuation

aroundequilibriumdependsonthe ratioJ0/b, that is, onthe relativevaluebetweenthe equi-
librium value and the pulse value, but if this ratio is not too large, the amplitude remains
large.
Conversely, if !>> k, that is,R>>T (the residence time is verymuch greater than oscil-

lationperiod), the equationbecomes:

M ¼ J0
k
� b

w
cos !t:

But we have the trigonometric equality cos !t¼ ^ sin(!t ^ p/2). Therefore the system
oscillation is delayedby (p/2), that is, bya quarterofa period relative to the source oscilla-
tion.Moreover, the amplitude is subtracted from a term J0/k, which is very large since k is
verysmall, whichgreatlydamps the signal. Between the two extremeswe¢nd intermediate
behavior.
Let us examine the consequences of this mathematical result. Suppose ¢rst that the

source oscillation period is set, say at100 ka. Chemical elements whose residence time in
the oceans is much less than100 ka, for example neodymium (R¼ 1000 years), will be sub-
jected to £uctuations (if the geochemical processes governing them are involved) in
phase with the source oscillations andwhich maybe of large amplitude depending on the
correspondingJ0/b ratio (Figure8.9).
The chemical elementswithvery long residence times like strontium (R¼ 2^4Ma)) will

be subjected to £uctuations with a time lag of half a period comparedwith the source, but
thataregreatlydampedtoo. If, forexample, thedisturbancere£ects theglacial^ interglacial
cycles, the strontium£uctuationswillbeo¡setanddamped.
Let us examine the e¡ect of the oscillation period.We stay with strontiumwith its resi-

dence time of 2^4Ma. If the £uctuations are of the order of 100 or 1000 ka (climate, for
example) the resultswill be as alreadydescribed. If the £uctuations are from somegeologi-
cal source of the order of 20^30Ma (tectonic), the strontium £uctuations will follow the
source £uctuations, in phase and without any attenuation. Of course intermediate cases
arisebetweenthese twoextremes.
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The relative importance of the sine and cosine terms depends on the ratio k/!.We shall
see thattheseproperties extendtothe£uctuationsof isotopic compositions.

Exercise

We consider sea water and the disturbance to its chemical composition as a result of climatic

disruptions introducing different concentrations in rivers. We consider a sinusoidal distur-

bance with a period of 10 000 years.

We assume the disturbance follows the law: J¼ aþb sin !t.

For four chemical elements Pb, Nd, Os, and Sr whose residence times in sea water are

RPb¼ 103 years, RNd¼ 3 � 103 years, ROs¼ 3 � 104 years, and RSr¼ 2 � 106 years, respectively, we

represent the fluctuations by changing the values of a and b so that a/R¼ 1 and b¼ 1 (this

greatly amplifies the Os and Sr fluctuations).

Draw the response curves for the different elements and estimate the phase-shift values.

Try to identify any quantitative relationship between residence time and phase shifts. Next

try to evaluate damping, taking a¼ 1 and b¼ 1 for all of the elements.

Answer
The equation describing the response curve is written:

dC

dt
¼ aþ b sin !t � kC :

Integrating gives:

C ¼ a

k
þ bk

k2þ !2
sin !t � b!

k2þ !2
cos !t :

Short residence time

C
 /

 C
E

C
 /

 C
E

Time

Long residence time

Artificially amplified
response curve 

Forcing
curve

Forcing
curve

Response
curve

Figure 8.9 Relationship between residence time and lag in the response curve. The response curve at
the top has been greatly amplified vertically so the effect can be seen. C, concentration; CE, equilibrium
concentration.
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We take 103 years as the time unit and !¼ 2p/T¼ 0.628.

For Pb, k¼ 1; for Nd, k¼ 0.033; for Os, k¼ 0.033; and for Sr, k¼ 5 � 10�4.

The curves are illustrated in Figure 8.10 ignoring damping. They show the offset in terms of

residence time. When the logarithm of R (residence time) is plotted against the phase shift,

we get a curve similar to a hyperbola3 with two asymptotes corresponding to the two limiting

cases where k/! is very large and k/! is very small (Figure 8.11).

To evaluate damping we take a¼ 1 for all the elements, therefore a/k is 1, 3, 30, and 2000

for Pb, Nd, Os, and Sr, respectively. We evaluate the percentage variation:
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Figure 8.10 Response curves of Pb, Nd, Os, and Sr concentrations in the ocean, if the sources vary
sinusoidally with the characteristics given in the main text. �C¼ concentration – equilibrium concentration.

3 In fact, it is the curve tg !.�t¼!R.
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DC
�C
¼ DC=

a

k

� �
:

We find 90%, 65%, 0.2%, and 0.15% for the fluctuations of Pb, Nd, Os, and Sr, respectively.

We shall see that these properties extend to fluctuations in isotope composition.

Generalization
Extension toall forcing functions
The great interest of this study of response to a sinusoidal source is that a response can be
obtained for anysource functionbydecomposing it into its Fourier sine functions and then
¢nding the responseforeachsinefunctionandsumming them.

A L I T T L E H I S T O R Y

Joseph Fourier

When he was prefect of France’s Isère department under Napoleon, Joseph Fourier (after

whom Grenoble’s science university is named) proposed one of the most important theorems

in mathematics. He showed that any periodic function could be represented by the sum of the

sine and cosine functions with appropriate amplitudes and phases. He then showed that

when a function was not periodic ‘‘by nature,’’ it could be made periodic by truncating it and

then repeating the sampled portion. On this basis, any function can be separated into its

Fourier components and so represented as a spectrum (frequency, amplitude). Milankovitch

cycles are an example that we have already mentioned.
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Phase shift500 years

Figure 8.11 Relationship between residence time as a logarithm and phase shift, expressed in intervals
of 10 000 years.
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Exercise

We take a system (borrowed from Lasaga and Berner) obeying the previous equations with

an imposed fluctuation of F(t)¼ 4þ sin(5t)þ sin(t/2). The residence time constant is

taken as 1 in the arbitrary time units (t). Calculate and represent the function at the reservoir

outlet.

Answer
See Figure 8.12. Notice the phase shift, the damping of high frequencies, and the slight

alteration of low frequencies.

The case of radioactive isotopes
We have said that for radioactive systems, the residence time should take account of the
mean lifeofthe radioactive element,which isasortof intrinsic residencetime.Thedynamic
equations we have seen are identical, except for this modi¢cation of residence time. In
some cases, when the residence time of the reservoir is very large, it is the isotope’s lifetime
thatdetermines theoverall residence time.
The same reasoning applies depending on the value of the l/!ratio, where ! is the fre-

quencyof the periodic disturbance and l is the decay constant.The £uctuations imposed
by the source shall be taken into account di¡erentially with or without a phase shift and
withorwithoutamplitudedamping.
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Figure 8.12 Quantity in the reservoir as a function of time. After Lasaga and Berner (1998).
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E X A M P L E

Cosmogenic isotopes in the atmosphere

There are three types of cosmogenic isotope in the atmosphere we can look at: 10Be, 3H, and 14C.

For 3H, l¼ 5.57 � 10�2 yr�1, for 10Be, l¼ 4.62 � 10�7 yr�1, and for 14C, l¼ 1.209 � 10�4 yr�1.

When we observe fluctuations in the abundance of these isotopes, 3H reflects rapid

fluctuations in the atmosphere whereas 14C largely damps these variations. However, 10Be,

with a much smaller decay constant, should damp them even more than 14C. In fact, it reflects

rapid oscillations. Why? Because its residence time in the atmosphere of 1–3 years is very

short and it is this constant that prevails.

For similar reasons when it comes to deciphering the Earth’s early history, the information

provided by extinct forms of radioactivity is not the same as that provided by long-lived forms,

as we have seen.

8.3.5 Non-linear processes

In all the examples examined so far, thebasic di¡erential equation hasbeen linear, even if the
forcing termwasnon-linearover time,as inthepreviousexample.Letusnowconsideramodel
ofgrowthoftheEarth’s core.LetthevariableNrepresentthequantityof iron inthe core.Then:

dN

dt
¼ K 1 � Nð Þ

where (1 ^ N) is themass fractionof iron in the core, the totalquantityof ironbeing normal-
ized to unity. It can be considered that the attraction of this iron dispersed in the form of
smallminerals isproportionallystrongerwhenthequantityof iron inthe core ishigh (gravi-
tational attraction).To characterize thequantityN,we canthereforetakeK¼QN.

Thisgives the equation:

dN

dt
¼ QN 1 � Nð Þ:

This is awell-knownequation, especially inpopulationdynamics. It is the logistic equation
(seeHaberman,1997):

dN

N 1 � Nð Þ ¼ Q dt:

Byseparatingoutthe simple elements,we canwrite:

1

N
þ 1

1 � Nð Þ

� 	
dN ¼ Q dt:

Integratinggives:

ln Nj j � ln 1 � Nj j ¼ Qt þ C;

hence:
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N ¼ N0

N0 þ 1 � N0ð Þ e�Qt

whereN0 is themassof iron in the corethatmaybe consideredas themassof iron locatedat
the centeroftheEarthandpooledbymelting.This canbeshowngraphicallyasanS-shaped
curvebeginning slowly then accelerating suddenlyand ending as an asymptote, withvalue
1,which is the totalquantityof iron (Figure8.13).
An attempt can then be made to connect time and the constant Q. Assuming that

N0¼ 0.1, the timetakentoform95%ofthe core iswritten:

t ¼ 5=Q:

If this time is estimated at 50Ma, we get Q¼ 1 �10�7. (These calculations are to give an
orderofmagnitudeofplausibleprocesses.4)
This logistic law is probably as general in naturally occurring processes as the expo-

nential law is in fundamental physical processes.

8.4 The laws of evolution of isotope systems

Thevarious exampleswehave developed canbeused tomodel theEarth’sgeodynamic sys-
temsusing isotope systemsas tracers, just as radioactive isotopes canbeused to seehow the
humanbodyor a complex hydrological systembehave.This model is mademuch easier by
using general equations describing the evolution of isotope systems in complex dynamic
systems.These equations can be used to solve problems directly. But, of course, one of the
aims is to obtain a formulation for calculating the system parameters from direct
observations.

Time

Core
formation

(Fe)0

Ir
o

n
 (

%
) 

Figure 8.13 Model curve of core growth. To simplify, it is taken that all the iron is in the core although a
fraction (approx. 6%) is in the mantle.

4 In actual processes, allowance must be made for oxidation of iron, which allows a fraction of the iron to
remain in the mantle.
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8.4.1 Equation for the evolution of radiogenic systems:
Wasserburg’s equations

Let us begin with a straightforward case. A reservoir exchanges radioactive and reference
isotopes 87Rb, 87Sr, 86Sr, notated r, i, j, with the outside.Wenotatewhat enters the reservoir
( )# andwhat exits ( )".The decay constant is notated l.The £uxes are notated r

�
; i
�

; j
�

. We can
thenwrite the equations:

dr

dt
¼ �lr � Hrð Þ" þ r

�ð Þ#:

di

dt
¼ lr � Gið Þ" þ i

�� �
#:

dj

dt
¼ � Gjð Þ" þ j

�� �
#:

Wehavewrittenwhat leaves the reservoirasproportional towhat is in the system, assum-
ing thefactor is the samefor (i) and (j), that is, assumingnoisotopefractionationoccurs.Let
us combine these equations to bring out the ratios (r/j) and (i/j), that is, by our notations
(87Rb/86Sr) and (87Sr/86Sr):

d
r

j

� �
dt
¼ r

j

� �
dr

r dt
� dj

j dt

� 	
¼ r

j

� �
�l � H þ

r
�ð Þ#
r
þ G

j
�� �
#

j

" #
:

Wehavenotateddr/dtanddj/dtas r�and j
�

respectively,as isoftendone.Bybringingout(r/j)#,
that iswhat leaves the system,andbywriting:

_rð Þ#
r
¼

_rð Þ#
j
�� �
#

j
�� �
#

rð Þ ;

then bymultiplying the bracketed termby (r/j), and noting r/j¼�, as is our standard prac-
tice,weget:

d�

dt
¼ G � Hð Þ � l½ �� þ �ex � �ð Þ

j
�� �
#

j
:

Doing the same calculations for (i/j)¼�gives:

d�

dt
¼ l� þ �ex � �ð Þ

j
�� �
#

j
:

Bynoting _j
� �
#=j¼L(t) andG�H¼F,we¢nallyobtain:

d�

dt
¼ F � l½ � � þ �ex � �ð Þ L tð Þ

d�

dt
¼ l� þ �ex � �ð Þ L tð Þ:

2
664
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TheseareWasserburg’s equations (seeWasserburg,1964) (Figure 8.14).
Let us make a few remarks about them. Notice that parameter Fmaybe either positive

or negative depending on whether the daughter element ‘‘leaks’’ from the reservoir faster
(G>H) or more slowly (G<H) than the parent element.These are two concatenated (and
not paired) equations. One (�) describes the system’s chemical evolution. It therefore
involves achemical fractionation factor for thematerial leaving the reservoir.Theother (�)
involves twoterms, one for radioactive decayl�and theother formixing (�ex��). Solving
the problem entails integrating the ¢rst and then the second.These are very general equa-
tions applying to all systems ^ minerals, rocks, atmosphere,mantle ^ and thus canbeused
inbothgeochronologyand isotope geology.Notice that L(t) is the inverse of residence time
1=R tð Þð Þ.

8.4.2 The steady-state box model

Thismodel is developedhere throughtwo examples.

dμ
dt

= – λ + F( ) μ + μ ex –μ( ) L
dα
dt

= λ μ + α ex –μ( ) L

L =

Closed
environment

Mixing and
fractionation

Mixing

Open environment
with loss

and
fractionation

General
equation

0 L= 0F = 0

dμ = –λ μ
dα
dt

= λ μ

dμ
dt

= – λ + F( ) μ

dα
dt

= λ μ

λ  small
F

λ  small
F = 0 dμ

dt
= – F μ + μ ex –μ( ) L

dα
dt

= α ex –α( ) L

dμ
dt

= μ ex –μ( ) L         

dα
dt

= α ex – α( ) L

Figure 8.14 Schema explaining the generality of Wasserburg’s equations. Most of the basic equations
we have used for radioactive–radiogenic systems can be found in his figure.
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Exercise

Take a reservoir into which flows material from a single external source with a constant

chemical and isotopic composition over time (�ex and �ex) and a constant flow rate. Let us

assume that the reservoir attains a steady state.

What is the residence time if we suppose the reservoir is well mixed (that is, having a

homogeneous isotope composition �)?

Answer
We find:�l� þ �ex � �ð Þ 1=R ¼ 0 and l� þ �ex � �ð Þ 1=R ¼ 0.

This gives:

R ¼ 1

l
�ex

�
� 1

� �
:

We find quite simply the residence time calculated for the 14C/C ratio of the deep ocean if

�¼ 14C/C and �ex is the 14C/C ratio of the surface water in equilibrium with the atmosphere.

The time can be computed from the simple radioactive decay �¼�ex e–lt or �ex¼� elt. If we

develop the Taylor series and keep the first two terms:

�ex ¼ �ðlþ lt Þt ¼ 1

l
�ex

�
� 1

� �
:

As for the isotope ratio:

R ¼ 1

l
� � �ex

�

� �
¼ �:

This is the expression of the model age of the reservoir, so we are back to the equality:

residence time¼model age.

(This is not so for 14C because the product 14N is drowned in normal 14N.)

Exercise

The 87Sr/86Sr isotope composition of sea water is the result of erosion of the continents and of

exchange at the mid-ocean ridges where Sr from the mantle is injected into sea water, but

also of alteration by volcanoes in subduction zones and oceanic islands. We denote the

isotope ratios of the continental crust ( )cc and of the mantle ( )m: (�Sr)cc¼ 0.712,

(�Sr)m¼ 0.703, (�Sr)sea water¼ 0.709.

What are the relative flows Lcc and Lm, given that the residence time of Sr is RSr¼ 4 � 106

years and that a steady state is attained in the ocean? If we know the ratio of the mass of river

water inflow to the mass of the ocean is 3 � 10�5, calculate the river/ocean Sr concentration

ratio.

Answer
We write the simplified Wasserburg equations, as there is no radioactive decay or growth

term:

�Sr
cc � �Sr

water

� �
L cc þ �Sr

m � �Sr
water

� �
L m ¼ 0:

We obtain:
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L m

L cc
¼ �Sr

cc � �Sr
water

�Sr
water � �Sr

m

� �
¼ 0:5:

We also have:

L m þ L cc ¼ 1=R ¼ 2:5 � 10�7 yr�1;

hence Lcc¼ 1.66 � 10�7 yr�1 and Lm¼ 0.83 � 10�7 yr�1.

We then have:

L cc ¼
river water flow� Sr concentration in rivers

ocean mass� Sr concentration in ocean
;

hence

Sr concentration in rivers

Sr concentration in sea water
¼ 0:005:

Exercise

Suppose the variation in continental Sr input into sea water follows the tectonic cycle with a

period of 100 Ma. Suppose also that this fluctuation occurs with constant isotope composi-

tion for the continental crust and mantle. By how much would the 87Sr/86Sr isotope ratio of

sea water as indicated by limestone be offset?

Answer
It would not be offset. See Section 8.4.

8.4.3 The non-steady state

Naturally enough, in the general case, all of the parameters are a function of time: F(t),�ex(t),
and L(t). It is not generally very easy to integrate these equations when we are unaware a
priori of the formofvariation of the various parameters. It can easilybe seen that ifwewrite
L(t)¼ 0, that is, ifwe are in the case of evolutionwith no input fromoutside, withoutmixing,
we come back to the equations developed in Chapter 3 for open geochronological systems
withF(t) taking the formofan episodic orcontinuous loss.Conversely, ifwe cancel the terms
ofradioactivedecay,wearedealingwithpuremixing.Themixingequationweareusedtois:

�M ¼ �1xþ �2ð1� xÞ:

Letus assume that�M¼� (tþ 1) and�¼� (t) are the twovalues ofthe reservoir at (tþ 1)
and (t). Ifwemodify the value � of the reservoir by adding a corresponding quantity to �x
fromtheoutside, then:

�2ðtþ 1Þ ¼ ð�1 � �ðtÞÞ�xþ �ðtÞ;

therefore
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�ðtþ 1Þ � �ðtÞ ¼ �� ¼ ð�1 � �Þ�x:

This is the expression fordi¡erentialmixingalreadyestablished.
Wasserburg’s equations maybe extended to several reservoirs exchanging material and

with di¡erent isotope ratios.Foreach reservoir,wewrite:

d�

dt
¼

Xi¼n
i¼1

Fi � l

" #
� þ

Xi¼n
i¼1

�i � �ð Þ Li

d�

dt
¼ l� þ

Xi¼n
i¼1

�i � �ð Þ Li

8>>>><
>>>>:
whereFi is the totaloffractionation factors.

There are as many pairs of equations as there are reservoirs and we switch therefore
to amatrix systemwhose solution is complex and generally di⁄cult to solve because there
are many unknown, time-dependent parameters. However, in some cases it can be
approximated.

Exercise

A simplified three-reservoir system is considered: the lower mantle (lm), upper mantle (um),

and atmosphere (a) with transfers of radiogenic rare gases described by the transfer coeffi-

cients shown in Figure 8.15, plus a chemical fractionation (F ) during the transition from the

upper mantle to the atmosphere.

Write the matrix equation describing the dynamic evolution of the system. It is assumed

there is no reverse transfer either from the atmosphere to the upper mantle or from the upper

Atmosphere

Upper
mantle

Lower
mantle Mlm

Mum

a
Lum    a

Llm um

•

•

Figure 8.15 The simplified three-reservoir system.
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to the lower mantle and that transfer from the lower to upper mantle does not involve

chemical fractionation.

Keep the � and � notations as used in this book.

Answer
The subscripts to denote the reservoirs are a¼ atmosphere, um¼upper mantle, lm¼ lower

mantle.

� ¼
�a

�um

�lm

2
4

3
5 and � ¼

�a

�um

�lm

2
4

3
5:

d�

dt
¼ T �


 �
�

where T �


 �
is the transfer matrix of �.

d�

dt
¼ T�½ � � þ l�

where T �½ � is the transfer matrix of �.

T �


 �
¼

0 0 0
0 � l � F þ L lm!umð Þ þL lm!um

0 0 �l

������
������ and T�½ � ¼

�L um!a þL um!a 0
0 �L lm!um þL lm!um

0 0 0

������
������:

This exercise is designed to show how complex the problems are, but also to prepare

readers for the mathematical processing used in research work.

The cases of stable isotopes may also be covered by generalizing from these equations

somewhat, but in this case, we must consider a combined formula because while there is no

radioactive decay to be considered there is isotope fractionation.

By positing �s = stable isotope ratio, we can write:

d�s

dt
¼ F i �s þ

X
i

Fex �
i
s � �s

� �
L i tð Þ

where Fi is fractionation internal to the system and Fex is fractionation for elements entering

the system. This equation shows how worthwhile but how difficult it is to use stable isotopes

in balance processes, because it involves an extra parameter – fractionation.

E X A M P L E

The crust–mantle system

Consider the continental crust-mantle system. Let us take the example of exchange between

the continental crust and the mantle. Let us keep our conventional use of � and �; let us take

the 87Rb/86Sr system to clarify things. To simplify, we shall assume that the � values for the

mantle are much lower than those for the continental crust.

The evolution of the crust is written:

d�cc

dt
¼ �l�cc þ �#m � �cc

� �
L
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d�cc

dt
¼ þl�cc þ �#m � �cc

� �
L

where �#m and �#m indicate the transfer from the mantle to the continental crust.

It is assumed, to simplify matters, that L is constant over time. Integrating the equation in �

gives:

�cc ¼
�m# L

l þ L
1� e� lþLð Þt
h i

þ �0cc e� lþLð Þt ;

�0cc being the initial value for continental crust. Notice straight away that since

1 – eðlþL Þt eðlþL Þt ¼ 1, this is a mixing-type equation whose proportions are time dependent.

If x(t)¼ eðlþL Þt , we get:

�cc ¼
�m# L

l þ L
1� x tð Þð Þ þ �0cc x tð Þ;

from which L is of the order of 0.3 � 10�9 yr�1 and l¼ 0.0142 � 10�9 yr�1. Therefore
�m#L

l þ L
� �m#, which is much less than �cc and is ignored.

d�cc

dt
¼ l �0cc e� lþLð Þt þ �m# � �cc

� �
L :

Integrating gives:

�cc ¼ �cc þ l�0cc t½ � e� lþLð Þt þ �m# 1 � e� lþLð Þt
h i

:

Notice that this is a mixing equation between the evolution of isolated continental crust

(whose evolution is written �0ccþ l�0cc t) and the �m# coming from the mantle, which we

have taken to be constant, the terms of the mix being weighted by e–Lt (Figure 8.16).
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Figure 8.16 Results of the exercise above with �cc¼ 0.1.
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Exercise

Write the Wasserburg equation for stable isotopes (e.g., 18O/16O) in d notation.

Answer

dd
dt
¼ d � Ds"
� �

þ
X

d i � Di#
� �

Li tð Þ:

The �i# are isotopic fractionations during transfer from sources to the exterior, and �s" is

the isotopic fractionation towards the reservoir, the Li(t) are identical to those already

defined.

Exercise

Consider the sea water reservoir. The concentration of elements is determined by the influx of

products of erosion from rocks of continental and mantle origin.

We assume the equation governing this composition is written for element i:

dC i

dt
¼ J i tð Þ � ki Ci

and that 1/ki¼ Ri is the residence time of element i. It is assumed that:

Ji (t)¼ J0iþbi sin !t

where ! ¼ 2p=104 yr�1.

For all elements we take J0¼Gi¼ 1.

Calculate the curves of variation of Ci for the elements Nd: Ri¼ 1000 years, Os: Ri¼ 30 000

years, and Sr: Ri¼ 2 � 106 years.

Answer
See Figure 8.10.

8.4.4 Statistical evolution of radiogenic systems: mixing times

Here, we shall again take the example of the upper mantle, butour approach is more gen-
eral and could apply to other convective geochemical reservoirs like the ocean, the atmo-
sphere, or a river.We are nowgoing to lookat not just the averagevalues although theyare
essential, but also the statistical distributions that can be described summarily by their
di¡erent statistical parameters: a mean, a dispersion, an asymmetry, etc. (Alle' gre and
Lewin,1995).
As said, the upper mantle is subjected to two types of antagonistic processes. First,

chemical fractionation (extraction of oceanic crust, extraction of continental crust, rein-
jection of material via subduction phenomena). These processes result in chemical and
isotopicheterogeneitywiththehelpoftime.Second, it is alsosubjectedtomixingprocesses
related to mantle convection, which stretch the rocks, break them, fold them, and mix
them.There are alsomelting processeswhich also tend tohomogenize the isotope ratios of
thesourcezone.
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Thus two types ofphenomena are opposed: those producing chemical and isotopic dis-
persion and those which mix, homogenize, and tend to destroy the heterogeneities (see
McKenzie,1979;Alle' greetal.,1980;Alle' greandTurcotte,1986).

Exercise

Suppose that unaltered oceanic crust, altered oceanic crust, and fine sediments plunge

into the mantle in a subduction zone. The extreme compositions for the 87Rb–86Sr

system for unaltered oceanic crust are �Sr
0 ¼ 0.7025 and �Rb/Sr¼ 0.1 and for the sediments

�Sr
S ¼ 0.712 and �Rb/Sr¼ 0.4. The altered crust has intermediate values: �Sr

0A¼ 0.705 and

�Rb/Sr¼ 0.2.

What will be the dispersion of the � isotope ratios if this subducted oceanic crust is in the

mantle without mixing for 1 billion years?

Answer
Dispersion can be evaluated by calculating the two extreme values. We obtain 0.703 92 and

0.717 68 respectively for the pieces of unaltered oceanic crust and for the sediments. The

difference �� is 0.0137, while the difference in �Sr values during subduction was 0.0095.

We can also calculate it directly:

D� ¼ ðD�Þinitial þ lðD�ÞT :

Hence � indicates the dispersion: ��¼ 0.0095þ 0.004 26¼ 0.0137. (Notice that given the

value of l, the term –l� is negligible in the evolution of �.)

Suppose now that these subduction products are subjected to multiple mixing processes in

the mantle. Suppose the result is that ��i, which was 0.3 initially, becomes ��¼ 0.1, and that

�� becomes 0.003.

The effectiveness of this isotopic mixing can be measured by the ratio 30/137¼ 0.21

whereas chemical mixing, measured by 0.1/0.3¼ 0.33, is not quite as effective. (This reason-

ing probably fails to allow for isotope exchange, but it is a first approximation.)

Letustrytogeneralizethesesimple examples.Wearelookingtowriteanequationderived
fromWasserburg’s, but dealing with distributions. So we take as variables not the average
values, which has already been done, but the dispersions. Dispersion can be measured by
the standard deviation (or by the standard deviation of two extreme values, which, as we
know,areaboutthreetimes the standarddeviation) (Alle' greandLewin,1995).

Thefollowingequation canbederivedfromWasserburg’s equationsbynotingdispersion
hi.Thus we note the dispersion of isotope ratios �h i and the dispersion of chemical ratios
�h iwith subscripts�ex (external),�i (internal),�ex (external), and�i (internal).

d �ih i
dt
¼ �exh i � �ih i½ � L�M �ih i

where the term ^l �ih i is ignored (Figure8.17).
Thenew term thathasbeen introduced isM �ih i, the termofhomogenizationofthemix-

ture;Mhas the dimensionofthe inverseofatimeweshall callmixing time (�). It is the time
it takes to reduce the dispersion �h i by a factor (e) exponential. Suppose a steady state is
attained, then:
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�ih i ¼ �exh i L

M þ L
:

ReplacingLby its expression1/residence time¼ 1/RandM¼ 1/� , gives:

�ih i ¼ �exh i �

R þ �
:

If � <<R,mixing isveryrapidand �ih i ! 0when �!0.This is intuitive enough. Ifmixing
time is short, homogenization is vigorous and therefore the standard deviation is zero. If,
conversely, � >>R, homogenization is poor and �ih i ¼ �exh i: dispersion in the reservoir is
thesameas that introduced.
For isotope ratios, the equation for standarddeviation iswritten:

d �ih i
dt
¼ �exh i � �h i

2R
þ l

2
�h i � �h i

2�
:

Letusmaketworemarks.The¢rst, apurelyarithmeticalone, is thatthe factor1/2 is found
everywhere because the calculation made rigorously with variance is d �h i2=
dt ¼ 2 �h i d �h i=dt.The second andmore important remark is that in the terms of creation
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Figure 8.17 Diagram explaining how the histograms for parameters � and � evolve during the
geodynamic cycle. Values of � and � are represented by histograms. We start on the left with a
dispersed histogram for � and �. In the mantle the spread is reduced by mixing but supplementary � is
heated by radioactivity (white in histogram). Then melting reduces the spread of� but not so much as for�.
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ofheterogeneity, there is the termofexternal inputs in �exh ibut also aterm from the disper-
sionof �h ivalues.

Ifl is small enough forus tospeakofasteadystate,weget:

�ih i ¼ l �ih i
R�

R þ �

� �
þ �exh i �

R þ �

� �
:

If � is small comparedwithR (veryactivemixing):

�ih i � l �ih i � þ �exh i �

R

� �
:

If � is very small, �ih i in themixture is also very small.Themantle is therefore isotopically
veryhomogeneous (small standarddeviation).

If � ismuch larger thanR,mixing ispoor, and the standarddeviation is equal to the stan-
darddeviationof�multipliedbyresidence time,plus the deviationof input fromoutside.

Letus examinethe relationship theremaybebetweenthedispersionof �h iandthatofthe
�h i values.We saw when calculating the least squares that in an (�, �) plot, the statistical
slope equals �h i/ �h i (the ratio of standard deviations multiplied by the correlation coe⁄-
cientofapproximately1).

Ifwe plot the points representing mantle rockon an (�, �) diagram, e.g., (143Nd/144Nd,
147Sm/144Nd) or (87Sr/86Sr, 87Rb/86Sr), the slope of the straight line yielding an apparent
age is equal to the ratiosofthestandarddeviationsofthe (�) and (�) values.

If it canbe considered that �exh i is about constant (this is notthe absolutevalueof�exbut
its dispersion!), the slope is equal toR�=ðRþ �Þ(Figure 8.18).

If � is small compared with R, the slope is about equal to (�), the mixing time.
Unfortunately it is not easy to estimate �h i, the‘‘chemical’’dispersion ratio, because chemi-
cal fractionation in basalt formation greatly increases �h i dispersion even if it can be
assumedthat �h iremains thesame.

Theslopeofthe correlationdiagramobtained forbasalts is thenwritten:

D
R�

R þ �

� �

α

μ~ 6<μ>~

~
 6
<α

>
~

slope = λ Rτ
R+τ

Figure 8.18 Mantle isochrons constructed from dispersion of (�) and (�). The slope gives a pseudo-age
(Rþ � ).
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whereD is acoe⁄cientgreater thanunityandratherdi⁄cultto estimate.
This di⁄cultymakes the exercise somewhat hazardous. Letus attempt it none the less to

get an orderof ideas. An isochron hasbeen obtainedon oceanicbasalt by the147Sm/144Nd
methodwithanageof350Ma.
Letus admitavalue forDbetween2and1.5andavalueofR¼ 1Gafor the residence time

oftheuppermantle.Thisgives amixing time � of530Ma.
Another wayofaddressing the issue is touse the 4He/3He ratios (Alle' greetal.,1995).The

ratios measured in MORB are the outcome of mixing of OIB ratios which represent an
unmixedmantle.AsFigure6.18 shows, the 4He/3HeratiosofMORBseemtobeslightlydis-
persedaroundtheaverageforOIB.
Suppose, as a ¢rst approximation, that the dispersion caused by the decayofuranium is

faithfully re£ectedby theOIB.We canthenwrite:

�MORBh i
�OIBh i ¼

�

R þ �
:

With �OIBh i¼ 45 � 103 and �MORBh i¼ 9, and still takingR¼ 1Ga,we¢nd � ¼ 0.25Ga.We
are still dealing with the same order ofmagnitude but this time it is for the mantleMORB
sourcealone.
There are two important points to remember from this section. If we have an (�, �) rela-

tion for present-day rocks from the mantle, therefore from a convecting reservoir, the
slope does not measure the age of some sudden past event but is related to the physical
characteristics of the reservoir: mixing time and residence time.Wemust henceforth set
about describing geochemical reservoirs not by average parameters but by distributions
andevenbyregionalizeddistributions.Work isunderway inthis direction.
Notice too that anumberofconclusions aboutthe casewhere externaldispersion £uctu-

ates with sin !t can be applied to the dispersion equation.The decisive parameter in this
caseisL=ðM þ LÞ, thatis:�=ðR þ �Þ.Dispersionwillbeinphaseoroutofphase,damped
orundamped,dependingonthevalueofthisparameter.Weleavethismatter to readerswho
wish to investigate this area further and who, for this purpose, may transpose the calcula-
tionsalreadysetout.

Exercise

It is supposed that the 4He/3He ratios of the upper mantle vary as a result of dis-

persion introduced by variable ratios of the OIBs and of mantle convection (see Allègre

et al., 1995). The values measured on OIB by 4He/3He ratios are: mean 93 390, dispersion

45 330.

The values measured for MORB of the North Atlantic ridges are: mean 8938, dispersion

9330.

Calculate the upper mantle mixing time in the North Atlantic, given that the residence time

for the Atlantic lithosphere is 1.3 Ga.

The residence time of the North Pacific upper mantle is 582 Ma and the dispersion 3000.

Calculate the mixing time of these two zones of the upper mantle.

Answer
The mixing times for the two upper mantle zones are 300 Ma for the North Atlantic and 40 Ma

for the North Pacific.
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Problems

1 Consider a reservoir whose concentrations evolve in accordance with the equation with

standard notation: dC/dt¼ J – kC2, which is therefore a non-linear evolution equation. What

is the residence time of the element in question? Can you imagine a geochemical process

for which such a formula might apply? What is the system’s response law if a flux J0 is

suddenly injected and then left to evolve by itself?

2 It is assumed that erosion fluctuates with glacial cycles. These cycles are supposedly modeled

by the superimposition of three frequencies: 100 ka, 40 ka, and 20 ka, with relative amplitudes

of 2, 1, and 1, respectively. Uranium has a residence time in the ocean of 3 Ma. Supposing

that the 234U/238U ratios injected into rivers vary with climate, draw the 234U/238U response

curve of the ocean (without calculating).

3 The residence time of oceanic lithosphere in the primitive upper mantle is 1 Ga. It can be

supposed that the corresponding 70 km of mantle are fully degassed when they go through

the mid-ocean ridge. The 4He in the upper mantle is the sum of two terms: the radiogenic part

formed in situ over 1 Ga and the part coming from the lower mantle at the same time as

the 3He.

(i) Calculate how much 4He accumulated in 1 Ga in the upper mantle with U¼ 5 ppm and

Th/U¼ 2.5.

(ii) Given that the degassing of 3He from the mid-ocean ridge is 1�103 moles yr�1 and that
4He/3He¼ 105, calculate the residence time of 4He in the upper mantle.

(iii) What do you conclude about the melting process at the mid-ocean ridges?

4 Suppose that the dispersion of 4He/3He ratios in the upper mantle is due to the incorporation

of a dispersion through the OIB counterbalanced by mantle convection. Dispersion measured

in the MORB of various oceans is given in the table below.

Ocean expansion rates are also given in the table along with the residence time of oceanic

lithosphere in the corresponding mantle province. Calculate the mixing time of the various

portions of the upper mantle, given that the OIB dispersion is 45 000. Is there a relation with

the expansion rate? What is the relation? Draw it.

5 Consider Figure 8.2 showing the hydrological cycle. Construct a system of boxed reservoirs,

with four boxes: atmosphere/ocean, atmosphere/landmass, groundwater/runoff, and

oceans. Draw the input and output and the corresponding flows for each box. What is the

residence time of water in each box? What is the proportion of ocean going through the

groundwater/runoff box and that has flowed into the sea as rivers over 1 million years?

Dispersion Expansion rate (cm yr�1) Residence time (Ma)

North Atlantic 9 000 2.3 1400
South Atlantic 6 000 3.5 900
South-west Indian Ocean 11 000 1.7 1600
North Pacific 3 000 8.0 580
Central Indian Ocean 4 700 3.6 700
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APPENDIX

Table A.1 Symbols and orders of magnitude

Pre¢x Factor

exa (E) 1018

peta (P) 1015

tera (T) 1012

giga (G) 109

mega(M) 106

kilo (k) 103

hecto (h) 102

deca (da) 101

deci (d) 10�1

centi (c) 10�2

milli (m) 10�3

micro (�) 10�6

nano (n) 10�9

pico (p) 10�12

femto (f) 10�15

atto (a) 10�18

Table A.2 Constants

Symbol Value

Speedof light c 2.997 924 58 � 108ms�1

Electron charge e �1.60217733 � 10�19C
Planckconstant h 6.620 60755 � 10�34 J s
Boltzmann constant k 1.380 658 � 10�23 JK�1
Gravitational constant G 6.6726 � 10� 11Nm2 kg�2

Electron restmass me 0.910 938 97 � 10�30 kg
Atomicmassunit u 1.660 540 2 � 10�27 kg
Avogadro constant NA 6.0221367 � 1023mole�1

Idealgas constant R 8.314 510 Jmole�1K�1

1.989calmole�1K�1



Table A.3 Geological data

MassoftheEarth 5.9737 � 1024 kg
Volume 1.08320 � 1021m3

Mean radiusassumingsphericalEarth 6371000m
MeandensityofEarth 5515 kgm�3

Massofatmosphere 5.1 �1018 kg
Massofoceans 1.37 � 1021kg
Massof ice caps 2.9 � 1019 kg
Massoffreshwater (rivers and lakes) 3 � 1016 kg
Massofcontinental crust 2.36 � 1022 kg
Massofwholemantle 4 � 1024 kg
Massofuppermantle (above670 km) 1 �1024 kg
Massofcore 1.950 � 1024 kg
Massofoutercore 1.85 � 1024 kg
Massof innercore 9.7 � 1022 kg
AreaofEarth 5.100 655 � 108 km2

Areaofoceans 3.62 � 108 km2

Areaofcontinents (andcontinentalmargins) 2 � 108 km2

Areaofexposedcontinents 1.48 � 108 km2

AreaofAtlanticOcean 9.8 � 107 km2

Areaof IndianOcean 7.7 � 107 km2

AreaofPaci¢cOcean 1.7 � 108 km2

Hydrothermal£uxatoceanridges 1�2.3 � 1014 kgyr�1
Fluxofrivers toocean 4.24 � 104 km3yr�1¼ 4.24 � 1016 kgyr�1
Fluxofriver sediment load 1.56 � 1013 kgyr�1
Fluxofoceanic crust formed 8.4 � 1013 kgyr�1
Fluxofoceanic lithosphere created 8.4 � 1014 kgyr�1
Lengthofoceanridges 50 000 km
Flux fromhotspots 2.5 � 1014 kgyr�1
Average sea-£oor spreading rate 3 cmyr�1

Fluxoflithospheric subduction 8.4 � 1014 kgyr�1
Averagealtitudeof landmasses 875m
Averagedepthofoceans 3794m
Averagethicknessofcontinents 35 km
Averagethicknessofoceanic crust 6.0 km
Averageheat£ow 87mWm�2

Totalgeothermal£ow 44.3TW
Average continentalheat£ow 65mWm�2

Averageoceanicheat£ow 101mWm�2

Solar £ux 1373Wm�2
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Table A.4 Long-lived radioactivity

Percentageofelement Decayconstant,l (yr�1) Mean life,T (yr) Half-life,T1=2 (yr) Product

40K
1.167 � 10�4Ktotal

��4.962 � 10�10
e�cap0.581 �10�10
Total5.543 � 10�10

2.015 � 109
17.21 �109
1.80 � 109

1.397 � 109
11.93 � 109
1.25 � 109

40Ca
40Ar

87Rb��0.25 1.42 �10� 11 70.42 � 109 48.8 � 109 87Sr

138La
��

0:089
e�cap

2
4 ��2.25.10� 12 4.44 � 1011 3.08 � 1011

138Ce
138Ba

�

Latotal e�cap4.4 � 10�12
Total6.65 � 10�12

2.2 � 1011
1.5 � 1011

1.57 � 1011
1.04 � 1011

147Sm�(15.07) 6.54 � 10�12 152.88 � 109 1.06 � 1011 143Nd
176Lu��(2.6) 2 � 10�11 50 � 109 3.5 � 1010 176Hf
187Re�� (63.93) 1.5 � 10�11 66.66 � 109 4.6 � 1010 187Os
190Pt� (0.0127) 1.16 � 10�12 862 � 109 6 � 1011 186Os
232Th (100) (6�,4��) 4.9475 � 10�11 20.21 �109 1.4010 � 1010 208Pb
235U(0.73) (7�,5��) 9.8485 � 10�10 1.01538 � 109 0.703 809 9 � 109 207Pb
238U(99.27) (8�,6��) 1.55125 � 10�10 6.44 � 109 4.4683 � 109 206Pb

Table A.5 Extinct radioactivity

Percentageof
element

Decayconstant,l
(yr� 1)

Mean life,T
(Ma)

Half-life,T1=2

(Ma)
Product

26Al�þ 9.7 � 10�7 1.03 0.714 58 26Mg
10Be�� 4.6 �10�8 2.16 �107 1.5 �107 10B
36Cl�þ
36Cl��

2.25 � 106 0.44 0.308 36Ar (98.1%)
36S (1.9%)

41Ca�þ 6.7 � 10�6 0.15 0.1 41K
53Mn�þ 1.886 � 10�7 5.3 3.3867 53Cr
60Fe2�� 4.761 �10�7 2.2 1.456 60Ni
92Nb�þ 2.777 � 10�8 36 25.67 92Zr
107Pd�� 1.063 � 10�7 9.4 6.538 107Ag
129I�� 4 � 10�8 25 17.327 129Xe
146Sm� 6.849 � 10�9 146 101.19 142Nd
182Hf2�� 7.692 � 10�8 13 9.01 182W
205Pb�þ 4.62 � 10�8 21.64 15 205Tl
244Pu¢ssion 8.264 � 10�9 121 83.91 Xe¢ssion
247Cm2�,3�þ 4.4 � 10�8 22.5 15.6 235U
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Table A.6 Half-lives of radium isotopes used in geology

Parent Raisotope Half-life

238U 226Ra 1622years
235U 223Ra 11.435days
232Th 228Ra 6.7years
232Th 224Ra 3.64days

Table A.7 Half-lives and decay constants of disintegration
reactions for radioactive chains used in geology

Nuclide Half-life (years) Decayconstantl (yr�1)

234
92 U 2.48 �105 2.794 �10� 6

230
90 Th 7.52 �104 9.217 �10� 6

226
88 Ra 1.622 �103 4.272 �10� 4

210
82 Pb 22.26 3.11 �10� 2

231
91 Pa 3.248 �104 2.134 �10� 5

Table A.8 Mass ratios of selected elements

Chemicalmass ratio Isotope ratio

(Rb/Sr) 0.341 (87Rb/86Sr)
(Sm/Nd) 1.645 (147Sm/144Nd)
(Lu/Hf) 1.992 (176Lu/177Hf)
(Re/Os) 0.212 (187Re/188Os)
(Re/Os) 0.0252(187Re/186Os)
(U/Pb) �70 (238U/204Pb)a

aThis is indicativeonlybecause the¢gurevarieswiththe lead isotope composition.Caremust
betakenwithchemicalvalues intheliteraturefor rockswhencomparedwith, say,carbonaceous
meteorites,which haveprimitive isotopic compositions.

Table A.9 Values of selected isotope ratios

Bulksilicate earth Initialvalues

143Nd/144Nd 0.512 638 0.505 83
147Sm/144Nd 0.1966
176Hf/177Hf 0.282 95 0.27978
176Lu/177Hf 0.036
87Sr/86Sr 0.7047 0.698 998
87Rb/86Sr 0.031
187Os/186Os 1.06 0.805
187Os/188Os 0.130 0.0987
187Re/186Os 3.3
187Re/188Os 0.412
206Pb/204Pb 18.426 9.307
207Pb/204Pb 15.518 10.294
208Pb/204Pb 39.081 29.476
238U/204Pb 9.2
232Th/238U 4.25
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Table A.10 Atomic number (Z), chemical symbol, and atomic mass
(A) of the natural elements

Atomicnumber Element Atomicmass

1 Hydrogen (H) 1.0079
2 Helium(He) 4.002 60
3 Lithium(Li) 6.941
4 Beryllium(Be) 9.01218
5 Boron (B) 10.81
6 Carbon (C) 12.011
7 Nitrogen (N) 14.0067
8 Oxygen (O) 15.9994
9 Fluorine (F) 18.998 40
10 Neon (Ne) 20.179
11 Sodium(Na) 22.9898
12 Magnesium(Mg) 24.305
13 Aluminum(Al) 26.98154
14 Silicon (Si) 28.086
15 Phosphorus (P) 30.97376
16 Sulfur (S) 32.06
17 Chlorine (Cl) 35.453
18 Argon (Ar) 39.948
19 Potassium(K) 39.098
20 Calcium(Ca) 40.08
21 Scandium(Sc) 44.9559
22 Titanium(Ti) 47.90
23 Vanadium(V) 50.9414
24 Chromium(Cr) 51.996
25 Manganese (Mn) 54.9380
26 Iron (Fe) 55.847
27 Cobalt (Co) 58.9332
28 Nickel (Ni) 58.71
29 Copper (Cu) 63.545
30 Zinc (Zn) 65.38
31 Gallium(Ga) 69.72
32 Germanium(Ge) 72.59
33 Arsenic (As) 74.9216
34 Selenium(Se) 78.96
35 Bromine (Br) 79.904
36 Krypton (Kr) 83.80
37 Rubidium(Rb) 85.468
38 Strontium(Sr) 87.63
39 Yttrium(Y) 88.9059
40 Zirconium(Zr) 91.22
41 Niobium(Nb) 92.9064
42 Molybdenum(Mo) 95.94
43 Technetium(Tc) (97)
44 Ruthenium(Ru) 101.07
45 Rhodium(Rh) 102.9055
46 Palladium(Pd) 106.4
47 Silver (Ag) 107.868
48 Cadmium(Cd) 112.40
49 Indium(In) 114.82
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Table A.10 (cont.)

Atomicnumber Element Atomicmass

50 Tin (Sn) 118.69
51 Antimony (Sb) 121.75
52 Tellurium(Te) 127.60
53 Iodine (I) 126.9045
54 Xenon (Xe) 131.30
55 Cesium(Cs) 132.9054
56 Barium(Ba) 137.34
57 Lanthanum(La) 138.9055
58 Cerium(Ce) 140.12
59 Praseodymium(Pr) 140.9077
60 Neodymium(Nd) 144.24
61 Promethium(Pm) (145)
62 Samarium(Sm) 150.4
63 Europium(Eu) 151.96
64 Gadolinium(Gd) 157.25
65 Terbium(Tb) 158.9524
66 Dysprosium(Dy) 162.50
67 Holmium(Ho) 164.9304
68 Erbium(Er) 167.26
69 Thulium(Tm) 168.9342
70 Ytterbium(Yb) 173.04
71 Lutetium(Lu) 174.97
72 Hafnium(Hf) 178.49
73 Tantalum(Ta) 180.9479
74 Tungsten (W) 183.85
75 Rhenium(Re) 186.2
76 Osmium(Os) 190.2
77 Iridium(Ir) 192.2
78 Platinum(Pt) 195.09
79 Gold (Au) 196.9665
80 Mercury (Hg) 200.61
81 Thallium(Tl) 204.37
82 Lead(Pb) 207.2 (variable)
83 Bismuth (Bi) 208.9804
84 Polonium(Po) (209)
85 Astatine (At) (210)
86 Radon(Rn) (222)
87 Francium(Fr) (223)
88 Radium(Ra) 226.0254
89 Actinium(Ac) 227.0278
90 Thorium(Th) 232.0381
91 Protactinium(Pa) 231.0359
92 Uranium(U) 238.029
93 Neptunium(Np) 237.048
94 Plutonium(Pu) (244)
95 Americium(Am) (243)
96 Curium(Cm) (247)
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SOLUTIONS TO PROBLEMS

Chapter 1

(1) The mass of one atom of 17O is 28:455 75 � 10�27 kg. Since the atomic mass unit is
1:660 540 2 � 10�27 kg, themassof 17O inmassunit is17.136 4415.

The mass of each of the two molecules 12CDH3 and
13CH4 is17.133367132 in mass

units. The di¡erence is 0.002 77, which in relative mass is about 1.610�4 which corre-
sponds toaresolutionpowerof6100 for the interferenceofseparation.

(2) Thereare 31.7ppmoflithium inthe rock
(3) The measured isotopic ration

87Sr
86Sr
¼ Rmes is equal to the real ratios þ the pollution

(estimatedbytheblank).Thesupposedisotopicratiooftheblank isRbl.Thereal isotopic
ratioofthe sample isRs. So:

Rmes ¼ Rsð1� xÞ þ RblðXÞ;

where (X) is the mass fraction of the blank in the mixture (this is the same formula
as isotope dilution).
If the precision is measured at 1.10�4, Rmes ^ Rs should be greater than 10 times this
value:

Rmes � Rs51:10�5

which translates to

ðRbl � RsÞX510�5;

sinceRbl ^ Rs�0.006and

x51:6 10�3 x ’ blank

sample
:

So if the sample is10�6g of Sr, x< 1.610�9g. Ifwe increase the accuracyby10 times
theblankshouldbe0.1610�9g.

(4) The radius must be 63 meters if the angle of incidence is at 908 to the electromagnet’s
input faces,31meters iftheangle is 27%.

(5) Presentday:13.59dps; 4.5 �109yearsago:77.15dps.



(6) Productionofradioactiveheatforamantleofprimitive composition:19.9 �1012W.Fora
mantleanalogous totheuppermantle: 2.6 �1012W.

Urey ratios: (i) 47%, (ii) 6%.The second ratio makes the production of radioactive
heat virtually negligible. All the internal heat would thereforebe related to the Earth’s
earlyhistory.

Chapter 2

(1) Answersonpp.288and following.
(2) Apparent ages in Ma

206Pb/238U 207Pb/235U 207Pb/206Pb 208Pb/232Th

473 510 677 502
472 489 572 469
442 460 548 471
439 457 547 492

(3) 5.14Ma;4.2Ma.Theycorrespondto lavafromdi¡erenteruptions.
(4) Inactivity:

234U
238U

� �
¼

234U
238U

� �
0

e�l4t þ ð1� �l4t Þ

230Th
238U

� �
¼ l230

l230 � l234

234U
238U

� 1

� �
ð1� e�ðl230�l234ÞtÞ þ ½1� el230t �:

(5) (i)
230Th
231Pa

� �
excess

¼
230Th
231Pa

� �
initial
excess

e�ðl230�l231Þt

(ii) About300 000years.

Chapter 3

(1) 0.75Ga.
(2) WithTbeing thetemperature,wehave:

40Ar ¼ ð40ARÞ0 exp �
aT2

2
þ GT

� �� �

(3) (i) Theagesare:PykeHill: 2.75Ga;Fred’sFlow: 2.58Ga;Theo’sFlow: 2.46Ga.
(ii) Thesul¢desnotcontaininguraniumlieontheisochronsandgiveroughlytheinitial

valuesofthe lead isotope compositions.

(4) Lu^Hfages:M101¼ 24.7� 1.2Ma,M214¼ 30.6� 2Ma.
Sm^Ndages:M101¼ 23.6� 4.3Ma,M214¼ 20.0� 7Ma.
TheSm^Ndages seemyounger thantheLu^Hfages, butthepyroxenitebedsareprob-
ably24Mayearsold.
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(5) Agesofthreepopulationsofzircons

LittleBeltMountains 1935^2000Ma and 2630^2650Ma
Finland 2700^2800Ma and 2000Ma
Maryland 600� 60Ma

Itcanbeseenthattwoofthezirconpopulationsaredouble.
(6) Astraight line.

Chapter 4

(1) C/N¼ 14.4million!PlantshaveC/Nratiosof100^200.Drawyourown conclusions!
(2) About1350years! It is thereforenottheshroud inwhichChristwaswrapped.

(3)
41K
40K

� �
cosm

¼
41K
39K

� �
cosm

�
39K
40K

� �
measured

41K
39K

� �
measured

� 41K
39K

� �
normal

41K
39K

� �
cosm
� 41K

39K

� �
normal

2
64

3
75:

(4) 8.9 � 105years.
(5) a¼ 1.62� 0.1mmMa�1.

Chapter 5

(1) (i) Basalt>1.6mg,granite>3mg.
(ii) Yes: basalt (2 Ga)¼ 0.7072; basalt (0.5 Ga)¼ 0.700 98; granite (2 Ga)¼ 0.7829;

granite (0.5Ga)¼ 0.7197.
(iii) 3øforSr,2%for theRb/Sr ratio.
(iv) Five 200-g pieces arebetter than one1-kg piece.The result is cross-referenced and

there is ahopeofconstructingan isochron.
(2) 110� 16ka.
(3) 277� 5Ma.
(4) (i) (a) 1.12 ionsperminute.

(b) Theuncertainty is�11540years, or 20%, comparedwith 0.7%uncertaintyon
thepresent-daymeasurement.

(c) Minimumage: 311� 50years.
(d) Counting for 8days,300mgofcarbonwouldhavetobe extracted.

(ii) The error by the 230Th^234Umethod is 420 years for an age of 55 000 years, which
corresponds to 0.76%. It is therefore an excellent method for this half-life, far
superior to 14C in theory. Geochemical conditions must hold for it to apply, that is:
closedsystemandsu⁄cientabundance levels.

(5) (i) The 87Rb/87Srageofthegneisses is1.05Ga.
(ii) Theageofthegranite determinedby the concordiadiagram is 2.11Gawithan inter-

cept less thanabout1Ga (see¢gure).Theapparent ages and thegeometric relations
establishedbygeologyaretherefore contradictory.Agranitethatcross-cutsagneiss
cannotbe older than the gneiss! Eitherof twohypotheses mayhold.The ¢rst (A) is
that both gneiss and granite are about 1Ga old (given by the concordia intercept
and theRb^Sr isochron).The second (B) is to accept that thegneiss is 2Gaoldand
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thegranitealittleyounger,butthatthewholewassubjectedtoalargetectonic crisis1
Ga ago, making the zircons discordant and partially re-homogenizing the
87Rb^87Sr system.
How do we choose between A and B? Hypothesis B is the more likely for two

reasons. First, it is the concordia diagram that gives two ages of 2 Ga and about
1Ga.Now, the1Gacorresponds tothe 87Rb^87Srageofthegneisswhich hasapoor
alignment and above all a (87Sr/86Sr)initial ratio of about 0.713, which is very clear
and indicates isotope re-homogenization. If we take the average of the 87Sr/86Sr
and 87Rb/86Sr ratios, we get an average point. Taking an initial ratio of 0.705, we
¢nd an age of 1.95 Ga. Everything seems to be coherent therefore. However, of
course,aseriesofU^Pbmeasurementsonthezirconofthegranitewouldbeneeded
to con¢rmthis.

(6) Initialage: 2.7Ga,Grenvilleorogeny1.1Ga.Thezirconagesof2.8Gashowthatsomeof
thezircon is inherited.

(7) 235� 5Ma.
(8) (i) All the time intervals are mathematically possible. Allowing for di¡usion

T< 30 Ma.
(ii) Rockof interestwould contain zircon, apatite, andsphene.

0.1 0.2 0.3 0.4 0.5

87Rb/86Sr

87
Sr

/8
6 S

r

0.6 0.7 0.8 0.9
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0.710
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0.720

0.725

0.718
0.35

~ 2 Ga

0.719
0.45

0.722
0.6

0.723
0.9

0.730

0.724
0.8

0.713
0.1

(207/235)*
5 10

2.5 Ga

2 Ga

1 Ga

15

0.1

0.2

0.3

0.4

0.5

0.6

Concordia 

(2
06

/2
38
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(9) The rhyolite is the resultofpartialmelting (whether followedbydi¡erentiationor not)
oftheancientbasaltcrust.Thisburiedhydrated crust isheatedandmelts a little togive
rise tothe rhyolite.

(10) SeeFigure5.11forhowto constructthediagram.

Chapter 6

(1) (i) The initial two proportions in the twovolcanogenic sediments are 0.576 and 0.423,
respectively, giving:

ð87Sr=86SrÞJ:Sedian ¼ 0:709 46 and ð87Rb=86SrÞSedian ¼ 0:1239:

(ii) Initial ratios: (87Sr/86Sr)granite¼ 0.718 65, (87Rb/86Sr)granite¼ 3.885.
Final ratio: (87Sr/86Sr)granite¼ 0.7738.

(2) (i) Mass of 40Arassumed tobe contained in the core approx. 20 � 1018 g,mass of 40Ar
in the lower mantle 60 � 1018 g.This putative evaluation does not alter the general
ideabehind the 40Ar balance, a missing part ofwhich must be in the mantle.

(ii) Concentrationofnon-radiogenic lead in the coreCPb
N ¼ 1:81 ppm.

(iii) For T¼ 3 Ga, (206Pb/204Pb)lower mantle¼ 17.40, (207Pb/204Pb)lower mantle¼ 14.74.
Thevalues for the closedsystemare17.35and14.53, respectively.Thepointis slightly
tothe rightofthegeochronat4.5Ga.

(iv) TakingT¼ 4 Ga, we have (206Pb/204Pb)lower mantle¼ 17.90 and (207Pb/204Pb)lower
mantle¼ 16.10.

(v) This phenomenon places the representative points in the J domain but is insu⁄-
cient to give leadvalues with an isotope signature like the island of St. Helena. For
this,50%ofthe lead in themantlewouldhavehadtopass into the coreafter 4.4Ga,
which seems a lot.The idea ofexplainingOIBswith high �values by this mechan-
ismdoesnotseemtobe corroboratedby thedata.

(3) (i) For themantle, the reinjection of continental crust plays virtually nopart.This is
becauseofthemass di¡erence.Only the initial di¡erentiation is seen.

U/Pb 
Whole 
rock 

Age Age 

Granites 0.2 
10

–3
 

10
–4

 

10
–5

 

Basalts 0.1 

Ultramafic 0.05 

4.55 Ga 1 Ga  0.1 Ga 
100 Ma 

0.01 Ga 
10 Ma 

0.0001 Ga 
100 Ka 

0.001 Ga 
1 Ma 

4.55 Ga 1 Ga 

Basalts 

Basalts 

Ultramafic 

Ultramafic 

Granites 

Granites Sphenes, Apotites 

Zircons
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100 Ma 
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For the continental crust, itdoesplayarole, but its evolution doesnotcorrespond
to observation. The concavity observed with time is the opposite of what is
observed, which seems on the contrary to involve increasing recycling of conti-
nental crust.

(ii) Neither the Nd nor Sr curves of mantle evolution show the evolution really
observed,which seeaprogressiveonsetofprimitivemantle evolution.

(iii) Overall, with the simplifyingassumptionsmadehere, thismodeldoesnotaccount
for theobservationsverywell (see¢gure).

(4) (i) The upper mantle has a mass of 1 � 1027g with 5 ppb uranium, corresponding to
2 �1016moles.

(ii) Productionof 4He in1Ga is 2.12 times thatofuranium inmoles, therefore4.45 �1016
moles.The quantity of 4He outgassed is about 108 moles yr�1.Therefore, the resi-
dence time 4He¼ 440 Ma is equal to half the residence time of the lithosphere,
which means that when the oceanic lithosphere forms at the mid-ocean ridges,
there is enrichment in 4Hetowards themelting zone.

(5) (i) Values of WNd are calculated in both hypotheses �Nd
cc ¼ 0:5110 and

�Nd
cc ¼ 0:5120, which are the extremes using the balance equation �. Next the

TNd model ages are calculated using the two extreme data by the age formula
deduced from continental crust data. This gives a pair of values (WNd, TNd)
which are (0.2465; 2.84 Ga) and (0.4608; 1.08 Ga).Values ofWNd are calculated
with the �balance equation under both extreme conditions �Sm=Nd

dm ¼ 0:227 and
�
Sm=Nd
dm ¼ 0:28.
ThenTNd is calculatedusing the formula for the depletedmantle.Weget apairof

values (WNd,TNd)of (0.256; 2.6Ga) and (0.4882; 0.964Ga).Wethen takea (WNd,T)
plane and draw the two straight lines corresponding to the pair of values (W, T)

(I)
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taken two by two (see ¢gure). Their point of intersection gives WNd¼ 0.335,
TNd¼ 2.05 �109years.

Returning then to the balance equations, we get: �Nd
cc ¼ 0:511 567 and

�
Sm=Nd
dm ¼ 0:241.

(ii) UsingWNd,WSr is calculated as 0.22. From the balance equation for � values we
deduce �cc¼ 0.409. From the balance equation for the � values, we deduce
�Sr
cc ¼ 0:713 28.We check by calculating theTSr model age on the depleted mantle

valuesTSr¼ 2.1Ga; with continental crust valuesTSr¼ 1.90 Ga, for an average of
2Ga.Theoverallpicture is fairlycoherent.

Chapter 7

(1) The¢rst job is to estimate the fractionation factors at themissing temperaturesþ10 8C
and�30 8C.
(i) We plot the two curves �D, d18O against temperature and interpolate and extrapo-

late linearly, which is warranted because they seem to vary linearly.The complete
table isgivenbelow.

�D �18O

þ20 1.085 1.0098
þ10 1.10 1.0106
0 1.1123 1.0117
^20 1.1492 1.0141
^30 1.175 1.0155

Time (Ga)

 W
 N

d

1 2 3

0.5

0.4

0.3

0.2
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(ii) The results areasgivenbelow.

dD
vapor dD

rain d18Ovap d18Orain

1 ^133 ^33 ^16.3 ^6.5
2 ^208 ^96 ^24.13 ^12.4
3 ^307 ^158 ^33.57 ^19.47
4 ^424 ^249 ^43.95 ^28.38

(iii) See¢gure.

(2) The equation is:

d ¼ d0 þ 103ð�� 1Þ ln f:

For the ¢rst phase, f varies from1 to 0.7. The results are given in the table and ¢gure
below.

As canbeseen, greatprecision is requiredtobringoutthesevariations.

0

–100

–200

–300

0

–100

–200

–300

–40 –30 –20 0.9 0.8 0.7 0.6
F

Rain

Vapor

0.5 0.4 0.3 0.2–10

P = 8

δ18Ο

δD δD

0

��1¼ 0.0002 ��1¼ 0.00025 ��1¼ 0.00035

f¼ 0.9 f¼ 0.7 f¼ 59,�f¼ 0.84 f¼ 0.49,�f¼ 0.7 f¼ 0.388,�f¼ 0.79

Melt 5.52 5.571 5.614 5.66 5.74
Olivine 5.32 5.37 5.414 5.46 5.54
Pyroxene 5.31 5.36 5.44
Plagioclase 5.14
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(3) With dD¼ 70%andCraig’s straight lineofprecipitation,wededuce dO ¼ 10%.We cal-
culate thepartition coe⁄cientat 550 8C.
�A�B¼A �106T� 2þB

A B �mineral^water

Quartz 4.10 �3.7 2.35
Magnetite �1.47 �3.7 �5.8
Muscovite 1.9 �3.10 �0.41
Feldspar 3.13 �3.41 1.20
Calcite 2.78 �2.89 1.21
Plagioclase 2.15 �2.0 1.149

Thebalance equation iswritten:

dQ � dH2O

� 	
x1 þ dMg � dH2O

� 	
x2 þ dMg � dH2O

� 	
� x3þ

dfeld � dH2Oð Þx4 þ dcal � dH2Oð Þx5 þ dplag � dH2O

� 	
x6 ¼ Q:

Fromthisweget:

dsilicate � dH2O ¼ 0:99 ð2Þ;

butwealsoknowthe initialbalance:

d initial silicate � y1 þ d initial watery2 ¼ d initial

wherey1andy2 are calculatedallowing for the factthatbymass:

H2O ¼ 15%and silicate ¼ 85%:

In the silicates, oxygen¼ 54%; in thewater, oxygen¼ 88.8%.Therefore the initial over-
allvalueofthe system, ifassumedclosed, is:

d initial ¼ 7� 0:77� ð�10Þ � 0:23 ¼ 5:39� 2:3 ¼ 3:09:

0.9

5.7

5.6

5.5

5.4

5.3

5.2

5.1
0.8

Magma

Olivine
Pyroxene

Plagioclase

0.7 0.6
F

0.5 0.4 0.3 0.2

δ18
Ο
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This ispreserved, sowehave:

dsilicate þ dH2O ¼ 3:09 ð2Þ:

WethendeducedH2Obyeliminatingdsilicatebetween (1)and (2):

dH2O ¼ 1:05

All that is left is to calculate theminerald values:

dquartz ¼ þ3:4

dmagnetite ¼ �4:7

dmuscovite ¼ 0:68

dfeldspar ¼ þ2:29

dcalcite ¼ þ2:28
dplagioclase ¼ þ2:39:

(4) (i) Thequantityofcarbonburnt is 5.9 � 1016g,which corresponds to410ppmofCO2.
(ii) Now, the content is 330 ppm.The remainder has been dissolved in the ocean after

homogenization.
(iii) Thed13Ccalcitehasgonefromþ3 to0.
(iv) Ifd canbemeasuredwithaprecisionof0.1dor0.05d, this criterion canbeusedasa

pollution control.
(5) Dg�m ¼ dg � dmaj ¼ dSO2

� xdS2� þ 1� xð ÞdSO2�
4

h i

x ¼ S2�

S2� þ SO2�
4

x ¼ K Tð Þ
�2 þ K Tð Þð Þ

Dg�m ¼ 7:5x� 4:5:

Therefore ifx< 0.6�g^m it isnegative, otherwise it ispositive.
(6) (i) d¼ 0.344and1.386, respectively.

(ii) d¼ ^1.05.
(iii) 0.0081 d m�1 and 0.01108 d m�1 for the two snowball scenarios and for the

scorchedEarthscenario0.0148d m�1.
(iv) No.

Chapter 8

(1) We¢nd:

R ¼ 1ffiffiffiffiffi
Jk
p

:
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Adecay reaction, for example, decay of organic matter, obeys a second-order kinetic
equation:

x ¼ J0
J0 ktþ 1

:

(2) Thefrequency100kawillbe continuedunchanged.The40kaand20kafrequencieswill
bephase-shiftedanddampedandthereforethe100kafrequencywillpredominate.

(3) (i) The upper mantle 1 � 1027 g with 5 ppm of U, corresponding to 2 � 1016 moles.
Productionof 4He in1Ga is 2.2 times thatofuranium inmoles, therefore 4.4 � 108 yr.
Thequantityof 4Hedegassed is about108molesper year.

(ii) Therefore the residence time of 4He of 440 Ma is twice the residence time in the
lithosphere.

(iii) This means that when the oceanic lithosphere forms at the ocean ridges, there is
enrichmentof 4Hetowards themelting zones.

(4) Mixing times in the upper mantle

Mixing time (Ma)

NorthAtlantic 350
SouthAtlantic 138
South-west IndianOcean 533
NorthPaci¢c 42
Central IndianOcean 77

Yes, there is arelationwith the expansion rate (see¢gure).
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