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Preface 

Pascal once wrote, 'The last thing that we discover in writing a book is to know 
what to put at the beginning'. In my case this is particularly so, for what excuse 
have r as a single author for venturing into the fields of so many experts in an 
attempt to explain the methodologies of the main sub-disciplines of geochem
istry? This same problem was acknowledged by Goldschmidt in the preface to his 
classic 1954 text on geochemistry. Today of course the problem is compounded, 
for geochem istry has a multitude of relatively new and toompaflltiveiy narrow 
fields . We find experts in X-ray fluorescence and plasma emission techniques, 
those who specialize in the lead isotopes of zircon and the isotope systematics of 
argon . This speciaii7..ation is necessary, for the technologies of such techniques 
are (.'Omplex . Nevertheless, for some workers there needs to be an overview of 
the main range of techniques, for there arc many who wish to understand the 
potential of geochemical techniques and interpret the rcsults intell igently. That 
such an overview docs not exist is my chief defence. This text is nOt original in 
the ideas that it con\'eys; rather it is original in the sense that it brings together a 
wide range of ideas and methods from the geochemical li terature. 

The principal emphasis in this book is on ' whole-rock' chemistry; the equally 
large area of mineral chemistry has only been tOuched upon tangentially. 
Furthermore, it has not been possible to cover some of the more novel and 
esoteric techniques currently being applied to geochemical ifl\'cstig:nions. 

This text was eonceived as a work to be put into the hands of a graduate 
student embarking upon a geochemical project. As it has cvoh'ed, however, it has 
become apparent that it servcs many marc purposes. It may, for example, be used 
as a text in final-year and graduate-student geochemistry courses. It will be 
useful to the professional geochemist who has worked chiefly in one sub
discipline of the sub ject and needs to look more broadly at a problem. It will also 
be of use to the non-geochemist, whether working in academia, industry or a 
geological survey, who has acc(.'Ss to geochemical data and needs to interpret 
them . 

T his book has, therefore, two main goals. The first is to put infO the hands of 
a non-expert, who needs to make usc of geochemical data, a summary of the 
methods and techniques currently used in geochemistry, and yet a text which will 
enable the user to obtain something of geological significance from the data, The 
second gool is to put within one cover the disparate techniques and 
methodologies currently in usc by geochemists. Thus this text may be read at t ..... o 
lcvels. Firstly, it may be read by a geochemist who wishes to evaluate and 
interpret the data. Secondly. it may be read by a geologist or geochemist who 
wants to understand some of the current geochemical jargon and make sense of 
the geochemical literat6re. 



Preface 

The reader will detect a number of biases in this book which are an inevitable 
consequence of the author's geological interests. The first bias is towards 
examples chosen from the Archaean, which is the principal area of geology in 
which I have worked and which is evident also from the place of writing. The 
second bias is towards igneous and metamorphic petrology, which again are my 
fields of interest, but also the area in which many of the methods described were 
fina applied. 

I am grateful to many colleagues for their assistance during the preparation of 
this book. ~ Particular thanks go to Jan Kramers, Gordon Lampitt, Alex Woronow, 
David Lowry, Ken Eriksson, Kevin Walsh and my late colleague Thorley 
Sweetman for reading various sections of the text. Final thanks must go to 
Patricia, my wife, for her tolerance of the back of my head for so many months 
while seated at this keyboard and to Amy, Oliver and Edward for their patient 
encouragment of ' How many chapters to go, Dad?' 

\ 

Hugh R. Rollinson 
University of Zimhahwe 

May 1992 
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Glossary 

G,1 Abbreviations of mineral names used in the text 

Ab Albite 
A, Acmitc 
An Anorthite 
Ap Apatite 
Bi Biotite 
C Corundum 
C, Calcite 
Cp' Clinopyroxene 
Di Diopside 
En Enstatite 
F, Fayalite 
Fo forsteritc 
F, Ferrosilitc 
Gt Garnet 
Hbl Hornblende 
H, Hematite 
H,d Hcdenbcrgite 
Hy Hypersthene 
II Ilmenite 
Jd Jadeite 

'" Kaolinite 
Kp Kaliophilite 
IU Kalsilitc 
Kspar, Ksp Potassium feldspar 
L, Lcucitc 
M, Muscovite 
Mt Magnetite 
N, Nepheline 
0 1, Oliv, Olv Olivine 
Op, Orthopyroxene 
0, On hoclase 
PI, Plag Plagioclase 
p, Pyroxene 
Q, q, O! Quartz 
Sil Quartz 
Sp Spinel 
Wo Wollastonite 
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G.2 Other abbreviations and symbols used in the text 

NOIe: Box 2.1 contains the defi nitions of statistical teons used in the text and 
Box 4.1 giVt>s the definition of symbols used in the equations in Chapter 4. 

AAS 
ACM 
AFC 
AFM 

AIL 
ARC 

"m 
BAB 
BABI 

BE 
Ilon 
BSE 

CA (CAB) 
CH UR 

CIA 

CIPW 

CMAS 
COLG 
OM 
OS 
EM (I and II) 
ES 
10, 
G, 
HFS 
HIMU 
IAT 
ICP 

ICP- MS 
IDMS 
INAA 
kb (kbar) 
Kd 

Atomic Absorption Spectrophotometry 
Active Continental Margin 
Assimilation and Fractional Crystallization 
A triangular variation diagram showing Alkalis (Na20 + 
KzO), FeO and MgO 
Alkali basalt 
Ocean Island~Arc 
Pressure measured in atmospheres; I atm = 10 I 325 Pa 
Back-Arc Basin basalt 
Basaltic Achondrite Best Initial (ratio for primordial 87 Sr ( 86Sr) 
- the estimated Sr iSOIopic composition of the solar 
system at the time of planetary formation 
T he composition of the Bulk Eanh 
Boninite 
Bulk Silicate Earth - the composition of the bulk earth 
without the core 
Calc-Alkaline Basalt 
CHondritic Unifoon Reservoir - the chondritic model 
fo r the composition of the bulk earth 
Chemical Index of Alteration - a measure of the degree 
of chemical weathering 
Cross, Iddings, Pirrson and Washington - the 
originators of the currently used norm calculation 
A projection into CaO-MgO-AI20 r Si02 space 
Collisional Granite 
Depleted Mantle 
Data-Set 
Enriched Mantle 
The composition of average European Shale 
The activity (or fugacity) of oxygen 
Billion (109

) years 
High Field Strength trace element 
High ~ mantle source region (sec ~) 
Island-Arc Tholeiite 
Inductively Coupled Plasma emission spectrometry -
used in trace and major element analysis 
Inductively Coupled Plasma emission Mass Spectrometry 
Isotope Dilution Mass Spectrometry 
Instrumental Neutron Activation Analysis 
pressure expressed in kilobars; 1 kb = 0.1 GPa 
The Nernst distribution coefficient (partition coefficient) for 
a tTace clement distributed between a mineral and a melt 



Glossary 

LIL (LILE) 
LFS 
M, 
MORB 
MSWD 

NAA 
NASC 

NHRL 

OIA 
OIB 
OIT 
ORG 
PAAS 
PGE 
PM 
ppb 
ppm 
PREMA 

REE 
RNAA 
RTF 

Sho 
SMOW 

SSMS 
syn-COLG 
TAS 

Thol. 
Trans. 

VAB 
VAG 
WPB 
IVPG 
XRF 

Ii 
£ 

Large Ion Lithophile Element 
Low Field Strength clement 
Million (J06) years 
Mid-Ocean Ridge Basalt 
Mean Squares of Weighted Deviates - used as a 
measure of the goodness of fit of an isochron 
Neutron Activation Analysis 
North American Shale Composite - an average shale 
composition 
Northern Hemisphere Reference Line - a line against 
which enrichment in Pb isotopes may be measured in the 
mantle source of oceanic basalts 
Ocean- rsland Alkali Basalt 
Ocean-Island Basalt 
Ocean-Island Tholeiite 
Ocean-Ridge Granite 
Post-Archaean Australian average Sedimentary rock 
Platinum Group (trace) Element 
Passive continental Margin 
Parts per billion (I in 109

) 

Parts per million (I in 106
) 

PREvalent MAntle reservoi r - a dominant mantle source 
for oceanic basalts 
Rare Earth Element 
Radiochemical Neutron Activation Analysis 
A magma chamber which is periodically Replenished, 
periodically Tapped and continuously Fractionated 
Shoshonitic basalt 
Standard Mean Ocean ,Water - the standard used in 
oxygen and hydrogen stable isotopic measurements 
Spark Source Mass Spectrometry 
syn-COLIisional Granite 
Total Alkalis-Silica diagram - a means of classifying 
volcanic rocks on the basis of their (NalO + K20) and 
SiOl content 
Tholeiitic basah 
Basalt of transitional chemical composition between 
tholeiitic and alkaline 
Volcanic-Arc Basalt 
Volcanic-Arc Granite 
Within-Plate Basalt 
Within-Plate Granite 
X-Ray Fluorescence spectrometry 

The fractionation factor for the distribution of stable 
isotopes between two species 
The stable isotope ratio expressed relative to a standard 
A measure of Nd isotopic composition relati,'c to a mantIc 
reservoir 
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The isotopic ratio 23Vrh/238U 
The decay constant for radioacti\'c decay 
The isotopic ratio lJ8U/204Pb 
The difference in sl:!.bic isotope ratio (6) for two coexisting 
minerals 



Geochemical data 

1.1 Introduction 

This book is about geochemical data and how they can be used to obtain 
information about geological processes. Conventionally geochemical data arc 
subdivided into four main categories: the major clements, trace clements, rad iogenic 
isotopes and stable isotopes (see Table 1.1). T hese four types of geochemical data 
each form tbe subject of a chapter of this book. Each chapter shows how the 
particular form of geochemical data can be used and how il provides clues to the 
origin of the suite of rocks in question. Different methods of data presentation arc 
discussed :1nd their relative merits evaluated. 

Tabu 1.1 Whole-rock geochemistry of komatiite flows from the Belingwe greenstone bell, Zimbabwe 
(Data from Nisbet (I al., 1987) 

SiOz 

TiO! 

A110J 

FezOJ 
F«l 

MoO 

MoO 
COO 
NazO 

Kp 
P1Ds 
S 

H20+ 

H,O

CO, 
Total 

Z V14 

48.91 

0.45 

9.24 

Hi 
8.90 

0.18 

15.32 

9.01 

LI S 
0.08 

0.03 

0.04 

3.27 

0.72 

0.46 

100.38 

ZV85 

45.26 

OJ] 

6.74 

Z.ll 

8.66 

0. 17 

22.98 

6.94 

0.88 

0.05 

0.02 

0.05 

H I 

0 .57 

0.84 

99.03 

ZVIO 

45.26 

0.29 

6.07 

1.68 

8.70 

0. 17 

26.21 

6.41 

0.78 

0.04 

O.oz 
0.05 

2.20 

0.28 

1.04 

99.20 

ZV l4 ZV85 

Srumd lrIur t/tmrtf/s (ppm) 

Ni 

G 

V 

Y 

Z, 

Rb 

S, 
B, 
Nd 

Sm 

470 

2080 

187 

10 

21 

3.38 

53.3 

J2 

2.62 

0.96 

EI'l'd +2.4 

8?Sr/Msr 0.7056 

1110 

2770 

140 

6 

16 

1.24 

32.6 

12 

1.84 

0.68 

+2 .4 

0.705 11 

Stable isoll1/1l rt,zioJ ( ' t _ ) 

elSa +7.3 +7.0 

ZVIO 

1460 

2330 

118 

6 

14 

1.38 

31.2 

10 

2.31 

0.85 

+2 .5 

0.70501 

+6.8 

NOTe: Ma~r elements and Ni, Cr, V, Y, Sa determined by XRF; FeD detennined by wet 
chemistry; H20 and COl determined by gravimetry; Rb, Sr, Sm, Nd determined by IDMS. 



2 Geochemical data 

The m a jor clements (Chapter 3) are the elements which predominate in any 
rock analysis. They arc Si, Ti, AI, Fe, Mn, Mg, Ca, Nat K and P, and their 
concentrations arc expressed as a weight per cent (WI % ) of thc oxide (Table 1.1). 
Major dement determinations are usually made only for cations and it is assumed 
that they arc accompanied by an appropriate amount of oxygen. Thus the sum of 
the major element oxides will total to about 100% and the analysis IOlal may be 
used as a rough guide to its reliability. Iron may be detcnnined as FcO and Fez03' 
but is sometimes expressed as 'total Fe' and given as either FcO(lOI) or Fe20 3(tol). 

Trace elements (Chapter 4) are defined as those elements which arc present at 
less than the 0.1 % level and their concentrations arc expressed in parts per million 
(ppm) or more r:lrely in parts per billion (ppb; I billion = 109

) of the dement 
(Table 1.1 ). Convention is not always followed however, and trace element 
concentrations exceeding the 0.1 % (1000 ppm) level are sometimes cited. The trace 
elcments of importance in geochemistry are identified in Table 1.5 and shown in 
Figure 4.1. 

Some clements behave as a major element in one group of rocks and as a trace 
clement in another group of rocks. An example is the element K, which is a major 
constituen! of rhyolites, making up more than 4 WI % of rhe rock and forming an 
essential structural pan of minerals such as orthoclase and biotite. In some basalts, 
however, K concentrations are very low and there arc no K-bearing phases. In this 
case K behaves as a trace element. 

Volatiles such as H20 , CO2 and S are normally included in thc major element 
analysis (Table 1.1). Water combined within the lanice of silicate minerals and 
releascd above 110 °C is described as H20+. Water present simply as dampness in 
the rock powder and dri\'en off by heating below 110 °C is quoted as H2O- and is 
nOI an important constituent of the rock. Sometimes the total \'olatilc contcnt of the 
rock is determined by ignition at 1000 °C and is expressed as 'loss on ignition' 
(Lechler and Desilets, 1987). 

Isotopes are subdivided into radiogenic and stable isotopes. Radiogenic 
isotopes (Chapter 6) include those isotopes which decay spontaneously due to their 
natural radioactivity and those which are the final daughter products of such a 
decay scheme. They include the parent-<laughter clement pairs Rb-Sr, Sm-Nd, 
U- Pb, Th- Pb and K- Ar. They arc expressed as ratios either in absolute terms 
87Sr/86Sr (e.g.) or relative to a standard (the ( -notation) (Table 1.1). 

Stable isotope studies in geology (Chapter 7) concentrate on the naturally 
occurring isotopes of light clements such as H, 0, C and S which may be 
fractionated on the basis of mass differences between the isotopes of the clement. 
For example, the isotope \80 is 12.5 % heavier than the isotope 1~ and the two are 
fractionated during the evaporation of water. Stable isotopes contribute significantly 
to an understanding of fluid and volatile species in geology. They arc expressed as 
ratios relative to a standard using the &-notation (Table 1.1 ) 

The major part of this book disc;usses the four main types of geochemical data 
outlined above and shows how they ca.n be used to identify geochemical processes. 
In addition, Chapter 5 has been included to show the way in which trace and major 
element chemistry is US(.'(( to determine the tectonic setting of some igneous and 
sedimenury rocks. Chapter 2 discusses some of the particular statistical problems 
which :uise when analysing geochemical data-sets, and some recommendations are 
made about permissible and impermissible methods of data prcsenution. 

In this introductory chapter we consider three topics: (I) the geochemical 
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processes which are likely to be encountered in nature and their geochemical 
signatures; (2) the interaction between geological fieldwork and the interpretation of 
geochemical data; and (3) the different analytical methods currently in use in 
modern gt.'OChemistry. 

1.2 Geological processes and their geochemical signatures 

A major purpose of this text is to show how geochemical data can be used to 

identify geological processes. In this section the main geochemical signatures of 
igneous, sedimentary and metamorphic processes are briefly summarized and 
presented in graphical (Figures L1 to l.3) and in tabular form (Tables 1.2 to 1.4). 
This brief survey is augmented by fuller discussions elsewhere in the text. Each of 
the Tables 1.2 to 1.4 lists the geological processes which may have a gt.'OChemical 
signature and identifies the sections in the book where the particular process is 
described and characterized using major or trace elements, and radiogenic or stable 
isotopes. 

1.2.1 Processes which control the chemical composition of igneous rocks 

The chemical composition and mineralogy of [he source region exerts a 
fundamental control over the chemistry of magmatic rocks. The major and trace 
element composition of a melt is detennined by the type of melting process and the 
degree of partial melting, although the composition of the melt can be substantially 
modified en route (0 the surface (Figure 1.1). The source region is best 
characterized by its radiogenic isotope composition because isotope ratios are not 
modified during partial melting and magma chamber processes. The composition of 
the source itself is -a function of mixing processes in the source region. This is 
particularly pertinent to studies of the mantic, and in the last decade important 
advances have been' made in understanding mantle dynamics through the isotopic 
study of mantle-derived oceanic basalts (sec Section 6.3.6). 

Most magmatic rocks are filtered through a magma chamber prior to their 
emplacement at or ncar the surface. Magma chamber processes frequently modify 
the chemical composition of the primary magma, produced by partial melting of the 
source, through fractional crystallization, magma mixing, contamination or a 
dynamic mixture of several of these processes. Resolving the chemical effects of 
these different. processes requires the full range of geochemical tools - major and 
trace clement studies coupled with the measurement of both radiogenic and stable 
isotope compositions. Excellent and detailed discussions of magma chamber 
processes are given by Hall (1987 - Chapter 7) and Wilson (1989 - Chapter 4). 

Following emplacement or eruption, igneous rocks may be chemically modified, 
either by outgassing or by interaction with a fluid . The outgassing of igneous rocks 
chiefly affects the stable isotope chemistry whereas interaction with a fluid may 
affect all aspects of the rock chemistry. Ideally, igneous rocks selected for chemical 
analysis are completely fresh, but sometimes this cannot be achieved. For example, 
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Table 1.2 

Geochemical data 

The geochemical signatures of igneous processes identified by section in subsequent chapters 

Major Trace Radiogenic Slab/( 
( {mum e/emmt is%pe iso/()pe 
signa/un signature signature signature 

Near-surface proctnts 

Outgassing of melts 7.4.5 
7.5.2 
7.5.3 

Interaction with groundwater 7.3 .5 
7.3.3 

Magma chamber pr(J((Ss(J 

Fractional crystallization 3.3.1 4.2.2 7.2.3 
3.3.3 4.3.3 7.5.3 
3.3 .4 4.7.1 

4.9.3 
4.9.4 

Contamination 4.2.2 6.3.5 7.2.3 
7.5.3 

Assimilation and fractional 3.3 .1 4.2.2 6.3.5 
crystallization (AFC) 4.9.3 

Magma mi"ing 4.9.3 6.3.5 
Open system processes 4.2.2 

(the RTF magma chamber) 4.9.3 
Liquid immiscibility 4.5 .2 

Sourer region proussrs 

Partial mel ting 3.3.1 4.2.2 
3.4 4.3.3 

4.9.3 
4.9.4 

Zone refining 4.2.2 
Source mixing 4.9.3 6.3.5 7.2.3 

Source charI/CUr 4.7.1 6.3.2 7.2.3 
6.3.3 
6.3.6 

T(m)lli( S("fling 5.2.2 5.2 
5.2.3 5.3 

5.5.2 

samples from the seafloor have most probably been subjected to weathering or even 
hydrothermal alteration by seawater. Many igneous plutonic bodies initiate, on 
emplacement, hydrothermal groundwater circulation in the surrounding country 
rocks, Ihus leading to the chemical alteration of the igneous pluton itself. 
Metamorphosed igneous rocks are also likely to be chemically modified by the 
interaction with a fluid phase, as is discussed below. 
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T(Jhlr 1.3 The geochemical signatures of sedimentary processes, identified by section in subsequent 
chapten 

Prow"a1Ut Jludiu 

Tccronic setting of clastic 
sediments 

Source chemistry 

Source mixing 

Wralhtrinl 

Tramporl and (fosion 

Sediment maturit), 

Ri"er water chemistry 
Seawattr chemistry 

Meteoric water chemistry 

Dtposi/ional prMtUtS 

Element residence times in 
seawater 

Precipitation of chemical 
sediments 

Black-shale deposition' 
Sulphate reduction 

Diagmdj{ pr()uuts 

Diagenetic temperatures 

Pore water composition 

limestone diagenesis 

Maj()r 
tltmtlll 
1i8Mlu" 

H. I 

5.4.1 

3.3.1 

3.3. 1 

3.2.4 

Trau 
tl,m'NI 
si8n(J(urt' 

4.7.2 
5.4.2 
4.3.3 
4.4.2 
5"'.2 

4.3.3 

4.2.2 
4.3.3 
4.3.3 

4.3.3 

4.3J 

4.3.3 
4.2.2 

Radiol("jc 
uotopt 
J;ln(J/lirt 

6.2.3 
6.H 

6.3.2 

6.3.2 

S,ab!t 
iJ6f()pt 
Jilnaturt' 

7.2.2 
7.3.3 
7.4.3 
7.3.3 
7.4.2 

7.5.2 

7.4.3 
7.5.2 
7.5.4 

7.2.2 
7.3.5 
7.3.3 
7.4.2 
7.3.5 
7.4.2 

1.2.2 Processes which control the chemical composition of sedimentary 
rocks 

T he ehemial composition of the provenance is probably the major control on the 
chemistry of sedimentary rocks although this an be greatly modified by subsequent 
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Table 1.1 The geochemical signatures of metamorphic processes, identified by section in subsequent 
chapters 

The protolith 

Igneous 

Sedimentary 
Tectonic mixing 

Element mobility 

IJJjfusion in Ihe solid JWIt 

Blocking temperatures 
Thermometry 

Fluid mOlXment 

H,o 

co, 

Major 
t/em(nl 
signaturr 

12.1 
12.2 
3.2.3 
3.2.4 
3.3.1 

3.3.1 

Tract 
demflll 
signature 

4.2.2 
4.4.1 
4.8 
4.9.3 
5.1.2 

Radiog(1lic 
isotope 
signalure 

6.3.1 

6.2.3 

Siable 
isotope 
signature 

7.2.2 
7.4.6 

7.3.3 
7.14 
7.15 
7.4.5 

processes (Figure 1.2). The composition of the provenance is a function of tectonic 
setting. Weathering conditions may leave their signature in the resultant sediment 
and major clement studies of sedimentary rocks indicate that sometimes the former 
weathering conditions can be recognized from the chemistry of the sediments 
(Section 3.3.1 ). Significant chemical changes may also take place during transport: 
some traee elements become concentrated in the clay component and in the heavy 
mineral fraction whilst others are diluted in a quartz-rich coarse fraction. These 
processes are to a large extent also dependent upon the length of time spent 
between erosion and deposition. 

Chemical changes during deposition will depend upon the depositional 
environment, which is chiefly controlled by subsidence rate. Chemical and 
biochemical processes controlling element solubilities in seawater, submarine 
weathering and redox conditions are also important for particular types of sediment. 
Post-depositional processes are best invt.'Stigated using stable isotopes. T he stable 
isotopes of oxygen and hydrogen are important mcers for different types of waler, 
vital in the study of diagenetic fluids. Carbon and oxygen isotopes are used in the 
study of limestone diagenesis. T he temperature-dependent fractionation of oxygen 
isotopes can be used to calculate the geothermal gradient during diagenesis and 
allows some control on the burial history of the rock. 
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..... :::':1 POST-SOLIDUS I 
I I I PROCESSES 

~aw~terl 

Ground.water ,,~T 
chemimy : ... """ 

OutgOlSsing 
Hydrotherm~l al ter~tion 
We~thering 
Metamorphism 

Fr~ction~1 crystalliution 
Contamination 

I M A GM I'I C H I'IMBER I 
I PROCESSES I 

Fractional crystalliution 
Assimilation + AFC 
~bgma mixing 
RTF processes 
Liquid immiscibility 

Fractional crysrallization 
ZOM refininglconlamination/re-equilibration 
Panial melting 

I SOURC E I 
COMPOSITION 

Te.:tonic sett ing 
Mixing 

7 

Figure 1,1 Flow diagram showing the principal processt"S which comrol the chemical composition oC 
igneous rocks. 

1.2.3 Processes which control the chemical composition of metamorphic 
rocks 

The principal control on the chemical compositIOn of a metamorphic rock is the 
composition of the pre-metamorphic protolith. Sometimes metamorphic recrystal
lization may be isochemical but most commonly there is a change in chemical 
composition (Figure 1.3). This is principally controlled by the movement of fluids 
and the thermal conditions during metamorphism. Metamorphism is frequently 
accompanied by deformation ; particularly at high metamorphic grades, there may 
be tectonic interleaving of different protolith compositions which gives rise to a 
metamorphic rock of mixed parentage. 

The ingress and expulsion of water during metamorphism, chiefl y as a 
consequence of hydration and dehydration reactions, may give rise to changes in the 
chemical com position of the parent rock as a consequence of particular clements 
becoming mobile in the fl uid. These processes are controlled by the composition of 
the fluid phase, its temperature and the ratio of metamorphic fluid to the host rock. 

At high metamorphic grades and frequently in the presence of a hydrous fluid , 
melting may take place. The segregation and removal of this melt will clearly 
differentiate the parental rock into two compositionally distinct components -
restite and melt. In this case, the precise nature of the chemical change is governed 
by the degree of melting and the melting process. 

Chemical change in metamorphic rocks in the absence of a fluid phase is 
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TRANSPORT 

Pore water chemisuy 
Groundwater chemiury 
Burial history 
Geothennal gradient 

Subsidenct rate 
Biogenic processes 
Chemical processes 
(evapontion, wuthering) 

H ydr.lUi ic sorting 
Residence lime 

Detrital maler;al Mainly in solu tion 

/ 
PHY5IC AL WEATH E RING 

(femper.uelarct;e climate, 
n.pid upJih) 

"-O IEMJCAL WEATHERIN G 

(Tropinl dimalt, 
slow uplifl ) 

Figure 1.2 Flow diagram showing the principal processes which oontrol the chemical composition of 
sedimentary rocks. 

Fluid·related 
prOCC$$es 
(hydrationl 
dehydration 
reactions) 
Element 
mobility 

Fluid composition 

Fluid/rock ntio 

Tectonic 

Solid 
diffusion 
(controlled by 
temperature) 

PROTOLnl-I 2 

Fip,t 1.3 Flow diagram showing the principal processes which control the: chemical composition of 
mctamorphic rocks. 
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governed by diffusion of ions" in the solid statc. This is in response to changing 
minenl stabilities and metamorphic reactions - a function of the P- T conditions 
of metamorphism. 

1.3 Geological controls on geochemical data 

GcochemiC21 investigations arc most fruitfu l when a panicular model or hypothesis 
is being tested. T his ultimately hinges upon a clear understanding of the geological 
relationships. Thus, any successful geochemiC2l investigation must be based upon a 
proper understanding of the geology of the area. It is not sufficient to carry out a 
'smash and grab raid', returning to the laboratory with large numben: of samples, if 
the relationship between the samples is unknown and their relationship 10 the 
regional geology is unclear. h is normal to use the geology to interpet the 
geochemistry. Rarely is the converse true, for at best the results are ambiguous. 

As an cxample, consider a migmatitic terrain in which there are several 
generations of melt produced from a number of possible sources. A regional study 
in which I>3.mp l~ are collected on a grid pattern may have a statistically accurate 
feel and yet wi ll provide limited information on the origin of the migmatite 
complex . What is required in such a study is the mapping of the age relationships 
between the units present, at the appropriate scale, followed by the careful sampling 
of C2ch unit. T his then allows chemical variations within the units to be investigated 
and models tested for the relationships between units. A fundamental thesis of this 
book is therefore that gcochemiC21 investigations must always be C2rried out in the 
light of a clear understanding of the geological relationships. 

T his approach leads naturally to the way in which geochemical data are 
presented. in the main this presentation is as bivariate (and trivariate) plots in 
which the variables are the geochemical data; a discussion of these plots forms the 
major part of this .book. However, if the geology is also considered, [hen the 
additional variables of time and space may be plotted as well. Qeariy, it C2n be 
informative on some occasions to examine chemiC21 variations with time in a 
sedimentary pile. Furthermore, it is often valuable to examine the spatial 
distribution of geochemical data. This C2n vary over the entire rangc of geological 
investigations from the micro- to the global scale. Compare for example the 'map' 
of lead-isotopic analyses in a single galena grain (Shimizu and Hart, 1982) with the 
projection of isotopic anomalies in the Earth's mantle onto a world map, described 
by Hart (1984). Both are instructi,,·e. 

1.4 Analytical methods in geochemistry 

In this section the more widely used analytical methods are reviewed in order to 
provide a guide for those embarking on geochemical analysis. A summar), of the 
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techniques and their appropriateness to particular elements is given in Table 1.5. 
This survey leads into a discussion of the relative merits of the different analytical 
methods (Section 1.5), First, however, it is necessary (0 consider the criteria by 
which a particular analytical tt .. chniquc might be evaluated. Within the remit of this 
book, in which geochemical data arc used 10 infer geochemical processes, it is the 
quality of the data which is important. Data quality may be measured in terms of 
their precision, accuracy and detection limit. 

Precision refers to the repeatability of a measurement. It is a measure of the 
reproducibility of the method and is determined by making replicate measurements 
on the same sample. The limiting faclOr on precision is the counting statistics of the 
measuring device used . Precision can be defined by the coefficient of variation, 
which is 100 times the standard deviation divided by the mean (Till, 1974), also 
known as the relative standard deviation Oarvis and Williams, 1989). A common 
practice, however, is to equate precision with one standard deviation from the mean 
(Nonnan er al., \989). It can be helpful to distinguish between precision during a 
given analysis session (repeatability) and precision over a period of days or weeks 
(reproducibility). 

Accuracy is about getting the right answer. It is an estimate of how close our 
measured value is to the true value. Knowing the true value can be very difficult 
but it is normally done by reference to recommended values for international 
geochemical reference standards (see for example Govindaraju, 1984; Abbey, 1989). 
It is of course possible to obtain precise, but inaccurate, results. For most geological 
studies precision is more important than small differences in absolute concentration, 
for provided the data have all been obtained in the same laboratory the relative 
differences in rock chemistry can be used to infer geochemical processes. 

The detection limit is the lowt.>st concentration which can be 'seen' by a 
particular method and is a function of the level of background noise relative to an 
clement signal (Norrish and Chappell, 1967). 

The main analytical methods currently in use are briefly described below. 

1.4.1 X-ray fluorescence (XRF) 

X-ray fluorescence spectrometry (XRF) is currently the most widely used analytical 
technique in the detennination of the major and trace element chemistry of rock 
samples. It is "ersatile and can analyse up to 80 elements over a wide range of 
sensitivities, detecting concentrations from 100 % down to a few parts per million. 
It is a rapid method and large numbers of precise analyses can be made in a 
relatively short space of time. The chief limitation is that elements lighter than Na 
(atomic number = II) cannot be analysed by XRF. Good reviews of the XRF 
method are given by Norrish and Chappell (1977), Tertian and C1aisse (1982), 
Williams (1987) and Ahmedali (1989). 

X-ray fluorescence spectrometry is based upon the excitation of a sample by X
rays. A primary X-ray beam excites secondary X-rays (X-ray fluorescence) which 
have wavelengths characteristic of the elements present in the sample. The intensity 
of the secondary X-rays is used to determine the concentrations of the elements 
present by reference to calibration standards, with appropriate corrections being 
made for instrumental errors and the effects the composition of the sample has on 
its X- ray emission intensities. Alternatively, the X-rays may be detected without 
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Tahir 1.S Elements readi ly analysed by XRF, INAA, IDMS, AAS, ICP and ICP- MS 

Atomic Symbol Element No. XRF INAA IDMS AAS ICP ICP- MS 

I H Hydrogen 
2 H, Helium 
3 Li Li thi um , , , 
4 Ik Beryllium , 
5 B Boro, , 
6 C Carbon 
7 N Nitrogen 
8 0 Oxygen 
9 F Fluorine 

10 N, Noon 

" N, Sodium , , , 
12 Mg Magnesium , , , 
13 AI Aluminium , , , 
14 Si Silicon , , , 
15 P Phosphorus , , 
16 S Sulphur , 
17 CI Chlorine , 
18 M Argon 
\9 K Potassium , , , 
20 C. Calcium , , , 
21 S, Scandium , , , , 
22 Ti Titanium , , , 
23 V Vanadium , , , 
24 0 Chromium , , , , 
25 M, Manganese , , , 
26 F, Iron , , , 
27 CD Cobalt , , , , 
28 Ni Nickel , , , , 
29 Co Copper , , , 
30 Z, Zinc , , , 
3\ G, Gallium , 
32 G, Gennanium , 
33 A, Arsenic , 
34 S, Selenium 
35 Be Bromine 
36 IV Krypton 
37 Rb Rubidium , , , , 
38 Se Strontium , , , , , 
39 Y Ynrium , , , 
40 Ze Zirconium , , , 
41 Nb Niobium , , , 
42 Mo Molybdenum 
43 T, Technetium 
44 Ro Ruthenium , 
45 Rh Rhodium 
46 Pd Palladium , 
47 Ag Sih'er , 
48 Cd Cadmium 
49 I, Indium 
50 S, Tin , 
51 Sb Anrimony 
52 T, Tellurium 
53 I Iodine 
54 X, Xenon 
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Table 1.5 Continued 

Atomic Symbol Element N o. XRF INAA roMS AAS ICP ICPMS 

;5 c. Caesium , , 
;6 8, Barium , , , , 
57 U Lanthanum , , , , , 
58 C, Cerium , , , , , 
59 p, Praseodymium , , 
60 Nd Neodymium , , , , , 
61 Pm Promethium 
62 Sm Samarium , , , , , 
63 E" Europium , , , , 
64 Gd Gadolinium , , , , 
65 1'b T erbium , , 
66 Dy D ysprosium , , , , 
67 Ho Holmium , , 
68 E, Erbium , , , 
69 Tm Thulium , , 
70 Yb Ytterbium , , , , 
71 L" Lutetium , , , , 
72 Hf Hafnium , , 
73 1', Tantalum , , 
74 W Tungs ten 
75 R, Rhenium , 
76 '" Osmium , , 
77 I, Iridium , 
78 p, Platinum , 
79 A" G old , 
8<l Hg M ercury 
8I 1'1 Thallium 
82 Pb U>d , , , , 
83 B; Bismuth 
84 Po Polonium 
8S A< Astatine 
86 R, Radon 
87 F, Francium 
88 R, Radium 
89 A, Actinium 
90 1'h Thorium , , , , 
91 p, Proactinium 
92 U Uranium , , , , 

being separated into different frequencies, using a detector which measures energy 
as well as intensity of the X-rays. This method, known as energy-dispersive X-ray 
fluorescence, is currently under investigation for routine trace element analysis 
(Potts et aI., 1990). 

The lypical XRF analysis of rock samples involvL-s the preparation of the rock in 
two different forms - a pressed powder disc for trace element analysis (Leake et 

al., 1969) and a glass bead made from the powdered sample fused with lithium 
metaborate or tetraborate for major element analysis (Norrish and Hunon, 1969; 
Oaisse, 1989). T he major elements are determined using one X-ray tube wht;reas 
trace elements are determined using one or more different tubes. X-ray tubes arc 
delicate and tube changes are minimized to conserve their life, so data are normally 
obtained in batches over the space of several weeks or months. 
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1.4.2 Neutron activation analysis (INAA and RNAA) 

Neutron activation analysis is a sensitive and versatile method of rock analysis, 
chiefly applicable to trace clements and capable of detennining a large number of 
clements simultaneously without necessarily destroying the sample. There arc two 
approaches. Instrumental neutron activation analysis (lNAA) employs a powdered 
rock or mineral sample; radiochemical neutron activation analysis (RNAA) involves 
the chemical separation of selected clements. The range of clements analysed is 
given in Table l.S and the methods are described in detail by Muecke (1980). 

In instrumental neutron activation analysis (INAA), about 100 mg of powdered 
rock or mineral sample is placed in a neutron flux in a neutron reactor together with 
standards. The sample and standards are irradiated for up to about 30 hours. The 
neutron flux gives rise to new, short-lived radioactive isotopes of the elements 
prescnt which emit gamma radiations. Particular isotopes can be identified from the 
gamma radiations emitted and the intensities of these radiations are proportional to 
the amounts of the isotopes present. The gamma-ray spectrometry (the counting) is 
done at set intervals (several hours, several days and several weeks) after the 
irradiation in order to measure isotopes with different half-lives. Corrections are 
made for overlapping lines in the spectrum and concentrations are detennined by 
comparison with the standards analysed at the same time. The method is 
particularly sensitive for the rare earth clements, the platinum group elements and a 
number of high field strength clements. 

When elemental concentrations are below about 2 ppm, a chemical separation 
may be employed following the irradiation of the sample, but prior [0 counting. 
This approach, known as radiochemical neutron activation analysis (RNAA), clt.'ariy 
has [he advantage of increased sensitivity. 

1.4.3 Inductively coupled plasma emission spectrometry (Ie?) 

Inductively couplt.-<l plasma (ICP) emission spectrometry is a comparatively new 
technique with enormous potential in geochemistry. In principle the method is 
capable of measuring most elements in the periodic table with low detection limits 
and good precision over several orders of magnitude. Elements are mt.'asured 
simultaneously and a complete analysis can be made in the space of about two 
minutes, making it an extremely rapid analytical method. A full description of the 
method and its application is given by Walsh and Howie (1980) and Thompson and 
Walsh (1983). 

ICP emission spectrometry is a 'flame' technique with a flame temperature in the 
range 6000-10 000 K. It is also a solution technique and standard silicate 
dissolution methods are employed. The sample solution is passed as an aerosol from 
a nebulizer into an argon plasma. The inductively coupled plasma is a stream of 
argon atoms, heated by the inductive hearing of a radio-frequency coil and ignited 
by a high-frequency Tesla spark. The sample dissociates in the argon plasma and a 
large number of atomic and ionic spectral lines arc excited. The spectral lines are 
detected by a range of photomultipliers, they are compared with calibration lines, 
and their intensities are converted into concentrations. 
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1.4.4 Atomic absorption spectrophotometry (AAS) 

Atomic absorption spectrophotometry is based upon the observation that atoms of 
an element can absorb electromagnetic radiation. This occurs when the element is 
atomized and the wavelength of light absorbed is specific to each element. Thus the 
atomic absorption spectrophotometer comprises an atomizing device, a light source 
and a detector. A lowering of response in the detector during the atomization of a 
sample in a beam of light, as a consequence of atomic absorption, can be calibrated 
and is sensitive at the ppm level. T he sample is prepared in solution and aspirated 
via a nebulizer and atomized in an acetylene-air or acetylene-nitrous oxide flame. 
The method is described in detail by Price (1972). There are two limitations to the 
routine use of AAS in silicate analysis. Firstly, the sample must be prepared as a 
solution, and secondly it is element-specific, i.e. only one clement can usually be 
analysed at a time, although this latter limitation has in part been overcome by 
fitting instruments with multiple-turret lam p holders. 

Table 1.5 lists the elements which can be determined by AAS with relative !,.'3se. 
It can be seen, for instance, thaI all the major elements, with the exception of P, can 
be measured and detection limits for Na, K, Mg and Ca are extremely low. There 
are methods in which all the major elements may be detennined from one sol ution, 
although the cathode lamp has to be changed for each clement. The trace elements 
Ba, Be, Co, Cr, Cu, Li, Ni, Pb, Rb, Sr, V and Zn arc also readily determined. 

AAS cannot compete with more rapid methods of silicate analysis such as XRF 
and ICP. Nevertheless, because AAS is comparatively cheap both in the capital 
outlay and in running costs, it most frequently finds its use in one of three specific 
applications. 

(l) The detennination of light elements such as Be and Li, with atomic numbers 
too low to be measured by XRF. 

(2) Routine analysis of transition metals readily leached from soil or stream 
sediment. This application is commonly used in geochemical exploration. 

(3) Non-routine trace clement analysis using specialized applications of AAS in 
which, for example, the sample is atomized in a graphite furnace. This allows 
exceptionally low detection limits to be achieved for elements difficult to 

measure using other analytical techniques. 

1.4.5 Mass spectrometry 

Mass spectrometry in its various fonns is the most effective method of measuring 
isotope ratios. It is normally preceded by the chemical separation of the clement of 
interest. Charged ions are generated from the element to be analysed either by the 
bombardment of a gaseous sample with electrons (gas source) or by the 
volatilization of the sample on a glowing filament made of a high-melting-point 
metal (solid source). T he ion beam is fired along a curved tube through a very 
powerful electromagnet which splits up the atoms according to their mass. A mass 
spectrum is produced in which the lighter ions are deflected wlth a smaller radius of 
curvature than heavy ions. The quantitative detection of the signal at two or more 
mass numbers allows an isotope ratio to be calculated. Gas source mass 
spectrometry is used in stable isotope studies and in argon isotope geology, whereas 
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solid source mass spectrometry is used in other geochronological and isotope 
gl.'Ology applications (Rh-Sr, Ph-Pb, U-Pb and Sm- Nd) and in trace element 
analysis by isotope dilution . 

Isotope dilution mass spectrometry is the most accurate and most sensitive of all 
trace element analytical ttthniques and is particularly sui ted to measuring very low 
concentrations. The method is described in some detail by Henderson and 
Pankhurst (1984) and depends upon the addition of an isotopic tracer or 'spike' to 
the sample. The spike contains a known concentration of a particular clement whose 
isotopic composition is also known. If a kno ..... n amount of spike and a known 
amount of sample are mixed, and the isotope ratio of the mixture determined , the 
concentration of the element in the sample can be calculated. 

The method is particularly useful in determining the abundances of R£E at low 
(."Oneentrations, although four of the RE£ (Pr, Tb, 1-10 and Tm) arc mono-isotopic 
and cannot bc analysed by this method. The main disadvantage is that even with 
automated mass spectrometry the method is time-consuming and expensive and so 
is normally rescrved for measurements ..... hich can be used to calibrate other morc 
rapid methods. 

ICP- MS is a rdatively new technique extending from the de\'clopmem of 
inducti\'ely coupled plasma emission spectrometry (Date and Jarvis, 1989). It is 
becoming increasingly accepted as a tool for trace clement and isotopic analysis as a 
result of the very low detcction limits and good accuracy and precision. It a n be 
used for analysing a wide range of trace elements, in a single solution, usi ng a small 
sample Uenner t t al., 1990). Ions are extracted from the plasm:a through:a pinhole
sized orifi ce into a pumped v:acuum system and focused with an ion lens into a mass 
spei:trometer. 

This is a less widely used analytical method in geochemistry but has been used in 
the analysis of trace elements. The method is described by T aylor and Gorton 
(1977) and its usefulness was debated by Kronberg tt al. (1988) and Jochum and 
Hofman (1989). It !s apable of the simuhancous determination of about 40 trace 
elements, has hi gh sensitivity with detection limits of 1- 10 ppb, requires small 
amoums of sample and has high precision and accuracy when the isotope dilution 
tl.'Chnique is used (:::!:: 2- 5 %). The sample is mixed with spiked graphite and 
briqueued into rod-sh:aped electrodes. A vacuum discharge is generated betwt'Cn 
the two sample electrodes. Elements are detected by mass on photoplates situated in 
the focal plane of the mass spectrometer. The m:ass spectra arc analysed and ion 
intensities determined from line blackenings on the phmoplate. 

1.4.6 Electron microprobe analysis 

The principles of electron microprobe analysis are very similar to those of X-ray 
fluol't."SCence except that the sample is excited by a beam of electrons rather than an 
X-ray beam. Secondary X-rays are anaJysed according to their wavelength, the peak 
area counted relati" e to a standard and intensities converted into concentrations, 
making appropriate corrections for the matrix (Long, 1967). Energy-dispersive 
electron microprobe analysis utilizes an energy vs intensity spectrum (rather than 
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wa\'elength vs intensity) and allows the simultaneous determination of the clements 
of interest. This mode of analysis is more rapid but less precise than the wavelength 
method. 

Electron microprobe analysis is principally used for the major element analysis of 
minerals, ahhough it is also used in the major clement analysis of fused rock 
samples. The electron microprobe is not primarily a trace clement instrument. Its 
chief merit is that it has excellent spatial resolution and commonly employs an 
electron beam of between 1 and 2 f..lm diameter. This means that extremely small 
sample areas can be analysed. The routine analysis of rock samples by the electron 
microprobe is restricted to the major element analysis of natural and synthetic 
glasses. A dcfocused electron beam is nonnally used in this application to minimize 
the problems of an inhomogeneous glass. The electron microprobe analysis of 
silicate glasses is of particular importance in the analysis of charges in experimental 
petrology, although less commonly fused discs of rock powder are analysed for 
major elements. Staudigcl and Bryan (1981) have shown that this latter application 
gives results dose to those for XRF analysis. Bender (( al. (1984) cited the standard 
deviations on electron microprobe detenninations of basalt glass compositions using 
a 35 ~ beam as Si02 (0.30 % ), Al20 3 (0.16 %), Ti02 (0.04 %), FeO (0. 15 %), 
MgO (0.05 %), Cao (0.20 %); Na20 (0.05 % ). Detection limits may be extended 
into the trace element range by using long counting times and precise background 
measurements (Merlet and Bodinier, 1990). 

1.4.7 The ion microprobe 

Ion microprobe technology was commercially developed in the late 1960s, but only 
in the last five to ten years has it had any impact upon geochemistry. The ion 
microprobe combines the analytical accuracy and precision of mass spectrometry with 
the very fine spatial resolution of the electron microprobe. It is currently used in the 
fields of geochronology, stable isotope geochemistry and trace element analysis, and in 
the study of element diffusion in minerals. Reviews of the method and its application 
are given by Recd (1989) and Hinton (1990). A finel y focused beam of oxygen ions 
bombards an area of the sample (conventionally 20-30 J.lm in diameter) and causes 
secondary ions to be emitted. The ionization process, known as sputtering, drills a 
small hole in the surface of the sample. T he secondary ion mass spectrum is analysed 
and used to determine the isotopic composition of the sample by secondary ion mass 
spectrometry (SIMS). There arc, however, great complexities in relating the secondary 
ion spectrum to the composition of silicate materials, and much of the time between the 
original development of ion microprobe technology and its application in the earth 
sciences was spent resolving these problems. 

1,5 Selecting an appropriate analytical technique 

Choosing an analytical technique in geochemistry depends entirely upon the nature 
of the problem to be solved. It is important to know what elements are to be 
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analysed, approximately what their concentrations are expected to be and how 
precise the results need to be. Additional considerations such as how many samples 
are to be analysed and the speed at which the analyses can be made may also be 
relevant. 

In major element analysis the choice is between X-ray fluorescence and 
. inductively coupled plasma emission spectroscopy. For XRF analysis the sample 
has to be prepared as a fused glass bead whereas in lep analysis the sample has to 
he in solution. The ICP method is extremely fast, although the XRF method is 
more precise (Thompson and Walsh, 1983). 

For trace element analysis there is much more choice and the following methods 
are available - XRF, INAA, RNAA, AAS, ICP, IDMS, SSMS with the possible 
addition of ICP- MS. Taking first the question of which elements are to be 
analysed, the XRF and the ICP methods are the most versatile, combining a wide 
range of elements with good precision and low detection limits. Elements lighter 
than Na, however, cannot be determined by XRF and either the AAS or ICP 
method must be used. Elements which are present in low concentrations require 
analytical methods with low detection limits such as INAA, RNAA, IDMS and 
SMSS. For the commonly sought rare earth clement group, IDMS is (he most 
precise although it is time-consuming and not all members of the group can be 
analysed by this method. RNAA also produces very precise results at low 
concentrations. Other methods currently in use require the separation of the REE 
by ion exchange methods prior to analysis, and both the ICP method (Walsh it a1. , 
1981; Zachmann, 1988; Roelandts, 1988) and XRF analysis (Robinson et al., 1986) 
yield good results. 

Isotope ratios are always analysed using a form of mass spectrometry. 

1.6 Sources of error in geochemical analysis 

Erroneous analytical results may arise for a variety of reasons and these are briefly 
described. 

1.6.1 Contamination 

Contamination during sample preparation can be a serious source of error in 
gt:ochemical analysis. This is most likely 10 occur during crushing and grinding and 
may arise either as cross contamination from previously prepared samples or from 
the grinding apparatus itself. Cross contamination can be eliminated by careful 
cleaning and by precontaminating the apparatus with the sample 10 be crushed or 
ground. Contamination during grinding of the sample can only be controlled by the 
nature of the grinding surface. For the highest-precision analyses grinding should 
he carried out in agate, although this is delicate and expensive. Further, even agate 
may introduce occasional contamination Oochum it al., 1990). Tungsten carbide, a 
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commonly used grinding material in either a shatter box or a ring mill, can 
introduce sizeable tungsten contamination, significant Co, Ta and Sc and trace 
levels of Nb (Nisbet eJ al., 1979; Hickson and Juras, 1986; Nonnan (/ al., 1989; 
Jochum eJ al., 1990). In addition, the spectral lines for W overlap other elements 
and can spuriously enhance concentrations unless this is recognized. Chrome steel 
introduces sizeable amounts of Cr and Fe, moderate amounts of Mn and trace 
amounts of Dy, and high-carbon steel significam Fe, Cr, Cu, Mn, Zn and a trace of 
Ni (Hickson and Juras, 1986). 

Other sources of contamination arc in nature, when the sample is lightly coated 
with deposits from groundwater or seawater solutions. This may be remedied by 
leaching the rock chips after splitting but before powdering with 1M He l for a few 
minutt.'S. Contamination from impure reagents used in sample dissolution and 
preparation may also be important, eyen when using ultra-pure chemicals. A 
measurement of the leYel of contamination from this source can be made by 
analysing the reagents themselves in the dilutions used in sample preparation, and 
determining the composition of the 'blank'. 

, .6.2 Calibration 

All the methods of analysis described aboYe, with the exception of some of the mass 
spectrometry applications, measure concentrations relative to a standard of known 
composition or to a calibration curve, drawn on the basis of standards of known 
composition. The standards used in the construction of calibration curves are either 
ultra-pure chemical reagents or, where matrix effects are important in some rock 
samples, well-analysed in-house samples and international reference samples 
(Govindaraju, 1984; Abbey, 1989). In either case the standards should be analysed 
using the most precise technique possible. Clearly the accuracy of the final analysis 
depends upon the accuracy of the standards used in calibration and systematic 
errors can easily be introduced. 

1.6.3 Peak overlap 

In most analytical techniques used in geochemistry there is liule auempt to separate 
the element to be analysed from the rest of the rock or mineral sample. The only 
exception is in mass spectrometry. T hus there is the possibility of interference of 
spectral lines or peaks so that the value measured is spuriously high due to oyerlap 
from a subsidiary peak of another element present in the rock. The effect of these 
interferences must be calculated and removed. 

, .6.4 Detecting errors in geochemical data 

Errors in one's own data can be detected by running well-analysed in-house or 
international standards through the sample preparation and analytical system. 
Errors in published data are more difficult to spot unless the author has cited values 
for international reference standards. 
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2.1 Introduction 

Over the last 20 to 30 years there has developed a large body of literature on the 
statistical treatment of geochemical data. Some of this literature is in the fonn of 
warnings to the geochemical community that their practices arc not sufficiently 
statistically rigorous. Other papers arc concerned with improving the statistical 
techniques current amongst geochemists and they provide methods which are more 
appropriate to the peculiar properties of some geochemical data. Unfonunatcly, 
there is a tendency to leave the whole subjC<:t of the statistical treatment of 
gt.'Ochcmical data 'to the experts' and consequently a large pan of this literature is 
ignored by most geochemists. This may in part be because the journals in which the 
papers arc located are specific to mathematical geology. Another reason, however, is 
that mathematical geologists tend to write in order to communicate with other 
mathematicians rather than with gt!ochemists. Whatever the reason, the net effl"Ct is 
thal for a long time gea-statisticians have been advising geochemists in the practice 
of their art and yet for the most part their words ha\'e seemed irrelevant and have 
gone unheeded. 

The purpose of this chapter, therefore, is to draw to the attention of geochemists 
some of the issues which our statistician colleagues have raised and to evaluate these 
issues in the context of presenting and interpreting geochemical data. This is 
not, therefore, a thorough review of statistics as applied to geochemistry, for that 
would require a book in itself (see for example Le Maitre, 1982; Rock, 1988a); 
rather, it is a discussion of some areas of statistics which directly impinge on the 
matters of this book. Brief definitions of the statistical terms used are given in 
Box 2.1. 

The central problem which we have to address in considering the analysis of 
geochemical data is that, unfortunately for us as geochemists, our data are of a 
rather unusual kind. We express our compositions as parts of a whole, i.e. as 
percentages or as parts per million. These data are not amenable to the same type of 
analysis as are unconstrained data, and computer packages arc not normally 
designed for the peculiarities of geochemical data. The particular nature of 
geochemical data raises all sorts of uncomfortable questions about the application of 
standard statistical techniques in geochemistry. 
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Box 2.1 

Analysing geochemical data 

The definition of some statistical terms. 

Arithmetic mean x 

Closed array 

Coefficient of 
variation C 

The arithmetic mean of a sample ilj.l for the population) is 
the sum of the measurements divided by the number of 
measurements n: 
x=(x,+X2 •• . x"l/n - 2:.x/n 

A closed array is a data array where the individual 
variables afe not independent of each other but are 
related by, for example, being expressed as a percentage 
(Section 2.6). 

The ratio of the standard deviation 5 to the mean i. 

Compositional data Data which are expressed as part of a whole, such as 
percentages or parts per million. Compositional data form 
a closed array. 

Correlation coefficient Pearson's product-moment coefficient of linear correlation 
p measures the strength of the linear relationship between 
two variables x and y in a population. An estimation of the 
sample correlation coefficient r is given bV 

Covariance 

covariance (x,y) 

y'[variance(x) . variance\y)[ 

(see Eqns 12.1J and [2.2]). The Spearman rank coefficient 
of correlation r. is calculated from the difference in rank 
order of the variables (see Eqn 12.3JI. 

The product of the deviation from the mean for two 
variables x and y, averaged over the data-set 

5 • I(x - x){y - y) 
xy n - l 

Where all the covariances of a data-set are calculated they 
are repesented as a covariance matrix. 

Degrees of freedom The number of 'free' available observations (the sample 
size nJ minus the number of parameters estimated from 
the sample. 

Geometric mean, ~ The nih root of the product of positive values Xl' X~ 
Xn: 
Xa = (X, X X2 X X3 ... X"J:'" 

Median The median value divides the area under a d istribution 
curve into two equal parts. An estimate of the median is 
the value in the sequence of individual values, ordered 
according to size, which divides the sequence in half. 
When the distribution is normal the median and the mean 
are the same. 

Mode 

Normal distribution 

For unimodal distributions the mode is the value of the 
measurement which has the greatest frequency. When 
there is a normal distribution the mode is the same as the 
mean. 

The normal or Gaussian distribution of samples is 
characterized by a symmetrical bell shape on a frequency 
diagram. 



Box 2.1 
(continued) 

Averages 

Null hypothesis 

Null value 

Population 

Regression 

Robust test 

Significance test 

The hypothesis that two populations agree with regard to 
some parameter is called the null hypothesis. The null 
hypothesis is usually brought in to be rejected at a given 
level of probability. 

The value assigned to a parameter in the null hypothesis. 

A set o( measurements of a specified property of a group 
of objects. Normally only a sample of the population is 
studied. The symbols representing the population are 
represented by Greek letters whereas those relating to the 
sample are given in Roman lettering. 

A measure of the intensity of the relationship between two 
variables. It is usually measured by fitting a straight line to 
the observations. 

A test is robust relative to a certain assumption if it 
provides sufficiently accurate results even when this 
assumption is violated. 

A measure of the probability level at which a null 
hypothesis is accepted or rejected - usually at the 5 % 
(0.05) or 1 % (0.01 ) level. 

Spurious correlation A ·correlation which appears to exist between ratios 
formed from variables where none exists between the 
original variables. 

Standard deviation 

Variance, s2 

2.2 Averages 

The spread of values about the mean. It is celculated as 
the square root of the variance: 

s .. ~(x-x)2{ (n-l) 

In a normally distributed set of numbers 68.26 % of tham 
will lie within one standard deviation of the mean and 
95.46 % will l ie within two standard deviations from the 
mean. The standard deYiation of the population is o. 

A measure of the deYiation of indiyidual values about the 
mean: 

s2 .. :E(x - j)2 { (n - 1) 

The yariance is the square of the standard deviation. 
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Geochemists frequently usc 'average values' in order to present their data in 
summary form. In addition, it is sometimes useful in comparative studies to work 
with the composition of average rocks. For example, average values of mid-ocean 
ridge basalts and of chondritic meterorites are frequently used as normalizing values 
in trace clement studies. Averages are also used in analytical geochemistry where a 
signal may be measured a number of times and then an average taken of the 
measurements. 
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Rock (1987a, 1988b) has drawn ancntion to the way in which geochemists 
calculate average values and has shown [hat the methods most frequendy used are 
in fact quite inadequate. The most commonly used summary statistic is the 
arithmetic mean, with the standard deviation sometimes quoted as a measure of the 
spread of the data. Less frequently used are the geometric mean, the median and 
the mode. These terms arc defined in Box 2.1, 

The arithmetic mean is an inappropriate choice as a method of averaging 
geochemical data for two principal reasons. Firstly, it assumes that the sample 
population is either normally or log-normally distribUlCd. For many geological data
sets this is not the case, nor is there any a priori reason why it should be so. The 
normality of geochemical data, therefore, should never be assumed. Secondly, many 
geochemical data-sets contaiIk.Qutliers,singJc values completely outside the range of 
the other measured values. Outliers occur as a result of contamination and by the 
introduction of samples from other populations. They cause extreme distortion to 

an arithmetic mean if not screened out. 
Similar problems occur with estimates of the standard deviation and with the 

geometric mean; Rock (1988b) proposes that robust estimates of average values 
should be used instead of the mean. A robust statistical test is one which works 
even when the original assumptions of the test are not strictly fulfilled . In the case 
of average values, robust estimates have the advantage of being able to reject 
outliers and work well with non-nonnal small data-sets. Robust estimates of average 
values are calculated using the computer program of Rock (1987a). 

This is all rather bad news for the geochemist, who has become used to a 
number of standard statistical devices available in computer packages and even on 
pocket calculators. Rock (1988b) emphasizes, however, that in the statistical 
literature, of the various methods used to assess average values, the 'mean and 
standard deviation consistently performed the worst'. An example from Rock 
(1988b - Table 3) makes the point. The value quoted by Nakamura (1974) for La 
in chondri tic meteorites is 0.329. However, the arithmetic mean of 53 samples is 
0.365 whilst the geometric mean is 0.329. Twenty robust estimates range from 
0.322 to 0.34, although of the three robust methods recommended by Rock, values 
are restricted to the range 0.322 to 0.329. The message seems to be that robust 
estimates are to be preferred. They also have the advantage that the calculation of 
several robust estimates allows outliers to be recognized from the inconsistencies 
between calculated values. 

2.3 Correlation 

One of the most important questions asked by a geochemist when inspecting 
tabulated geochemical data is to enquire what are the associations between the listed 
oxides and elements. For example, in the list of analyses of tonalitie and 
trondhjcmitie gneisses in Table 2.2, do the oxides Cao and AI20 3 vary together? Is 
there a linear relationship between K20 and NazO? T his type of question is 
traditionally answered by using the statistical technique of correlation. 
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2.3.1 The correlation coefficient 

Correlation may be defined as a measure of the strength of association between two 
variables measured on a number of individuals, and is quantified using the Pearson 
product-moment coefficient of linear correlation, usually known as the correlation 
coefficient. Thus the calculation of the correlation coefficients between Cao and 
Al10 3 and K lO and NazO can provide an answer to the questions asked above. 

When, as is nonnal in geochemistry, only a sample of the total population is 
measured, the sample correlation coefficient (r) may be calculated from the 
expression 

covariance (x.y) ,= -;;,---:--:--,-----'-'7-'--,-:-; 
v[\'ariance (x) x variance (y)] 

[2.1J 

where there are n values of variable x (x] . .. XII) and of variable Y (vI . .. YII). 
An easier form for computation is 

csCP 
,= -Y-;:(::CS:CSC:x"'.'oCS=S y:::-) 

where CSCP (corrected sum of cross products) = L(XY) - L(X).L(v)/n 
<::SSX (corrected sum of squares for x) = L(~) - L(X).L(x)/n 
CSSY (corrected sum of squares for y) = ~cI) - L(y).L(y)/n 

[2.2J 

Values of r vary from - I to +1. When r = + 1 then there is perfect sympathy 
between x and Y and there is a perfect linear relationship. When r = - I there is 
perfect antipathy between x and y. If r = 0 then there is no relationship between x 
and y at all. The value of,2 is also useful, for it is a measure of the fraction of the 
total variance of x and y that is explained by the linear relationship. For instance, if 
the correlation coefficient r = 0.90, then ,1 = 0.81; that is, 81 % of the tOlal variance 
is explained by the linear relationship. 

2.3.2 The Significance of the correlation coefficient (r) 

The sample correlation coefficient (r) is an estimate of the population correlation 
coefficient (p), i.e. the correlation that exists in the total population of which only a 
sample has been measured . 

It is important to know whether a calculated value for r represents a slatistically 
significam relationship between x and y. That is, does the relationship observed in 
the sample hold for the population? The probability (hat this is the case may be 
estimated for different lewis of significance, usually at the 5 % (or 0.05) level or the 
1% (0.01) level. (These \'alucs may also be expressed as confidence limits, in th.is 
case 95 % or 99 % respectively.) Estimates of this sort arc normally made by 
reference to a table of valut.'S for r (Table 2.1). For a given number of degrees of 
freedom (number of samples minus 2, in this case), values for rare ubulated for 
different significance levels. The values represent the minimum values for rejecting 
the null hypothesis that the correlation coefficient of the population is zero· (p = 0) 
at the given level of significance. Two sets of tables are given depending upon 
whether the sign of the correlation coefficient is important. T he one-sided test may 
be used when the alternative to the null hypothesis (p = 0) is either p > 0 or p < O. 



TIlh/~ 1.1 

Analvsing geochemical data 

Values for the correlation coefficient (r) alx)\'c which it is considued stat istically significant 
(at the I % or 5 % level) for a given number of degrees of freedom (OF)· 

DF T wo-sided test One-sided test OF Two-sided test One-sided test 

5% 1 % 5% 1% 5% 1% 5 % 1% 

1 0.997 0.999 0.988 0.999 25 0.381 0 .• 87 0.323 0.445 
2 0.950 0.990 0.900 0.980 30 0.349 0.449 0.2% 0.409 
3 0.878 0.959 0.805 0.934 35 0.325 0,4 18 0.275 0.381 
4 0.8 11 0.917 0.729 0.882 40 0.304 0.393 0.257 0.358 
5 0.75. 0.875 0.669 0.833 50 0.273 0.354 0.231 0.322 
6 0.707 0.834 0.621 0. 789 60 0.250 0.325 0.211 0.295 
7 0.666 0.798 0.582 0.750 70 0.232 0.302 0.195 0.274 
8 0.632 0.765 0.549 0.715 80 0.217 0.283 0.183 0.257 
9 0.602 0.735 0.521 0.685 90 0.205 0.267 0.173 0.242 

10 0.576 0.708 0.497 0.658 100 0.195 0.254 0.164 0.230 
12 0.5.32 0.66\ 0,457 0.612 150 0.159 0.208 0.134 0.189 
14 0.497 0.623 0,426 0.574 200 0.138 0.181 0.116 0.1&1-
16 0.468 0.590 0.400 0.543 300 0.113 0.148 0.095 0.134-
18 0._ 0.56 \ 0.378 0.516 400 0.098 0.128 0.082 0.116 
20 0.423 0.537 0.360 0,492 500 0.088 0.11 5 0.074 0.104 

• Data from Sachs (1984). 

The two-sided test is used when p"# O. For example, the data-set in Table 2.2 
contains 31 samples and the calculated correlation coefficient between Cao and 
AI20 J is 0.568 (Table 2.3a). Inspection of tabulated \'alues for r (one-sided test) 
shows that at the 5 % significance level and 29 degrees of fn.-edom (n-2) the 
tabulated value for r is 0.301. Since the calculated value (0.568) is greater than the 
tabulated value (0.301), the correlation coefficient in the sample is statistically 
significant at the 5 % level . That is, there is 95 % chance that the relationship 
observed in the sample also applies to the population. Hence, the null hypothesis 
that p = 0 is rejected. 

2.3.3 Assumptions in the calcu lation of the product-moment coefficient of 
correlation 

The Pearson product-moment coefficient of linear correlation is baS<..x1 upon the 
fonowing assumptions: 

(I) T he units of measurement are equidistant for both variables. 
(2) There is a linear relationship between the ,·ariables. 
(3) Both variables should be nonnally or nearly nonnally distribUII.x1. 

Assumption (3) is frequently regarded as an imponant prerequisite for linear 
correlation (e.g. Till, 1974). However, this is nOI always practised (Sachs, 1984) for 
strictly it is the variation of y from the estimated value of y for each value of x that 
must be nonnally distibuted and rarely is the sample population large enough for 
this criterion to be satisfactorily tested. e\'erthcless, when testing for the 
significance of r, the data should be nonnally distributed. 
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Rock no. 

sial 
TiOl 
AllOj 
Fe,Pl 
r.lnO 
MgO 
COO 
NazO 
K,O 
PlO, 
S,m 

Rock No. 

sial 
TiOl 

AllOj 

FelOj 
MnO 
MgO 
GoO 
Na10 
K,o 
PlO; 
S, m 
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Major element data for tonalitic and trondhjcmitic gneisses from the north marginal zone, 
Limpopo belt, Zimbabwe 

2 3 • 5 6 7 8 9 10 " 12 13 14 " 16 

6\.50 61.15 61.5S 62.59 62.S2 63.19 63.61 63.71 66.67 67.1 S 67.31 67.63 67.68 67.S9 68.00 68.55 
0.6\ 0.75 0.56 0.5S 0.6\ 0.S2 0.61 0.66 0.72 0.77 0.31 (H7 0.41 0.37 0.78 0.47 

15.SS 18.35 18.10 16.02 17.46 16.66 16.87 15.81 15.41 16.0S IS.37 15.47 14.72 15.71 11.70 16.20 
796 '.69 5.34 6.64 5.96 6.16 5.21 5.53 5.61 4.S7 2.77 4.44 3.99 1.45 7.50 3.73 
0.15 0.05 0.09 0.11 0.08 0.10 0.08 007 0.09 0.07 0.03 O.OS 007 0.03 0.10 0.03 
3.60 1.61 1.71 2.56 2.36 1.98 1.81 1.49 1.32 1.24 0.93 1.60 1.16 064 1.94 1.13 
4.96 4.01 4.38 5.50 5.70 5.21 4.24 5.01 4.79 3.99 4.23 4.38 4.51 2.66 533 4.24 
4,42 5.57 6.01 4.79 4.19 4.77 4.94- 3.31' 4.03 4.73 5.75 4.22 4.01 .... 3.43 4.47 
0.82 1.89 1.30 1.22 0.87 1.28 1.70 1.99 1.05 1.+1 1)1 1.01 1.06 3. 18 0.54 1.31 
0.28 0.19 0.10 0.15 0.22 0.27 0.17 0. 19 0.17 0.30 0.10 om 0.09 0.10 0.16 0.13 

100.20 99.30100.30100.10100.30100.40 99.30 98.80 99.90 100.70 101.00 99.40 97.70 97.90 99.50 100.30 

17 18 19 20 21 22 2l 24 25 26 27 28 19 30 31 

70.05 70.13 70.91 71.11 71.34 71.47 71.87 72.81 73.68 74.08 74.25 75.61 75.45 77.88 78."" 
0.31 0.34 0.39 0.28 0.26 0.25 0.37 0.39 0.33 0.15 0.18 0..13 0.12 0..19 0.14 

15.93 15.49 15.11 16.83 15.68 H .82 15.48 14. 15 14.33 14.63 13.96 \3.32 \3.80 11.04 11.04 
2.88 3.52 3.88 1.92 264 3.01 2.42 3. 16 2.28 1.49 U 3 1.95 140 3.08 3.14 
0.03 0.05 om 0.00 0.05 0.04 0.02 006 om 0.04 0.03 0.05 0.04 0.04 0.05 
0.82 1.36 0.92 0.35 0.68 0.63 0.45 0.68 0.83 0.39 0.31 0.20 0.06 0.01 0.01 
3.11 3.49 3.52 2.94 3.51 3.12 3.26 3.41 2.87 2.38 2.17 1.39 1.09 1.36 1.04 
5.06 4.65 4.80 5.69 4.77 5.16 5.00 3.90 457 4.50 4.15 +.23 4.76 4.78 4.7 1 
1.95 1.42 1.39 1.60 1.46 1.04 1.32 1.75 2.83 2.97 2.76 2.98 3.25 1.23 1.75 
0.12 0. 12 0.15 0.D3 0.11 004 0.14 0.10 0.07 0.06 0.05 0." 0.04 0.01 0.07 

100.30100.60 101.20 100.80 100.50 99.70100.30 100.40 101.80 100.70 99.40 99.90 100.00 99.60 100.40 

2.3.' Spearman rank correlation 

Sometimes geochemical data cannot strictly be used in product-moment correlation 
of the type described above for they do not fulfil the requisite conditions. For 
example, some populations are not normally distributed and others include outliers. 
An alternative, therefore, 10 Pearson's product-moment coefficient of linl'ar 
correlation is the Spearman rank coefficent of correlation, usually designated ' •. 
This type of correlation is applicable to major or trace element data measured on a 
ranking scale rather than the equidistant scale used in Pearson's product-moment 
correlation. The Spearman rank correlation coefficient is calculated as follows: 

' . = 1-
6L.d 

n(n2 - I) 1 [2.3) 

where D is the difference in ranking betwt.'Cn the x-values and y-values and n is the 
number of pairs. In this case the only assumptions are that x and yare continuous 
random variables, which are at least ranked and are independent paired 
observations. lfthe rank orders are the same then D = 0 and,s = +1.0. lfthe rank 
orders are the reverse of each other then r. = - 1.0. The significance of 's may be 
assessed using significance tables for the Spearman rank coefficient of correlation 
(Table 2.4) in a similar way to that described for product-moment correlation in 
Section 2.3.2 above. Table 2.3(b) shows the Spearman rank coefficients of correla
tion for the major element data of Table 2.2. In this instance, the calculated values 
do not differ greatly from the Pearson product-moment coefficient of correlation 
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Table 2.3 Correlation matrices for the data in Table 2.2 

(a) Pl aNon p'Qduct-mQmrnl {(J(ffieitni oj (orr(/MiQII 

sial T iO/ AIIO ) Fe/O) MilO MgO GO NazO K,o PzOs S"m 

sial 1.0000 
TiO/ -0.8394 1.0000 
AIPl -0.7468 0.4438 1.0000 
Fe/D) -{l.7840 0.8593 0.2267 1.0000 
M oO -0.6233 0.6410 0.(19 15 0.87'l8 1.0000 
MgO -0.8837 0.7838 0.4543 0.9041 0.8021 1.0000 
COO -0.8862 0.8437 0.5680 0.8225 0.6415 0.8617 1.0000 
NalO -0.0690 --0.1688 0.4938 -0.2563 -0.3027 -0.2165 -0,1805 1.0000 
K,O 0.4580 -0.5244 --0.1708 -0.6742 -0.5094 -0.5140 -0.6727 0.0173 1.0000 
PzOs -0.7919 0.8639 0.5049 0.7858 0.6756 0.7790 0.7309 -0,0588 -<l+404 1.0000 
S"m 0.2071 -0.1397 0.0942 -0.1360 -0.1008 -0.1100 --0.0864- 0.3163 -0.0431 0.0585 1.0000 

(b) S~amlan rank COtjJiri~1/1 of (o"d~lion 

sial 
Ti02 
AIIO) 
Fe/Oj 
MilO 
MgO 
GO 
NalO 
K,o 
PlOS 
Som 

Si02 

1.0000 
-0.8405 
-0.7801 
-{I .7964 
-0.6082 
-0.9074 
-0.8558 
-0.0958 

0.4704 
-0.8260 

0.2153 

T i0 2 AIIO) F~O) MnO MgO COO N,O K,o PIOS Som 

1.0000 
O.51J1 1.0000 
0.8750 0.3700 1.0000 
0._ 0.1170 0.8586 1.0000 
0.8731 0.5818 0.&810 0.7221 1.0000 
0.8592 0.5336 0.8768 0.7228 0.9326 1.0000 

-0.1 798 0.4866 -0.2289 -0.31 \4 -0.1697 -0.2297 1.0000 
-0.4789 -0.1977 -0.6624 -0.5273 -0.5205 -0.6851 0.0889 1.0000 

0.8746 0.6046 0.8048 0.6+57 0.8333 0.7702 -0.0450 -0.3561 1.0000 
-0.2059 0.1232 -0.2346 -0.18% -0.1628 -0.1707 0.2522 0.OM3 -<l.0060 1.0000 

The particular advantages of the Speannan rank correlation coefficient are: (I) 
they alone arc applicable 10 ranked data; and (2) they are superior to the product
moment correlation coefficient when applied to populations that are not normally 
distributed and/or include outliers. A funher advantage is that the Spearman rank 
correlation coefficient (r$) is speedy to calculate and may be used as a quick 
approximation for the product-moment correlation coefficient (r). 

2.3.5 Corre lation matrices 

Frequently a geochemical data-set ,will have as many as 30 variables. This means 
that there are 435 possible scatter diagrams that can be drawn for this one data-set. 
It has been traditional, therefore, to calculate the correlation coeffi cient for each pair 
of variables and present the data as a malTix (see Table 2.3). T he correlation matrix 
may be use.<kas an end in itself from which significant correlations may be 
identifi¢; bUl it may also be the prelude to more sophisticated statistical 
techniques. T he calculation of a correlation matrix will frequently be the ini tial step 
in the examination of a geochemical data-sct. It is traditionally used to identify the 
most highly correlated element pairs prior to plotting the data on conventional 
scatter diagrams (see Section 3.3.2). Examples of the use of the Pearson product
moment coefficient of correlation arc found in Beach and Tamey (1978), where 
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Correlation 

SignificancetablesfortheSpearmanrankcorrelationcoeffident forsamplesizcn,at the 10 %, \ % 
andO.1 %significance levels(one-sided test)and the20 % , 2 % andO.2 %significancele\"els(two
sided test)· 

" 10 % 

, 1.000 
; 0.800 
6 0.657 
7 0.57 \ 
8 0.524 
9 0.483 

10 0.455 
12 0.406 
I. 0.367 
J6 0.341 
18 OJI7 
20 0.299 
2; 0.265 
30 0.240 
35 0.222 
'0 0.207 
,; 0.194 
;0 0.1 84 
60 0.168 
70 0.155 
80 0.\45 
90 0.l36 

100 0.129 

20 % 

.. Data from Sachs (1984). 

One-sided test 

1% 

1.000 
0.943 
0.893 
0.833 
0.783 
0.745 
0.687 
0.626 
0.582 
0.550 
0.520 
0.466 
0.425 
0.394 
0.368 
0.347 
0.329 
OJOO 
0.278 
0.260 
0.245 
0.233 

2 % 

T wo-sided teSt 

0.1% 

1.000 
0.952 
0.917 
0.879 
0.818 
0.771 
0.729 
0.695 
0.662 
0.598 
0.549 
0.510 
0.479 
0.453 
0.430 
0.394 
OJ65 
OJ42 
0.323 
0.307 

0.2 % 

correlation matrices are used to study the problem of clemen! mobility during the 
retrogression of high-grade gneisses, and in Weaver ( 1 al. (1981), in a study of the 
trace element chemistry of a highly metamorphosed anorthosite. 

It must be noted, however, that whilst the correlation matrix is a very useful 
device and correlation coefficients are useful statistical descriptors, we must be 
cautious about their use in geochemistry because of the very special nature of 
geochemical data (see Section 2.6). As [ shall show more fully below, the value of 
a correlation coefficient may not be in doubt but the petrogenetic meaning ascribed 
to that value is open to interpretation . 

2.3.6 Correlation coefficient patterns 

Cox and Clifford (1982) have proposed a way of presenting correlation coefficient 
data for a suite of rocks in a diagrammatic form. Their method, which is purely 
descriptive, uses the Pearson product-moment coefficient of correlation and is an 
attempt to utilize and display graphically the large amount of information contained 
in a correlation matrix, without resorting to plotting the enormous number of 
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Figure 2.1 Correlation coefficient patterns for Ti, Cu, K and Ba for the Roo; Rand dolerites. Data from 
the correlation matrix of Cox and G ifford (1982 - Table 4). The similarity in the patterns 
for K and Ba implies SOffie geochemical coherence. 

possible two .... dement variation diagrams. They have selected a range of geologically 
important trace clements which they have arranged in a somewhat arbitrary order 
and plotted them as the x-axis of a bivariate graph. The correlation cocfficient for a 
given clement from - I to + I is plotted as the y-axis and the positions of each of the 
plotted points arc joined to fonn a correlation coefficient pattern (Figure 2. 1). 

The underlying assumption of the correlation coefficient diagram is that for a 
suite of lavas undergoing a single-stage process such as crystal fractionation, the 
inrerclement correlation coefficients will be + I, - lor O. In this case values close to 
zero and zero values may have significance in the sense that where a correlation 
might be expected and none is found some process must ha\'e operated to produce 
this result. Usually, however, [he evolution of an igneous liquid is not a single-stage 
process and a number of different processes are acting together. The greater the 
number of competing petrological processcs, the greater [he scauer is likely to be on 
a two-eJemcnt variation diagram and the smaller the numerical value of the 
correlation coefficient. Thus correlation coefficent patterns can be used in two ways: 
(I ) for patterns for the same element, but for different rock suitcs, contrasting sets 
of processes may be identified; (2) for different clements in the same rock suite, 
their contrasting roles in the petrogenetic processes may be identified. This is 
illustrated in Figure 2.1 . 

2.4 Regression 

Often in geochemistry the strength of an association, as defined by the correlation 
coefficient, is sufficient infonnation from which to draw petrological conclusions. 
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Sometimes, however, it is also useful to quantify that association. This is 
traditionally done using regression analysis. For example, in the instance of the 
association between Cao and Al2Dl in the tonalites and trondhjemites of Table 2.2 
the question ' If the CaD concentration were 3.5 wt %, what would be the 
concentration of AI10J?' can be answered by calculating the regression equation for 
the variables CaD and A120 1. 

T he quantification of an association is carried out by fining a straight line 
through the data and finding the equation of that line. The equation for a straight 
line relating variables x and y is 

y = a + bx (2.4] 

The constant a is the value of J' given by the straight line at x = O. The constant 
b is the slope of the line and shows the number of units increase (or decrease) in y 
that accompanies an increase in one unit of x. The constants a and b are determined 
by fitting the straight line w the data. The rclation above is ideal and does not allow 
for any deviation from the line. However, in reality this is not the case for most 
observations are made with some error; so often the data form a cloud of points to 
which a straight tine must be fitted. It is this which introduces some uncertainty to 
line-fitting procedu res and has resulted in a number of alternati\'e approaches. 
Regression analysis is the subject of a number of statistical texts (e.g. Draper and 
Smith, 198 1) and a useful review of fitting procedures in the earth sciences is given 
by Troutman and Williams (1987). Below some of the more popular forms of 
regression arc described. 

2.4.1 Ordinary least squares regression 

Ordinary IC;lst squares regression is tradi tionally one of the most commonly used 
line-fitting techniques in geochemistry because it is relativel}' simple to usc and 
because computer software with whil;h to perform the calculations is generally 
readily available. Un fortunately, it is often not appropriate. 

The least sq uares best-fit line is constructed SO that the sum of the squares of the 
vertical deviations about the line is a minimum. In this case the variable x is thc 
independcnl (non-random) variable and is assumed to have a very small error;y, on 
the other hand, is the dependent variable (the random variable), with error~ an 
order of magnitude or more greater than the errors on x, and is to be determined 
from values of x. In this case we say that y is regressed on x (Figure 2.2a). It is 
possible to regress x on y and in this case the best- fit line minimizes the sum of the 
squares ofthe horizontal de\·iations about the line (Figure 2.2b). Thus there arc two 
possiblc regression lines for the same data, a rather unsatisfactory situation for 
physical scientists who prefer a unique line. The two lines intersect at the mcan of 
the sample (Figure 2.2c) and. approal;h each other as the value of the correlation 
coefficient (r) increases until they coincide at r = I. 

In the case of ordinary least squares regression, where y is regressed on x, the 
value of the interttpt, a, may be computed from: 

a = j - bi (U] 

where i and j are the mean values for variables x and y and b is the slope of the 
line. The slope b is computed from 

b = r(S:/ S ... ) (2.6] 
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Pigure 2.2 Three types of regression line discussed in the text. (a) Ordinary least squares regression of y 
on x; in this case the venical distance betw«n the point and the line is minimized. (b) 
Ordinary le3l;t squares regression of x on y; the horizontal distance between the point and the 
line is minimized. (c) Both ordinary least squares lines pass through the means (x, f) , the 
centroid of the data. (d) Redu(."Cd major axis regression; the line is fitled to minimize the area 
of the shaded triangles. 

where r is the product-moment correlation coefficient and Sx and Sy arc the 
standard deviations of the samples of x- and y-values. 

Confidence intervals on the slope of the line b and the intercept a for a given 
significance level may be computed from the equations given by Till (1974 - p.97). 
Thus confidence intervals on values of y for a number of val ues of x may be used (0 

draw a confidence band on the regression line. This confidence band will be wider 
at the ends of the fitted line because there are more points near the mean values. 

Despite its great usage in geochemistry, ordinary [caSt squares regression has a 
number of disadvantages. Firstly, the method yields two different lines, neither of 
which may represent the actual relation between the variables. Secondly, it is 
assumed that the errors on the independent variable arc small, whereas errors on 
the dependent variable are much larger. Generally in geochemistry it is meaningless 
to define one variable as the dependent variable and the other as [he independent 
variable, for both will have been determined by the same technique and are subject 
to the same errors. The treatment of the errors in the measurement of x and y has 
given rise to a number of alternatives to least squares regression. The ·third 
disadvantage is that least squares regression is chiefly used in a predictive sense -
variable y is estimated from variable x. In geochemistry, however, regression is 
more commonly used to confirm the strength of association between variables and 
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to calculate the slope and intercept of a line. Williams (1983) gives an interesting 
discussion of the misuse of ordinary least squares regression in the earth sciences. 

Thus, whilst an ordinary least squares line may be calculated as a first step in the 
regression analysis, an elaboration of or an alternative to ordinary least squares 
regression is needed fo r most geochemical applications. Some of these alternatives 
arc reviewed below. 

2.4.2 Reduced major ax is regression 

Reduced major axis regression is a more appropriate form of regression analysis for 
gt.'OChemistry than the more popular ordinary least squares regression. The method 
(Kermack and Haldane, 1950) is based upon minimizing the areas of the triangles 
between points and the best-fit line (Figure 2.2d). 

The slope b of the reduced major axis line is given by 

[2.7] 

where Sr and Sy arc the standard deviations of sample Yalues x andy and the sign is 
taken from the correlation coefficient. T hus, unlike ordinary least squares and least 
normal squares regression, the slope of the reduced major axis line is independen t 
of the correlation coefficient r. T he intercept a is taken from Eqn [2.5J abo,'e. 
Butler (1986) comments that there is some di fficulty in estimating the confidence 
limits for the reduced major axis line but follows Moran (1971) in using the 95 % 
confidence bounds of the two ordinary least squares lines as the 95 % confidence 
limits. Tilt (1974 - p.102) calculates confidence intervals in terms of standard 
deviations. 

In Figure 2.3 a comparison of regression lines is shown. Using the variabk'S 
FezD3 and CaD from Table 2.2 the ordinary least squares (regressing both x on y 
and y on x), and the reduced major axis methods are used to fit straight lines to the 
data. The equation for each line is given. 

2.4.3 Weighted least squares regression 

A more specialized treatment of data may require weighted least squares regression. 
This is necessary when some data points are less reliable than others and so arc 
more subject to error. In this case different weights may be ascribed to each data 
point before performing the line fitting, The weighting must be assigned by the 
researcher and is normally achieved by first calculating an ordinary least squares 
line and then investigating the residuals - the differences between the data and the 
ordinary least squares line. 

The weighted least squares technique is the most commonly employed method 
of constructing an isochron in geochronology (York, 1967, 1969) although in detail 
the different isotopic methods require slightly different approaches. For example, 
Brooks it al. (1972) showed that for Rb/Sr geochronology the ~rrors in the isotope 
ratios are normally distributed and for 86Sr/87Sr ratios less than 1.0 (the usual 
situation in whole-rock analysis) the errors are not correlated. In Ph isotope 
geology, however, the errors between the lead isotope ratios are highly correlated 
and require a slightly different treatment (see York, 1969). 
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Figure 2.3 Three different regression lines drawn for the same data with their regression equations (data 
taken from Table 2.2). The regression lines are: ordinary least squares regression of x ony (x 
on y) - slope and intercept calculated from Eqns (2.5J and (Z.6]; reduced major axis (RMA) 
- slope and intercept calculated from Eqns {2.7J and [Z.5]; ordinary least squares regression 
of y on x (y on x) - slope and intercept calculated from Eqns {Z.S] and [Z .6]. 

2.4.4 Robust regression 

Robust regression is another more specialized line-fitting technique and is another 
form of weighted least squares regression. Robust linear regression docs not allow a 
single data point such as an outlier to have a disproportionate influence on the 
computed value of the slope and intercept. This is important, for ordinary leasl 
squares estimales can be seriously distorted by Ihe influence of one or two outlying 
values. For Ihis reason the data should be inspected for outliers. Outlying 
observations should be examined to see if they are in error, although no point 
should be discarded simply because it is an outlier. Inspection for outliers may be 
carried out visually using a scatler plot or with an exploratory data analysis 
computer program such as that described by Rock (1987a). 

In robust regression, outlying values arc downweighted. Zhou (1987) gives an 
example of the use of tbis technique in geochemical exploration where outliers 
(often anomalies and tbe object of such an exercise) may hamper Iheir own 
idemification by distorting the results of statistical analysis. 

2.4.5 Some problems with traditional approaches to correlation and 
regression 

At the beginning of this section we asked questions about the association between 
pairs of clements. Typical questions are about the strength of association between 
oxides, for example, to what degree the oxides Cao and Al20 J are associated in the 
data of Table 2.2. A more disturbing question, and one that is not usually asked, is 
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to what extent is the association between Cao and AI20] controlled by the other 
associations in the data-.-set. For example, does the fact that Cao correlates well with 
Si02 affect in any way its correlation with A1201~ 

Traditionally geochemists have looked at the relationships between pairs of 
clements in isolation from the other members of the d:ua-set by plotting a large 
number of bivariate variation diagrams or by constructing a correlation matrix of 
the type described above. Yet the nature of geochemical data is that they are 
multivariate, i.e. simultaneous measurements have been made on more than one 
variable. In other words, geochemists have tended to use a bivariate approach (0 a 
multivariate problem. This is not to say that bivariate analysis of the data is [Otally 
useless, and parameters such as the correlation coefficient can be used as sample 
descriptors. More appropriate techniques are therefore those of multivariate 
analysis, and many of the methods are described in some detail for the petrologist 
by Le Maitre (1982). 

T his approach is not described in this text for there is a still more fundamental 
problem, and one which is not resolved directly by the application of multivariate 
techniques. T his is the problem caused by the summation of major ek-ment analyses 
to 100 % - the constant sum problem. The statistical difficulties resulting 
from this feature of geochemical data are formidable and arc discussed below in 
Section 2.6. 

2.5 Ratio correlation 

One specialized application of correlation and regression is in ratio correlation. The 
correlation of ratios can lead the user into a great deal of trouble and should 
normally be avoided. The exception is in geochronology, and this is discussed in 
Section 2.5.3 below . . The dangers of ratio correlation in geochemistry have been 
documented by Butler (1982, 1986) and Rollinson and Roberrs (1986) and are the 
subject of a text by Chayes (1971). A summary of the arguments is presented below. 

Given a set of variablcs Xl> Xl> X3 ... which show no correlation, ratios formed 
from these pairs which have parts in common such as X l IX2 vs Xli X2, XII Xz vs 
XliX) or X I VS X lIX2 will be highly correlated. This was first recognized by 
Pearson (1 896) in the context of simple anatomical measurements and brought to 
the attention of geologists by Chayes (1949). For the case where XII X2 is plotted 
aga.inst X31 X 2 Pearson (1896) showed that a fi rst-order approximarion for the 
correlation coeffi cient r is given by the expression 

1 (2.8J 

where rl2 is the correlation coefficient between variables Xl and X2 and C1 is the 
coefficient of variation (the standard deviation divided by the mean) of variable X), 
etc. This expression holds for small values of C « 0.3) and when the relative 
variance of X2 is not large and when the absolute measurements are normally 
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Fi! lIrt 2.4 (a) Bivariate plot of Na20 vs K20 from the data presented in T able 2.2 - the correlation 
coefficient of 0.0173 is not significant at 99.9 %. (b) Bivariate plol of the molecular 
proportions of Na/Ti vs KITi for the same data illustrating the effects of spurious 
correlation (, = 0.8853). 

distributed. The more general fonn of this equation for XI I X z vs Xjl X4 is given 
by Chayes (1971 - p. ll ). 

If the variables X,. Xz, X J arc uncorre!ated (i .e . '12 = ' ZJ = ' lJ = 0) and the 
coefficients of variation are all the same (i.e. Cl = Cz = C)) then the expression 
reduces to 0.5. Thus even though the variables X I' XZ, X ) are uncorrelated, the 
correlation coefficient between the ratios X II Xl and X lI Xl is 0.5 . In the case 
where X I' Xl and X) are uncorrelatcd, Cl and C3 arc equal and Cz is three times 
their value, then the expression reduces to 0.9. These correlation coefficients are 
spurious correlations for they appear to indicate a corrcJation where none exists 
between the original variables. This is illustrated in Figure 2.4, where NazO 
concentrations are plotted against K zO concentntions (Figure 2.4a - data taken 
from Table 2.2). The points appear to be randomly scattered (although il might be 
possible to recognize two populations of data points) and they have a very low 
coefficient of correlation. If the weight per cent ooncentntions are converted to 

molecular proportions and Na and K ratioed to T i, it can be seen (Figure 2Ab) that 
the points are highly correlated, with a correlation coefficient of 0.8853. 

In the lighl of these observations BuIJer (1986) argued that in Ihe case of ratio 
correlation the assessment of the strength of a linear association cannot be tested in 
the usual way, against a null value of zero. Rather, the null value must be the value 
computed for the spurious correlation (i.e. , in Eqn 12.8] above) and will thcrefore 
vary for every diagram ploned . An even more comp lex null hypothesis proposed by 
Nicholls (1988) is that thc correlation coefficient of the dua-set is compared with 
that for a set of random numbers with a similar range of values, means and 
vanances as the data-set under investigation. This is not, however, a fruitful 
approach. 

2.5.1 An example of the improper use of ratio correlation - Pearce element 
ratio diagrams 

An example of the misuse of ratio correlation can be seen in the molecular 
proportion diagrams of T .H. Pearce, more recend y called 'Pearce clement ratio 
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diagrams' or 'Pearce diagrams'. These diagrams require the plotting of ratios of 
oxides recast as cation quantities on an X-Y graph. The: ratios have an element in 
common, usually a common denominator (Pearce, 1968, 1970). Pearce diagrams 
were originally developed to avoid the effects of closure: inherent in plotting 
percentages, the conventional method of displaying major clement geochemical 
data. This is not a trivial problem and is discussed in some detail in Section 2.6 
below. More recently users of Pearce diagrams have claimed that they can be used 
to discriminate between rival petrological hypotheses and identify geological process 
(Russell (I ~/., 1990; Ernst (t ~/., 1988). 

Pearce element ratios have enjoyed a limited bur varie:d use in petrology, 
although it should be stressed that the spurious nature of ratio plots makes the 
conclusions drawn from these diagrams at least doubtful and more commonly plain 
wrong for it is impossible to disentangle any geological effect from the spurious 
(."Orrelation effect. The most popular applications have been in identifying the 
fractionating phase(s) in igneous suites and in identifying mobile clements in altered 
volcanic rocks, particularly in altered basalis and lwmatiiles. They have also been 
used in petrogenetic studies to aid in the identification of mantle phases influencing 
the chemistry of partial melts and in iden tifying participating phases in crystal 
fractionation. A variant of this latter use has been to investigate: mixing between 
crystals and mclt using a Pearce element ratio diagram btc(JWt these diagrams 
generate a straight line. Pearce clement ratio diagrams have also been used in 
mineralogy 10 identify atomic substitutions in mineral lattices. 

The underlying assumption of Pearce diagrams is that in a system undergoing 
change any element which remains constaO! during the geologial process under 
investigation may be used as a standard against whieh the change (in the other 
elements) may be measured. In the case of Pearce diagrams the constant element, or 
conserved clement as it is often a iled, becomes the ratioing element and it is 
chosen because of its assuml-d constancy in the system under investigation. 
However, regardless of the geological logic which may underlie these diagrams, the 
fact remains that they are ratio plots and are subject to the peculiarities of data 
presented as ratios: Thus one a nnot escape from the problem of spurious 
correlation . 

A second property of Pearce diagrams which is claimed by their adherents is that 
the slope of a trend on a ratio plot is of significance in discriminating between rival 
hypotheses. For example, it is claimed that it is possible to discriminate between 
olivine and orthopyroxene fractionation in a basaltic magma from the slope of the 
regression line on a ratio plot. In other words, the slope is a function of the 
stoichiometry of the mass transfer process (Russell i t al., 1990). Thus different 
slopes identify different mass transfer processes. However, this argument too is 
fl awed, for regression lines drawn through the data have incorrcct slopes. This is 
because, in the case of ordinary least squares regression, the slope of the line is 
directly related to the correlation coefficient (Eqn [2.61), which in this case is 
spurious. The slopes annot therefore be used with any confidence to infer 
petrological processes. 

Some authors h:ne sought to circumvent the problems of ratio correlation by 
transforming their data into lDg2rithmic form. Unfortunately this also docs not 
solve any problems for the problems are: preservc:d eve:n as log-ratios (see Kenny, 
1982; Rollinson and Roberts, 1986). 
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II is the variability with regard 10 ils own mean, in the common eiemenl in 
Pearce clement ratio diagrams, that gives risc to [he potentially spurious nature of 
such diagrams. Spurious correladons arise primarily as a function of the means, 
standard deviations and correlation coefficients of t he unratioed elemental data set. 
Small variations in the concentration of the ratioing element give rise (0 large and 
similar variations in both ratios of the Pearce plot . These elements often have a 
large coefficient of variation contributing to a high value for r, the spurious 
correlation coefficient. 

2.5.2 Application to trace element diagrams 

A number of elemental plots of trace elements are presented as ratio plots of the 
form Xl/Xl \'s X 31X2, X I VS X I/X2 or XI vs X 2/Xl and are all subject to the 
constraints of ratio correlation discussed above. In some cases the trace element 
diagrams arc designed only for classification purposes but, where linear trends are 
important for petrogenetic interpretation, then the problem of spurious correlation 
applies. In this case the plots should be considered carefull y and ideas tested on 
alternative plots before any petrological conclusions are drawn from the data. 

2.5.3 Ratio correlation in isotope geology 

Ratios with a common denominator are the staple diet of much of geochronology 
and isotope geology and the statistical validity of Rb-Sr isochron diagrams was 
questioned by Chayes (1977) and discussed more full y by Butler (1982) and Dodson 
(1982). Butler (1982) pointed out that in the case of Rb-Sr isochron diagrams where 
the isotope ratio 87Sr/86Sr is plotted against 87Rb/86Sr, the presence of a common 
denominator (86Sr) 'should raise the suspicion that some or all of the observed 
variation on the scatter diagram may be due to the effects of having formed ratios 
with a common denominator'. Dodson (1982) responded to this argument by 
showing that iSQ(opic ratios such as 87Sr/86Sr are never calculated from 
independent measurements (unlike ratios fonned from major element oxide pairs). 
Rather, they are a directly measured property of the element under consideration, 
unrelated to the amou", sampled, and can only be altered in a limited number of 
ways, the most important of which is radioactive decay. Dodson proposed the null 
hypothesis for isotope geochemistry that 'variations in the measured isotopic 
composition of an element are unrelated to its concentration or to any other 
petrochemical property of the materials sampled'. He showed that if the null 
hypothesis is true then the expected value of the ratio correlation coefficient is zero 
and that isochron diagrams are not subject to the common denominator effect. 

A related problem in isotope geology is the corre1atior- between the ratio 87Sr/86Sr 
and 86Sr concentrations. In this case (provided there is no analytical error) the 
correlation is most likely to result from the random mixing of two unifonn sources 
of Sr with different isotopic compositions) although there is also the possibility that 
the observed correlations have arisen as a consequence of the common denominator 
effect resulting from ratio correlation. 
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2.6 The constant sum problem 

Geochemists are used to expressing the major element compositions of rocks and 
minerals as percentages, so that the sum of the major clements will always be about 
100 %. This has to be, simply because there is no other way of presenting a 
chemical analysis in a form which can be compared with other analyses. This 
standard form, which is universally used by geochemists for both rock and mineral 
analyses, is a source of much grief to statisticians, who for 30 years have been 
informing geochemists that they are working in a minefield of spurious correlations 
and that their interpretation of major and trace element chemistry is potentially 
unsound. Dara expressed as part of a whole (percenrages or parts per million) are 
described as compositional data. 

In brief, the problem is as follows. Perccnrages are highly complex ratios 
containing variables in their denominators which represent all the constituents 
being examined. Thus, components of percentage data are not free to vary 
independently. As the proportion of one component increases, the proportion of 
one or more other components must decrease. For insrance, the first sample in 
Table 2.2 contains 61.5 % silica and so the value for the second variable (Ti02) is 
not free to take any value but must be restrained to equal to or less than (100 -
61.5) %. The next oxide (for example Alz0 3) is further restrained, and so on. This 
has a number of effects on the data. Firstly, it introduces a negative bias into 
correlations. This may be illustrated as follows. If one component has a significantly 
higher value than all the other components - such as Si02 - then bivariate 
graphs of Si02 and the other components will show a marked negati\'e tendency. 
This attribute of percentage data is full y explored by Chayes (1960) and is 
jllustrated in Figure 3. 15. Secondly, the summing of analyses to 100 % forces a 
correlation between components of the data-set. The problem has been illustrated 
by Meisch (1969), who 'demonstrates that an apparently significant correlation 
between two oxides may have arisen through the closure process from an actual 
correlation between two other oxides. These induced correlations mayor may not 
conceal important geological correlations. Stated in another way, the null value for 
the correlation coefficient for variables from a percentage array is not the usual null 
value of zero. The problem for geochemists is that what the null value should be in 
these circumstances is not known. In terms of correlation theory the usual criterion 
of unrelatedness or independence does not hold, nor are the variances and 
covariances of the data-set independent. 

A third consequence of percentage formation is that subcompositions, frequently 
used in variation diagrams such as the AFM diagram, do not reflect the variations 
present in the 'parent' data-set. Aitchison (1986 - Table 3.1) shows that the 
correlation coefficient between pairs of variables varies substantially in subsets of a 
data-set and that there is no apparent pattern to the changes. In addition, 
subcompositions have variances which show different rank orderings from those in 
the parent data-set. For example, in the subset of data AFM (NazO+KzO, 
FeO(total)' MgO) the variances may be A > F > M, but in the parent data-set the 
variances may be F > A > M. 

A normal percentage array of major clement data is described by Chayes (1960) 
as 'closed' (Aitchison, 1986 and elsewhere, uses the term 'composition') and a 



38 

2.6.1 

Corrtlating 
compositional 

data 

The means of 
compositional 

data-sets 

Invalid escape 
routrs 

2.6.2 

Analysing geochemical data 

closed array or data-scI has inherently the possibility of non-zero correlations. The 
implication of a closed array is that there exists behind it an open array ('basis' in 
the nomenclature of Aitchison) from which these data have been derived . This open 
array is not subject 10 the constant sum effect and would be much casier to tfcat 
Sluistically. However, the problem in geochemistry is that we have no access to the 
open array and often we cannot envisage what it is like. 

The consequences of closure 

The principal consequence of closure for geochemistry is that correlation, 
frequently used to examine major and trace ckment interrelationships, can 
produced misleading resu lts. Consider the data presented in Table 2.2. Here there 
is a strong inverse correlation between the wt % concentrations of Si02 and MgO. 
That there is such an association is beyond doubt and the strengt h of the association 
is shown by the high correlation coefficient (-0.8837). However, the cause of the 
association and hence its meaning is not at all cleat because we arc dealing with 
pcrcenrage data in which one constiruent makes up more than half of the 
composition and the other variable makes up a proportion of the remainder. There 
is inevitably therefore a forced association between the two. T his problem can be 
demonstrated for major element plots, particularly those involving silica. However, 
it applies more generally to major and trace clement data (for both arc expressed as 
fractions of a whole), for forced correlations are a property of compositional data 
(Butler, 1986; Skala 1979). 

\Voronow (1990) and \Voronow and Love (1990) have argued that a second 
consequence of closure is that the means of percentage (and ppm) data have no 
interpretative value. They show that an infinite number of possible changes can 
explain an observed change in the mean of compositional data. Thus it is impossible 
to produce a meaningful statistical test to evaluate the similarities between means of 
compositional data. This observation has important implications for approaches 
such as discriminant analysis, frequentl y used in geochemistry (see Section 2.9). 

The problem of closure is not removed when the data is transformed into cations 
(Butler, 1981) nor is it removed when the problem is presented in graphical rather 
than statistical form. Furthermore, closure remains even when the constituents of 
an analysis do not sum exactly to 100 %, through analytical error or incomplete 
analysis, for there is always the category of 'others' which can be used to produce a 
sum of 100 %. 

Aitchison's solution to the constant sum effect 

Aitchison has addressed the constant sum effect in a seric..'S of detailed papers 
(Aitchison, 1981, 1982, 1984) and in a substantial text (Aitchison, 1986) in which he 
illustrates his work with examples drawn from a number of disciplines including 
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geochemistry. Aitchison's fundamental premise is that 'the study of compositions is 
essentially concerned with the relalive magnitudes of the ingredients rather than 
their absolute values (this) leads naturally to a conclusion that we should think in 
terms of mios' (Aitchison, 1986 - p.6S). This frees percentage data from their 
restricted region (a 'simplex' in the terminology of Aitchison) to spread more freely 
though sample space. Thus when formulating questions about associations between 
variables in a geochemical data-sct our thinking should be based upon ratios rather 
than upon percentages as has traditionally been the case. Aitchison goes on to point 
out that handling the variances and covariances of ratios is difficult and that a 
mathematically simpler approach is to take logarithms of these val ues. Thus he 
proposes that compositional data should be expressed as the covarianct.'S of (natural) 
log-ratios of the variables rather than the raw percentages. The calculation of 108-
ratios may seem tedious and unnecessary but it has the consequence of freeing 
sample values from a restricted range to vary between ± co. 

At first sight there appears to be some similarity between the method of 
Aitchison quoted with approval here and the ratio correlation technique heavily 
criticized in an earlier section of this chapter. The two arc the same inasmuch as 
both require the taking of ratios, but there the similarity ceases. At the heart of 
Aitchison's argument is the observation that you cannot correlate ratios, and yet this 
is an essential part of ratio correlation. Rather, Aitchison's method involves not the 
correlation of log-ratios themselves but the structure of a log-ratio covariance 
matrix. 

In his 1986 text Aitchison proves (for the mathematically literate reader) that the 
covariance structure of log-ratios is superior to the covariance structure of a 
percentage array (the 'crude' covariance structure, as it is termed in his text). The 
covariance structure of log-ratios is free from the problems of the negative bias and 
of subcompositions which bedevil percentage data. In detail he shows that there are 
three ways in which the compositional covariance structure can be specified. Each is 
illustrated in Table 2.5. Firstly, it can be presented as a variation matrix in which 
the log-ratio variances are plotted for every variable raliocd to every other variable. 
This matrix provides a measure of the relative variation of every pair of variables 
and can be used in a descriptive sense to identify relationships within the data array 
and in a comparative mode between data arrays. 

A second approach is to ratio every variable against a common divisor. The 
covariances of tht.'Se log-ratios are presented as a log-ratio covariance matrix. (The 
correlation coefficient between two variables x and y is the covariance normalized to 
the square root of the product of their variances - Eqn [2.1 D. The choice of 
variable as the divisor is immaterial because it is the structure of thc matrix which is 
of importance rather than the individual values of the covariances. Nevertheless, 
this docs give rise to a large number of different solutions. This form of covariance 
structure is used by Aitchison (1986 - Chaptcr 7) in a wide variety of statistical 
tests on log-ratio data which include tests of normality and regression. An example 
of its use in testing the independence of subcompositions in pollen analysis is given 
by Woronow and Butler (1986). 

The final form of compositional covariance structure is centred log-ratio 
covariance matrix. In this case the single divisor of the log-ratio covariance matrix is 
replaced by the geometric mean of all the components. This form is used with 
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The forms of data presenution proposed by Aitchison (1986) 

(a) Variatioll malrix {/I1l1trt AIISi. tU., mta1lS Iht lIa riallu of 10&(Alp)1 SiOz)J 

Si~ Al20 l Ti02 '0,<>, MoO MgO CaD . .. 

5;02 0 AilS; Ti/S; Fe / Si Mn/ Si Mg/ Si Ca/Si 
Alz°.l 0 T;/ AI Fel AI Mn / AI Mg/ AI Ca I AI 
TiOz 0 Fe/ Ti Mn / T; Mg/ Ti Ca/T i 
Pep} 0 Mn/ Fe Mg/ Fe <:a/ Fe 
MoO 0 Mg/ Mn Ca/Mn 
MgO 0 Ca/Mg 
COO 0 

" 

(b) /..o&-ratlo {ovaria ntt matrix /whtrt AI.Sf. tit., mta1lS Int (OlllJria1lrt of tnt log-ralios 
(AI fJ)1 TiOz,SiOtl TiDt) I 

Si02/T i02 Si,Si AI,Si Fe,Si Mn,Si Mg,Si Ca,Si 
AIP1/ Ti02 AI,AI Fe,AI Mn,AI Mg,AI Ca,AI 
FezOl / Ti02 Fe,Fe Mn,re Mg,Fe Ca,Fe 
MnO/ TiOl Mn,Mn Mg,Mn Ca,Mn 
MgO/ Ti02 Mg,Mg Ca,Mg 
CaO/Ti~ CO,CO 
" 

(c) Ct .. lftd /o&-ralio ((lVariIlPlU matrix (",htr? AI,Si, tI( .• mta1lS lilt (Ova riallrt of tilt lo&-raliOJ 
AlzOJ/g,SiOz/g alld ",hm g is tilt &tOmtlri( mta .. ) 

Si02/& Alp)lg Ti02/& FezO/g MnO I& MgOl& CaOI& ... 

Si02/& Si,Si AI,Si Ti,Si Fe,S; Mn,Si Mg,Si Ca,s; 
AI2O }/& AI,A! Ti,A! Fe,AI Mn,AI Mg,AI (.a,AI 
Ti021& Ti,T; Fe,Ti Mn,Ti Mg,Ti Ca,Ti 
FezOl/g Fe,Fe Mn,Fe Mg,Fe Ca,Fe 
MnOlg Mn,Mn Mg,Mn Ca,Mn 
MgOlg Mg,Mg Ca,Mg 
CaOI& CO,CO 
" 

simulated data by Butler and \Vorono ..... (1986 - Appendix 2) and has the 
conceptual advantage for the geochemist over the log-ntio covariance form that no 
one element is singled out as the divisor. It is used by Aitchison in principal 
component analysis. Each of the three forms outlined is the same in the sense that 
they each determine the same covariance structure, but in a particular form of 
compositional analysis one may be easier to use than another . 
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A few multivariate procedures such as regression and principal componem 
analysis survive the log-ruio transformation in a recognizable fonn. 

Aitchison's method was tested with a suite of basalts from Kilauea Iki lava lake, 
Hawaii (Rollinson, 1992). These were chosen for their apparent geOlogical 
simplicity. The chemical variablity in these basalts appears to be the product of 
only one process - the fractionation of magnesian olivine (Fo85) from a single 
batch of magma (Richter and Moore, 1966). Percentage data prescnted in Table 3.3 
were recalculated as log-ratios using TiOz as the common divisor and the variation 
matrix, the covariance matrix and the centred covariance matrix were calculated. 
The conventional interpretation of these data using a correlation matrix indicates 
strong associations between almost all element pairs except for those involving Mn. 
Data inspection showed that: 

L The variation matrix shows that there is the greatest relative variation between 
MgO (indicative of olivine - the fractionating phase) and the elements 
excluded from olivine and concentrated in the melt - K, Ti, P, Na, Ca and 
AI. 

2. The log-ratio covariance matrix shows that the greatest covariances are 
between the prime constituents of olivine (Mg-Fc-Si and Mn), the 
fractionating phase. Nat K and P, which show very small covariances, are 
clements excluded from olivine and are concentrated in the melt. 

3. The centred log-ratio covariance matrix shows negative covariances between 
Mg- K, Mg- Ti, Mg- P, Mg- Na and Mg-Ca. emphasizing the strong 
antipathy between Mg (in olivine) and the elements K, Tit P, Na and Ca 
which are concentrated in the melt. The positive covariance between Fe and 
Mg is reflected in the strong association between Mg and Fe in the mineral 
olivine. In contrast the elements with vcry small covariances Si, AI, Fe, Mn 
and Ca show no strong association with most other clements. 

The inurpreta- From the study of Kilauea basalts (Rollinson, 1992) it can be concluded that 
tion of log-ratios Aitchison's log-ratio method yields results which are geologically reasonable. Log

ratios and log-ratio matrices may be interpreted as follows. 

I. High values in a variation matrix will identify the element pairs which show 
the greatest variability. In igneous rocks this may be between a crystallizing 
mineral and the melt or between two or more crystallizing minerals. 

2. High positive values in the twO covariance matrict.'S indicate strong associations 
between the elements and this is interpreted to mean that they coexist in the 
same mineral. 

3. Large negative values in the two covariance matrices tend to confinn the 
variability indicated in the variation matrix. 

4. Total variance may turn out to be an important indicator of the processes 
operating in a suite of rocks. 

A fina l caveat should be added, namely that the methodology outlined here is 
very sensitive to non-nonnal, small data-sets. 
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2.7 The Interpretation of trends on triangular diagrams 

Triangular diagrams may be seen as a special case of the closed array or constant 
sum problem (Chayes, 1971 - Chapter 4), for in preparing a triangular diagram a 
subcomposition comprising three components is selected from data in the form of 
either an open or a closed array and is reformed as percentages of their sum. That 
is, the data are fonned into a closed array. This then introduces the problems of 
induced correlations already discussed above. Therefore, the interpretation of 
trends on triangular diagrams must be carried out with great care. 

Butler has analysed the summary statistics of CaO-NazO-K20 and A- F- M 
diagrams for 114 igneous rocks from the Big Bend National Park area, Texas 
(Butler, 1979 - Tables I and 2) and showed that the process of recasting the 
variables as percentages may dramatically change the statistical properties of the 
data. It is possible that in the process of percentage formation the rank order of the 
means, variances and correlation coefficients may change so that, for example, the 
variable with the smallest variance in the initial data-se[ may' have the largest 
variance in the ternary data-set. He concludt.'S that '!riven the fact that major 
reversals of variance can occur simply as the result of ternary percentage formation 
it should be reasonable to expect that at least pan of any trend is artificial'. 

This returns us to a now-familiar petrological problem - that of disaggregating 
the statistical and petrological controls on a given trend, in this case as projected in 
a triangular diagram. Butler (1979) recommends that it is unprofitable to base 
genetic interpretations on ternary trends alone. 

2.8 Principal component analysis 

Principal component analysis is a technique for reducing the number of variables 
(separate oxides and trace elements) with which the investigator has to grapple. It 
has the advantage that a large number of variables may be reduced to a few 
uncorrelated variables, so that a variation diagram (see Section 3.3) may contain 
information about a large number of variables instead of the usual two or three. On 
the other hand, there are two obvious disadvantages to this approach. One is that 
complex plotting parameters on variation diagrams are difficult to comprehend; 
secondly, one of the principal arts of geochemical detective work is to identify the 
roles that different clements play in elucidating geochemical processes. 

The method is well described by Le Maitre (1982). An original set of variables is 
transformed into a new set of variables called principal component coordinates. 
The new variables are simply a more convenient way of expressing the same results 
and provide the optimum way of viewing the data. If only a few principal 
coordinates account for a high proportion of the variance then the remainder may 
be discarded, and this reduces the number of variables under consideration. 
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Fi! urt 2,5 First, second and third eigem'ectors from principal ooml":ment analysis plotted in two 
dimensions to illustrate chemi~1 diffcn:nces between alkali and subalkali rock series (from Le 
Maitre, 1968). 

The method defines a new set of orthogonal axes a iled eigenvectors or latent 
vectol"S. For instance, the firs t eigenvector is the direction of maximum spread of 
the data in terms of n-d imensional space. It is a 'best fit' line in n-d imensional space 
and the original data can be projected onto this vector using the first set of principal 
component coordinates. The variance of these coordinates is the first eigenvalue or 
latent root, and is a measure of the spread in the direction of the first eigeO\'ector. 
For example, eigenvector 1 may be expressed as 

Eigenvector 1 = x\Si02 + x2T i02 + x3A 110 3 ... 

where x1> Xl' x3 etc., define the principal component coordinates. The method then 
defi nes a second eigenvector which has maximum spread at right angles to the first 
eigenvector, and so on. The eigenvalues arc used to measure the proportion of data 
used in each eigenvector. By definition, the first eigenvector will contain the most 
information and succt.'Cding eigenvectors will cOnlain progressively less information. 
Thus it is often the case that the majority of information is contained in the first 
two or three eigenvectors. Eigenvectors and eigenvalues may be calculated cither 
from a covariance matrix (where the variables arc measured in the same units, e.g. 
wt % or ppm) or from a correlation matrix where the variables are expressed in 
different units. The choice of method is discussed by Lc Maitre (1982 - p. IIO). 

The chief use of principal component analysis is in the production of variation 
diagrams and this is illustrated by Le Maitre (1968) where he describes the 
chemical nriation within and between alkali and subalkali basalts. He reduces nine 
variable major element analyses [0 three eigenvectors which define more than 90 % 
of the analyses. The three eigenvectors (or latent "ectors as they are called here) are 
plotted as a t ..... o-dimensional graph (Figure 2.5). 

Aitchison (l984 and 1986 - Chapter 8) describes how log-ntio data may be 
used in principal component analysis in preference to percentage data. 
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2.9 Discriminant analysis 

Discriminant analysis is a powerful technique in classifying samples into predefined 
groups on the basis of multiple variables. In geochemistry, d iscriminant analysis has 
been applied particularly fruitfully in the investigation of relationships between 
the m.ajor .and trace element chemistry and the tcctonic scning of volcanic 
and sedimenury rocJ.:s. This short section, therefore, scrves .as a theoretical 
introduction to the discussion of petrological discrimination diagrams which is 
gi\'en in Chapter 5. 

In discriminant analysis a set of standard samples are nominated as belonging to 
two or more groups. From the distributions of these groups it is possible co 
calculate one or more linear functions of the variables measured which will achieve 
the greatest possible discrimination between the groups. 

The functions have the form 

Fi = aj Xl + b, Xl + 'i xJ ••• Pj Xp [2.9J 

where Xli Xl ... Xp are the discriminating variables (major elements or trace 
elements), ai, b; ... Pi are the discriminating function coefficients and Fi is the 
discriminant score. The magnitudes of the discriminating function coefficients 
assoc1.ated with the v.ariables show the relative importan ce of the variables in 
separating the groups along the discriminant function. 

2.9.1 An e)(ample from igneous petrology 

An excellent example of the use of discriminant analysis in igneous petrology is 
found in the work of J.A. Pearce (1976), who employed this technique in an attempt 
to classify basalts on the basis of their major element chemistry (see also Section 
5.2.2). The study is based upon a collection of recent basalts taken from six 
different tectonic environments - ocean-floor basalts, island-arc tholeiites, 
calc-alkaline basalts, shoshonites, ocean-island basalts and continental basalts. The 
objective of the study was to see if there is a rela~ionship between major element 
chemistry and tectonic setting. 

The initial part of the investigation was an analysis of the within-group and 
between-group variation, for in this way the parameters which are most likely to 
contribute to the separation of groups can be identified and those which are likely to 
be least effective can be discarded. This is then followed by the quantitative step 
the diseriminant analysis, which calculates the characteristiC$ of the data-set which 
contribute most to the separation of the groups. These characteristics are expressed 
as the following parameters (see Table 2.6). 

(I) Eigenvectors, i.e. the coefficienrs of the discriminant function equations (see 
Eqn [2.9]). 

(2) An eigenvalue for each discriminant function. This shows the contribotion 
made by the function to the total discriminating power. In the case of FI it 
can be seen from Table 2.6 that it contributes to 49.7 % of the discrimination 
and that Fl and F2 together contribute to 76.1 % of the total discrimination. 
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Discriminant analysis .. 
Results of discriminant analysis for basaltic rocks· 

Fl F2 F3 F4 F5 

Eigenvectors 

SiD2 +0.0088 --0.0130 --0.0221 +0.0036 +0.0212 
T iD2 --0.0774 --0.0185 --0.0532 --0.0326 +0.0042 
AI2D] +0.0102 --0.0129 --0.0361 --0.0096 --0.0071 
F,O +0.0066 --0.0134 --0.0016 +0.0088 +0.0141 
MoO --0.0017 --0.0300 --0.0310 +0.0277 --0.0017 
"'0 --0.0143 --0.0204 --0.0237 +0.0321 +0.0153 
Nap --O.oJ55 --0.0481 --0.0614 +0.0140 +0.0701 
K,o --0.0007 +0.0715 --0.0289 +0.0899 +0.0075 

Eigenvalues 2.58 1.37 0.65 0.5 0.09 
Percentage of trace 49.7 26.4 12.4 9.7 1.7 
Cumulative percentage 49.7 76.1 88.5 98.2 99.' 

Scaled eigenvectors 

SiD2 +0.34 --0.51 -0.86 +0.14 +0.83 
TiD1 --0.85 --0.20 --0.59 --0.36 +0.05 
A12DJ +0.32 -0.40 - 1.12 --0.30 --0.22 
FeO +0. 18 --0.37 -0.04 +0.24 +0.24 
MoO -0.04 --0.74 --0.76 +0.68 -0.04 
GO -0.29 -0.41 -0.48 +0.65 +0.31 
Na2D --0.17 -0.54 -0.69 +0.16 +0.79 
K,o -0.01 +0.70 -0.28 +0.88 +0.07 

• From Pearce (1976). 

(3) A set of scaled eigenvectors. These show the relative contributions of each 
variable to the discriminant function. In the case of FJ the variables Ti02 
(-{).8S) and Si02 (+0.34) show [he largest SCOR'S and will dominate this 
particular discriminant function . 

A convenient way of visually examining [he group separation may' be obtained by 
plotting the discriminating functions F I and F2 as the axes of an x- y graph (Figure 
S.1 9). Individual analyses are plotted as their FI and F2 discriminant function 
scores. The only disadvantage of this plot is that [he discriminating functions are 
less easy to visualize than the original oxide variables. The value of a d iscriminant 
function diagram is measured by its success rate in correctly classifying the data. 

A numerical procedUre may also be used for classifying the groups. This utilizes 
only a part of the data as a 'training set' for which the discriminating functions are 
derived. The remainder of the data is used as a ' testing set' with which the 
calculated functions may be optimized so as to minimize the number of 
misclassifications. 

2.9.2 Other applications of discriminant analysis 

Chayes and Velde (1965) used discriminant analysis to subdivide basaltic lavas 
found in ocean islands from those of island arcs on the basis of their major clement 



.. Analvsing g&ochemicaJ data 

chemistry. This approach was extended by Pearce and Cann (197 1, 1973), who used 
discriminant analysis (0 subdivide basaltic rocks according to their tcclOnic setting 
on the basis of their trace element compositions. They used the elements Ti, Zr and 
Y, generally thought to be immobile during submarine weathering and greenschist 
fa(.; es metamorphism, and showed that it is possible to differentiate between four 
groups of basaltic rocks, namely those which have fonned on the ocean floor, in 
volcanic arcs, in ocean islands and within continents. Their work had a wide 
impact: because of the choice of immobile elements, it had applicability to altered 
and metamorphosed basalts and held the potential for the identification of the 
teclonic setling of ancient basalts. This work was followed by a number of other 
workers who produced similar 'discrimination diagrams' for basalts based on trace 
clement concentrations. These diagrams arc prt$ented in Chapter 5 and arc 
discussed there in more detail. 

The work of Pearce and Cann (1971, 1973) was criticized by Butler and \Voronow 
(1986) for their use of a ternary diagram . This is because the formation of ternary 
percentages will induce closure into the data so that an unknown amount of the 
depicted variabilit y is an artifact of closure. Instead they propose a diagram based 
upon principal component analysis in which the first two principal components (see 
Section 2.8) arc used as the axes of a ' discrimination' diagram (Figure 5.4) 

Discrimination diagrams have also bt:en applied to the environment of deposition 
of sedimentary rocks. Potter t t al. (1965) showed that a discriminant function based 
upon the trace clements B and V could be used to distinguish betwecn freshwater 
and marine argillaceous sediments. Morc recently tectonic discrimination diagrams 
have also been extended to sedimentary rocks. Bhatia (1983) and Roser and Korsch 
(1988) ha\'e produced discriminant function diagrams which allow the identification 
of the pTO\'enantt of sandstones according to their plate tectonic setting. 

2.10 Whither geochemical data analysis? 

The particular nature of geochemical data - compositional data - has been the 
subject of interest for more than 30 years and yet only recently have geochemists 
had a tool with which to handle their data correctly. At the same time, howevcr, 
those past 30 years have seen an explosion in the generation of geochemical data 
and a huge edifice of interpretive petrology has bt:en built - upon inferences that 
might be wrong. As a 'worst possible scenario', consider the exchange between 
Rock (1988b, 1989) and Ai tchison (1989). If the mcans of compositional data are an 
invalid measure of location, then not only are many widely quoted summary 
sradstics in error but thc manner by which the analyses were obtained is also in 
error. For Rock (1989) points out that 'all machine-based analytical data are already 
dependent upon pre-existing location estimates for standard rocks'. In other words, 
all our XRF analyses might be slightly wrong. The magnitude of possible error is 
mind-blowing. Clearly the pressing need is for a suitc of readily accessible computer 
packages which can handle compositional data. 

There is however some hope, for not all uses of geochemical data arc in error 
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and _that is what this book is about. Most of the examples of the misuse of 
geochemical data rclate to major clement studies, but petrological models 
increasingly depend upon trace clement and isotopic studies. T he ideas developed 
in this chapter will recur through the follo wing pages - sometimes as warnings, 
sometimes to disallow what has previously been said. Most imponantly, though, the 
approach must be that of 'hypothesis testing'. Diagrams must be constructed with a 
clear, testable model in mind so that hypotheses can be refuted or verified. 



Using major element data 

3.1 Introduction 

This chapter will examine the ways in which major element data arc used in 
geochemistry. The discussion will be restricted to the ten clements traditionally 
listed as oxides in a major element chemical analysis - Si, Ti, AI, Fe, Mn, Mg, Ca, 
Na, K and P. Geochemists make use of major clement data in three principal ways 
- in rock classification, in the construction of variation diagrams and as a means of 
comparison with experimentally determined rock compositions, whose conditions of 
formation are known. Each of these uses will be discussed in a separate section of 
this chapter. In addition, major elements are used, often together with trace 
elements, in the identification of the original tectonic setting of igneous and some 
sedimentary rocks. This topic will be discussed in Chapter S. 

T he application of major element chemistry to rock classification and 
nomenclature is widely used in igneous petrology but is also useful for some 
sedimentary rocks. The sewnd use of major clement data, in the construction of 
variation d iagrams, d isplays the data as bivariate or trivariate plots, i.e. on either an 
x-y graph or on a triangular graph. This type of d iagram is used to show the 
interrelationship between elements in rhe data-set and it is from these relationships 
that geochemical processes may be inferred. Variation d iagrams are not restricted in 
their use to major elements and will be discussed again in l;ater sections of this book. 
The third use of major element data ~ the plotting of the chemical composition of 
an igneous rock onto a phase diagram ~ assumes that the chemistry of the rocle is 
unchanged from that of the original igneous meh. In this case the comparison of 
rock compositions with experimentally determined phase boundaries for melts of 
similar composition under a range of physical conditions may allow inferences to be 
made about the conditions of melting andlor the subseq uent crystallization history 
of the meh . 

3.2 Rock classification 

With the advent of automated XRF analysis, most geochemical investigations 
produce a large volume of major element data. Thus, increasingly it is both useful 
and in some cases necessary to attempt to classify rocks on the basis of their 
chemical composition. This section reviews the classification schemes in current use 



Box 3.1 

Rock classification .. 
and outlines the rock types for which they may be specifically suited. A summary is 
given in Box 3.1. The criteria employed in the evaluation of a classification scheme 
are that it should be casy to use and widely applicable, its logical basis should be 
readily understood and that as far as possible it accurately should reflect the existing 
nomenclature, based upon mineralogical criteria. 

Summary of chemical classification schemes described in Section 3.2 

Igneous rocks 
3.2.1 Oxide-oxide plots 

The total alkalis-silica diagram (TAS) 
- for volcanic rocks 
- for plutonic rocks 
- for discriminating between alkaline and subalkaline rock series 
Subdivision of subalkaline volcanic rocks using K20 vs Si02 

3.2.2 Norm-based classifications 
Basalt classification using the Ne-Oi-OI-Hy-Q diagram 
Granite classification using the Ab-A.n-Or diagram 
Volcanic and plutonic rock classification using Q'{F 'J-ANOR 

3.2.3 Cation classifications 
Volcanic and plutonic rocks using R1 and R2 
Komatiitic. tholeiitic and calc-alkaline volcanic rocks using the Jensen plot 

Sedimentary rocks 
3.2.4 Arenite/wacke 

Mudrocks 

3.2.1 Classifying igneous rocks using oxide-oxide plots 

The /ola/ 
alkalis- silica 

diagram (T AS) 

Bivariate oxide-oxide major clement plots are probably the most straightforward 
way in which to classify igneous rocks, although to dale these methods are most 
suitable for volcanic rocks. 

The total alkalis-silica diagram is one of the most useful classification schemes 
available for volcanic rocks. Chemical data - the sum of the NalO and KlO 
content (total alkalis, T A) and the SiOz content (S) - are taken directly from a 
rock analysis as wt % oxides and plotted onto the classification diagram. 

The usefulness of the TAS diagram was demonstrated by Cox el al. (1979), who 
showed that there are sound theoretical reasons for choosing sial and Na20 + K20 
as a basis for the classification of volcanic rocks. The current version of the diagram 
(Figure 3. 1, after Le Maitre et aI. , 1989) was constructed from a data-set of 24 000 
analyses of fresh volcanic rocks carrying the names used in their original 
classification. The field boundaries are defim. .. d according to current usage with the 
minimum of overlap between adjoining fields. The coordinates of the field 
boundaries are shown in Figure 3.2. 

The T AS diagram divides rocks into ultrabasic, basic, intermediate and acid on 
the basis of their silica content (following the usage of Pcccerilio and Taylor, 1976). 
The nomenclature is based upon a system of root names with additional qualifiers 
to be used when necessary. For example, the root name basalt may be qualified to 
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Figurt 3.1 The chemical classification and nomenclature of volcanic rocks using the total alkalis versus 
silica (TAS) diagram of Le Maitre i l al. (1989). Q = normative quarC".l; 01 = normative 
oli vine. 

alkali basalt or subalkali basalt. Some rod: names cannot be allocated until a norm 
calculation has been performed (see Section 3.2.2 for norm calculations). For 
example, a tcphritc contains less than 10 % normative oii"inc, whereas a basanite 
contains more Ihan 10 % normative olivine. 

(a) Using TAS with volcanic rocks T he TAS classification scheme is intended for 
the more common, fresh volcanic rocks. It is inappropriate for potash-rich rocks 
and highly magnesian rocks and should not be normally used with weathered, 
altered or metamorphosed volcanic rocks because the alkalis are likely to be 
mobili7.ed. Rocks showing obvious signs of crystal fractionation should also be 
avoided. Analyses should be recalculated to 100 % on an H2O- and C0z-fn:c basis. 

(h ) A T AS diagram for plutonic rocks Wilson (1989) uses T AS to give a 
preliminary classification of plutoni" igneous rocks (Figure 3.3). This diagr:un is of 
great pra"tical use for there is no other simple classification of plutonic rocks. 
Unfortunately, however, the boundaries are largely based upon an earlier version of 
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alkalis versus silica diagram of Le Maitre el 01. (1989). 
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TAS devised for volcanic rocks by Cox et al. (1979) and therefore are not consistent 
with thc boundaries of the T AS diagram for volcanic rocks given in Figure 3. J. 

(c) Discrimination hetwun the alkaline and subalkaline rock series using TAS Vol
canic rods may be subdivided inlO two major magma series - thc alkaline and 
subalkaline (originally tenncd tholeiitic) series - on a total alkalis-silica diagram. 
MacDonald and Katsura (1964) and MacDonald (1968), using data from basalts in 
Hawaii, were amongst the first to publish boundary lines on a TAS diagram which 
allowed a distinction to be made between thc alkaline series and the tholeiitic series 
of basalts. Similar diagrams are given by Kuno (1966), working with Twiary 
volcanic rocks from Eastern Asia, and Irvine and Baragar (1971). 

Different authors locate the boundary line in slightly different places on the 
T AS diagram and Rickwood (1989) has produced a compilation of the published 
lines and their plotting coordinates. They are plotted onto the T AS classification 
diagram of Le Maitre et 01. (1989) in Figure 3.4 and their coordinates are given in 
the figure caption. 

Volcanic rocks of the subalkaline series have been further subdivided on the basis of 
their concentrations of K20 and Si02 (Peccerillo and Taylor, 1976). Le Maitre et 

al. (1989) propose a division of subalkaline rocks into low-K, medium-K and high
K types and suggest that these tenns may be used to qualify the names basalt, 
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Figure 3.3 The chemcial classification and nomenclature of plmon;c rocks using the total alkalis n:rsus 
silica (TAS) diag ... "ffi of Cox ( I al. (1979) adapted by Wilson (1989) for plutonic rocks. The 
curved solid line subdivides the alkalic from subalkalic rocks. 

basaltic andesite, andesite, dacite and rhyolite. This nomcnclalU,re broadly coincides 
with the terms low-K (tholeiite) series, calc-alkaline ~ries and high-K (calc
alkaline) in the synthesis of Rickwood (1989), and with the terms low-K suhalblic 
basalt, subalkalic basalt and alkalic basal! used by Middlemost (1975). A compilation 
of curves from Rickwood (1989) and Le Maitre it al. (1989) is gi"en in Figure 3.5. 

3.2.2 Classifying igneous rocks using the norm 

The norm calculation is a way of working out the mineralogy of a rock from a 
chemical analysis, and in the context of rock classification makes possible a pscud()
mineralogical classification. The OPW norm is [he most commonly used 
calculation scheme, devised at the beginning of this century by three petrologists 
named Cross, Iddings and Pinson and a geochemist named Washington - hence 
the acronym, OPW. 

The norm of a rock may be substantially different from the observed mineralogy 
- the mode. The calculations assume that the magma is anhydrous: rhus minerals 
such as biotite or hornblende are not permitted. Further simplifying assump~ons 
are that no account is taken of the minor solid solution of elements such as Ti and 
AI in ferromagnesian minerals and thai the Fe/Mg ratio of all ferromagnesian 
minera.ls is assumed to be the same. The normative mineralogy is based entirely 
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Fil.Nrl 1.4 T he subdi\'ision of \'olcanic rocl.:s into all.:aline and sub:dhline (tholeiitic) on a total alhlis \'s 
silica diagram. The boundaries and ploning coordinates (Si02, lotal all.:alis) are as fo llows: x, 
MacDonald and Katsura (1%4), straight line from 41.75,1.0 10 52.5,5.0. +, MacDonald 
(1968), straight linc ' from 39.8,0.35 to 65.5,9.7 . • , Kuno (1966) cun'cd line 45.85,2.75; 
46.85,3.0; 50.0,3 .9; 50.3,4.0; 53.1,5.0; 55.0,5.8; 55.6,6.0; 60.0,6.8; 61.5,7.0; 65.0,7.35; 
70.0,7.85; 71.6,8.0; 75.0,S.3; 76.4,S.4 . ... , In 'ine and Baragar (1971 ), curved linc 39.2,0.0; 
40.0,0.4; 43.2,2.0; 45.0,2.8; 4S.0,4.0; 50.0,4.75; 53.7,6.0; 55.0,6.4; 60.0,8.0; 65.0,S.S; 
77.4,1O.0J. From the compilation of Rickwood (1989). 

upon chemistry; thus fine-grained, coarse-grained and metamorphosed igneous 
rods all with the same chemistry will have the same normative composition. 

The rules for the norm calculation arc given by Cross i t al. (1903) and a 
simplified ven;:ion appropriate to most common rocks is given in Box 3.2 (after 
Kelsey, 1965, and Cox tt ot., 1979). The calculations are normally made by 
computer; there are various published programs for the calculation of the OPW 
norm either as part of a larger suite of programs (Till, 1977; Verma, 1986) or as a 
specific program (Glazner, 1984; Fears, 1985). In the C lPW norm calculation, the 
rock chemistry is converted to molecular proportions (by dividing the wt % oxides 
by their molecular weight; see Table 3.1 , columns 1- 3) and at the end of the 
calculation the proportions of normative minerals arc recast as wt % by multiplying 
by the molecular weight. This is known as the wt % norm (Table 3. 1, column 7). 
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Using major element data 

Rutes for the C1PW norm calculation aher Kalsey (1965) and Cox st .,. (1979) 

It is helpful to use a standard form when calculating a norm by hand. This may be 
done by laying out the oxides (with their molecular weights and therefore the 
molecular proportions) as columns along the top of the page and the more 
common normative minerals as rows along the leh-hand margin. The 'boxes' of 
the table are filled as the calculation is made and can be used to keep a check on 
when an element is totally used up. Constants used in the CIPW norm calculation 
are listed below. 

Oxide Molecular Normative mineral Formu la Molecular 
weight weight 

Si02 60 Q Quartz S 60 
Ti0 2 80 0, Orthoclase KAS, 556 
AI20 3 102 Ab Albite NAS6 524 
Fe203 160 Ao Anorthite CAS2 278 
F.O 72 Lo Leucite KAS, 436 
MoO 71 N. Nepheli ne NAS2 284 
MgO 40 C Corundum A 102 
C.O 56 Ao Acmite NF3+S, 462 
Na20 62 

[ W, 
Wollastonite CS 116 

K,O 94 Di En Enstatite MS 100 
P20 S 142 F, Ferrosilite F2+S 132 

W, Wollastonite CS 116 

Hvl Eo Enstatite MS 100 
F, Ferrosilite F2+S 132 

011 F, Forsterite M,S 140 
F. Fayatite F~+S 204 
MI Magnetite F2+F3• 232 
H. Hematite F" 160 

" Ilmenite F2+T 152 
Ap Apatite C3.33P 310 

Method: 
(1) Calculate molecular proportions of the oxides by dividing by their molecular 

weights. 
(2) Add MnO to FeO. 
(3) Allocate CaO equal to 3.33 x P20 S to apatite. 
(4) If FeO > TiOt : aliocate FeO equal to the amount of Ti02 present to ilmenite. 

If FeO < Ti02: an excess of Ti02 is provisionally made into sphene, using an 
equal amount of CaO (although, only aher CaO has been allocated to 
anorthite,. If there is sti ll an excess of Ti02 it is allocated to rutile. 

(5) Provisionally allocate AI20 3 equal to K20 for orthoclase. 
(6) Provisionally allocate to any excess AI20 3 equal Na20 for albite. If there is 

insufficient AI20, go to step 10. 
m Any excess of AI20, over Na20 1- K20 is matched with an equal amount of 

CaO for anorthite 
(8) If there is an excess of AI20] over CaO it is allocated to coru ndum. 
(9) An excess of CaO over AI20, is used for diopside and wollastonite. 

(10) An excess of Na20 over AltO, is used in acmite; there is no anorthite in the 
norm. Allocate FetO, equal to the excess Na20 for acmite. 
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(11) If Fe203 > Na20, allocate an equal amount of FeO for magnetite. 
1l2) If Fe203 is still in excess, it is calculated as hematite. 
(13) Sum MgO ... remaining FeD. Calculate their relative proportions. 
(14) Any CaO unused aher anorthite (step 7) is allocated to diopside using an 

equal amount of FeO ... MgO (allotted in proportion to that determined in 
step 13). 

(15) Excess CaD is provisionally allocated to wollastonite. 
(16) Excess MgO ... FeD is provisionally allocated to hypersthene. 
(17) Allocate Si02 to sphene, acmite, provisional orthoclese, albite and anorthite, 

diopside, wollastonite and hypersthene in the proportions of the formulae 
above. 

(18) An excess of Si02 is calculated as quartz. 
(19) If there is insufficient Si02 at step 17 the Si02 allocated to hypersthene is 

omitted from the sum of Si02 used. If at this stage there is an excess of 
Si02, that remaining is allocated between hypersthene and olivine usIng the 
equations: 

x _ 2S _ M 
y _ M - x 

where x is the number of hypersthene molecules and y the number of 
olivine molecules, M the value of avai lable MgO ... FeD and 5 the amount of 
available Si02. If there is insufficient Si02 to match half the amount of MgO 
... FeO. then MgO ... FeO is made into olivine (rathe r than hypersthene). 

(20) If there is slill a deficiency of Si02 in step 19, Si02 allocated to sphene is 
subtracted from the total in step 17 and CaD and Ti02 are calculated as 
perovskite. 

(21) If there is still a deficiency in Si02, the total in step 17 is calculated 
substituting perovskite for sphene and olivine for hypersthene. Albite is 
omitted and Na is distributed between albite and nepheline according to the 
rules 

x . (5 - 2NlJ4 
y _ N - x 

where x is the number of albite molecules, y the number of nepheline 
molecules, N the amount of available Na20 and 5 1he amount of available 
5i02· 

(22) If there is n",t enough Si02 at step 21 to equal twice the Na20, all the Na20 is 
made into nepheline and K20 is distributed between leucite and orthoclase, 
although now the total available Si02 is the total from step 17 when 
perovskite, olivine and nepheline are made and orthoclase is omitted. In this 
case 

x_ (S - 4K)/2 
y _ (K _ x) 

where x is the number of orthoclase molecules and y the number of leucite 
molecules, K the available K20 and 5 the available Si02. 

(23) If Ihere is sti ll a deficiency in Si02. the CaO of wollilstonite and diopside is 
distributed between these two minerals and celcium orthosilicate lind Ihe 
silic il allocated accordingly. 

(24) FinallY the weight percentages of the normative minerals are calculated by 
multiplying the oxide amounts by the molecular weight of the minerals. An 
oxide is selected which appears as unity in the formulae cited above and 
that value (the molecular proportion) is multipled by the molecular weights 
given above. This gives the normative constituents in weighl per cenl terms. 
These should sum 10 approximately the same percentage as the original 
analysis. 

55 
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Figure 3.5 The subdivision of subalkaJic rocks using the KzO vs silica diagram. The diagram shows the 
subdivisions of Le Maitre n ill. (1989) (broken lines with nomenclature in italics) and of 
Rickwood (1989) (nomenclature in parentheses). The shaded bands are the fields in which 
fall the boundary lines of Peccerillo and Taylor (1976), Ewart (1982), Innocenti (/ al. (1982), 
Carr (1985) and Middlemost (1985) as summarized by Rickwood (1989). The plotting 
parameters are as follows (Si02• KzO): Le Maitre rt at. (1989) (broken lines): high-KI 
medium-K boundary 48.0,1.2; 68.0,3. 1; rnedium-K/ low-K boundary 48.0.0.3; 68.0,1.2; 
vertical boundary at 48 % Si02_ Rickwood (1989) band between shoshonitic series and high
K series 45.0,1.38: 48.0,1.7: 56.0,3.3: 63 .0,4.2: 70.0,5.1: and 45 .0,1.37: 48.0,1.6: 56.0,2.98: 
63.0,3.87: 70.0,4.61: band between high-K and calc-;tlkaline series 45.0,0.98: 49.0,!.28; 
52.0,L5: 63.0,2.48; 70.0,3.1; 75.0,3.43: and 45.0,0.92: 49.0,1.1 : 52.0,1.35; 63.0,2.32: 70.0,2.86; 
75.0,3.25: band between cak--alkaline and low-K series 45.0,0.2: 48.0,0.41; 61.0,0.97: 
70.0,1.38; 75.0,1.51: and 45.0,0.15; 48.0,0.3: 61.0,0.8; 70.0,1.23: 75.0,1.44. 

TabJr 3.1 Comparison or CIPW and cation norms ror an average tonalite-

2 3 • 5 6 7 8 

Wt % MoL Molecular Number Cationic Cation % CIPW Cation 
oxide .. propof- of propor- '0= 00= 
of rock lions calions lions 

SiOz 61.52 6009 1.0238 1.00 1.0238 58.03 Q 15.94 15.12 
TiOz 0.73 79.90 OJXl91 1.00 0.0091 0.52 0< 12.23 12.45 
AIlO) 16.48 101.96 0./616 2.00 0.3233 18.32 Ab 30.71 33 .2 
FezOJ L83 159.69 0.0115 2.00 0.0229 1.30 A. 22.52 22.98 
F.o 3.82 71.85 0.0532 1.00 0.0532 3.01 Di 2.1 7 2.18 
MnO 0.08 70.94 0,0011 1.00 0,0011 0.06 fI , 10.32 10.47 
MgO 280 40.30 0.0695 1.00 0.0695 3.94 M, 2.64 1.95 
DO 5.42 56.08 0.0%6 1.00 0.0966 5.48 " 1.38 1.04 
N.,o 163 61.98 0.0586 2.00 0,1\71 6.64 A, 0,56 0.53 
K,o 2.07 94,20 0.0220 2.00 0.0439 2.49 
PzO, 0.25 141.95 0,0018 2.00 OJ)035 0.20 Total 98.47 99.92 

Total 98.63 1.7641 99.99 A. 34% 33 % 
Ab 47% 48% 
0< 19 % 18 % 

• Analysis from Le Maitre (\976). 
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Cation nomu Barth (1952) proposed an alternative calculation based upon molecular proportions 
and cations. This type of norm calculation has become variously known as the 
Barth-Niggli nonn (after its proponents) or the cation norm or the molecular 
norm. In this case the calculations are made using the equivalent weights of the 
oxides, i.e. the molecular weight when one cation is present. In the case of oxides 
such :l.S Cao or T i0 2 the equi"alent weight is the same as the molecular weight but 
in the case of Al20 J or NaZO the equivalent weight is half the molecular weight. 

Norm raltula
tions and til( 

ox-idlltion $tllU of 
iron 

Basal, classifica
tion luing till 

N<-Di-Ol- Hrfl 
diagram of 

Thompson 
(1984) 

The calculation of a cation norm is illustrated in Table 3. 1. The wt % oxide 
values (column I) are divided by their equivalent weights (divide by column 2 and 
multiply by column 4), con\'erted into cation proportions (column 5) and then 
converted inw cation % (column 6). Molecules arc then constructed according to 
the st.tndard e lPW rules (column 8), although the proportions of the components 
in which cations are allocated is different from the e IPW norm . In the case of the 
e lPw norm the proportions of components allocated to albite arc Na/ AIISi = 
1:1:6 (on the basis of tile combined oxygen), whereas in the case of the cation norm 
the allocation is 1:1:3 (on the basis of the cation proportions). The cation norm is 
not recalculated on a wt % basis; rather the result is expressed as a molecular 
pcrcentage (mol % ). One merit of the cation norm is that the proportions of opaque 
minerals are closer to their \'olume percentages as seen in thin section. 

A particular difficulty with the nonn calculation is that it is very sensitive to the 
oxidation state of the iron. This is more of a problem in mafic rocks where the Fe 
content is much higher than that of most felsic rocks. Middlemost (1989) has 
proposed a range of oxidation ratios ( F~OJ/FeO) for use ..... ith volcanic rocks dra ..... n 
from the geological lirerarure. His data arc presented by rock type on a TAS 
diagnm in Figure 3.6. 

Thompson (1984) proposed a classification scheme fo r basalts bascd upon their 
CIPW normati\'e proportions of nepheline (and other fcldspathoids), olivine, 
diopside, hypersthene and quartz. The diagram is sho ..... n in Figure 3.7 and is an 
expanded version of a portion of the Yoder- Tilley low-pressure basalt tetrahedron 
illustrated in Figure 3. 26(a). The three equilateral triangles of this diagram 
Ne-OI- Di, Ol- Di- Hy and Di- Hy-Qrepresent basaltic and related rocks which are 
respectively undersaturated, saturated and oversaturated with si lica (Figure 3.7). 
Thus silica-undersaturated basalts (alkali basalts) are characterized by nonnative 
olivine and nepheline, silica-saturated basalts (olivine tholeiites) are characterized by 
normative hypersthene and olivine, and silica-oversaturated ba.<;a lts (quartz 
tholeiites) arc characterized by normative quart.l and hypersthene. Silica saturation 
is particularly important in basaltic magmas, because in dry magmas this single 
parameter determines the crystallization sequence of minerals and direction of 
evolution during fractional crystallization . 

Nonnative compositions [calculated assuming FcO/(FeO + FezOJ) = 0.85, or 
Fe20J/ FeO = 0.18J are projected onto one of the three triangles by summing the 
three relevant nonnative parameters (calculated as the wt % norm) and calculating 
the value of each as a percentage of their sum. The calculation and plotting 
procedure for triangular diagrams is given in Section 3.3.2. This diagram should 
not be used for highly evolved magmas and is best applied to basalts which have 
more than 6 % MgO. A disadvantage of this classification is that it uses only about 
half of the calculated nonn and so is not fully representative of the rock. It is also 
very sensitive to small errors in NazO and so is inappropriate for altered rocks. 
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The total-alkalis vs silica diagram (T AS) of Le Maitre (I at. (1989) showing the different 
FezO/FeO ratios recommended by Middlemost (1989) for volcanic rocks, plotted ae<:Ording 
to rod: type as defined in the T AS classification shown in Figure 3. 1. 

The Ab-An-Or classification diagram of O'Connor (1965) can be applied to felsic 
rocks with morc than to % normative quartz. The diagram (Figure 3.8) is based 
entirely upon the normative feldspar composition recast to 100 % and represents a 
projection from quartz onto the feldspar face of the 'granite' tetrahedron 
Q-Ab--An-Or. The Ab-An-Or diagram has been chiefly used to classify plutonic 
rocks although O'Connor intended his classification to be used with both volcanic 
and plutonic felsic rocks. The feldspar compositions in this classification are 
calculated using the Barth-Niggli molecular norm, although it is not clear whether 
this procedure has been followed by all users. However, the plouing parameters in 
the Ab--An-Or projection are within 2 % of each other in either calculation scheme. 
This is illustrated in Table 3.1 , where the" An- Ab-Or plotting parameters for a 
tonalite are calculated using both the CIPW and the molecular nonns. The field 
boundaries of the diagram were empirically defined from a data-set of 125 plutonic 
rocks for which there were both normative and modal data. Barker (1979) has 
proposed a modification to the diagram, slightly expanding the field of trondhjemite 
at the expense of tonalite (Figure 3.8). This modification is widely used. 

The O'Connor (1965) Ab-An-Or diagram as modified by Barker (1979) provides 
a convenient way of classifying felsic plutonic rocks on the basis of their major 
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Fixurt 3. 7 The classification of basalts and ~lated basic and ultrabasic magmatic rocks according to 
their CIPW nonnarive composition expressed as Ne-Ol- Di, Ol-Di- Hy or Di-Hy-Q (after 
Thompson, 1984). 
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Figure 3.8 The classification of 'granitic' rocks according to their molecular normari\'e An- Ab-Or 
composition after Barker (1979) (heavy lines). The original fields of O'Connor (1965) are 
shown in faint lines. 

element cbemistry. It has the advantage of field boundaries which are clear and easy 
to reproduce and which effectively separate tonalites, trondhjcmites, granites and 
granodiorites from each other. The nonnative calculation provides a more accurate 
estimate of feldspar compositions than a modal classification, for it reflects any solid 
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solution in the feldspars . The diagram can also be used (with caution) with 
deformed and metamorphosed granitic rocks and permits an (-,srimate of their 
original magma type. 

Th, Q:(P )
ANOR diagram 

of Stru krism 
and Le Maitre 

(1979) 

Streckeiscn and Le Maitre (1979) proposed a classification diagram for volcanic and 
plutonic rocks (Figure 3.9), based upon their normati\'c composition, which was 
intended to mirror the Streckciscn QAPF classification. The norm calculations are 
made using the Banh- Niggli molecular nonn. The diagram has rectangular 
coordinates of which the y -axis reflects the degree of silica saturation and is either a 
measure of the quartz content [0:. = Q(Q + Or + Ab + An)] or the feldspathoid 
content [F' = (Ne + Lc + Kp)/(Nc + Lc + Kp + Or +Ab + An)]. T he x-axis 
reflects changing feldspar composition [ANOR = 100 x An/(Or + An)]. The 
exclusion of albite from the feldspar axis avoids the difficult task of allocating it [0 

either plagioclase or alkali feldspar. The field boundaries were defined for the 
plutonic rocks empirically using a data-bank of 15000 analyses of rocks, for many 
of which the mineralogical composition was aJso known. 

Unfortunately this diagram does not work very well. Strt.-ckeisen and Le Maitre 
(1979) show contoured plots for a number of different rock types in which the 
distribution of the rock type is plotted on the Q (F'}--ANOR diagram. Few rocks 
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Figure J.9 The classification of plutonic rods using their molecular normative compositions (after 
Streckeisen and Le Maitre, 1979). The numbered fields correspond to those in the modal 
QAPF diagram of Streckeisen (1976). T he named rock types are plotted at the position 
of their highest concentration in the data file used by Streckeisen and Le Maitre. 
Q: = Q(Q + Or + Ab + An); F' = (Ne + L;: + Kp)/(Ne + Lc + Kp + Or + Ab + An); 
ANOR = 100 x An/(Or + An). 
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are strictly confined to their alloned fields and there is a significant overlap between 
fields in a number of cases, notably for tonalite. As a consequence the diagram has 
not been widely used. 

3.2.3 Classifying igneous rocks using cations 

The RI- R2 
diagram of De fa 

Roche (/ af. 
(1980) 

Tab/( J.Z 

In order to avoid the criticism that wt % oxide data do not faithfull y reflect the 
cation distribution of a sample, a number of authors prdcr to recalculate the rock 
composition as cations. This is the same as the initial stage of the cation norm 
calculation. The wt % of the oxide is divided by the equivalent weight of the oxide 
set to one cation. It is often expressed slightly differen tly - the wt % oxide is 
d ivided by the molecular weight of the oxide and multiplied by the number of 
cations in the formula unit. Thus the wt % Si02 is divided by 60.09. Howe\'er, the 
wt % AI20 3 is divided by 101.96 and then multiplied by 2. In some cases the 
cationic proportions are multiplied by 1000 and described as millications. A worked 
example is given in Table 3.2. 

De la Roche and LeTerrier (1973) and De la Roche (/ al. (1980) proposed a 
classification scheme for volcanic and plutonic igneous rocks based upon their 
cation proportions, expressed as millications. This diagram is most useful for 
plutonic rocks. The results arc plotted on an x-y bivariate graph using the plouing 
parameters RI and R2. RI is plotted on the x- axis and is defined as: 

RI = [4Si - Il (Na + K) - 2(Fe + Ti)] 

Cation calculation for an Henge tonalite-

2 3 4 5 6 7 

Wt % . Mol. No . Cationic Milli- Calion % Mol % 
oxide w, of Propor- cations 
of rock cations tions 

sial 61.52 60.09 1.00 1.0238 1023 .80 58.03 67.S6 
T iO! 0.73 79,9 1.00 0.0091 9.14 0.52 0.61 
AllOJ 16.48 101.% 2.00 0.3233 323.26 18.32 10.71 
Fe2O ) 1.83 159.69 2.00 0.0229 22 .92 1..J<l 0.76 
F<O 3.S2 71.85 1.00 0.0532 53.17 3.01 3.52 
MoO 0.08 70.94 1.00 0.0011 1.1 3 0.06 0.07 
MgO 2.80 40.3 1.00 0.0695 69,4S 3.94 4.61 
e.O 5,42 56.08 1.00 0.0%6 96.65 5.48 6.4 1 
NazO 3.63 61.98 2.00 0. 1171 117.13 6.64 3.88 
K,o 2.07 94,2 2.00 0.0439 43.95 2.49 1.46 
Pp, 0.25 141.95 2.00 0.0035 3.52 0.20 0.12 

S"m 1.7644 99.99 100.01 

RI = 4Si - ll(N a + K) - 2(Fe + Ti) = 2152.S3 
R2 = 6Ca + 2Mg + Al = 1042.11 

- Analysis from Le Maitre (1976). 
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Fe represents total iron. RZ is plotted along the y-axis and is defined as: 

R2 = (AI + 2Mg + 6Ca) 

The diagram for plutonic rocks is given in Figure 3.10 and an example of the 
calculation of Rl and R2 is given in Table 3.2. The advantages of this classification 
scheme are that: 

( I) the entire major clement chemistry of the rock is used in the classification; 
(2) the scheme is sufficiently general to apply to all types of igneous rock ; 
(3) mineral compositions can also be plotted on the diagram, allowing a broad 

comparison between modal and chemical data; and 
(4) the degree of silica saturation and changing feldspar compositions can be 

shown. 

The authors claim that the RI-Rl diagram is simpler to usc than 3· norm-based 

classification. 
The problem with this particular classification diagram is that it is difficult to 

understand and difficuh to usc. T he parameters Rl and R2 have no immed iate 
meaning, making the diagram difficult to understand at first sighL In addition, the 
field boundaries are curvilinear and so are difficuh to reproduce. 
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Figure 3.10 The classification ofplUionic rocks using the parameters Rl and R2 (after de la Roche n (d. 
1980). calculated from millication propon ions. Rl = 4Si - 11(Na + K) - 2(Fe + Ti); R2 = 
6Ca + 2Mg -+- AI. 
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The classification of \'olcanic rocks according to their cation percentages of AI, (Fcttotal l + Ti) 
and Mg showing the tholeiite, calc-alkaline and komatiite fields. In addition to the 
coordinates shown on the diagr.lm, the boundary between the tholeiitic and calc- alkaline 
fields is defined by the coordinates (AI, Fe + Ti, Mg): 90,10,0; 53.5,28. 5,18; 52.5,29,18.5; 
51.5,29,19.5 50.5,27.5,22; 50.3,25,24.7; 50.8,20,29.2; 51.5,12.5,36 (Rickwood, 1989; cor
rected). 

The Jensen cation plot is a classification scheme for subalkaline volcanic rocks and 
is particularly useful for komatiites. It is based upon the proportions of the cations 
(FeH + FeJ+ + Ti), Al and Mg recalculated to 100 % and plotted on a triangular 
diagram (Figure 3.11). The elements were selected for their variability within 
subalkaline rocks, for the way in which they vary in inverse proportion to each 
other and for their stability under low grades of metamorphism. Thus this 
classification scheme can be used successfully with metamorphosed volcanic rocks 
which have suffered mild metasomatic loss of alkalis. This is a distinct advantage 
over other classification schemes for volcanic rocks. 

The main importance of this diagram, however, is that it shows komatiites 
clearly as a separate field from basalts and from calc--alkaline rocks, and so is useful 
for Archean mctavolcanics. The original diagram of Jensen (1976) was slightly 
modified by J ensen and Pyke (1982), who moved the komatiitic basalt/komatiite 
field boundary to a lower Mg value. This is the version presented here (Figure 
3.11). The plotting parameters of the field boundaries are taken from Rickwood 
(1989). 
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3.2.4 The chemical classification of sedimentary rocks 

T he geochemical classifi cation of sedimentary rocks is not as developed as for 
igneous rocks and most systems of sedimentary rock classifica tion Ulilize features 
which can be observed in hand specimen or in thin section, such as gnin size and 
the mineralogy of the particles and matrix. 

Artnitt/rvtukt Unlike many igneous rocks it is diffi cult to find a simple relationship between the 
mineralogy of sandstones and their chemical composition. For this reason the 
geochemical classification of sandstones does not mimic the conventional 
mineralogical classification of sandstones based upon quarl'l.- fcidspa r- li thic frag
ments. Rather it differentiates between mature and immature sediments. 

T he most commonly used geochemical criteria of sed iment maturity an~ the Si02 

content and the Si021 AI20 3 ratio (Potter, 1978), rcfl l."Cting the abundancc of quartz 
and the clay and feldspar cOnlent. Another useful index of chemical maturity is the 
alkali content (NazO + I<.:!0), also a measure of the feldspar content. Using an 
index of chemical maturity and the Na10 / K10 ratio, Pcttiiohn t t al. (1972) 
proposed a classifica tion for terrigenous sands based upon a pial of log(NazO/K20 ) 
vs log{SiOzl AI20 1). Although they state thai their diagram is ' not particularly 
useful for naming purposes but simply shows some of the relationships between 
elemental composition, mineralogy and rock type', it is widely used. T he Pettijohn 
tt al. diagram as modified by Herron (1988) is presented in Figure 3. 12. A similar 
diagram is the NazO/ Kp vs Si0 1 diagram used by Middleton (1960) to subdivide 
greywackes, and adapted more recently by Roser and Korsch (1986) to determine 
the tectOnic sening of sandstonc--mlidslOne sui tes. Howe\'er, such diagrams must be 
applied with caution, for Na and K are likely to be mobilized during diagenesis and 
metamorph~sm . 

Herron (1988) modified the diagram of Pettijohn tlal. using log(FeZOJ/ Kp) along 
the y-axis instead of 10g(NazO/ KlO) (F igure 3.13). The ratio Fe.P3{totaI1i 
K20 allows arkoses to be more succt!Ssfully classified and is also a measure of 
mineral stability, for ferromagnesian minerals tcnd to be amongst the less stable 
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Fipn 3.12 "The eJ.assjfication of lerrigenoUS sandslones using Iog(N:IIzO/K10) vs Jog(SiOz/Alz01) from 
Petti;ohn tt IJ /. (1972) with the boundaries redrawn by Herron (1988). 
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FilUrt 3./3 The classification of terrigenous sandstones and shales using log{Fe10j/ KzO) vs log(Si021 
AI20 l) (after Herron, 1988). The numbers shown in parentheses are the plotting coordinates 
for the fie ld boundaries expressed as [log{Si~/AI~1),log(Fe20)/K~)]. 

minerals during weathering. A third axis (not shown) plots total Ca - a measure of 
the calcium carbonate content of the rock cement. Shale, which is not considered in 
the Pettijohn t t al. !>Cheme, is identified on the basis of a very low Si021 AIZO] ratio. 
A further advantage of the Herron classification is that it can be used to identify 
shales, sandstones, ukases and carbonate rocks in situ from geochemical well logs, 
using neutron activation and gamma-ray tools (Herron and Herron, 1990). 

Blatt rI al. (1972) devised a classification based upon the factor analysis of the 
chemical compositioJ;!. of clastic sediments. T heir scheme plots Na20, total Fe (as 
FeZ01) + MgO and K20 at the apices of a triangular diagram and shows fields for 
greywacke. lithic sandstone and arkose. In a study of recent big-river sediments, 
however, Potter (1978) found that he could not duplicate the fields of Blatt et til. 
(1972) and suggested that the chemical composition of ancient sediments is strongly 
influenced by diagenesis. Blan et a1. (1972) also suggested that greywade and 
arkose could be subdivided on the basis of their FeO content on an FezOr FeO 
plot. Again this is not mirrored in recent big- river sediments (Pottcr, 1978) and 
FeZ ... I Fe3+ must be strongly controlled by the oxidation state of the sediment. 

Mudrocks There is no widely recognized chemical classification of mudrocks. This is 
surprising since they have a much more variable chemistry than sandstones and so 
readily lend themselves to chemical classification. Englund and Jorgensen (1973) 
proposed a e1assification of mudrocks on the basis of their (K20 + NazO + CaO) vs 
(MgO + FeO) vs AI20 3 contents expressed on a triangular diagram. Wronkiewicz 
and Condie (1987) use a similar diagram based upon FeZ01[1Otal) vs K20 vs AIP3 
to classify the Witwatersrand shales of South Africa. They also used an expanded 
version of the log(Na20 / K20) vs log(Si0 21 AJZOl) plot of Pettijohn tl til. (1972) on 
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.....hich they plot the fields of Archaean greenstone belt shales and Phanerozoic 
shak'S. Bjorlykke (I974) plotted the (AI20 J+ KP)/ (MgO+Na20) content of shales 
and used it as an indicator of volcanic-arc provenance. 

3.2.5 Discussion 

For volcanic igneous rocks there is a variety of chemical classification !iChemes 
which work and which arc simple to use, the best of which is the T AS d iagram. 
Plutonic rocks are more problematic. An adequate classification scheme exisrs fo r 
granitic rocks in the O'Connor diagntm but there is no simple and widely accepted 
classification for all plulOnic rocks. Probably, the most comprehensive is the RI - Rl 
diagram of Dc 1a Roche rI al. (1980) although this diagram is difficult b()(h to 

understand and to apply. 

3.3 Variation diagrams 

A table of geochemical data from a particular igneous province, metamorphic 
tcrf2in or sedimentary succession may at first sight show an almost incomprehen
sible vari:uion in the concentration of individual elements. Given that the samples 
are likely to be geologically related, a major task for the geochemist is to devise a 
way in which the variation between individual rocks may be simplified and 
condensed so thai relationships between the individual rocks may be identified. T he 
device which is most commonly used and has proved invaluable in the examination 
of geochemical data is the variation diagram. T his is a bivariate graph or 
scattergram on which two selected variables are ploued . Diagrams of this type were 
popularized as long ago as 1909 by Alfred Harker in his Natural history of igntous 
rocks, and one particular type of variation diagram, in which Si02 is plotted along 
the x-axis, has become known as the 'Harker diagram' . 

An illustration of the usefulness of variation diagrams can be secn from a 
comparison of the data in Table 3.3 and the variation diagrams plotted for the same 
data (Figure 3.14). It is clear that the variation diagrams have condensed and 
rationalized a large volume of numerical information and show qualitatively that 
there is an excellent correlation (either positi ve or negative) between each of the 
major elements displayed and Si02. Traditionally this strong geochemical coherence 
between the major elements has been used to suggest thai there is an underlying 
process which will explain the relationships between the major clements. 

3.3.1 Recognizing geochemical processes on a major element variation 
diagram 

Most tTends on variation diagrams are the result of mixing. In igneous rocks the 
mixing may be that of two magmas, the addition andlor subtraction of solid phases 
during contamination or fractional crystallization, or mixing due to the addition of 
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meh incremcnts during partial melting. In sedimemary rocks trends on a variation 
diagram will also resuh from mixing, but in this case the mixing or chemically 
distinct componems which contribute to th, composition of the sediment. In 
metamorphic rocks, trends on a variation diagram will usually reflect the processes 
in 'he igneous oc sedimentary precursor, masked to rom' degree by specific 
mctamorphic P''''''''' such " metlsomatism. In rome instances, however, 
deformation may 'smear' together more than one rock type, giving rise to a mixing 
line of metamorphic origin. 

Below we consider some of the more important mixing processes. 

Fractional Fractional crystallization is a major process in the evolution of many igneous rocks, 
crystallization and is frequently the cause of trcnds secn on variation diagrams fo r igneous rocks. 

The fractionating ' mineral assemblage is nonnally indicated by the phenocrysts 
pr~enl. A test of crystal rractionation may be made by accurately determining thc 
l"Omposition or the phenocrysts using the electron microprobe and thcn plotti ng the 
compositlons on the same graph as thc rock analyses. If trends on a variation 
diagrum are controlled by phenocryst compositions then it may be possiblc to infcr 
that the rock chemistry is controlled by crystal fractionation , It should be noted, 
however, that fractional crystallization may also take place at depth and in this case 
the fractionating phases may not be represented in thc phenocryst assemblage. 

The importance or fractional crystallization was expou.nded at length by Bowen 
(1928) in his book The evolution of the igneous rocks; he argued that geochemical 
trends for "olcanic rocks represent a ' liquid line of descent'. This is the path taken 
by residual liquids as they e\'olve through the differential withdrawal of minerals 
from the magma. T he ideas of Bowen now need to be qualified in the light of 
modem fi ndings in the following ways: (I ) trends identical to those produced by 
crystal fractionation can also be produced by partial melting; (2) only phenocryst
poor or aphyric "olcanic rocks will give a true ind ication of the liquid path; (3) 
rarely does a suite of volcanic rocks showing a progressive chemical change erupt as 
a time sequence. Thus even a highly correlated trend for phenocryst- free volcanic 
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FilUrt 1.14 Bivariate plots of the oxides AJ20], CaD, MgO, Ti~, Na20 vs SiOl in basahic lavas from 
Kilauea D:.i laV1l lake from the 1959-1960 eruption of Kilauea volcano, Ha\\~ii (from Richter 
and Moore, 1966). The data are given in Table 3.3. 

rocks on a variation diagram for a single volcano is unlikely to represent a liquid 
line of descent. Rather it is an approximation to a liquid line of descent of a bundle 
of similar, overlapping, subparallel Jines of descent. Such lavas are not related to a 
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single parental magma but rather to a series of similar and related magmas (Cox eI 

al. , 1979). 

If phenocryst compositions cannot explain trends in a rock series and a frllctional 
crysralli7.3tion model does not appear to work, it is instructive to consider the 
possibility of simultaneous assimilation of the country rock and fractional 
crystallization. This process, often ahreviated to AFe, was first proposed by Bowen 
(l928), who argued that the latent heat of cr),stallization during fractional 
crystalli7.3 tion can provide sufficient thermal energy to consume the wall ~rock . 
Anderson and Cullers (1 987) argued for an AFC model to explain the major 
clement ehemistTY of a ProterlYmic tonalite-trondh jemite suite hosted by Archean 
gneisses. Thc suire showed marked chemical variability but trends on Harker 
diagrams were not compatible with any simple fractionation scheme based upon the 
chemistry of minerllis present, or once present, in the original melt. Their 
calculations showed, however, that if in addition to crystal fractionation the melt 
was contaminated with a smail amount (ca 7 °,Q) of the enclosing Archean gneiss, 
the observed trends were duplicated. 

O'Han (1980) has argued that contamination can rl'Sult in the 'decoupling' of 
the major and trace element or isotope chemistry and is not always demonstnble 
from the major element data. For example, contamination of a basalt precipitating 
olivine, clinopyroxene and plagioclase will resul t in increased precipitation of 
fN.ctionating minerals but may cause only a minor change in composition of the 
liquid as measured, for example, in its silica content. T ncc element levels and 
isotope n1ios, however, wi ll be changed and provide a better means of recognizing 
assimilation. 

Partial melting Progressive fractional melting will show a trend on a variation diagram which is 
controlled by the chemistry of the solid phases being added to the melt. However, 
this can be very difficult to distinguish from a fnctional crystallization trend on a 
major element variation diagram, for both processes represent crystal- liquid 
equilibria involving almost identical liquids and identical crystals. One situation in 
which progressive partial melting and fractional crystalliz.a tion may be differentiated 
is if the two processes take place under different physical conditions. For example, 
if partial melting takes place at great depth in the mantle and fractional 
crystallization is a crustal phenomenon, then some of the phases involved in pl!rtial 
melting will be different from those involved in fractional crystallization. 

Mixing lints in 
u dimtntary 

rodes 

Trends on variation diagnms for sedimentary rocks may result from the mixing of 
the different ingredients which constitute the sediment. There arc a number of 
examples of this effect in the literature. Bhatia (1983), in a study of turbidite 
sandstones from eastern Australia, shows Harker diagrams in which there is a 
change in minenlogical maturity, i.e. an increase in quartz coupled with a decrease 
in the proportions of lithic fragments and feldspar (Figure 3.IS). Arg;lSt and 
Donnelly (1987) show how strongly correlated trends may result from two

component (quartz- illite, quartzlfeldspar- illite) mixing and curvilinear or scanercd 
trends result from three-romponent mixing (quartz-ilIite-a.lcite). 
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Harker variation diagrams for quartz-rich sandstone suites from eastern Australia (after 
Bhatia, 1983). The increase in sial reflects an increased mineralogical maturity, i.e. a greater 
quartz content and a smaller proportion of detrital grains. 

A good measure of the degree of chemical weathering can be obtained from the 
chemical index of alteration (CIA; Nesbitt and Young, 1982). 

CIA = (Ah03/(AI20J + CaD- + Na20 + Kp)J 

In addition, weathering trends can be displayed on a (CaO· + NazO) 
Alp] - KzO triangular plot (Nesbitt and Young, 1984, 1989). On a diagram of this 

type the initial stages of weathering form a trend p;trallel to the 
(Cao + NazO) - Alz0 3 side of the diagram, whereas advanced weathering shows a 
marked loss in KzO as compositions move towards the AIZOJ apex (Figure 3.16). 
The trends follow mixing lines representing the removal of alkalis and Ca in 
solution during the breakdown of fi rst plagioclase and then potassi um feldspar and 
fcrromagnesian silicates. 

The CIA and trends on triangular plots have been used in two different ways. 
Firstly, chemical changes in a recent weathering profile such as that illustrated in 
Figure 3. 16 are used as a template against which the chemical history of an ancient 
profile call be read. Deviations from such trends can be used to infer che'rlical 
changes resulting from diagenesis or metasomatism (Nesbitt and Young, 1984, 
1989). The second application is to mudstones. The major and trace element 
chemistry of modem muds reHcets the degree of weathering in their source (Nesbitt 
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Figure 3.16 The (NazO + CaO) - AI20 ) - Kp diagram of Nesbin and Young (1984, 1989) showing the 
weathering trends for awrage granite and average gabbro. The advanced weathering trend 
for granite is also shown. Compositions are ploned as molar proportions and the 
compositions of plagioclase, K-feldspar, musco\'ite and kaolinite are shown. CaO· represents 
the Cao associated with the silicate fraction of the sample. 
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et 01., 1990); thus the chemical composition of ancient muds may be used In a 
similar way to make inferences aoom past weathering conditions. 

Banded gneisses from the Archaean Lcwisian complex of northwest Scotland show 
linear trends on major clement variation diagrams. There are two possible 
explanations of such trends. On the one hand the banded gneisses may be the 
product of thc tectonic mixing of mafic and fel sic end-members in the gneiss suite, 
in which case trends on the variation diagrams aJso reflect this mixing (Tamey, 
1976). Alternatively, the trend could be pre-metamorphic and magmatic in origm 
and indicate the approximate igneous composition of the gneiss suite. 

Element mobility Element mobility describes the chemical changes which take place in rock after its 
formation, usually through interaction with a fluid . Most commonly, element 
mobility will take place during weathering, diagenesis and metamorphism or 
through interaction with a hydrothermal fluid . In metamorphic rocks, element 
mobility may also take place as a result of solid-state diffusion and melt generation. 
Here, however, we are chiefly concerned with fluid-controlled element mobility on 
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~he scale of several centimetres or morc. The mobility of major clements is 
conlrOlied by three main factors - the stlbility and composition of the minerals in 
the unahercd rock, the stability and composition of t.he minerals in the .:.ltcration 
product and the composition, temperature and volume of the fluid phase. 

Elemen! mobility may be detected from mineralogical phase and compositional 
ch~ges thai have taken place in a rock as a result of metamorphism or 
hydrothcnnal activity and from the mineral assemblages present in associated veins. 
Scattered trends on variation diagr:lms are also 3 usefu l indicator, although chemical 
alteration can sometimes produce systematic changes which may mimic other 
mixing processes such as crystal fractionation. These apparent trends may result 
from volume changes arising from the removal or addition of a single component of 
the rock. Variation diagrams whieh can be used to identify element mobility are 
discussed in Section 4.9.3. 

Table 3.4 summarizcs the main mobile elements in a range of common rock 

Major dement mobilifY in common rock types under a varie ty of hydrothennal conditions 

S, T' AI F. M. M, e. N. K P Refercna 

x x x x "mdt (1983) 

Hydrmnennal alteration - - - • - - - Mottl (1983) 
I-Iydrmhennal al ler>lUon • - - - - - • MacGedtan and 

MacLean (1980) 
Subm;u-ine .. -e:othtring - • - - - • Peartt (1976) 
Weathering - - - - - Peam: (1976) 
Grunschist facies x x x x Peartt (1976). 

metamorphism Gelinas tf ,.i. 
(1982) 

Amphibolite facle$ x x x Rollinson (1983) 
metamorphism 

Weathering x x x - X Nesbit! and 
Young (1989) 

Contaet metamorphism • - - - - • Vernon (I ,./ . 

(1987) 
Granulite facies - x Allen d ,.i. 

mctamorphi$m (1985) 

Medium grade menunor- - - Ferry (1983) 
philOm 

Contact metamOrphism , x , 8urcher-Nurmincn 
( 1981) 

Oiag.encsis x x x , x Bola; and Frmis 
(1979) 

Key; X. dement mobile; -, elemmt ckpktcd; -+, dement enriched. 
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types under a variety of hydrothennal conditions. Basaltic rocks are well 
documented and most studies show that Ti, AI and P are generally immobile 
whereas Ca and Na are almost always mobilized. Similarly, in granites Ti, AI and P 
are generally immobile. Scdimems arc not so well studied although chemical 
changes during the diagenesis of a sandstone .... day sequence are well described and 
reflect the breakdown, with progressive burial of orthoclase and plagioclase and the 
conversion of smectite to illite. At higher metamorphic grades little is known except 
for a consensus that Al is immobile (Ferry, 1983). 

Artificial trends Sometimes trends on a variation diagram are artificially produced by the numerical 
processes used in plotting the data and do not automatically signify geochemical 
relationships. This is well documented by Chayes (1960) and Aitchison (1986), who 
have shown that correlations in compositional data can be forced as a result of the 
unit sum constraint (sec Section 2.6). The most helpful way to circumvent this 
problem is to examine trends on variation diagrams in the light of a specific 
hypothesis to be tested. The closeness of fit between the model and the data can 
then be used to evaluate the hypothlosis. 

3.3.2 Selecting a variation diagram 

The tWO main types of variation diagram currently used by geochemists arc 
considered in this section - bivariate plots and triangular variation diagrams. 

Bivariate plou The principal aim ofa bivariate plot, such as that illustrated in Figure 3.14, is to 
show variation between samples and to identify trends. Hence the element ploued 
along the x-axis of the diagram should be selected either to show the maximum 
variability between samples or to illustrate a particular geochemical process. 
Nonnally the oxide which shows the greatest range in the data-set would be 
selected; in many cases this would be Si02, but in basic igneous rocks it might be 
MgO and in clay-:-bcaring sediments AIP3' 

In a reconnaisance geochemical study of a problem it might be necessary to 
prepare a very large number of variation diagrams in order to delimit the possible 
geological processes operating. In this case the initial screening of the data is best 
done by computer (see for example Barnes, 1988). If a correlation matrix is used, it 
is important to remember that good correlations may arise through a cluster of data 
points and a single outlier. Similarly, poor corrclations can arise if the data-set 
contains several populations, each with a different trend. 

More nonnally, and more fruitfully, however, most geochemical investigations 
arc designed to solve a particular problem and [0 test a hypothesis ~ usually 
fonnulated from geological or other geochemical data. In this case the plotting 
parameter for a variation diagram should be selected as far as possible with the 
process to be tested in mind. For example, if in the ease of igneous rocks a crystal 
fractionation mechanism is envisaged, then an clement should be selected which is 
contained in the fractionating mineral and_which will be enriched or depleted in the 
mclt. 

(aJ Harker diagrams - bivariate plots using SiO; along the x-axis Variation 
diagrams in which oxides arc plotted against Si02 are often called Harker 
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diagrams. They are the oldest form of variation diagram and arc one of the mosl 
frequently used means of displaying major clemen! data (see Figures 3.14, 3.1S), 
SiD2 is commonly chosen as the plotting parameter for many ignt.'Ous rock series 
and for suites of sedimentary rocks with a variable quartz conlent because it is the 
major constituent of the rock and shows greater variability than any of the other 
oxides. However, the very fact that Si02 is the most abundant oxide means that 
there arc a number of inherent problems of which the uscr must be aware. These 
are: (I) a negative tendency (sec Figure 3.15), (2) spurious correlations and (3) a 
reduced scatter of valut.~ as Si02 increases (see the AlzOrSiOz plot in Figure 3.15). 
These problems arc fully discussed in Section 2.6. 

(b) Bivariate plots which Ust MgO on the x-axis One of the most commonly used 
alternatives to the Harker diagram is the MgO plot. This is most appropriate for 
rock series which include abundant mafic members, for in this case the range of 
Si02 concentralions may be small. MgO, on the other hand, is an important 
component of the solid phases in equilibrium with mafic melts and shows a great 
deal of varial'ion either as a consequence of the breakdown of magnesian phases 
during partial melting or their removal during fractional crystallization. 

(c) Bivariate plots using cations It is sometimes simpler to display mineral 
compositions on a variation diagram if major element chemical data are plotted as 
cation % , that is the wt % oxide value di vided by the molecular weight and 
multiplied by the number of cations in the oxide fonnula and then recast to 100 % 
(see Table 3.2, columns 1-4 and 6); see for example Francis (1985). An identical 
calculation with [he resuh expressed as mol 0,0 cations instead of cation % is used 
by Hanson and Langmuir (1978) in their MgO-FeO cation diagram (see Section 
3.3.4). Rocdder and Emslie (1970) in a similar diagram use mol % of MgO and 
FcO (see Table 3.2, column 7). 

(d) Bivariate plots using Ike magnesium number The older geochemical literature 
carries a large number of examples of complex, multi-clement plotting parameters 
which were used as a measure of fractionation during the evolution of an igneous 
sequence. Thesc arc rather complicated to use and difficult 10 interpret and so have 
fallen inco disuse. Howe\'er, one which is useful, and so survives, is the 
magnesiuDl- iron ratio, or magnesium number as it is sometimes called. The 
magnesium- iron ratio is particularly useful as an index of crystal fractionation in 
basaltic liquids (see Oskarsson et al., 1982; Wilkinson, 1982) for here the Mg-Fe 
ratio changt.'S markedly in the early stages of crystallization as a result of the higher 
Mg-Fe ratio of the liquidus ferromagnesian minerals than their host melts. The 
magnesium- iron ratio is expressed either in wt % fonn as 1000MgO/(MgO + 
FeO») or lOO[MgO/(MgO + FcO + Fe20])) or as an atomic fraction as lOO[Mi+ / 
(Mi+ + Fe2+)]. The inverse of this ratio is also used as a measure of iron 
enrichment. 

Triangular variation diagrams are used when it is nt.'CCSSary to show simultaneous 
change between three variables. However, this practice is not recommended and 
bivariate plots are to be preferred, since both the computation of the plotting 
parameters and the interpretation of the resultant trends raise a number of 
important problems (see Section 2.7). 
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The plotting procedure for triangular diagrams is illustrated in Figure 3.17. This 
is most conveniently done by microcomputer and Topley and Burwell (1984) give 
an example of a versatile interactive progTam written in BASIC. 

(aJ TIlt AFM diagram The AFM diagram (Figure 3. 18) is the most popular of 
triangular variation diagrams and takes its name from the oxides plotted at its apices 
- Alkalis (NazO + K20), Fe oxides (FcO + Fe203) and MgO. The igneous AFM 
diagram should not be confused with the metamorphic diagram of the same name 
which is used to show changing mineral compositions in Alz0 r FcO-MgO space. 
The plouing parameters are calculated by summing the oxides (NazO + K10) + 
[(FcO + Fe203) recalculated as FeO] + MgO and then n.'calculating each as a 
percentage of the sum. There is some ambiguity o,'er the way in which the Fe
oxides should be treated and the following alternatives are in currenl use: 

54%A 

A .... 

18.4% C 

to 

30 

B 

50 

% C 

70 

··· ····17.6% B 

to 

70 90 c 

Figure 3.17 Construction lines for plotting the point A = 54 %, B = 27.6% and C = 18.4 % on a 
triangular diagram. The values are plotted as foll ows: variable 8 is 100 % at the top of the 
plotting triangle and 0 % along the base of the triangle and so, counting upwards from the 
base (the concentrations are given on the right-hand side of the triangle), the honzontalline 
representing 27.6 % is located. In a similar way the line representing 54 % A is located, 
parallel to the right-hand side of the O"iangle. The point at which the two lines intersect is 
the plotting position. To check that it has been aocurately located, the line for variable C 
should pass through the intersection of the two other lines. 
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F = (FcO + O.8998FcZO), i.e. all F~OJ converted to FeO 
is the same as 
F = total (FeO + FCZ0 3) expressed as FeO i.c. YeO/total] 
but different from 
F = (FeO + FCZ03) expressed as raw WI % 

In addition some authors include MnO with the Fe-oxidt.'S. Rickwood (1989) has 
shown that the differences are minor and are unlikely to result in serious 
misplotting; nevertheless it is re<::ommended that a standard procedure is adopted 
and that F is calculated as total Fe, i.c. (FeO + FCZ03) recast as FeO. This then 
accommodates XRF analytical data in which the separate oxidation states of iron 
cannot be dctennincd. 

Most authors use oxide WI % when plotting data on an AFM diagram but in a 
few cases atomic proportions are used and it is not always dear which method has 
been adopted. The shape of the trend is similar in each case but the position of the 
a[Omic proportions plot is shifted away from the Fe apex relative to the position of 
the oxide plot for the same data (sec Barker, 1978). 

The AFM diagram is most commonly used [0 distinguish between tholeiitic and 
calc- alkaline differentiation trends in the subalkaline magma series. Kuno (1968) 
and Irvine and Baragar (1971) present dividing lines separating the rocks of the 
calc- alkaline series and rocks of the tholeiite series (Figun: 3. 18). Kuno's boundary 
line yields a smaller area for the tholeiitic suite. Both authors use wi % plots in 
which F is calculated a.<; (FeO + Fe20J) expressed as FcO. The coordinates for the 
boundary lines are given in the caption to Figure 3.18 (Ricky,'ood, 1989). 

Examples of the trends characteristic of the tholeiitic and calc-alkaline rock 
series are also plotted in Figure 3.1 8. The tholeiitic trend is illustrated by 
Thingmuli volcano in Iceland and the calc-alkaline trend is for the average 
compositions of the Cascades lavas (Cannichacl, 1964). 

(b) Problems in the use of the AFM diagram It is important to note that the AFM 
diagram is limited in the extent to which petrogenetic information may be extracted 
(Wright, 1974). This is chiefly a function of the tri variate plotting procedure, which 
does not use absolute values and only a part of the rock chemistry. In most rocks 
the A- F-M parameters make up less than 50 % of the oxide weight percentages 
and cannot therefore fully represent the rock chemistry. In addition, when plotting 
a rock series different proportions of each rock are normalized to 100 %. This 
distorts the plotted values. For example, in a series of volcanic rocks with a 
compositional range from basalt to dacite about 40 % of the basalt is used when 
plotting onto an AFM diagram whereas only about 15 % of the dacite is used. A 
further problem with the trivariate plotting procedure has bt.-en noted by Butler 
(1979), who argues that not only do trends on an AFM plot lead to non-quantitati ve 
expressions of mineralogical control but that the trends themselvcs could be an 
artefact of ternary percentage fonnation (sc..'C Section 2.7). 

Barker (1978) advocated plotting mineral compositions on an AFM diagram in 
addition to rock compositions [0 assess mineralogical control of magmatic processes. 
However, this approach can only be semiquantitative since the lever rule . (sec 
below), which works well in bivariate plots, cannot be applied because of the 
disparate proportions of the compositions before projection. Thus AFM diagrams 
cannot be used in petrogenetic studies to extract quantitative infonnation about 
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THOLEIlTICSEJlIES 

C ALC- ALKALINE SER IES 

AL---~--J----L--~----L---J----L--~----~--~M 

(NalO + K 10 ) (MgO) 

Figure 3. /8 An AFM diagram showing the boundary between the calc-alkaline field and the tholeiitic 
field after Kuno (1968) and Irvine and Baragar (1971) (heavy lines). Also shown are lava 
compositions and trends (faint lines) for a typical tholei itic sequence (Thingmuli \'olcano, 
Iceland - shown as filled circles - from Carmichael, 19M) and a typical calc-alkaline trend 
(the a\'erage compOsition of Cascades lavas - shown as open rings - from Carmichael, 
1964). The coordinates for points on the boundary lines of Kuno (1968) are A,F,M 
72.0,24.0,4.0; 50.0,39.5,10.5; 34.5,50.0,15.5; 21.5,57.0,21.5; 16.5,58.0,25.5; 12.5,55.5,32.0; 
9.5,50.5,40.0; and for Irvine and Baragar (1971), A,F,M: 58.8,36.2,5.0; 47.6,42.4, 10.0; 
29.6,52.6,17.8; 25.4,54.6,20.0; 21.4,54.6,24.0; 19.4,52.8,27.8; 18.9,51.1,30.0; 16.6,43.4,40.0; 
15.0,35.0,50.0 (from Rickwood, 1989). 

processes. This must be done using bivariate oxide diagrams. The main usefulness 
of AFM diagrams, therefore, is to show trends which can be used to identify rock 
series as i11ustratt .. d above. 

Finally, however, it is worth noting that trends can be generated on an AFM 
diagram which have no geological meaning at all. Lc Maitre (1976) plotted 26000 
samples of unrelated igneous rods collected from around the world onto an AFM 
diagram and showed that they defined a marked calc-alkaline trend. He concluded 
that unrelated analyses taken at random can define trends on an AFM diagram and 
urged caution in interpreting such trends. A closer inspection of his data shows, 
however, that the samples are not entirely random since about 85 % of the rocks 
were collected from continents. Maybe these data have something to say about the 
composition and origin of the continental crust. 
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3.3.3 Interpreting trends on variation diagrams 

h has been shown above that there are a variety of processes which can produce 
similar-looking trends on major clement variation diagrams. It is important 
therefore to disco\'er the extent to which these several processes might be 
distinguished from one another and identified. 

Extract One approach is to try to calculate the composition of the materials added to or 
calculations subtracted from a magma and to quantify the amount of material involved. This 

may be done using an extract calculation, a device described in some detail by Cox 
t l al. (1979). 

"'1 % A 

(, ) 

T he method is illustrated in Figure 3. 19(a), in which the chemical compositions 
(expressed in terms of variables A and B) of both minerals and rocks are plotted on 
the same variation diagram. Mineral X crystallized from liquid Ll and the residual 
liquid follows the path to Lz. T he distance from Ll to Lz will depend upon the 
amount of crystallization of mineral X. 

This may be quantified as follows: 

T he amount of L l is proportional to the distance X- L] 
The amount of X is proportional to the distance L. - Lz 

Thus: 

The percentage of Lz = 100 X XL./XLz 
Percentage of X = 100 X L.L:2/XLz 

This relationship is known as the lever rule. 
If there are two or more minerals crystallizing simultaneously from liquid L] in 

such proporlions that their average composition is C [Figure 3.19(b) and (cn, then 
the liquid path will move from C towards ~. T he proportion of solid to liquid will 
be given by the ratio LILz:CL]. The proportions of the minerals X and Y in Figure 
3.19(b) is given by YC:Xc. In the case of the variation diagrams shown aho\'e, the 
predicted trends are straight. However, this not always the case and minerals 
showing solid solution may produce curved trends during fractionation. T his is 
more difficult to quantify. 

l, 

"'1 % A ... 1% A 
l , 

(b) WI % B 

l , 

l, 
x+ 

\~~"'" , -
\c ....... -:+y Z+----

(c) ... 1% B 

Fi'Nrt 1.19 Bivaria te plot showing extract a1cubtwns for crystal fractionation. (a) Mineral X is removed 
from liquid L] and the liquid composition moves from L] to ~. (b) Mineral extract C (made 
up of minerals X and Y) is removed from liquid L J and drives the liquid composition to ~. 
(c) Mineral extract C (made up of the: minerals X, Y and Z) is removed from liquid L l and 
drives the: resultant liquid composition to ~. 



Variation diagrams 

4 

13 

12 

11 

10 

9 

, 
7 

6 

5 

4 

3 

2 

41 

r--- Olivine A ---< , f*-- B 
I 

I 
I 

I 
1/ 

-I' 
/1 

/ I 
, I 

<.,p .... / , I 
;...... I / 

, I I 
..... " I I 

..... , 0 1 
/ I ()" 

"..... I I 
..... 0'"" I 

.......... .. ... : ... , / 

'" I I I 
I I 

I I 
I I 

I I 
I I t-, I I 

.............. _ I I 
, I I 

, I I 
'~ I 
I ~, 
1/ ......... ~ 
'I .......... 0""'0 

I I .......... 

" ' 1/ ..... ::>,r ......... 
II ......... ..... 

1/ ..... p;.-......... 0 " 
1/ ~.... i"'\").l .... -

II .... ~.... _ ----:--
1/ ........ .... - - - ---- K 0 I _~ ..... _--::-::.--- I 
~~--

I 
I 

I 
I 

/~ 
/ I 

I 
I 

I 

--

42 43 47 
SiO~ (wt %j 

79 

Figur~ 3.20 Addition-subtraction diagram for rocks A and B. The back-projection of trends for AIIO]. 
Cao, Ti02, NalO and K20 are reduced to zero and converge al Si02 41.5 % . MgO and FcO 
values at Si02 41.S % indicate the composition or the olivine removed from rock A to 
produce composition D (after Cox n aI., 1979). 

An extract calculation for a partial melting trend will not resolve into cxact 
mineralogical constitucnts, whereas one based on a fractional crystallization trend 
should resolve exactly. Unfortunately these observations may not be as useful 3.<; 

they first appear, for Cox et af. (1979) point out that extract calculations are inexact 
when the minerals ploued show complex solid solution and that there are statistical 
uncertainties in fitting a straight line to a trend on a variation diagram. Thus in 
practice the differences between the effects of partial melting and fractional 
crystallization will be difficult to observe tx .. cause of the imprecision of the method. 

Addition- An alternative approach to identifying the composition of the solid phase is to use 
suhtraction an addition-subtraction diagram to calculate the composition of the phasc(s). In this 

diagrams case, rather than just using two elements, the entire major element chemistry of two 



80 

Trtnds shQwing 
an inflection 

Using major element data 

or more rocks is used. The method is illustrated in Figure 3.20, in which the oxide 
concentrations of two rocks arc plotted on a Harker diagram showing seven 
superimposed oxides. Back-projection shows that five of [he clements converge and 
reduce to zcro at 41.5 % Si02• consistent with olivine control. The composition of 
[he olivine can be estimated from the diagram and a simple calculation shows that 
composition A can be converted to B by the removal of 15 % olivine. A similar 
explanation can be given to the data from Kilauea lid lava lake in Figure 3.14. 

In some volcanic rocks, particularly members of the calc-alkaline series, there 
may be a very large number of phenocrysts (olivine-dinopyroxcOI .. --biotite
plagioclase-K- feldspar-sphcne-apatite-magnetite). In this case graphical 
methods may not easily produce a solution and the calculation is better handled by 
a computer. It is important to note, however, that there may not be a unique 
solution to more complex extract calculations. In andesites, for example, there is the 
ambiguity that the mineral assemblage (plagioclase--olivine or orthopyr
oxene-augite-magnetite) is chemically equivalent to hornblende (Gill, 1981). 

Extract calculations may also be limited in their use if (1) 'he liquid line of 
descent is actually a mix of several lines; (2) solid solution changes the composition 
of the crystallizing phases during fractionation; (3) the phenocrysts present in 
magma arc not representative of the fractionating phases. 

Some variation diagrams show segmented trends. In this case the inflection is 
generally taken to indicate either the entry of a new phase during crystal 
fractionation or the loss of a phase during partial melting. Figure 3.21 shows a 
CaO-MgO variation diagram for Hawaiian lavas (Peterson and Moore, 1987). 
Below about 7 % MgO, Cao correlates positively with MgO, indicating the 
removal of Cao and MgO from the liquid in the coprecipitation of plagioclase and 
clinopyroxene. Above 7 % MgO, Cao and MgO correlate negatively because this 
part of the trend is controlled entirely by olivine. Inflections are not visible on all 
variation diagrams of a rock series and will only be apparent where the chemistry of 
the extract is reflected in the plotting parameters. However, when inflections arc 
present they should be located at the same point in the rock series in each case. 
Inflections are most obvious where the number of fractionating minerals is small, 
such as in basaltic melts. In calc~alkaline volcanic rocks, where the number of 
fractionating minerals is large, the entry or exit of a single phase may not 
sufficiently affect the bulk chemistry of the melt to feature on a variation diagram. 

Scattered trrnds Variation diagrams sometimes show a cloud of data points rather than a neat linear 
trend. In the case of sedimentary rocks, this may be a function of the mixing 
processes leading to the formation of the sediment. In igneous rocks, ho ..... ever, 
where Iiquid--crystal equilibria arc controlling compositions it is important to 
consider that some of the possible causes of scatter for this may throw further light 
on the processes. Similarly, in metamorphic rocks scattered trends may reflect the 
geochemical imprint of a metamorphic process on earlier igneous or sedimentary 
processes. 

Some common reasons for scattered trends on varanon diagrams for igneous 
rocks are: 

(I) Not sampling liquid compositions. In highly porphyritic volcanic rocks J;lluch 
of the 'noise' in the data may be due to the accumulation of phenocrysts. In 
the case of many plutonic rocks it is very difficult to prove from field 
observations that the samples collected represent liquid compositions and in 
some cases it is highly improbable. 



Variation diagrams " 

'i 
i 
0 • u 

" ,------------------------------------------, 

12 '. .' 
,~.;.: ~ .' • •••• 

• • • • -: ., .... \ . • , · . ., . •• • • • • • • • • • '. • • • • • 
6 

• 

l 

O <--------5C-------'1~O-------.,75-------c2~O-------c2~S--------!,'O 

MgO(wt %) 

FiKU" 1.21 Bin riate plot oro.o "s MgO for basallS and related rocks from Hawaii. The change in slope 
at about MgO 7 % suggeslS a change in the fract ionating phases at this point (after Peterson 
:lIOd Moon:, 1987; courtesy of the US Geological Sum:y). 
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(2) The samples arc not from a single magma. This can be true even for la"a5 
from a single ,·oleano. 

(3) A changing fractionation assemblage during fractional crystalli7,.at ion. 
(4) Sampling procedures; parameters such as sample size relative to the grain size 

of Ihe rock, sample heterogeneity and the number of samples collected arc all 
rel~vant in different contexts. The problem of sampling bias is well illustrated 
by Neilsen (1988), who emphasizes the necessity for detailed sampling if the 
pnx:ess to be resolved takes place on a fine scale. 

(5) Uncertainty in the analytical measurements. This may be due to the facl that 
analyses were made using different techniques or in different laboratories -
both practices to be avoided if the data are to be plotted on the same diagram. 

There are a number of computer programs which can be used to interpret trends on 
variation diagrams and to soh'e mixing problems of the type described above. 
F ractional cr),sulli7,.ation , for instance. may be expressed as: 

rock A = rock B - (mineral X + mineral Y + mineral Z) 

In this case a graphical solution will not yield a precise result whereas a computer
based, iteral ive mathematical procedure can estimate the proponions of the relative 
fractionating minerals. Similar fonnulations for mixing resulting from assimilation 
and panial melting may also be derived and these are equally amenable to computer 
solution . 
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Mixing programs of this type have been described by Stormer and Nicholls 
(1978) and Le Maitre (\981); these works include the computer source code in 
FORTRAN IV. Their aim is to minimize the difference between a measured rock 
composition and a composition calculated on the basis of a mixing hypothesis. The 
success of any model is estimated from the residuals of the calculation - the 
difference between the actual and calculated compositions. In Table 3.5 the results 
of a mixing calculation for the Columbia River basalts are presented (Wright, 1974). 
The hypothesis 10 be tested is whether the highly differentiated Umatilla 'basalt' is 
derived from the less evolved Lolo basalt. The differences between the calculated 
composition and the aClUal composition of the Lo10 basah, using the mixing 
program of Wright and Doherty (1970), sugg~t that the solution is acccptabic. 
Examination of the residuals (the 'difference' in Table 3.5) confirms this, for they 
are small and the sum of the squares of the r~iduals is also very small. 

Before accepting the r~ults of such a calculation, however, they should be 
evaluated petrologically and the postulated fractionating phast.'S (their relative 
proportions and their compositions) should be compared with the phenocrysts 
present in the lava suite. Where the rock has a complex history the mixing may be 
better formulated as a series of steps. Furthermore, it is important to stress that 
whilst a computer solution will produce a best-fit result, the resuh is not necessarily 
unique. Accordingly many workers seck [0 test mixing models initially proposed on 
the basis of major clement chemistry with trace element data. 

3.3.4 Modelling major e le m ent processes in igneous rocks 

Tdlt 3.S 

An alternative to the deductive use of variation diagrams in explaining petrological 
process~ is an inverse approach in which the major element chemistry of an 
igneous suite is predicted from an initial starting composition. This type of major 
element modelling has been used chiefly to investigate fractional crystallization, 
although it also has other applications. The aim is to calculate, in a given silicate 

Differenriation of Columbia RJver basalt (Wright, 1974) 

Lolo basalt - Umatilla basalt + olivine + augite + plagioclase + Fe-Ti oxides + apalite 

Proportion Si02 Ti02 Alp] p.o MnO MgO c.0 Na20 K,o PzOs 
(%) 

Umatilla basal! 44.76 % 54.94 2.64 13.87 12.58 0.22 2.70 6.27 3.24 2.60 1.02 
Olh'ine 3.77 % 36.41 0.02 0.83 30.52 0.25 31.65 0.35 0.00 0.00 0.00 
Augite 18.73% 51.89 0.91 1.61 13.65 0.32 14.73 16.63 0.21 0.06 0.06 
Plagioclase 25. 16 % 54.57 0.00 28.95 0.00 0.00 0.00 11.16 5.14 0.21 0.00 
Fe-Ti oxides 6.95% 0.10 27.38 1.53 68.83 0.44 1.76 0.00 0.00 0.00 0.00 
Aparite 0.67 % 0.00 0.00 0.00 0.00 0.00 0.00 56.00 0.00 0.00 44.00 

Calculated composition 49.41 3.25 13.93 14.11 0.20 5.28 9.11 2.78 1.22 0.76 

Lolo basalt 49.34 3.24 13.91 14.10 U.26 5.28 9.12 2.81 1.25 0.76 

Difference (Lolo - calculated) -0.07 -0.01 -0.02 -0.01 0.06 0.00 0.01 0.03 0.03 0.00 

Sum of squal'C$ 0.01 1 
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liquid, the nature of the first crystallizing phase, its composition and temperature of 
crystallization and the crystallization sequence of subsequent phases. 

Three different approaches have been used. Firstly, the distribution of the major 
elements between mineral phases and a coexisting silicate melt may be calculated 
from experimental phase equilibrium data using regression techniques. Secondly, 
mineral- melt equilibria can be determined from mineral- melt distribution 
coefficients. A third, less empirical and more complex, approach is to use 
equilibrium thermodynamic models for magmatic systems. These require a 
thermodynamically valid mixing model for the liquid and an internally consistent 
set of solid- liquid thermochemical data. 

The semi-empirical regression method was used by Nathan and Van Kirk (1978) 
to relate liquidus temperature to melt composition. From this relationship they 
were able to determine mineral compositions and the fractionating mineral 
assemblage at I atm pressure in both mafic and felsic liquids. Hostetler and Drake 
(1980) also used a regression technique but calculated solid-liquid distribution 
coefficients for eight major element oxides in the silicate melt. This permitted the 
calculation of phase equilibria for melts containing olivine, plagioclase and pyroxene 
from the melt composition but did not provide information on liquidus 
temperatures. 

The alternative to the scmi-empirical experimental approach to major element 
modelling is the thermodynamic modelling of silicate melts as described by Bottinga 
tI al. (1981), Ghiorso (1985) and Ghiorso and Carmichael (1985). Ghiorso (1985) 
has developed an algorithm for chemical mass transfer in magmatic systems which 
predicts melt composition, mineral proportions and mineral compositions, and 
Ghiorso and Carmichael (1985) have demonstrated its usefulness when applied to 
fractional crystallization and assimilation in mafic melts at a range of pressures. 
Thermodynamic modelling, however, has an insatiable appetite for high-quality 
thermochemical data which do not exist for many minerals of interest in magmatic 
systems, thus severely limiting the applicability of this approach. 

The chemical modelling of partial melting is even more difficult than the 
processes described above, for there is no general theory of melting which can cope 
with the multiphase, multicomponent nature of the Earth's crust and mantle at a 
range of pressures. Hanson and Langmuir (1978) and Langmuir and Hanson (1980) 
modelled basaltic systems from single-element and single-component mineral- melt 
distribution coefficients. These arc combined with mass balance considerations and 
the stoichiometry of the mineraJ phases to calculate phase equilibria. Particularly 
interesting is their model for the partial melting of mantle pyrolite at 1 annosphere 
pressure. Using the equations of Roeder and Emslie (1970) for the partitioning of 
magnesium and iron between olivine and melt, they calculated the abundances of 
MgO and FeO in the resultant melts and residual solids. These results are 
presented on an MgO-FeO cation % diagram whieh shows a field of melts and of 
residual solids, both contoured for percentage partial melting and temperature 
(Figure 3.22). Superimposed on the melt field are fractional crystallization trends 
for olivine in melts of differing composition. The diagram in Figure 3.22 cannot be 
used to define uniquely a partial melting trend from a given source, but it does 
delimit a field of permissible melts and for primary melt compositions can give 
information on the liquidus temperature and fraction of partial melting of the 
source. In addition, olivine fractional crystallization paths may be plotted for a given 
melt composition and the difference between equilibrium and fractional crystaJliza
tion trends demonstrated (Langmuir and Hanson, 1980; Francis, 1985). 
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Filllr~ 3. ]1 Fields of parlial mel! lmd residue, calibrated in liquidus temper-nun and perccnlagc melting, 
for the partia l melting of mantle pyrol itc ploued on a FeO-MgO diagram expressed in 
cation mol % (calculated after the method of Hanson and Langmuir, 1978). T he parent 
composition is where the two fields meet. The curved lines wi th small ticks show the lfend of 
olivine fractional crystallization; the ticks are at 5 % intervals (from Langmuir and Hanson, 
1980). 

3.3.5 Discussion 

Finally, it should be remembered that varratlon diagrams which uti lize only the 
major clements have their limitations. Rarely can geological processes be uniquely 
identified from variation diagrams which use the major clements alone, and 
diagrams incorporating either trace elements or isotop<$, as discussed in succeeding 
chapters, must also be employed. 

3.4 Diagrams on which rock chemistry can be plotted together with 
experimentally determined phase boundaries 

A number of i gneo\L~ systems have been sufficiently well determined in the 
laboratory to allow the geochemist to interpret natural rock compositions in the 
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light of experimentally determined phase boundaries. Phase diagrams of this type 
serve two useful functions. Firstly, they allow natural rock data to be projttted onlO 
them for interpretive purposes. Secondly, they allow the experimental resul ts of 
different workers to be plotted in the same projection and thus compared. This 
becomes particularly pertinent when experiments in the same system have been 
carried using different experimental techniques and different starting materials. 
Unfortunately, in the maze of experimental data there is a wide variety of plotting 
and projection procedures for similar experimental systems. Thus similar diagrams 
showing the same data may appear different simply as a function of the projection 
procedure. The aim of this section therefore is to describe some of the main 
diagrams and projection schemes used in plotting experimental and natural rock 
data . A summary of the systems described is given in Box 3.3. 

Granite systems 

Albite-orthoelese-si liea 
::!: Water 
+ Anorthite 

Nepheline syenite system 

Nepheline-hlsilite-silica 

a ... ttic: systems 

CMAS 
Diagrams of O'Hara (1968) 

Yoder- Tilley normative basalt tetrahedron 
Project ions in Ol-f'l-Di- Q 
The normative Ne-Oi-OI-Hy-O diagram 
The low-pressure tholeiitic phase diagram of Cox Of 0/. (1979) 

Calo-lllhline systems 

The olivine-clinopyroxene-siliea projection of Grove ot 0/. (1982) 
The olivine-diopside-quartz + orthoclase projection of Baker and Eggler (1983) 

In many of the experiments on granitic and basaltic systems the aim of the 
cxperiment has been to dctermine the composition of minimum melts at varying 
pressures in systems of increasing compositional complexity. In this way the 
composition of first melts can be determined . Thus natural rock compositions 
presumed to represent primary liquid compositions may be compared with the 
composition of experimentally determined primary magmas. In many cases 
experimental petrologists hayc conducted thcir experiments on simplified rock 
compositions and so analyses of natural rocks have to be recalculated into a form that 
is appropriate to plot on the phase diagram. The success of this approach depends 
upon the extent to which the system under investigation matches the natural rock 
composition; to a fi rst approximation this may be measured by the proportion of the 
rock composition which ean be used in the projection. As is shown below, however, 
sometimes the presence of only a few per cent of an additional component may 
dramatically change the position of the phase boundaries. 
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Fi,lj,t 3.21 Mininu. and eutectics in the system albit~uam-orthocJase.-H20 protected from H20 onlO 
the plane AI>-Q-Or for J atm (+) and 0.5 10 JO kh prnsuu (- ). Also shown (0) are the 
minima for the anhydrous system al 4 and 10 kb pressure. The sources of data and the 
plotting positions are listed in T able 3.6. 

3.4.1 The normative albite-orthoclase-quartz diagram - the 'granite 
system' 

Tuttle and Bowen (1958) demonstrated a marked coincidence between the 
compositions of natural rhyolites and granites containing more than 80 wt % 
normative albite, orthoclase and quartz and the normative compositions of 
experimentally determined minima in the system albite-orthoclase--quartz-H20. 
Their observations provided a way fOf igneous petrologists to attempt to correlate 
experimental information with analytical data projected into the system 
Ab--Or-Q-H20. Tuttle and Bowen (1958) and subsequent workers have 
determined the compositions at which the phases quartz, orthoclase and albite 
coexist with a water-saturated melt at a variety of pressures (see Table 3.6) and 
ploned their results as a projection onto the anhydrous base of the tetrahedron 
Ab-Or-Q-HzO (Figure 3.23). The plotting procedure requires three steps: 

(1 ) calculation of the CIPW norm from the chemical analysis; 
(2) the summation of the normative values of albite, orthoclase and quartz; 
(3) the recasting o'f these values as a percentage of their sum. 

These values are ploned on a triangular diagram. The results of these experiments 
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Tabie 3.6 Ploning coordinates of minima and eutectics in the 'granite ' system 

Pressure Temperature Composition H,O Reference 
(kb) (0C) (wt%) (wt%) 

Ab 0, Q 

System: Albit(-(J rthoc/au--quarl:--H2O 

0.001 990 33 33 J4 0.0 Minimum Schairer and Bowen (1935) 
0.490 770 30 30 40 30 Minimum T uttle and Bowen (1958) 
0.981 no JJ 29 38 4.4 Minimum T uttle and Bowcn (1958) 
1.961 685 J9 26 35 6. 5 Minimum Tuttle and Bowen (1958) 
2.942 665 42 25 33 8.3 Minimum Tuttle and Bowen (1958) 
3.923 655 9.7 Eutectic T uttle and Bowen (1958) 
4.000 655 47 23 30 9.9 Eutectic Steiner et al. (197 5) 
5.000 640 50 22 28 11.0 Eutectic Luth et al. (1964) 

10.000 620 56 21 23 17.0 Eutectic Luth (/ al. (1964) 
20.000 630 63 19 18 21.0 Eutectic Huang and Wyllie (1975) 
30.000 680 67 18 I, 24.5 Eutectic Huang and Wyllie (1975) 

System: Albite-orthoclase-quartZ (dry) 

4.000 1000 32 34 J4 0.00 Minimum Steiner et al. ( 1975) 
10.000 1070 26 45 29 0.00 Minimum Huang and Wyllie (1975) 

System: Albite-orthodau-quartz- anorthite-H:fJ 

1.000 
1.000 
1.000 

730 
745 
780 

J2 
22 
11 

29 
36 
42 

J9 
42 
47 

AnJ plane 
An; plane 
An7.5 plane 

,d 
,d 
,d 

Piercing point James and Hamihon (I %9) 
Piercing point James and Hamilton (1%9) 
Piercing point James and Hamilton (1969) 

Syslem: Albite-orthocltue-quartz--H 20-F 

1.000 
1.000 
1.000 

690 
670 
630 

45 
50 
58 

26 
25 
27 

29 
25 
15 

I%F 
2% F 
4 % F 

ea 4.0 
ea 4.0 
ea 4.0 

Minimum 
Minimum 
Eutectic 

Manning (1981) 
Manning (1981) 
Manning (198 \) 

nd, not determined 

show that the quartz- alkali feldspar boundary moves away from the quartz apex 
wilh increasing pressure from I to to kb. A lesser expansion is observed between 10 
and 30 kb. At approximately 3.5 kb, 660 °C the quartz-alkali feldspar field 
boundary intersects the crest of the alkali feldspar solvus and the liquid at this point 
coexists with quartz, orthoclase and albite (Merrill et aI., 1970). At 30 kb the 
assemblage is coesite -- sanidine hydrate - jadeiite. Thus a direct comparison can be 
made between experimentally detennined phase boundaries and natural rock 
compositions. 

A number of authors have urged great caution with the above procedure when 
applied to granites (Luth, 1976; Steiner et al., 1975), for there arc several 
fundamental differences between experimental conditions and the natural plutonic 
environment .. ;They emphasize that the bulk composition of a rock cannot be used 
alone to estimate uniquely its crystallization history and the pressure, temperature 
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and water activity of the melt. The result obtained will be ambiguous and 
parameters such as pressure, temperature and water activity must be determined 
independently. The interpretive usc of the Ab-Or-Q.. diagram must therefore be 
restricted to a generalized, qualitative description of processes with broad rather 
than specific applicability. The reasons for this are outlined below. Firstly, in most 
experimental investigations compositions arc projected from H20 onto the plane 
Ab--Or-Q..and it is assumed that [he meh is water-saturated. Secondly, experiments 
in the system Ab--Or-Qare not directly applicable to natural rocks because they do 
not take accouni of additional components such as anorthite, fcrromagncsian 
minerals or phases representing an excess of alumina over alkalis. These have a 
considerable effect on the position of the determined eutectics. Thirdly, it is 
important to know whether the bulk compositions sampled represent igneous liquid 
compositions or whether they are in part crystal cumulates. 

Since few natural rocks approximate to the system Ab-Or-Q-HzO, in the 
sections that follow we discuss experimental results which attempt to approximate 
more closely to natural compositions. We look at the effects of reducing the water 
content of the melt and adding anorthite to the melt, thus extending the 
applicability of this system to granodiorites and tonalites. 

There are few data for water-undersaturated equilibria in the Ab-Or-Q-H20 
system, particularly for the ternary minima. The best data are those of Steiner et al. 
(1975), who investigated the system at 4 kb and presented results for the water
saturated and the dry systems (sec Table 3.6). Luth (1969) has estimated the 
position of the 10 kb dry minimum and Huang and Wyllie (1975) have estimated 
the position of the 30 kb dry quartz-alkali feldspar field boundary. Figure 3.23 
shows the positions of the minima in the dry system at 4 kb and 10 kb, which may 
be compared with positions of the eutectics in the hydrous system. 

The addition of anorthite to the 'granite' system shifts compositions into the 
granodiorite and tonalite fields. This was investigated by James and Hamilton 
(1969) at I kb who found that the position of the piercing point minimum shifts 
towards the Or-Q side of the projection with increasing anorthite, indicating an 
increase in the primary phase volume of plagioclase (Figure 3.24). Winkler (1976) 
also emphasized the importance of plagioclase, especially when considering partial 
melting in felsic rocks, although Johannes (1980, 1983, i984) has been unable to 

duplicate Winkler's results and considers that they represent metastable data. There 
are, therefore. few reliable data from which sensible interpretations may be made of 
granodiorites and ronalitcs; any such data are for water-saturated equilibria. 

The sHica-undersaturated portion of the normative 
nepheline-kalsilite-silica diagram - the 'nepheline syenite' system 

Experiments by Schairer (1950), Hamilton and MacKenzie (1965), Taylor and 
MacKenzie (1975) and Morse (1969) have determined the positions of the 
nepheline syenite minima at pressures of 1 atm, I kb, 2 kb and 5 kb, respectively, in 
the water-saturated s~tem. These data are presented in Figure 3.25 as CIPW 
normative wt %, in a projection from H20 onto the anhydrous base of the system, 
the plane nepheline-kalsilite-silica. Unlike the granite system, the position of the 
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I kb water-uturated 

3%. 

7.5% 

5%. • } + Anorthite 

Pure system + 
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FiK/l~r 3.24 Projections onto the plane albite--quanz-<trthoclase from H20 at Ikb. T he pUr< SYStCffi is 
represented by a cross (+) . • Piercing points for the planes 3 %, 5 % and 7.5 % anorthite; 0 , 

minima and clIIectics for the fluorine-bearing system. The sources of data and the plotting 
posit ions are listed in T able 3.6. 

minimum does nOl change greatly with increasing pressure and shifts only slightly 
towards the nepheline comer (Table 3.7, Figure 3.25) although the temperature of 
the minimum falls almost 400 °C over the pressure interval 0 to 5 kb. In addition 
there is a dramatic decrease in the size of the leucite field . 

Hamilton and MacKenzie (1965) show that rocks with 80 % or mon: normative 
nepheline, albite and orthoclase plot dose to the I kb nepheline-syenite minimum 
(albite and ort hoclase are recalculated as nepheline + 2 silica, and kalsilite + 2 silica, 
respectively). However, at OCst, these experimental data lend themselves to the 
qualititative interpretation of natural alkaline rocks. 

3.4.3 Basaltic experimental systems 

There are two main projection schemes that are used for the major clement 
compositions of basaltic rocks. One is the CMAS system, in which an analysis of a 
basal t is approximated by the four oxides CaO-MgO-AlzOr SiOz' The other is a 
normath'c scheme based upon the m.ain miner.&ls observed in basalts -
ncpheline-diopside-olivine-anorthite and quartz. This projection is based upon the 
classification scheme for basalts proposed by Yoder and Tilley ( 1962) in which the 
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Figure 3.25 Projecrions onto the plane nepheline-tjuartz- kasilite from H20 in the nepheline syenite 
system at I arm I, 2 and 5 kb pressure, showing the contraction of the Icuei!e field with 
increasing pressure and the position of the minima (- ), The data sources and pioning 
positions are given in Table 3.7. 

minerals nepheline-diopsidc--olivine and quartz are plotled at the apices of a 
terrahedron (Figure 3.26a). 

CMAS diagrams The components of the CMAS system (CaO-MgO-AlzOrSiOz) comprise about 
70-85 wt % of mOSI basalts and more than 90 WI % of most mantle peridotites. For 
this reason the CMAS system is used by experimental petrologists as a simplified 
analogue of more complex basalt and mantle systems. The CMAS projection 

TQhle 3.7 Minima in the nepheline syenite system 

Pressure Temperature Composition 
(kbl CC) (wt%) 

N, J(, Q 

0.001 1020 51 15 34 

0.981 750 50 19 31 

2.000 710 51 20 29 

5.000 635 53 19 28 

Reference 

Schairer ( \950) 

Hamilton and MacKenzie (1965) 

Taylor and MacKenzie (1975) 

Morse (1970) 
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Figure 3.26 (a) The Yoder- Tilley basalt tetrahedron. The plane normative Di- Ab-En is the plane of 
silica saturation and the plane nonnative Di-Ab-Fo is the critical plane of silica 
undersaturation. (b) The silica-saturated pan of the Yoder- Tilley basalt tetrahedron shown 
in (a) expanded into a tetrahedron showing the plane of siliu saturation. 

provides an excellent framework in which the possible melting behaviour of upper 
mantle materials may be discussed, and is a powerful tool in constructing 
petrological models. II may be used to comparc the chemistry of particular rock 
suites with experimentally determined phase boundaries at low and high pressure. 
Partial mehing (rends may be identified from a linear array of rock compositions 
projecting through the plotted source composition, and fractional crystallization 
trends may be identified as linear arrays projecting through the composition of the 
fractionating phase(s). 

(aj Projecting rock composiliom into CMAS The CMAS system was first used for 
mantle and basaltic compositions by O'Hara (1968), who proposed a polybaric phase 
diagram for dry natural basalts and ultramafic rocks up to pressures of 30 kb. He 
devised a scheme whereby natural rock compositions could be presented in such a 
way as to be directly comparable with experimental results in the system 
CaO--MgO-AIPr Si02 (CMAS). Weight % oxides arc converted to molecular 
proportions and the plouing parameters are calculated as follows: 

C = (mol. prop. Cao - 3.33 pps + 2Na20 + 2K20) x 56.08 
M = (mol. prop. FeO + MnO + NiO + MgO - Ti02) X 40.3 1 
A = (mol. prop. Al20 3 + CrP3 + FeP3 + Na20 + KzO + TiOz) X 101.96 
S = (mol. prop. Si02 - 2Na20 - 2K20) x 60.09 

A model calculation is given in Table 3.8. A simplification of the calculation scheme 
which ignores the minor elements Ti, Cr and Ni is given by Adam (1988). 

Rock compositions are usually presented in one of three projections, chosen to 
include the important mineral phases and to minimize any distortion from the 
projection. The most used projections are: 

(a) from olivine into the plane CS- MS-A; 
(b) from enstatite into the plane M2S- A2S3-C2S3; 
(c) from diopside into either the plane C3A-M-S or CA-M-S. 
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Tabl( 1.8 Calculation scheme for the CMAS projection 

Si02 
Ti02 
Alz0 3 
Fez03 
F<o 
MoO 
MgO 
C.O 
NazO 
K,o 
P20S 

Total 

Wt % 
oxide 
of rock 

46.95 
1.01 

13.10 
1.01 

10.07 
0.15 

14.55 
10.16 

1.73 
0.08 
0.11 

100.04 

CAfAS plotting param(urs: 

C = 13.110 
M = 19.269 
A = 19.261 
S = 43.493 

Molecular 
weight 

60.09 
79.90 

101.96 
159.69 
71.85 
70.94 
40.30 
56.08 
61.98 
94.10 

141.95 

Molecular 
proportions 

0.7813 
0.0153 
0.1185 
0.0064 
0.1401 
0.0011 
0.3610 
0.1812 
0.0279 
0.0008 
0.0015 

Proj(ction parammrs fo r the olivin( projwion from olivin( jnto CS-MS- A: 
Using tM (quation o/Cox (/ al. (1979) 

C,M .. A.S, + p M,7.3S4Z.7 = xC".USSI.7 + y M40,]S59.9 + z AlOo 

where p is the amount of olivine required to bring the rock into the required plane, 
xJ',z when recast as percentages arc thc plotting parameters for CS, MS and A, and 
c, m, a and s are the calculated values for C, M, A and 5 for the rock. 

Balancing C, 
Balancing M, 
Balancing A, 
Balancing S, 

x 
y 
z 

0.271 
0.507 
0.193 

Sum 0.971 

48.3x = 13.11 
4O.1y = 57.3p + 19.269 
lOOz = 19.261 
51.7x + 59.9y = 43.493 + 42.7p 

(%) 

27.952 
52.212 
19.835 

Equation for projection from orthopyroxene into Mz$-CzSr AzSJ: 

C,M,..A.S, + P M40.tSS9.9 = x M57.3S4Z,7 + Y C38.4S6I.6 + Z AS3.l S46.9 

Equation for projection for diopside into C3A- M-S: 

C,M .. A4 S, + P Y5.9M1US55.5 = x C'6.2.JAJ7.7 + Y MIOO + z S]oo 

(from Cox (I al., 1979). 

The olivine projection is illustrated in Figure 3.27. This plane contains all the 
pyroxene solid solutions and the garnet solid solutions. The olivine-plagioclase 
piercing point is the point at which the olivine plagioclase join cuts the CS-MS--A 
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Fi8Nf? 1.17 The CMAS projection for basalti/; and mantle rompositions. Proj(."Ction from olivine (M zS) 
ontO the plane CS-MS-A in the CMAS system showing in\'ariam peritectic points for I aim. 
and 10, IS, 20 and 30 kb. The olivine-gabbro plane divides the diagram into nepheline 
nomuth'e compositions (enstatite-poor) and tholeiitic compositions (enstatite-rich). The 
stability fields of the different phases are indicated (PI, plagioclase; Opx, orthopyroxene; Cpx, 
clinopyroxene; Sp, spinel; Gt, garnet) lind in addition lIll fields include olivine. The inset 
shows the relative positions of olivine lind the plane of projection in the ol"'ine projection of 
the CMAS system. MzS is olivine, MS enstatite; ail feldspar is projected as equiVlllent 
anorthite (CASz), all hcrcynite, ulwlSpind, magnetite lind chromite as spinel (MA), all 
Fe-Ni- Mg olivines as forstcri te (MlS), all garnet plots along the grossular (CjASj}-pyrope 
(M3ASJ ) join, and all cl inoPYToxenes along the diopside (CMS2}-Ca-Tschcrmak's mol«ule 
(CAS) join. 

plane and the line which joins this piercing point to diopsidc (the olivine-gabbro 
plane) is the plane of silica saturation. This olivine-gabbro plane divides the 
diagram inlO Ne-nonnati"e compositions on the En-poor side and tholeiitic 
compositions on the En-rich side. An example of the calculation procedure for 
projecting a basaltic composition from olivine onto the CS-MS- A plane is given in 
Table 3.8. 

(b) InurpulinK CArAS diagrams For a projtttion to be useful in interpreting 
crystal- liquid equilibria, it must be made from a phllse which is present in the melt, 
for otherwise the observed trends are meaningless. Serondly, the projection should 
not be made from a phase at an oblique angle to the pro jection plane, for then 
trends which are simply a function of the oblique projection can be misinterpreted 
and given geological signifkance where there is none. 
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One of the problems with the CMAS projection is that, whilst it uses all the 
chemical constituents of a rock analysis and so is applicable to natural rocks, the 
effects of individual components cannot be easily identified. The converse problem 
derives from the small number of components used in the experimental system, for 
the effects of small amounts of additionaJ components on the position of the phase 
boundaries is largely unknown. Na is likely to have the most important effect 
(Thompson, 1987), but Fe (Herzberg, 1992), Hp (Adam, 1988) and possibly Ti 
are also likely to influence the position of the phase boundaries. 

The normative nephcline-diopside-olivine--quartz tetrahedron (Figure 3.26a) 
originally proposed by Yoder and Tilley (1962) for the classification of basalts has 
been extensively used for comparing the results of experimental studies on basalts 
with rock analyses. Various projection procedures are in use. 

(aJ Projmiom in the tholeiitic basalt letrahdron Ol-Pl-Di- Q Three slightly 
different algorithms have been devised for plotting experimental data for tholei~[es 
in the silica-saturated part of the Yoder- Tilley tetrahedron (Figure 3.26b). T he 
results of these calculation schemes are presented in Table 3.9. 

Presnall tt al. (1979) recalculated rock compositions as CIPW norms, setting the 
FeZ+ /(FeZ+ + Fe3+) ratio to 0.86. The mineral proportions are expressed as mol per 
cent and plotting parameters are defined as follows: 

PI = normative (An + Ab) 
01 = normative (Fo + Fa) 
Q = normative Si02 
Oi = normative (Oi + Hed) 

Hypersthene is allocated to olivine and quartz. The main projections in the 
tetrahedron Oi-OI- PI-Q(Figure 3.26b) are from diopside onto the PI-OI-Qface, 
and from plagioclase onto the Oi-OI-Q face. In the case of the plagioclase 
projection, the proportions ofOi, 01 and Qare normalized to their sum and plotted 
on a molecular basis. The diopside projection is calculated in a similar manner. A 
model calculation is given in Table 3.9. 

Walker it al. (1979) developed a different algorithm for plotting data in the same 
projections as Presnall it al. (1979), although Presnall and Hoover (1984) noted that 
the end result was similar. Weight % oxides are divided by their molecular weight 
to obtain molecular proportions and the plotting parameters are calculated from the 
molecular proportions as follows: 

PLAG = AI20 3 + NazO + KP 
DI = Cao - Alz0 3 + NazO + K20 
OL = (FeD + MgO + MnO + 2Fez03 + AlZOJ - Cao - NazO - KzO)12 
SIL = Si02 - (Alz0 3 + FeD + MgO + MnO + 3CaO + I1 NazO + 

IIKzO + 2Fez03)12 

They use the notation DI-OL-SIL and OL-SIL-PLAG for projections from 
plagioclase onto the Oi-OI-Qface and from diopside onto the PI-OI-Qface. In the 
case of the plagiocla.o;e projection (Table 3.9), the proportions of 01, OL and SIL 
are then normalized to their sum and plotted on a molecular basis. 

Elmon (1983) proposed a third algorithm arguing that chemical trends in 
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Tllblr 1.9 Projection procedures for basaltic compositions within the Yoder- Tilley tetrahedron 

WI % Molecular Molecular WI % Molecular 
oxide: weight proponions UPW weight 
of rock uo~ 

Si02 5{).68 61).()9 0.84]4 Q 0.00 60 
T iO l 0.7] 79.90 0.0091 '" 4.61 556 
Alp) 14.17 101.96 0.1390 Ab 21.37 524 
Fe10J 0.00 159.69 0.0000 No 0.00 184 
F'" 12.29 71.85 0.17 11 Au 24.96 278 
MuO 0.22 70.94 O.{)(I]I D; 8.34 216 
MoO 8.85 40.30 0.2 196 Hod 6.28 248 
e.0 8.77 56.08 0.1564 Eu 12.5] 200 
Na10 2.53 61.98 0.0408 F. 9.44 2" 
K,O 0.78 94.20 0.008] Fo 3.79 140 
P10S 0.06 141.95 0.0004 Fa 3.15 204 

M, 2.96 m 
Total 99.08 II 1.38 152 

Ap 0.12 310 

Sum 98.93 

Plow'rtt proudurt ~f Prtlrlllll tI Ill. (1979) 
Allocate hypersthene to olivine and quartz ( I mole Hy = 1 mole 01 + I mole 0): 

(mol %) 

PI = normative (An + Ab) 35.67 
01 = normal i,'e (Fo + Fa) + Hy 38.50 
Q = nomuuive SiO l + Hy 26.89 
OJ = normarive (Di + lied) 17.47 

Plagioclase projection: (%) 

D; 
01 
Q 

Sum 

11.47 
38.50 
26.89 

82.86 

21.08 
46.47 
32.45 

Plotting proudurt of Wllllur tl III. (1979) 

PL = AllOl + Na20 + K20 
DI = Cao - AllO) + NalO + K20 
OL = (FeD + MgO + MnO + 2Fc:PJ + AllO) - Cao - NazO - K10)12 

Norm! 
mol. WI 

0.000 
0.008 
0.041 
0.000 
0.090 
0.0]9 
0.025 
0.063 
0.036 
0.027 
0.015 
0.013 
0.009 
0.000 

0.366 

SIL = Si02 - (AI20] + FeO + MgO + MnO + 3CaO + II NazO + IIK10 + 2FezOJ)12 

PL 
OJ 
OL 
SIL 

0.)88 
0.067 
0.164 
0.072 

Norm 
(mol %) 

0.00 
2.27 

ILl4 
0.00 

24.5] 
10.55 
6.92 

17.12 
9.77 
7.40 
4.22 
3.49 
2.48 
0.11 

100.00 

.. 
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Tabk 3.9 (Co",j,,~d) 

Plagioclase projection: (%J 

DI 
OL 
SIL 

0.067 
0.164 
0.072 

Sum 0.303 

22.0 
54.1 
23.9 

Piau;,,! proudurt of Eltllon ( / 983) 

PL = A120 J + r~o3 
0 1 = CaD + Na20 + " 20 - FeZOl - ArlO] 
~ =~+~+~-~+~+~-~-~ - ~~ 
SIL = SiDl - (FeD + MgO + MnO - TiD} ... Al20 1 + FetO] + JeaD + 3NazO + 3K20)12 

PL 0,139 
Of 0.067 
OL 0.3 \8 
SIL o.:m 

Pbgiocla.o;e projection: (% ) 

DI 
OL 
SIL 

0.067 
0.318 
0.27] 

Sum 0.658 

10.11 
48.35 
41.55 

oceanic basalt suites projected in the olivine-clinopyroxene-silica plane are greatly 
imprm'cd i f the plagioclase feldspars are separated along (he anorthite-albite join 
and do not plot at a single point. In this projection, therefore, plagioclase 
compositions are spread along the siliea-anorlhite edge of the Di-OI- An-Q 
tetrahedron. The normative mineralogy is projected onlo the planes CPX
OLIVINE-SILICA and OLiVINE-SlLICA- PLAG and the plotting parameters 
are calculated from the molecular proportions, as in the case of Walker el a/. (1979) 
as follows: 

PLAG = AllO) + FelOl 

01 = Cao + NazO + K20 - AI20 ] - Fc20] 
OL = [(FeO + MgO + MnO - Ti0z> - (Cao + NalO + KzO) + 

(F~03 + A120 3)]/2 
SIL = Si02 - [(FeO + MgO + MnO - T iOl) + (Alz01 + F~Ol) + 

3(CaO + NazO + KzO))/2 

FeJ+ IFe2+ is assumed to be 0.10. This method of projection does produce: different 
plotting positions from the algorithms of Presnall u al. (1979) and Walker el al. 
(1979) and a model calculation is given in Table 3.9. 

(IJ) Tire !formalive N~IA-OJ-Hy-il JiaKfam This diagram represents the left
hand face: of the Yoder- Tilley (1962) tetrahedron together with the front face 
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Hl urt 3.28 Normati \'e nepheline-oli vine--diopside-hypcrsthene-qu~rlZ projection after Thompson 
(1984), showing the compositions of initi~l melts in the CMAS system, MORS source and 
fertile anhydrous mantle at a range of pressures (in kb). The inset shows the relationship of 
the diagram to the' surface of the Y oder- Tilley basal t tetrahedron. 

expanded into two equilateral nianglcs. It was presented in Section 3.2.2 abo\'e as a 
mcans of classifying basalts using their CIPW normative compositions (Thompson, 
1984). Howe\'er, it was also used by Thompson 10 display experimental data for 
both saturated and unden:aturated basalts (Thompson, 1984, 1987) and to show the 
changing composition of initial melts of different mantle compositions, produced at 
different pressures (Figure 3.28). CIPW normative compositions calculated on a 
wt % basis are plotted on one or other of the three triangles. Fe20l is calculated as 
15 % of the IOtal iron content. 

(t) Tht lorv-prtssurt tholtiitic baUlfl phau diagram (Cox tt al., /979) . Cox (J al. 
(1979) proposed a low-pressure phase diagram based upon the silica-poor part of 
nonnative basalt system Ol-Cpx- PI-Q The diagram is based on the CIPW 
nonnative composition of a tholeiitic (i.e. hypersthene normative) basalt which is 
projccted from Si02 onto the Fo-Ab--Di plane, i.e. the plane of silica saturation, of 
the Yoder- Tilley (1962) tetrahedron (Figure 3.29). The pbase diagram is useful for 
estimating the phases present in the initial stages of low- pressure crystallization of a 
given tholeiite. III constructing the diagram, the Fo-Ab-Di-Q. tetrabedron 
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Figurt 3.29 The low-pressure tholeiitic bualt phase diagram after Cox tt al. (1979). The inset shows that 
the projection is from nonnati\'e quart:'. onto the critical plane of silica undersalUration 
modified to olivine-plagiodase-clinopyroxene in the Yoder-Ti11cy basal! tetrahedron. 

becomes the Ol- PI- Cpx-Q tetrahedron. T he hypersthene content of the norm IS 

recalculated as an equivalent amount of oli \'ine and quarl7.., and the plolting 
parameters are then calculated from the norm as follo ..... s: 

plagioclase = normative anorthite + albite 
clinopyroxene = normative diopside 
olivine = normative olivine + that recalculated from hypersthene 
quartz = normative quartz + that recalculated from hypersthene 

T he four parameters are calculated as percentages of the total. At this point 
inappropriatc analyses should be screened out. This is when 

normativc plagioclase is < Anso 
ratio (FeO + FC20J)/(MgO + FeO+ FezOJ) > 0.7 % 
K2D > 1.0 % 
% quartz (as calculated above) > to % 

If the rock is appropriate the plotting parameters plagioclase, olivine and 
clinopyroxene are realculated to 100 % and plotted onto the triangular phase 
diagram. 
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(d) Problems /Pilh CIPH' normative projections A word of caution is necessary when 
using C[PW nonnative projections; Presnall I!l al. (1979) noted that small 
uncertainties in the chemical analysis may translate into large shifts in [he projected 
normative composition. This is particularly acute for uncertainties in NazO and 
Si0l> where the direction of shift is parallel to an identified fractional '-Tystallization 
trend. This is also true for the algorithm of Elthon (1983). Thus Presnall et al. 
(1979) make the point that some identified fractional crystallization trends observed 
in ocean-floor tholeiitic glasses could be an artefact resulting from analytical 
uncertainty. Presnall and Hoover (1984) elaborate on this and show that the 
variation in normative quartz in CIPW normative projections of basaltic glass 
compositions may be due to analytical uncertainty, although this feature is not 
apparent in the projection scheme of E!thon (1983). 

3.4.4 Experimental systems for calc-alkaline rocks 

The olivine
clinopyroxene

silica projeclion 
of Grove I!l af. 

(1982) 

The projutiom 
of Baker and 
Egglrr (1983, 

1987) 

Phase rclations and rock compositions of andesitic and related magmas of the 
calc- alkaline suite can also be represented by the diopside-olivine-albite-quartz 
tetrahedron - the silica-saturated part of the Yoder-Tilley (1962) basalt 
tetrahedron. 

Grove et al. (1982, 1983) developed a projection scheme to present low-pressure 
experimental data for andesites in which the phases plagioclase, olivine, augite, 
pigeonite and orthopyroxene are present. The diagram is useful for calc-alkali series 
rocks but may not be applicable for low-albli- silica-rich suites. The projection 
scheme is similar to that of Walker (I af. (1979) for tholeiitic basalts. It is based 
upon a modification of the CMAS projection in which wt % oxide values are 
converted to molecular proportions, alkalis and alumina are converted to NaO{O.5\' 
KOro.5] and AIOr1 .5j, and the mineral components arc calculated as molecular 
proportions as follows: 

sum = Si02 - CaO - 2(KO[o.S) + NaOIO.5] + Cr20 , + TiO~ 
Q = (Si02 - 0. 5(FcO + MgO) - 1.5CaO - 0.25 A10I1.5] - 2.75 

(NaOIO,5] + KO[O.5] + Cr20J + 0.5Ti02)/sum 
PI = 0.5(AIOrl.s] + NaOIO.5\ + KOIO.5j)/sum 
01 = 0.5(FeO + MgO) + O.5(AI0[1.51 - KO[O.5] - NaOlo.Sj 

- CaO - 2Ti02 - Cr203)/sum 
Cpx = Cao - O.5AI0[I.s) + O.5(KO[o.S] + NaO[o.sj)/sum 
Or = KO[o.s/sum 
Sp = (erZ03 + TiOz)/sum 

The values are normalized and projected from plagioclase onto the plane 
quarr-l-olivinc-clinopyroxene. 

Baker and Eggler (1983) use a modification of the projection procedure of Walker et 

al. (1979) in which the projection is made either from magnetite + plagioclase onto 
olivine-diopside-(quartz + orthoclase) or from magnetite + olivine onto 
diopside-plagioclase-(quartz + orthoclase) (Figure 3.30). Quartz and orthoclase arc 
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combined in these diagrams to improve upon thc projection schemes of Walker ( t 

al. (1 979) and Grove i t al. (1 983), which both wrongly imply thallhc residual melts 
are saturated with onhoclase. The procedure is as follows: 

The ferric iron content of thc rock is calculated from Sack I I al. (1980) for T = 
11 50 DC and fOl defined by the Ni- NiO buffer. Under the spceific conditions 
given here, using the temperature - oxygen fugacity relationship givcn by [ugster 
and Wones (1962) for thc Ni- NiO buffer, the expression reduces to: 

In (XF'~'p/ X~~) = 2.9286 - 2.1 5036XsiO, - 8.35 163X"I,o, - 4A95IX ... .o...., -
5.4364XMgO + O.073IXc.o + 3.S41 5XN.,o + 4. 1869X K ,o 

<where XSiO, etc = the mole fraction of s ial , and so on). An alternative version 
of this ,-'({ualion is given by Kil inc er al. (1983). Oxide WI % val ues are convcrted to 
molar proportions: 

magnetitc = FeZOJ 
plagioclase = AIZOj + NazO + KIO 
diopside = Cao + AIP 3 + Nap + KzO 
olivine = (FcO + FeZ0 3 + MgO + MnO + AI20 3 - Cao - NazO - K20)/ 2 
quartz + orthoclase ;: Si0 2 - 2Kl O - (AllOj + FcO - FeZOJ + MnO + MgO 

+ 3CaO + II Nal O + 3K zO)/2 

Baker and Eggler (1983) note that this projection is very scnsiti\'e to small 
differences in NazO concentrations. 

3.4.5 Discussion 

The results of experimcntal petrology playa major role in our undcrstanding of the 
origin of igneous rocks. Ne,'crtheless, on t heir own they can r:l rely gi,'c defini tive 

0; 

PI 0; 

Fo 

I atm I atm 

0; Qz+Or 01 Op, Q +Or 

Fisurt 3.30 Projections from norrnati"e magnetite + olivine onto diopside-plagioclase-(qwrtz + 
orthoclase) (stippled surface on inset diagram) and from norrnath'e nugnetite and plagioclase 
onlo olivine-diopside-(quartz + orthoclase) (h.:m;hed surface on inset diagram) arter Baker 
and Essler (1983), The 1 atm liquidus boundary curve is also shown. 
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answers. Rather they point the way to less probable and more probable options. 
Thus the diagrams presented in this section have their place in elucidating the 
origin of igneous rocks but their interpretation is subject to a large number of 
uncertainties. This means that the results of experimental studies should always be 
taken together with the constraints of other geochemical investigations. 
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, ., Introduction 

A trace eiemenl may be defined as an element which is present in a rock in 
concentrations of less than 0.1 WI %, that is less than 1000 parts per million (ppm). 
Sometimes trace elements will fonn mineral species in their own right but most 
commonly they substitute for major elements in the rock- forming minerals. 

Trace element studies have become a vital part of modern petrology and arc 
morc capable of discriminating between petrological processes than are the major 
elements. Particularly important is the fact that there arc mathematical models to 
describe trace eiemenl distributions which allow the quantitative testing of 
pctrological hypotheses. These are most appliCilblc to processes controlled by 
crystal-melt or crystal-fluid equilibria. 

In this chapter we first develop some of the theory behind the distribution of 
trace elements and explain the physical laws used in tracc element modelling. Then 
various methods of displaying trace element data are examined as a prelude to 
showing how tracc clements might be used in identifying geological processes and 
in testing hypotheses. 

4.1.1 Classification of trace elements according to their geochemical 
behaviour 

TrD Ct dtmtnt 
groupings in tht 

pt dodic tDblt 

Trace elements are often studied in groups, and deviations from group behaviour or 
systematic changes in behaviour within the group are used as an indicator of 
petrological processes. The association of like trace elements also helps to simplify 
what can otherwise be a very unwieldy data-set. Trace elements are normally 
classified either on the basis of their position in the periodic table or according to 
their behaviour in magmatic systems. 

Several groups of elements in the periodic table are of particular geochemical 
interest (Figure 4.1). The most obvious in this respect are the clements with atomic 
numbers 57 to 71, the lanthanides or rare earth elements (REE) as they are 
usually called in geochemistry. Other groups are the platinum group elements 
(PGE) (atomic nwnbers 44 to 46 and 76 to 79) also mown as the noble metals if 
they include Au, and the transition metals (atomic numbers 21 to 30). In 
geochemistry, this latter term is usually restricted to the first transition series and 
includes two major elements, Fe and Mn. 
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Figure 4.1 The periodic table of the elements, showing three main groups of trace clemellts, which are 
of tell treated together in geochemistry because of their relative positions in the table. These 
are the elements of the first transition series, the platinum group clements and the rare earth 
elements. The elements which arc shaded are also important trace elements in geochemistry. 

The elements in each of these respective groups have similar chemical properties 
and for this reason are expected to show similar geochemical behaviour. This is not 
always the case, however, because geological processes can take advantage of subtle 
chemical differences and fractionate clements of a group one from the other. Thus 
one of the tasks of trace element geochemistry is to discover which geological 
processes may have this effect and to quantify the extent of a particular process. 

Trace element When the Earth's mantle is melted, trace clements display a preference either for 
behaviour in the melt phase or the solid (mineral) phase. Trace elements whose preference is the 

magmatic systems mineral phase are described as cotnpatible, whereas elements whose preference is 
the melt are described as incompatible ~ i.e. they are incompatible in the mineral 
structure and will leave at the first available opportunity. Incompatible elements 
have also been called hygromagrnatophile, a term first introduced by Treuil and 
Varet (1973). 

In detail there are degrees of compatibilty and incompatibility and trace elements 
will vary in their behaviour in melts of a different composition. For example, P is 
incompatible in a mantle mineralogy and during partial melting will be quickly 
concentrated in the melt. In granites, however, even though P is present as a trace 
element, it is compatible because it is accommodated in the structure of the minor 
phase apatite. 

It is sometimes helpful to subdivide the incompatible elements on the basis of 
their charge/size ratio. This property is often described as field strength and may 
be thought of as the electrostatic charge per unit surface area of the cation. It is also 
described as the ionic potential of an element and is quantified as the ratio of the 
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valence to the ionic radius. Figure 4.2 shows a plot of ionic radius vs charge for 
most of the trace elements studied in geochemistry. Small highly char~d cations 
are known as high field strength (HFS) cations (ionic potential> 2.0) and large 
cations of small charge arc known as low field strength cations (ionic potential < 
2.0). Low field strength cations are also known as large ion lithophile elements 
(LILE). Elements with small ionic radius and a relatively low charge tend to be 
compatible. These include a number of the major clements and the transition 
metals. Figure 4.2 shows the main groupings of trace elements and highlights the 
similarity in ionic size and charge between some element groups. Elements with the 
same ionic charge and Si7.e arc expected to show very similar geochemical 
behaviour. 

High field strength cations include the lanthanides Sc and Y, and Th, U, Pb, Zr, 
Hf, Ti, Nb and Ta. The element pairs Hf and Zr, and Nb and Ta, are very similar 
in size and charge and show very similar geochemical bcha\'iour. Low field strength, 
large ion lithophile cations include Cs, Rb, K and Sa. To these may be added Sr, 
divalent Eu and divalent Ph - three elements with almost identical ionic radii and 
charge. 

4.2 Controls on trace element distribution 

Most modem quantitative trace element geochemistry assumes that trace elements 
are present in a mineral in solid solution through substitution and that their 
concentrations can be described in terms of equilibrium thermodynamics. Trace 
elements may mix in either an ideal or a non-ideal way in their host mineraL Their 
very low concentrations, however, lead to relatively simple relationships between 
composition and activity. When mixing is ideal the relationship between activity 
and composition is given by Raoult's Law, i.e. 

[4.1] 

where ai is the activity of the trace element in the host mineral and Xi is its 
composition. 

If the trace clement interacts with the major components of the host mineral, the 
activity will depart from the ideal mixing relationship and at low concentrations the 
activity composition relations obey Henry's Law. This states that at equilibrium 
the activity of a trace element is directly proportionaJ to its composition: 

a{ = k{X{ [4.2] 

where V;' is the Henry's Law constant - a proportionality constant (or activity 
coefficient) for trace element j in mineral}. Henry's Law seems to apply to a wide 
range of trace element concentrations (Drake and Holloway, 1981) although at very 
low concentrations « 10 ppm) there are deviations from Henry's Law behaviour 
(Harrison and Wood, 1980). Henry's Law also ceases to apply at very high 
concentrations, although the point at which this takes place cannot be easily 
predicted and must be determined for each individual system. In the case where 
trace elements form the essential structural constituent of a minor phase, such as Zr 
in zircon, Heh.ry's Law behaviour does not strictly apply. 
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Figure 4.2 Plot of ionic radiius \'s ionic charge for trace elements of grological interest. An ionic 
potential (charge/size ratio) of 2.0 subdivides the incompatible elements into low field 
sfrength (LFS) elements, also known as large ion lithophile elements (LlL) and high field 
strength elements (!-IFS). Compatible elements are placed towards the bottom, left-hand 
corner of the diagram. The ionic radii arc from Shannon (1976) and are quoted for eight- fold 
coordination to allow a comparison betwl:cn elements. Some of the first transition series 
metals (transition elements) and the PGE elements, are quoted for six-fold coordination . 

The relatively simple mixing relationships betwt.-en trace elements and major 
clements in their host minerals mean that the distribution of trace elements between 
minerals and melt can be quantified in a simple way, as outlined below. 
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4.2.1 Partition coefficients 

MtIUU""K 
ptmitio,. 

(o4]i&imts 

T he distribution of trace clements between phases may be described by a 
distribution coefficient or partition coefficient (McIntire, 1963). Thc Nernst 
distribution cvefficient is used u tensi\'e!y in trace element geochemistry and 
describes thc equilibrium distribution of a trace elcment between a mineral and a 
melt. T he Nemst distribution coeffi cicnt is defined by: 

""""" ... Kd = C Mnn,,/C elcme!u' [4.3] 

where Kd is the Nem st distribution cvefficiem, and C is the concentration of the 
trace element j in ppm or wt %. An example would be 500 ppm Sr in a plagioclase 
phenocryst and 125 ppm Sr in the glassy matrix of the lava giving a plagioclase/ 
silicate melt Kd of 4 for Sr. The Nernst distribution coefficient as defi ned above 
includes the Henry's Law constants for trace element i in the mineral and in the 
melt and is a function of temperature, pressure and composition of the melt, but is 
controlled neither by the concentration of the trace clement of interest nor by the 
concentration of other trace elements. Similar partition coefficients may be written 
for mineral- fluid or mineral- mineral distributions. A mineral/ melt partition 
coefficient of 1.0 indicates that the element is equally distributed between the 
mineral and the melt. A value of greater than 1.0 implies that the trace element has 
a 'preference' for the mineral phase and in the mineral- melt systcm under 
investigation is a compatible element. A value of less than 1.0 implies that the trace 
clement has a ' preference' for the melt and is an incompatible element. 

An alternative mode of formulation of the partition coeffi cient (although not 
commonly used) is the [Wo-component partition coefficient . T his may be used 
when the trace element is replacing an identified major clement in the host mineral. 
A good example would be Ni substitution for Mg in olivine. In this case the 
partition coefficient (Ko ) is defined by the expression 

KD (iii) = [X;lXjl"""/[X;lX/''''' [4 .41 

where j is the trace element and j is the clement in the host mineral which is 
replaced by i, and X is concentration either in wt % or mol %. 

T wo-elcment partition coefficients have the advantage that they do not vary as 
extensively as single-element partition coeffi cients with changes in melt composition. 

A bulk partition coefficient is a partition coeffi cient calculated for a rock for a 
specifi c element from the Nemst partition coeffi cients of [he constituent minerals 
and weighted according 10 their proportions. It is defined by the expression 

[4.5] 

where D .. is the bulk partition coefficient for clement i, and Xl and Kdl etc. are the 
percentage proportion of mineral I in the rock and the Nernst partition coefficient 
for element j in mineral I respectively. 

In a rock contlining 50 % olivine, 30 % orthopyroxene and 20 % clinopyroxene, 
the bulk panition coefficient (D) for the trace element i would be 

Dj = 0.5 Kd{JJ + 0.3 Kd j
0Jl1 + 0.2 Kd j

Cfll 

Partition coefficients can be determined in natural systems from the analySis of 
minerals and their glassy matrix in rapidly cdOted volcanic rocks. Provided sufficient 
care is given to obtaining a clean mineral sq,arate from unzoned minerals and a 
sufficiendy sensitive analytical technique is used, mineral / matrix or phenocryst/ 
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murix partition coefficients can be very reliable and are frequently used. Many of 
the carly minen1l /mclt partition coefficient measurements are of this type (c.g. 
Philpolts and Schnettler, 1970). 

An altcrnative to using natun11 systems is to use experimental data in which 
synthetic or natural·surting materials are doped with the elcment of interest. This 
approach has the ad\'anuge that variations in temperature and pressure can be more 
carefully monilOred than in natural systems. Howe\'er, it is important to attempt to 
establish Henry's Law behaviour when detennining trace elemcnt partilion 
coefficients, for this then allows the result 10 be extrapolated to other compositions 
and usc to be made of the result in petrogenetic modelling (see e.g. Dunn, 1987). 
Irving (1978) gives an excellent review of experimental determinations of partition 
coefficients up until 1978. 

Many geochemistry tcxts contain compilations of mineral/melt partition coefficients 
for usc in trace element modelling. However, great care must be taken in applying 
these data, for experimental studies have shown that the Ncrnst partition coefficient 
can vary extensively according (Q the temperUure, pressure, composition and 
oxygen activity of the melt. Disentangling these separate effects in cxperimental 
studies and then taking full account of them in petrogenetic modelling can be a 
serious problem. In an elegant study based on a very large number of experiments, 
Green and Pearson (1986) showed how the partition coefficients for the REE in 
sphene vary according to temperature, pressure and rock composition (Figure 4.3). 
Their work illustrates how meaningless a single ml.-oan value for a partition 
coefficient can be, even when the melt composition has been specified. Howe\'er, we 
are nOt always in the fortunate position of having as much infonnation available as 
this and it is often necessary to 'make do' with the available data. Below we discuss 
the extent to which different variables may affect partition coefficients. 

(a) Compolition Without doubt, melt composition is the most important single 
facto r controlling mineral/melt partition coefficienlS. T his was demonstrated in 
studies by Watson (1976) and Ryerson and Hess (1978), who showed that elements 
partitioned between immiscible acid and basie melts show distinct preferences for 
one or other type of melt. It is for this reason that the partition coefficients listed in 
Tables 4.1 to 4.3 arc grouped according to rock type and the sil ica content of the 
melt. T he composition control of mineral/melt partition coefficients between the 
REE and hornblende is illustrated in Figure 4.4. 

(b) Ttmperatuft A number of experimental studies show that partition coefficients 
are a function of temperature (Figure 4.3). For example, Dunn (1987) found that 
the partition coefficients for Lu between olivine and basalt, and Lu and Hf between 
clinopyroxene and basalt, all decrease with increasing temperature. 

Sometimcs unravelling the separate effeclS of temperature and composition can 
be difficuh, especially where the liquidus temperature of a melt is a function of 
composition. Such is the problem with Ni partitioning between olivine and a 
basaltic melt. Two eJ(perimentai studies, published at the same time, seem to show 
conflicting results. Leeman and LindslrOm (1978) show~ that the prime control on 
the olivine partition coefficient for Ni in a natural basaltic melt was temper.ature 
whilst Hart and Davis (1978) showed that there is clear inverse correlation between 
the melt composition and partition coefficient. To resolve the apparent conflict 
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Tabl~ 4.1 Mineral/melt partition coefficienls for basaltic and basaltic andesite liquids 

Olivine ""'" Oinopyroxene Hornblende Pltt"l!- Plagioclase Gamel Mag- Sphme 

pyroxene opile n .. ile 

Ob '''''' 0.022 0.031 '" 306 0.071 0.042 

S, 0.0140 ''''' ,.""' '" 0.081 1.330 0.012 

'" .0099 0,013 0.026 0,41 1090 0.230 0.023 

K '"'" 0.014 0.038 '" 0. 170 0.015 

(Rd) (0) ''l (' ( (81 
J 0.010 0. 18 ,,., 100 0.03 0.030 ' .00 0.20 

TO 0,020 0.10 , .. 00 I SO ,." ''''' '.30 ' SO 

" 0.012 0,18 0.100 'SO I.- ,."' 0.048 O.om 0.65 0.10 

Hf O.OD 0.263 'SO 1.5135 0.051 0,0115 0.45 0.140 0.254) 2.0-4.0 

Nb 0,010 0.15 0.005 0.80 100 0.010 0.02 , . ., 4.65 

T. 0.013 ' .06 1.0-10 IJ 

Th 0,030 O.SO 0.010 

U 0.002 ''''' 0.10 0.010 

' Rd) ," ,21 ," ," ,21 (31 '" ''l (II (II (21 (61 (I I (l) 'Si (51 

r.. 0.0067 0.056 0.25 0.54-42 0, 190 0.14n 0.001 0,026 1.5---1 ,0 

C. 0.0069 0._ 0.02 0, 15 0,092 0.20 0.32 0.8430 0,034 0,120 0.111 0.0815 O.oJ 0.007 0.051 l.J-l.O 

" Nd 0."" 0.0059 O.oJ 0.11 0.230 0.J3 UN5 0.032 0.081 0.'" 0.0551 0.07 0,026 1.00.i.O 

Sm 0_ 0.0070 0.05 'SO 0 .. «5 0.52 I., 1.8OH 0,031 0.067 0.072 0.0394 '" 0.102 ,."" 1.1- 2. 2 

'0 ,.., 0.0074 0.05 0.51 0.474 ,., 1.20 1.S565 0.030 0,340 0.443 1.12SS 0.49 0.243 1001 0,(.- 1.5 

GO o.oon 0.01 00 0.0. 0.61 0.556 ''" 2.0165 0,03 0.00 0.071 0.0310 0.91 0,680 2.100 

Th 0,570 1.30 0.705 1.0-2.0 

OJ ,- 0.0130 0.15 '" 0.581 '.M 2.0235 0,030 0.055 ' .063 O.02ZS 3.17 1.940 4.100 

H. 1.675 13.200 

" 0.0110 0.0256 O.D 0, 65 0.583 0.55 1.7400 0,034 '.00 0.057 0.0202 6.56 4,700 

Tm 1.0-2.0 

Yb 0.0140 0.0+91 0.34 0.62 0.5+2 ,." 1.20 1.6-420 OJ~2 0.067 0.056 0.0232 1154) 6.167 35.60 0.9-1.8 

Lo 0,0160 0.0454 0.42 '56 ' .5<16 0.43 1.10 1.5625 '''' 0.06 0.053 0.0187 11.90 6.954) 41.00 

N; 5.9-29 S 1.5---\4 6.' "., 
Co 6.", L-< 0.5---2.0 200 0.7- 1.8 0,955 0"" , .. 
V 0.06 ' 6 U5 , . ., 26.0 

C. ,.'" 10 ,. 12.5 0,6---2.9 !.liS 0.0.0 IHO 

" 0.17 1.2 1.7- 3.2 2.2--4 ,2 '.;00 ''''' M. U S I' 0.3-L2 

Dau from compilotion of Anh (1976); com pilotion of Pearu and NDrT)" (1m); Green tI QI. (1989); Schock (1m), Fuiimal;'1 "I. (1984); Dostal tI 

.1. (1983); compilation of Htndmon (1982); Leeman and Lindstrom (\978); Lindstrom and WeiU (\978); Green and P .. "",n (1987). Rll dm: ( I) 

compilotion of Anh (1976); (2) Fuiimaki rI III. (1 984); (3) basaltic com pooilions (Anh, 1976), Eu from Green and Pearson (I98Sa); (4) basalric 

andesite (Doslal .1 III., 1983); (S) Schock (1m); (6) mean of two basalric andesi\e5 SiO, = 5S % and 57 % from Fuj;maki .1 .1. (1 984); (7) mean O)f 

2 bualla + 1 buanile + 1 olkali o~vine built (Irvin, and Frey, 1978); (8) haWliite (SiO, = ..a.7 %) (I .... in' and Frey, 1978). 
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Tahl~ 4.1 Mineral/melt partition coefficien ts for andesitic liquids 

0Ii~i"" Onhop)·,.u~ Oinop)f"01eM Horn"""'" Plapoclast 

(!ld.) ,I) '" (8) 13,8) ,S) ,I) In .. O.Oll O.OlO O.OU 0.'"' 0.053 0.07(1 

" 0.032 0." O.Oll 0.2-0." 2.82 UOO ' .800 

"' 0.011 O.OlO 0.'" 0. 100 0.503 o.m 0.] 61) 

K 0.01 4 O.OlO 0.011 0.11 0.]11 0.110 

(Rd.) (6.7) ,I) '" (6) '" (6.7) (6) 'S) '" y 0.010 0.450 ' .lOO BOO 0.""' 0.013 

Ti 0.03 0.2SO 0 .... '00 O.OSO 

" 0.010 0.'" 0.100 0.162 0.270 , ... 0.013 0.010 

)" 0.05 1 0.100 0. 173 0.250 O.ot5 

" 0.010 0.350 0.300 (]OO 0.025 

To 

Th 0.010 O.OSO 0.0 10 O.ISO 0.010 

(Ref.) ,I) 
'" 'I) ") (7) 'I) ") 'I) ,S) (8) '" 

" O.OJI 0.047 O.lOO 0.302 0.228 

C. 0.028 0.050 0.030 0.08< 0.250 0.'" O.lll 0.1l6 0.]86 0.200 

" Nd 0.028 0.047 O.18l 0.645 O.H9 0.115 0.H3 

Sm 0.028 0.100 0.082 o.m 0.750 0.954 1.2-3.0 0.102 0."" 0.117 0.110 

" 0.028 0.120 0.069 0.800 0.68] 1.114 0.'" 0.376 0.110 

Gd 0.019 0.1J2 O.S83 U50 0.067 0.056 0.054) 

Tb 

0,. 0.076 o.m 0.n4 , ... 0.050 0.0 .. 5 0.126 

H. 1.'>-3.0 

b o.m 0.3 14 0.'" 1.330 0.045 0.'"' O.O~ 

T. 
Vb 0.25-4 0."" 0."38 0.6Jl 0900 . '200 1.2-2.1 O.CKl <1.029 0.050 

L. 0.ll1 0."6 0.665 0.039 0.'" 0.031 

(Rtf.) '" (7) (7) (7) (7) 

Ni 58.00'1 8.000 6.000 10.000 0.010 

Co 6.000 2000 1l.000 0.010 

V 0.080 1.100 l.loo J2.0IXl 0.010 

C, 34.0IXl 13.000 20.000 20.000 0.010 

S< 0.300 2.000 2000 10.000 0.010 

(1) Flliibmi .. .I. (1984), sample No. 8. 

(2) ' .... ·in' and Frey (1978): an<kr;i,e, SiO,- 6O.i'II wI % 

(3) G ....... and Parwn (Ins.): inler,dl,e(] from Fj~ J. 

(4) REf..: Grten iUId P.:vson (l9&J~ " 7.5 kb: n1ucs incraoc with pn:a;<= "'b,T.: G,"", 11.t. ( 1989). 

(5) D .. lltt iUId Weill (1975): Eu ,-allit fur EII)-. 

(6) Pcarnt:ond Norry ( 1979): inW"mfdial~ c:ortIpocirions. 

(7) Compilation of GiU ( 1981): 7 .. in Cpl: Wa_:and Ry~ ( 1986). 

(3) Philpons mel Sdu>eulcr (1m): and Sdultulcr and Philporu; (1'171) . 
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0.... ~bJMIi'" S,hm< 

'" '" ") 
0.010 0.010 

0.010 0""' 
0.010 

0.010 0.010 

(2,6) (6,7) ") 

11.(10 O.lOO 

0.500 ' .000 
0.500 0.200 

0.570 

'000 6. 100 

17.000 

0.100 

(2) '" 1<) 

0.076 2.00 

0.200 

1.15O 0.300 10.000 

1.SlO 0.2SO 

5200 

7.100 

23.800 10.000 

Sl.ooo O.ISO 

57.000 6.000 

(2,7) (7) 

0"" 10.00'1 

(800 8.00 

8.000 30.000 

22.0IXl 12.000 

2900 2.000 
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TOlbit 4.3 Mineral/melt panition coefficients for dacitic and rhyolitic melts 

()nhopytQ"'~ OinopyroIenc: Hornblende 

(It"-) (2) IJ) ") In '" I' ) ") In 1(1 '" 
" O.OO} 0.032 0.014 

" 0."" 0.516 o.on 

'" O.OOJ (1 .10) 0.1lI (1.+0) 0 ..... 

K 0.002 0.605 0.037 0.081 

Co 
Pb 

Y I." <1.1 .... 3. 100 ... 
Ti 0 .... 0"" , .. 
Z, 0200 0.033 0."" 0.18<4 0.3 10 .... 
'" 0.200 (0.00) 0.031 0.633 (0.00) 0.147 

" 0."'" 0.800 ' .000 
T. 0.165 ( 1.14) 0."" (0.75) 

" 0. 1)(1 (6.53) 0.150 (5.99) 

U 0.145 (0.28) (0. 21) 

... 0.780 .... 0.015 1.110 0."" 0.015 

C. O.ISO 0.930 ... 0.016 0.500 1.8.13 I ." 0.'" 0 .... 1.S2O 

P, 

NO 0.220 1.2SO .... 0.0]6 1.1 ]0 ' .300 2.]00 0.]66 2.890 4.260 ... 0.210 I."" (U7) 0.01 7 1.670 5.l33 (1 0.65 ) O.iS7 ,.'" '.no 

'" 0.]70 0.825 (1.85) '''' 4.]00 (5.('0) 0.411 ,.." 5. 140 

GO 0."" o.on I.8SO 0.>03 HOI 10.000 

Th 1.850 (J.5O) UJ3 (9.25) 

(I, 0 .... I ." (l.85) 0.0.1 1.930 '.300 (8.90) 0.176 ' .200 U.OOO 

"" " 0."" o.on '" 0"" 5.'" 12.000 

Tm 

'" 0.'" , .ZOO (US) D.llS 1.580 .", (4.55) 0 .... .. "" 8.J80 

L. 0000 l.2)(J (2.70) O.IY4 I."" S.9lJ (4.30) 0.'" 4.530 5.500 

Ni 

C. (140) (72) 

Y 

C, 

" 18.000 (22.0) S3.1XXl (89.50) 

M. 4S.SOO (57.0) 32.667 (28.35) 

(I)ltb-K and Rf.E Anh (1976), dacite$; lib! b nlo.oe from Wmoo ODd U:arriooa (1983). 

(2) Rb-K and II..EE.: Anh (1976), rhyolites. Y- I'/b J'eam, and NOI"T)" (197'9), acid I"IJIML 

(3) NMh and C".rKraf1 (1985), rhyolirc. - SiOl 71 .9-76.2 .., %. 

"KKit( 

(I) '" ,."" UtO .,20 .,,, ' .700 

0.030 

O.OH 0.320 

0 ..... 0.200 

0.058 0."" 
O.B S 0.240 

0.081 0.280 

0.007 0.200 

0.162 0.350 

0.]79 0.'" 
0. ]S5 O.J JO 

G_ 

IJ) I., I I) (I) 

,.zoo ' .ZOO 0"" 
0 .... 7 0.015 

2J.5JJ 5.367 0.017 

o ZOO , ... , ... 
0.767 

1.2JJ .15.000 

1.200 

1.197 J.200 

0.703 0.600 ' 300 
6.367 

1.567 J.3.f{1 

0.997 1.217 

0.771 0.167 

5.11l 3.180 0.390 

4.l57 2.803 0.3SO 0."" 

,.'" UJ} 0.530 0.'" 

2.117 1.550 ,.'" Z.OJS 

' .020 0.1167 1.500 O.SIS 

10.500 .,,, 
1.957 1.053 11.900 

1.120 0.&23 28 .... 

28.050 

42.800 

1.473 0.537 J9.900 H 47S 

1.617 0.613 29.600 39.775 

88.667 2.625 

19.650 5. 2.13 ' .700 
13.633 ]5.567 15.950 

124.530 10.367 

(4) Mahood and Hjldmh (1983), Jbrb-oiIica rl>yoIit<S - SiO, 75-71.5 .., %. For pyrou"cs, \IIh* in ponnlhcscll (Mahood & HiLdrfth, 

1983); ome.- .. alues: Mic:had (1988>-
(S) 1"", ODd F"tq (1978)' dacit<S and rhyolites _ SiO, 62..89-70.15 ... %. 

(6) ~'lIjitnW (l986), dM:it .. - SiC, 63.2]-64.86 ... %. 

(7) FlljimW " .t (1984), cIo<Xc No. 7 - SiOz 70.81 ... %. 
(I) NII,To; Green and !'catton (1987), 1nChyte. II.f.E inlCfpOlllcd from Fiturc 3 of Grttt. " ~. (1989). 

(9) Broob II ~. (19'1). 
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12.500 

0.800 

1.883 3.LOO 

3500 

3.167 106.000 

""" ";00 

0.517 3.200 

un 7.100 ,.., 3.800 

2.267 lhOO 

2.833 ... 
LOL3 2.500 

1.267 6.500 
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Q,u," PI. g;ocw., K-feldsp;lr "p;lt;t. Z;rcon Sphene I Allan;te 

, , 
(3) )I) '" )3) )2) (3) ''I '" (6) H) (h) (8) (.) ") (Ref.) 

0.1141 """ O.(HI 0.105 0.340 L7SO 0.487 '" '"'" HOO 15,633 3.870 5.<00 J ,760 S, 

0,022 0.360 0.308 L,515 6.1201L4SO O)() "' 0,013 0.263 0.100 K 

0.029 0,105 0.195 0,032 3.15 Co 
0,972 2,473 Ph 

0.100 0,130 ., , 
O.oJ8 O.OSO 0' T' 

0.100 0,135 0.030 0.' OM b 

0.030 0.148 0,033 0.017 0,73 3193.5 m,so 18,9 Hf 

0."'" "' ' .3 N> 

0."" 0.035 0.010 0.019 47.50 16.5 3.' T. 

0.009 0,0--18 0.013 0,018 76.80 484.0 168,0 Th 

oms 0,093 0.0--18 0,021 340.SO 15.5 <6.7 U 

0.015 0.180 0.080 0.072 14.SO 16.90 US '.0 2594.5 820.0 L> 

0.014 0.24(1 0,270 0.267 OM. 0,037 0."'" 34.7 21.10 16.75 4,11 2278,5 635.0 C. 

~ 

0,016 0.170 0.210 O,2{ll 0.025 0.035 O.oJ8 57.1 32.80 13.10 4.29 1620.0 ~3.0 " 0,014 0.130 0.013 0.165 O.DIS 0.025 0.025 62 ,S ".00 IUD 4.94 21.0 "" 205.0 Sm 

0.056 2.110 2,15(j 5.417 1.130 4,450 '.hOO 30.4 25.SO 16.00 3.31 111,0 81.0 " 0000 ".,., 0.125 0.011 %3 43.90 12.00 6,59 130.0 G' 
0.017 0.025 0.033 37.00 273.0 71.0 ... 
0.DI5 0."" ""'" 0.ll2 0." 0.055 0.052 W.l 34.80 101.5(j 47.40 136.5 D, 

19.0 H" 
0."" 0.055 ".""' 17,2 22,70 135.00 "'SO E, 

Tm 

0.017 0.077 0,i149 ".090 0.012 0.030 0.015 23.9 15.40 527.00 191.0 30.8 8.' n 
0.014 0.062 ""'" 0.092 0." 0.033 0.031 20.2 13.80 641.5(j 26-+.5 10.0 33.0 J.J c, 

N"; 

0.240 16.00 42.5 U, 

V 

189.50 180.0 C. 

0.012 0.053 0.023 0"", 68.65 55.9 '" 0.039 0.365 O.Oll 1.52 IS.I .~ 

Leeman and Lindstrom (1978) fonnulated a complex partition coefficient that 
included the composition effect. They showed that Ni partitioning between olivine 
and basalt is temperature-dependent and concluded that, in this case, composition 
is less important than temperature in detennining the partition coefficient. 

(c) Prm ure One of the most convincing demonstrations of the effect of pressure 
on partition coefficients is the work of Grecn and Pearson (1983, 1986) on the 
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Figure 4.3 The combined effects of pressure, temperature and rock composition on a panition 
coefficient. (a) and (b) The parrition coefficient for the REE Ho in clinopyroxene as a 
function of temperature, for pressures of 2.5, 7.5, 12, 16 and 20 kb in liquids with 50 WI % 
Si02 and 60 WI % Si0 2 (after Green and Pearson, 1985b). (e) and (d) The partition 
ooefficient for Sm in sphene as a rU'ncrion of temperature for liquids with 50, 60 and 70 WI % 
Si02 at 7.5 kb and 20 kb pressure (after Green and Pearson, 1986). Both these diagrams may 
be used to interpolate a value for the partition coefficient for any pressure, temperature and 
composition within the experimentaJ range. These values may then be exttapolated to other 
members of the REE series. I. 

partitioning of REE between sphene and an intermediate silicic liquid. Within a 
small compositional range (56-61 wt % Si02) at lOOO°C Green and Pearson showed 
that there is a measurable increase in partition coefficient with increasing pressure 
from 7.5 to 30 kb (Figure 4.5). One important aspect of this pressure effect is that 
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Figurr 4.4 A plot of the partition coefficients for the rafC earth elements between hornblende and melt 
(log scale) vs atomic number (normal scale) in basalt, basaltic andesite, dacite and rhyolite. 
There is a clear increase in panition coefficient with increasing silica content of the melt, 
amounting to an order of magnirude difference between basal tic and rhyolitic melts. Data 
from Tables 4.1 to 4.3. 

high-level phenocryst/ matrix pair partltlon coefficienls may not be suitable for 
geochemical modelling of deep crustal and mantle processes. However, the effect of 
increased pressure and increased temperature are generally in an opposite sense and 
may to some extent cancel each other out. 

(d) Oxygen activity The most widely quoted example of the control of oxygen 
activity on a partition coefficient is that of the partitioning of Eu2+ between 
plagioclase and a basaltic melt (Drake and Weill, 1975). There is an order of 
magnitude difference in the partition coefficient for Eu between atmospheric 
conditions and the relatively reducing conditions found in natural basalts (Figure 
4.6). This is because europium forms Eu2+ at low oxygen activities and EuJ+ at 
high oxygen activities. Eu2+ and EuJ+ behave very differently in their partitioning 
between plagioclase and a basaltic melt, for Eu2+ is much more compatible than 
Eu3+ in plagioclase. Thus at low oxygen activities partition coefficients for Eu 
between plagioclase and basaJtic melts are high (generally > 1.0) and anomalous 
relative to the other REE (Figure 4.6), whereas at high oxygen activities partition 
coefficients for Eu are low and Eu behaves in a similar way 'to the other REE. 

(e) Crystal lhemislry Onuma et at. (1968), Matsui et al. (1977) and Philpotts 
(1978) have shown that crystal structure exerts a major influence on trace element 
partitioning. Using a plot of partition coefficient (expressed as log to the base to, 
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Figure 4.5 The partition coefficents for selected REE Detween sphene and a silicic melt of intermediate 
composition, plotted as a function of pressure. T here is an increase in partition coefficient 
with increasing pressure in the range 7.5 to 30 kb (after Green and Pearson, 1983). 
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Figurr 4.6 The partition coefficient for Eu between plagioclase and a basaltic melt plotted as function of 
oxygen activity (102) compared with other REE (after Drake and Weill, 1975) 

i.e. 10glO) vs ionic radius (in Angstroms; I A = 10- 10 m), they showed that the 
partition coefficients of elements carrying the same ionic charge in the same 
mineral/meh system exhibit a smooth curve (Figure 4.7). Curves for different ionic 
charge tend to be parallel to each other for the same mineral/melt system. Such 
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Figure 4.7 A plot ofP<lrtition coefficient vs ionic radius (from Shannon, 1976) on an Onurna diagram, 
for the REE between garnet and dacite (dara from Anh, 1976). The tri\'aJent REE and Y 
(with the exception of Ce) define a smooth curve. 

diagrams have become known as Dnuma diagrams. Deviations from anticipated 
patterns may reveal controls on trace clement panitioning other than those of the 
size and charge of the cation. Onuma diagrams can also be ust.'<i 10 estimate the size 
of a distribution coefficient when measurements have been made for a similar 
element . 

(j) Water content of the melt Few studies have been carried out to examine explicitly 
the effects of the water content of a melt on trace element partitioning behaviour. 
However, Green and Pearson (1986) showed that in the case of the panitioning of 
the REE between sphene and silicate liquids the water content of the melt (0.9- 29 
mol % water) has no significant effect on measured partition coefficients. 

(g) Sr/(Cting a partition coefficient Clearly, the most important parameter 
controlling the partitioning of a trace element between a mineral and melt is the 
composition of the melt itself. Once this is established, a partition coefficient should 
be used whose pressure and temperature conditions of detennination most closely 
match those of the system being investigated. 
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A plot of p.lrtition coefficient vs atomic number for the REE in common minerals in basaltic 
melts, Data from Table 4.1. (The hornblende data are for a basaltic andesite.) 

In Table 4.1 partition coefficients afC listed for trace clements in minerals in 
equilibrium with basaltic and basaltic andesite liquids. Following the TAS 
classification these are liquids with silica contents in the range 45- 57 wt % . A 
summary of the REE partition coefficients is presented in Figure 4.8 as a plot of 
partition coefficient vs atomic number. The compilation in Table 4.1 is based upon 
a variety of published sources from experimental and phenocryst/ matrix data. 
Averages are arithmetic means. 

The several sets of REE data shown are generally in good agreement with each 
other. There is however a strong compositional effect on the Kd for the REE in 
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hornblende (Gn.:en and Pearson, 1985a) and so the differences in published values 
for basalts (Arth, 1976) and basaltic andesites (Dostal el al., 1983; Fujimaki et ai., 
1984) may reflect a real difference in the partition coeficients. There may be a 
similar explanation for the differences in partition coefficient in garnet. 

Colson et al. (1988) in a detailed study of trace element partitioning between 
olivine and silicic melt, and orthopyroxene and silicic melt, have shown that many 
partition coefficients are strongly dependent upon temperature and melt 
composition. They show that these partition coefficients vary according to ionic size 
and they have modelled temperature and composition dependence as a function of 
these variables. On the basis of their equations it is possible to predict partition 
coefficients between olivine and melt, and orthopyroxene and melt, for a wide range 
of tri- and di- valent cations under a variety of magmatic conditions. 

Table 4.2 lists partition coefficients for trace elements between a range of rock
fonning minerals and andesitic liquids (57--63 wt % Si02 in the TAS classification). 
A summary of the REE values is given in Figure 4.9. Many published sources of 
partition coefficients treat andesites and basalts together and a comparison of 
Figures 4.1 and 4.2 shows that the partition cC>effieients for the REE are similar 
in basaltic and andesitic liquids. Values for garnet, the pyroxenes and the value 
for Eu in plagioclase, however, are higher in andesites than in basalts. REE 
partition coefficients for hornblende are higher in andesites than basalts, but are 
comparable between andesites and basaltic andesites. Values for the REE in rhe 
pyroxenes vary between published sources; this may in part be due to compositional 
effects. 

The compilation in Table 4.3 compares partition coefficients from a number of 
published sources for dacites, rhyodacitt.-'S, rhyolites and high-silica rhyolites. These 
are rocks which have> 63 wt % Si02 in the TAS classification. A summary of the 
REE values is presented in Figure 4.10. 

A comparison between the REE in rhyolites and in basaltic and andesitic liquids 
(Figures 4.8 to 4.10) shows that values for pyroxenes and hornblende are an order 
of magnitude higher in the rhyolites and that these minerals now show a small but 
measurable negative europium anomaly. The values for the light REE in garnet are 
also higher and the Eu anomaly in plagioclase is much increased. 

Partition coefficients for the REE in anyone of the ferromagnesian minerals are 
variable. This may in part be a function of changing melt composition although 
there are a number of other possible explanations. Firstly, the presence of mineral 
inclusions gives rise to very high partition coefficients in rhyolites with very high 
silica contents (SiOz > 7S %). This may also account for some of the differences in 
the sets of values for biotite. Secondly, it is possible that the changing iron/ 
magnesium ratio of ferromagnesian minerals may also explain differences in 
partition coefficients, although there are currently insufficient data with which (Q 

evaluate this possibility. In the case of pyroxenes the light REE values of Mahood 
and Hildreth (1983) are probably in error and the a1ternative values of Michael 
(1988) are used here. Values for the feldspars are in reasonable' agreement between 
the different published results although the LlL elements Sr, Ba, Rb, Eu and Pb2+ 

show very erratic results in the original data-sets and this is still apparent in the 
mean values in this compilation. This may in part be a temperature effect (Irving, 
1978; Long, 1978) but may also be compositionally controlled, for Long (1978) 
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Fiprt 4. 9 A plol of partition coefficient vs atomic number for the REE in common minerals in 
andesitic melts. Data from Table 4.2. 

noted that the partitioning of Sr between alkali feldspar and a granitic melt is 
sensitive to the concentration of Ba in the melt. Partition coefficients for Eu in 
plagioclase increase with decreasing oxygen activi ty (Figure 4.6). 
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Figure 4,10 A plot of partition coefficient vs atomic number for the REE in common minerals in rhyolitic 
mdts. Data from Table 4.3. 

4.2.2 Geological controls on the distribution of trace elements 

Clearly, a geochemical study of trace clements is only of use if we have some 
understanding of the way in which geological processes control their distribution. 
At present our knowledge is patchy, for some processes are well understood and 
there are mathematical models available [0 describe them. In these areas, principally 
those involving mineral/melt equilibria, trace element geochemistry has had a 
profound impact on geological thinking. Other areas, equally important but less 
amenable to the quantitative approach, are understood qualitatively. In this section 
we review a wide range of geological processes and discuss the way they control 
trace clement distributions. Where there are appropriate mathemat ical models the 
equations are given and the terms used are defined in Box 4.1. 
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Box 4.1 
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Definition of terms used in equations for trace element partitioning between solid 
and melt (S~on 4.2.2) 

c, 

c, 

0" 
D. 
D 

F 

f 

f' 
Kd 
M, 
M. 
n 
p 

, 
x 
y 

Weight concentration of a trace element in the liquid 
Average weight concentration of a trace element in a mixed melt 
In partial melting, the weight concentration of a trace element in the original 
unmelted solid; in fract ional crystallization, the weight concentration in the 
pllrental liquid 
Weight concentration of a trace element in the residual solid during crystal 
fractionat ion 
Weight concentration of a trace element in the residual solid after melt 
extraction 
Weight concentration of a trace element in a steady-state liquid after a 
large number of RTF cycles 
Concentration of a trace element in the wall rock being assimilated during 
AFC processes 
Bu lk distribution coefficient of the residual solids (see Eqn [4.5U 
Bulk distribution coefficient of the original solids (see Eqn [4.5]) 
Bulk distribution coefficient of the fractionating assemblage during crystal 
fractionation 
Weight fraction of melt produced in partial melting; in fractional 
crystalliza tion. the fraction of melt remaining 
Fraction of melt allocated to the solidification zone in in situ crystallization 
which is returned to the magma chamber 
A function of F, the fraction of melt remaining in AFC processes 
Mineral/melt partition coeffic ient 
Mass of the liquid in in situ crystallization 
Total mass of the magma chamber in situ crystallization 
Number of rock volumes processed during zone refining 
Bulk distribution coefficient of minerals which make up a melt (see Eqn 
[4.9]) 
Ratio of the assimilation rate to the fractionation rate in AFC processes 
Mass f raction of the liquid crystallized in each RTF cycle 
Mass fraclion of the liquid escaping in each RTF cycle 

Element mobility Any suite of rocks which has been subjected to hydrothermal alteration or 
metamorphism is likely to suffer element mobility. It is essential, therefore, in any 
trace clement study to demonstrate first that element concentrations are 
undisturbed and original before inferences can be made about the petrogenesis of 
the rock group. 

Trace element mobility is controlled by the mineralogical changes which take 
place during alteration and the nature of the fluid phase. As a generalization, 
incompatible clements which belong to the LFS group (Cs, Sr, K, Rb, Ba -
Figure 4.2) are mobile, whereas the HFS elements are immobile. This latter group 
includes the REE, Sc, Y, Th, Zr, Hf, Ti, Nb, Ta and P (Pearce, 1983). In addition 
the transition metals Mn, Zn and Cu tend to be mobile, particularly at high 
temperatures (see Seewald and Seyfried, 1990), whilst Co, Ni, V and Cr are 
immobile. Such generaJizations are normally valid, although many exceptions arc 
documented. This may be illustrated with reference to the traditionally immobile 
REE. Humphries (1984) shows that there is no simple relationship between the 
degree of mobility of the REE and rock type or metamorphic grade, and emphasizes 
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the mineralogical and fluid controls. For example, the REE may be more easily 
released from a glassy basalt during alteration than from a rod with the same 
composition bm which is crystalline. Again the REE may be mobilized by halogen
rich or carbonate-rich mineralizing fluids in a rock in which they would otherwise 
be stable with respect to the movement of an aqueous fluid . 

A special case of trace element mobili7..ation is in the dehydration of subducted 
ocean floor, a process thought to be pertinent to the generation of calc-alkali 
magmas. Pearce (1983) has suggested that the clements Sr, K, Rb, Ea, Th, ee, P 
and Sm may be mobile in such circumstances. 

Partial melting Two types of partial melting process arc commonly described in the gt.'ologicai 
literature and represent end-member lTlodels of natural processes. Batch melting, 
also known as equilibrium fusion and equilibrium partial melting, describes the 
formation of a partial melt in which the melt is continually reacting and re
equilibrating with the solid residue ar the site of mehing until mechanical 
conditions allow it to escape as a single 'batch' of magma. In fractional melting, 
also known as Rayleigh melting, only a small amount of liquid is produced and 
instantly isolatt.>d from the source. Equilibrium is therefore only achie\'ed between 
the melt and the surfaces of mineral grains in the source region. 

Which partial melting process is appropriate in a particular situation depends 
upon the ability of a magma to segregate from its source region, which in tum 
depends upon the permeability threshold of the source. The problem is discussed in 
some detail by Wilson (1989). Fractional melting may be an appropriate model for 
some basaltic melts, for rt."Cent physical models of melt extraction from the mantle 
indicate that yery small melt fractions can be remoyed from their source region 
(McKenzie, 1985; O'Nions and McKenzie, 1988). More viscous, felsic melts have a 
higher permeability threshold and probably behave according to the batch melting 
equation. It is worth noting in passing that physical models of melt extraction 
describe melt fractions in terms of their volume whereas chemical models describe 
melt fractions in terms or their mass. 

(a) Batch mtlting The concemration of a trace element in the melt CL is related to 
its concentration in the unmelted source Co by the expression 

CL/C, = 11[0.5 + F(I - o.sl] [4.6] 

and the concentration of a trace element in the unmelted residue Cs relatiye to the 
unmelted source Co is 

C5/Co = o.s/[o.s + F(I - o.sl] [4.7] 

where ~ is the bulk partition coefficient (see Eqn [4.5]) of the residual solid and 
F is the weight fraction of melt produced. It should be noted that the bulk partition 
coefficient is calculated for the residual solids present at the, instant the liquid is 
removed, so that solid phases that were present but are now melted out do not 
influence the trace element concentration in the liquid (Hanson, 1978). This 
formulation of the batch melting equation is very straightforward to use. If, 
however, a more complex formulation is sought, then the batch melting equation is 
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expressed in terms of the original mineralogy of the source and the relative 
contributions each phase makes to the melt: 

CL/Co = I / [Do + F(I - P)] [4:8] 

where Do is the bulk distribution coefficient at the onset of mching and P is the 
bulk distribution coefficient of the minerals which make up the melt. P is calculated 
from 

P = PI Kd l + pz Kdz. + P3 Kd3 + . . . [4.9] 

where PI etc. is the normative weight fraction of mineral 1 in the melt and Kd1 is 
the mineral- melt distribution coefficient for a given trace element for mineral I. 

In the case of modal melting (i.e. where the minerals contribute co the melt in 
proportion to their concentration in the rock), Eqn [4.8], simplifies to 

CL/Co = II[Do + F(I - DO)] ... [4.10] 

Even more complex formulations, which allow a phase to be consumed during 
melting, melt proportions to vary during partial melting and variations in partition 
coefficients, are given by Hertogen and Gijbels (1976) and Apted and Roy (1981). 

Taking the simple case where D is calculated for the unmelted residue Eqn [4.6], 
the degree of enrichment or depletion relative to the original liquid (CL/Co) for 
different values of F is illustrated in Figure 4.II(a) for seven different values of D, 
the bulk distribution coefficient. When D is small, expression [4.6] reduces to l/ F 
and marks the limit to trace element enrichment for any given degree of batch 
melting (see shaded area on Figure 4. lIa). When F is small, Eqn [4.6] reduces to II 
D and marks the maximum possible enrichment of an incompatible element and the 
maximum depletion of a compatible element relative to the original source. Small 
degrees of melting can cause significant changes in the ratio of two incompatible 
elements where one has a bulk partition coefficient of, say, 0.1 and the other 0.01, 
but at smaller values of D (0.01-0.0001) the discrimination is not possible. 

Enrichment and depletion in the solid residue in equilibrium with the melt (Eqn 
[4.7]) is shown in Figure 4.11(b) for different values of Fand D. Even small degrees 
of melting will deplete the residue significantly in incompatible elements. 
Compatible elements, however, at small degrees of melting remain very close to 

their initial concentrations. Cox et al. (1979) used this relationship to estimate the 
average content of compatible elements such as Ni and Cr in the upper mantle from 
the composition of ultramafic nodules from which a meh may have already been 
extracted. 

(b) Fractional melting There are two versions of the fractional melting equation. 
One considers the fonnation of only a single melt increment whilst the other 
considers the aggregated liquid formed by the collection of a large number of small 
melt increments. If it is assumed that during fractional melting the mineral phases 
enter the melt in the proportions in which they are present in the source, then the 
concentration of a trace clement in the liquid relative to the parent rock for a givtn 
melt increment is given by the expression 

[4.IIJ 

where F is the fraction of melt aJready removed from the source and Do is the bulk 
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partition coefficient for the original solid phases prior to the onset of melting. The 
equation for the residual solid is 

[4,) 2J 

The general expressions fo r the more probable case where minerals do not enter the 
melt in their modal proportions are given by 

,nd 

I 
Cs/Co = __ -,-(1 - PF/ DrJjIIP 

(l - F) 

[4.13J 

[4.I4J 

where: P is the bulk distribution coefficient of the minerals which make up the melt 
and is calculated from Eqn [4.9]. 

The variation in trace element concentrations re: lati,'e to the original liquid (eL/ Co) 
during fractional melting for a single melt increment at different degrees of melting 
and for different values of D is shown for modal melting (Eqn [4.1IJ) in Figure: 
4.12(a). An enlargement of the region of interest (F = 0-0.1) is given in F igure 
4.12(c). In the range 0-10 % melting, the changes in clement concentrations 
relative to the original source are more extreme than in batch melting, although the 
limiting value of I/ O is the same. 
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Trace element concentrations in the original solid, momentarily in equilibrium 
with the liquid (Eqn [4.12]) are shown for small melt fractions in Figure 4.12(d). 
Incompatible elements are even more strongly depleted than in batch melting 
although compatible element concentrations are unchanged relative to the source. 

Where uveral mtlt incmnellls have (olluted together the general exprt!ssion is 

CL/Co =; [1 - (I - PFIDri"] [4.15] 

where CL is the averaged concentration of a trace element in a mixed melt. In the 
case of modal mehing Eqn [4.15) simplifies to 

The numerical consequences of fractional melting where the melt increments are 
collected together in a common reservoir are illustrated in Figure 4.12(b). This type 
of fractional melting is indistinguishable from batch melting except for compatible 
elements at very large degrees of melting (cf. Figure 4.1la). 

Crystal Three types of fractional crystallization are considered here - equilibrium 
fractionation crystallization, Rayleigh fractionation and in situ crystallization. 

(a) Equilibrium crystallization The process of equilibrium crystallization describes 
complete equilibrium between all solid phas~ and the melt during crystallization. 
This is not thought to be a common process although the presence of unzoned 
crystals in some mafic rocks suggests that it may be applicable on a local scale in 
some mafic magmas. The distribution of trace elements during equilibrium 
crystallization is the reverse of equilibrium melting (page 121), and the equation 
therefore is 

CdCo = II[D + F(I - D)] [4.17] 

In this case Co is redefined as the initial concentration of a trace clement in the 
primary magma, F is the fraction of melt remaining and D is the bulk partition 
coefficient of the fractionating assemblage. The enrichment and depletion of trace 
elements relative to the orginal liquid may be deduced from Figure 4. 1 l(a), the batch 
melting diagram, but in this case the diagram should be read from right to left. 

(b) Fractional crystallizationlRayltigh fractionation More commonly crystals are 
thought to be removed from the site of formation after crystallization and the 
distribution of trace elements is not an equilibrium process. At best, surface 
equilibrium may be attained. Thus, fractional crystallization is better described by 
the Rayleigh Law. Rayleigh fractionation d~cribes the extreme case where crystals 
are effectively removed from the melt the instant they have formed. The equation 
for Rayleigh fractionation is 

[4.1 8] 

and the equation for the enrichment of a trace element relative to the original liquid 
in the crystals as they crystallize (the instantaneous solid) CR is given by 

[4. 19] 
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Fi&l4rt 4.12 (a) The enrichment of a tracc element in a melt rclath'e 10 its source (CL/Co) as a function of 
the fraction of melting (F ), during fractional melting for different values of bulk partition 
coefficient (D ). During fractional melting only a very small melt fraction is produced and it 
is instantly removed from the sourcc. (b) The enrichment of a trace element in a melt relative 
to its source eeL/ Co) as a function of fraction of melting (F) and bulk partition coefficient 
(D ) during fractional melting. In this case small melt fractions are removed instantly from 
the source but aggreple together. This process produces very similar results to that of batch 
melting. (c) An enlartement of (a) between values of F of 0 and O. J. (d) The enrichment of a 
trace element in the residual solid relati\'e to the roncentration in the original source (Cl Co) 
as a function of F between values of 0 and 0.1 . 
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The equation for the mean enrichmcnI of a trace element in the cumulate relative to 
the original liquid, i.e. the total residual solid CR. is 

[4.20J 

Rayleigh fractionation is illustrated in Figure 4.13(a), which shows the concentra
tion of a trace element relati,-c to its initial concentration in the liquid at differing 
values of F - the proportion of liquid remaining - for different values of D. For 
incompatible clements there is little difference between Rayleigh fractionation and 
equilibrium cryst:dlization until morc than about 7S % of the magma has 
crystallized, at which point the efficient separation of crystals and liquid becomes 
physically difficult. The limiting case for incompatible elements is where D=O, in 
which case eL/eo = l I P, the same as for equi librium crystallization. It is therefore 
impossible to enrich a liquid beyond this point by fractional crystall ization. Rayleigh 
fractionation is less effective than batch melting in changing the ratio of tv .. o 
incompatible elements, for the curves for 0.1 and 0.01 are very close together 
(Figure 4.13a). Compatible clements arc removed from the melt more rapidly than 
in the case of equilibrium crystallization. 

The CQncentration of trace elements in the instantaneous solid residue of 
Rayleigh fractionation is illustrated in Figure 4.13(b). More relevant, howe"er, is 
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Figuu 4.13 (a) The enrichment of a trace element in a melt relative to its concentration in the parental 
melt eel /Co) as a function of the fraction of remaining liquid (F ) during Rayleigh 
fractionation for different values of bulk partition coefficient (D) . The limiting value of el./ 
c.;, is l / F and the shaded area is the region of impossible values. (b) The enrichment of a 
met element in the instantaneous solid, i.e. the solid which is produced and then 
immediately removed during crystal fractionation, relative (0 the parental liquid (CR/ Co) as a 
function of the fraction of remaining liquid and bulk partition coefficient. (c) The enrichment 
of a rncc element in the residue, i.e. the mean concenmtion in the cumulate, relative to the 
parental liquid eel /Co) as a function of the fraction of remaining liquid and bulk partition 
coefficient (D). Diagrams (a) to (e) are read from right to left, as the value of F decreases 
with fiw:rional aystallizarion. 
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the mean concentration in the cumulate given by Eqn [4.20} and shown in Figure 
4.I3(c) . Relative to concentrations in the original liquid, incompatible element 
concentrations decrease and compatible element concentrations increase with 
progressive fractional crystallization. 

[n reality, of course, crystallization processes probably operate between the two 
extremes of equilibrium crystallization and fractional crystallization, which should 
be seen as limiting cases. 

(c) In situ crystallization Over the past decade new ideas have emerged on how 
crystallization tales place in magma chambers and on how crystals and liquid are 
separated. The view that crystals will separate from a melt through gravitational 
settling has been strongly criticized and is probably strictly applicable only to 

ultramafic melts. Instead it is thought that crystallization tales place on the side walls of 
magma chambers and fractional cryslallization is considen .. tl an in situ proccss in which 
residual liquid is separated from a crystal mush - rather than vice versa - in a 
solidification zone at the magma chamber margin. The solidification zone progressively 
mo\'cs through the magma chamber until crystallization is complete. 

Langmuir (1989) has derived an equation which dl-'Scribcs trace element distribu
tions during in situ crystallization. In order to be able to compare the results with the 
effects offractional and equilibrium crystallization, the equation presented below is for 
the special case where there is no trapped liquid in the solidification zone. 

CL/Co =: (ML/Mo)(f(D-I)/[D( I-:fl+JlJ [4.2 IJ 

Mo is the initial mass of the magma chamber and ML is the mass ofliquid so that 
the ratio ML/ Mo is equivalent to the term F - the fraction of melt remaining and 
used in equilibrium and fractional crystallization models; fis the fracrion of magma 
allocak-d to the solidification zone which is returned to the magma chamber. 
Equation [4.2 1] is similar in form to the Rayleigh fractionation equation but with a 
more complex exponent. 

The effects of in situ crystallization on the ratio of a trace element relative to the 
parental magma (CL / Co) for different melt fractions returned to the magma 
chamber if = 0,1--0.8) is shown for four different bull partition coefficients in 
Figure 4.l4(aHd). The chief differences between in $itu crystallization and 
Rayleigh fractionation may be observed by comparing Figures 4.14 and 4.13(a). The 
limiting case is wheref=: 1.0, which is Rayleigh fractionation. At low values off the 
enrichment of incompatible clements and the depletion of compatible elements arc 
not as extreme during in situ fractional crystallization as in Rayleigh fractionation. 

Contaminalion (a) AFC procw(S It was Bowen (1928) who first proposed that wallrock 
assimilation is driven by the latent heat of crystallization during fractional 
crystallization (see Section 3.3. 1). DePaolo (198lb) and Powell (1984) have derived 
equations which describe the concentration of a trace element in a melt relative to 
the original magma composition in tenns of AFC processes. It is worthy of note, 
however, that AFC processes are difficult to recognize and require a strong contrast 
in trace clement concentrations between magma and wallrock before they can be 
detected (Powell, 1984). The equation for constant values of , and D is 

, 
+ .,--'---= 

(r-l +D) 
CA(I_f') 
Co 

[4.22J 
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Figure 4.14 (aHd) The enrichment of a trace element in a melt relati\'e to the parent melt (eL/c O) as a 
function of the fraction of remaining melt (ML/ Mo - the ratio of the mass of the liquid to the 
mass of the magma chamber), bulk partition coefficient (D = 0.01 , 0.1, 2, 10) and the fraction 
of magma in the solidification wne which is returned to the magma chamber if= 0.1, 0.2, 
0.5, 0.8) during i" situ cryswlization. 

where r is the ratio of the assimilation rate to the fractional crystallization rate, CA is 
the concentration of the trace element in the assimilated wallrock and I' is 
described by the relation 

f' = F-{ ...... I+D)/( ...... I ) 
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runction or the rraction or the remaining liquid (F) and the ratio or the concentration or the 
trace element in the assimilated country rock to the concentration in the parental liquid (CAl 
Co :: 0.1, I, 10) and the bulk partition coefficient (D :: 0.01, 0.1, 1, 2, S, 10) during 
assimilation and rractional crystaJli:r.ation (AFC). T he calculated curves are ror the case where 
the ratio or the rate of assimilation to fractional crystallization (r) is 0.2. 
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Figure 4.16 (aHc) The enrichment or a trace element in a melt relative to the parental melt (eL/co) as a 
runction of the fraction of the remaining liquid (F) and the ratio or the concentration or the 
trace element in the assimilated country rock to the concentration in the parental liquid (C,/ 
Co) and the bulk partition coefficient (D) during assimilation and fractional crystallization 
(AFe). The calculated curves arc for the case where the ratio of the rate or assimilation to 
rractional crystallization (r) is 0.8. 
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where F is the fraction of magma remaining and D is the bulk distribUlion 
coefficient. 

Figures 4.15 and 4.16 depict the enrichment of a trace element rdative to its 
concentration in the parental magma with varying amounts of remaining melt for 
two different rates of assimilation relative to fractional crystallization (r = 0.2 and 
0.8) and three different concentrations of the trace clement in the assimilant relative 
to the parental magma (CA/ea), and different values of D. 

Where the Tatc of assimilation to fractional crystallization is small (r = 0.2) 
incompatible elements behave in a similar manner to Rayleigh fractionation . 
Depiction in compatible elements is less dramatic, particularly when the 
concentration of the trace element in the assimilant is higher than in the primary 
magma (Figure 4.ISc), although for very compatible clements concentrations level 
off after a small degree of fractionation. 

Where the rate of assimilation is high (r = 0.8) and the concentration of the trace 
element relative to the parental magma is small (Figure 4.16a), incompatible 
elements are enriched and there is some separation between incompatible and 
strongly incompatible elements. Compatible elements are strongly depcleted. As the 
trace clement concentration in the assimilant increases relative to the parental melt, 
enrichment increases and even compatible elements arc enriched (Figure 4.16c). 

(b) Zone refining In the section above on partial meiting, it was suggested that 
batch melting and Rayleigh melting represent end-member models of natural 
melting processes. In reality it is likely that melts are neither instantaneously 
removed from the source nor do they remain totally immobile in their source. 
Rather they migrate at a finite rate and continuously react with the matrix through 
which they pass (Richter, 1986). During its passage through unmelted matrix it is 
possible that a melt will become further enriched in trace elements. 

One possible mechanism for such a process is that of 7.one refining (Harris, 
1974), analogous to a metallurgical industrial process, in which superheated magma 
consumes several times its own volume during melt migration and thus becomes 
enriched in incompatible elements. The equation for the enrichment of a trace 
element by lOne refining is 

[4.23J 

where n is the number of equivalent rock volumes that have reacted with the liquid . 
Where n is very large the right-hand side reduces to II D. The extent to which zone 
refining occurs in nature is the subject of debate, however, for a continual supply of 
superheated liquid is unlikely to occur on a large scale. 

The numerical effects of zone refining are illustrated in Figure 4.17, which 
shows the enrichment of a trace element relative to its original concentration for 
the number of rock. volumes consumed (n). For a compatible element with D = 2.0 
the maximum enrichment (lID) is reached when n is about 200, but for 
incompatible elements (0.1-0.01) the maximum enrichment is not reached even 
after 1000 rock volumes. 

DyuMic 1fIWIk1s (a) Dynami, mel/ing To improve upon earlier 'static' models of partial melting, 
Langmuir el al. (1977) proposed a model of partial melting in which a number of 
melting processes take place continuously and simultaneously. The main feature of 
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Figure 4.17 The enrichment of a trace element in a melt rclati" e to the source (CL/CO) as 11 fu nction of 
the number of rock volumes (II ) and bulk partition coefficient (D) during zone refining. 

the model is that there is incomplete melt extraction from the source which means 
that the source, always contains a mixture of melt and residue. Langmuir tt at. 
(1977) used this approach 10 explain the variability of REE patterns from the 
Famous region of the Mid-Atlantic Ridge. 

(b) Tht RTF magma (hambtr In an attempt to view magma chamber processes in 
a more dynamic way O'Hara (1977) and O'Hara and Matthews (1981) proposed a 
model 10 describe Ihe behaviour of trace clements in a periodically Replenished, 
periodically Tapped, continuously Fractionated magma chamber (abbreviated 10 

RTF). They proposed that Ihe life of a magma chamber comprises a series of cycles 
each of which has four stages - fractional crystallization, magma eruption, wallrock 
contamination and replenishment. The concentration of a trace element in a steady
state liquid produced after a large number of cycles relative to the concentration in 
[he replenishing magma batch (ssCB/ Co) is given by the expression 

(x + y)(1 _ 1')0-1 
55CB/CO = [4.24] 

1 - (1-1'-y)(I-1') 

where x is the mass fraction of the liquid crystallized in each cycle, y is the mass 
fraction of the liquid escaping in each cycle and D is the bulk distribution 
coefficient, and where x, y and D do not vary in the life of the magma chamber. 

The degree of enrichment S5CB/CO is plotted against .x in Figure 4.18 for y = 
0.1 and for several different values of D. 
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Fil "ft -1.18 The enrichment of a tra~ element in a steady-srate liquid rdati\'c 10 the conccntr.llion in lhe 
replenishing magnu batch SSCB/~ as a function of the mass fraction of the liquid 
crystallized in each c)'cle (r) and the bulk parrition coefficient (D ) after a large number of 
cycles in a RTF magma chamber. The curves shown here are for the condition y = 0. 1, i.e. 
the mass fraction of the liquid escaping in each cycle is 0.1. AI higher values of y the dcgrct: 
of enrichment of incompatible d ements is reduced . 

In the special case where x + y = I , i.e. when the magma chamber is emptied 
then 

[4.25] 

..... hich is the Rayleigh fractionation equation. 
When D = 0, i.e. in the case of a totally incompatible trace element, 

ssCa/Co = 1 +; 
[4.26] 

and is a measure of the maximum enrichmcni attainable. 
Hagen and Neumann (1990) proposed that RTF processes are continuous rather 

than a series of cycles as suggested by O'Hara and Matthews (1981) and their paper 
usefully includes the FORTRAN 77 oode to implement the two models. 

Sdimentary Trace element concentrations in sediments result from the competing influences of 
proctlSes the provenance, weathering, diagenesis, sediment sorting and the aqueous 

geochemistry of the individual elements. The highest concentrations of trace 
elements are found in clay-rich sediments and most geochemical studies have 
concentrated on th~ lithologies. $elected trace elements may be used to identify 
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particular geochemical processes and fO identify the sedimentary provenance. The 
most important clements in this respect are the REE, Th, Sc and to a lesser extent 
Cr and Co. These elements have very low concentrations in sea and river waters, 
low residence times in the ocean and element ratios which are unaffected by 
diagenesis and mcumorphism. Thus they are transported exclusively in the 
terrigenous component of a sediment and reflect the chemistry of their source. 

Other clements are more soluble. For example, Fe, Mn, Pb and sometimes Cr 
are mobile during diagenesis. Cs, Rb and Ba are fixed during weathering but Sr is 
leached. Immobile elements such as Zr, Hf and Sn may be me<:hanically distributed 
according to grain size and may be controlled by the concentration of heav)' 
minerals. 

4.3 Rare earth elements (REEl 

Ttlbl~ 4.4 

The rare earth clements (REEl are the most useful of all trace clements and REE 
studies haye important applications in igncous, sedimentary and metamorphic 
petrology. The REE comprise the series of metals with atomic numbers 57 to 71-
La to Lu (Table 4.4). In addition, the element Y with an ionic radius similar fO that 
of the REE Ho is sometimes included. T ypically the low-atomic-number members 
of the series are termed the light rare earths (LREEI, those with the higher afOmic 

The nrc earth elements 

Atomic Name Symbol Ionic n.dius for eight- fold 
number coordination -

57 Lanthanum r.. r..'. 1.160 
58 Cerium C< c,'. 1.143 

c,'. 0.970 
59 Pn.csodymium p, p~. I.IZ6 
60 Ncodymium Nd Ndl" 1.109 
61 Promethium Pm Not naturally occurring 
62 Samarium Sm Sm l " 1.079 
63 Europium Eo Eu l + 1.066 

E ,. 
"0 I.Z50 

64 Gadolinium Gd GdH 1.053 
65 Terbium 11> Th" 1.040 
66 Dysprosium Dy Dr'· 1.027 
67 Holmium Ho HOH 1.015 
68 Erbium u u '· 1.004 
69 Thulium Tm Tml+ 0.99< 
70 Ytterbium Yb Yb" 0.985 
71 Lutetium Lo LuH 0.9n 

39 Yttrium Y y" 1.0 19 

• From Shannon (1976), in Angstroms (10-10 m). 
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numbers the heavy rare earths (HREE) and less commonly the middle members of 
the group, Sm to Ho, :are known as the middle REf (MREE). 

4.3.1 The chemistry of the REE 

Tub/( 4.5 

Wakil2 
Analytical 
method NAA 

Chondrite(s) 

The REE all have very similar chemical and physical properties. This arises from 
the fact that they all form stable 3+ ions of similar size. Such differences as there 
are in chemical behaviour are a consequence of the small bUI steady decrease in 
ionic size with increasing atomic number. This is illustrated for ions in eight- fold 
coordinarion stale in Table 4.4. These small diffcrcm."CS in size and behaviour are 
exploited by a number of petrological processes causing the REE series to become 
fractionated relative to each other. h is this phenomenon which is used in 
gL'OChcmislry to probe into the genesis of rock suiles and unravel petrological 
processes. 

A small number of the REE also exist in oxidation states other than 3+ but the 
only ions of geological importance arc CcH and Eu2+. These form a smaller and a 
larger ion respectively, relative to the 3+ oxidation state. 

Chondrite values used in nonnalizing REE (conC(ntrations in ppm) 

Haskin Masuda Nakamura EH:nsc:n Boynton T&M Primitive 
mantle 

NAA IDMS IDMS IDMS IDMS tOMS \'alue 

analysed: Composite Composite Leedey Composite A'·g.CI A'·g.CJ Avg. CJ 
(Ref.) (I ) (2) (3) (') (5) (6) (7) (8) 

'-' 0.340 0.330 0.3780 0.3290 0.244 60 0.3 100 0.3670 0.7080 
Ce 0.910 0.880 0.9760 0.8650 0.63790 0.8080 0.9570 1.8330 
p, 0.121 0.112 OJJ96 37 0.1220 0.1370 0.2780 
Nd 0.640 0.600 0.7160 0.6300 0.47380 0.6000 0.7110 1.3660 
Sm 0.195 0.181 0.2300 0.2030 0.154 00 0.1950 0.2310 0._ 
Eo 0.073 0.069 0.0866 0.0770 0.05802 0.0735 0.0870 0.1680 
Gd 0.260 0.249 0.31 JO 0.2760 0.204 30 0.2590 0.3060 0.5950 
Tb 0.047 0.047 0.0374S 0.0474 0.0580 0.1080 
Dy 0.300 0.3900 0.3430 0.254 10 0.3220 0.3810 0.7370 
Ho O.o?8 0.070 0.05670 0.0718 0.0851 0.1630 
E, 0.200 0.200 0.2550 0.2250 0.166 00 0.2100 0.2490 0.4790 
Tm 0.032 0.030 0.02561 0.0324 0.0356 O.o?<\{) 
Yb 0.220 0.200 0.2490 0.2200 0.165 10 0.2090 0.2480 0.4800 
Lo 0.034 0.034 0.0387 0.0339 0.02539 0.0322 0.0381 0.0737 
Y 2.1000 

(I) Wakil2 t/ til. (1971): composite of 12 chondrites. 
(2) Haskin (I ,,/. (1968): composite of nine chondrites. 
(3) Masuda t/ ,,/. (1973): Leedey chondrite. 
(4) N2hmura (1974). 
(5) Evensen n al. (1978): a"mge of Cl chondrites. 
(6) Boynton (1984). 
(7) Tayklr and Mclennan (1985): 1.5 x "aiues of El'ensen (column (SH. 
(a) McDonough (I .1. (1991). 
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4.3.2 Presenting REE data 

Rare earth element concentt":ltions in rocks are usually normali7,cd to a common 
reference st3ndard, which most commonly comprises the values for ehondritic 
meteorites. Chondri tic meteorites were chosen because they are thought to be 
rclati\'cly unfr:lctionated samples of the solar system dating from the original 
nucleosymhesis. However, the concentrations of the REE in the solar system are 
very variable because of the different stabilities of the atomic nuclei . REE wi th even 
atomic numbers are more stable (and therefore more abundant) than REE with odd 
atomic numbers, producing a zig-zag pattern on a composition-abundance diagram 
(Figure 4.19). This pattern of abundances is also found in natural samples. 
Chondritic normali7.ation therefore has two important functions. Fi rstly it 
eliminates the abundance variation between odd and even atomic number elements 
and secondly it allows any fractionation of the REE group relative to chondritic 
meteorites to be identified. Normalizcd values and ralios of normalized values arc 
denoted with the subscript N - hcnce for example CeN , (La/Cc)N' 

The REE arc normally presented on a concentration vs atomic number diagram 
on which concentrations are normalized to the chondri tic reference value, expressed 
as the logarit hm to the base iO of the value. Concentrations at individual pointS on 
the gr:lph are joined by straight lines (Figure 4.20). This is sometimes referred to as 
the Masuda-Corycll diagram after the original proponents of the diagram (Masuda, 
1962; Cor)·ell tl at., 1963). Trends on REE diagrams arc usually referred to as REt 
' pattcrns' and the shape of an REE pattern is of considerable petrological imerest. 

tot infrequently the plotted position of Eu lies ofT the general trend defined by 
the other elements on an REE diagram (Figure 4.20) and may define a europium 
anomaly. If the plotted composition lies above the general trend then the anomaly 
is described as positi \'e and if it lies below the trend then the anomaly is said to be 
negati\'e. Europium anomalies may be quantified by comparing the measured 
concc.:n tration (Eu) with an expected concentration obtained by interpolating 
betwctn the n~rmal ized values of Sm and Gd (Eu·). Thus the m io Eu/Eu· is a 
measure of the europium anomaly and a value of greater than 1.0 ind icates a 
positive anomaly whilst a value of less than 1.0 is a negative anoma.!y. Taylor and 
McLennan (1985) recommend using the geometric mean; in this case Eu/Eu· = 
E'N/V[(SmNI·(GdNI1· 

(a) DijJicullit$ wilh chondrilt normalization Unfortunately it has become apparent 
that chondritie metcorites arc actually quite variable in composition and 'chondrites 
with "ehondritie" REE abundances arc the exception rather than the rule' 
(Boynton, 1984). This variability in ehondritic composition has given rise to a large 
number of sets of normalizing vales for the REE (Table 4.5) and to date no 
standardized value has been adopted. The variability may be reduced to two factors 
- the analytical method and the precise type of chondrites analysed. Some authors 
use 'average chondritc' whilst others selected CI chondrites as the most 
representative of the composition of the original solar nebula, 

(b) Choosing a stt ofnormaliu'ng values Figure 4.20 shows flat rare earth patterns 
typical of an Archaean tholeiite normalized to the range of ehondritie values listed 
in Table 4.5. The patterns show both variety in stupe and in concentration range. 
T he consensus seems to famur values based upon average chondrite rather than C l 
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atomic number (or an Archaean tholeiitic basalt (sample II - Rollinson, 1983). T he same' 
sample: has been normalized using five different sel:S of values; the numbers refer to the 
columns of normalizing values listed in Table 4.5. 
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chondrites and either the values of Boynton (1984) based upon Evensen el aJ. 
(1978), or the values of Nakamura (1974), with additions from Haskin (( a1. (1968), 
seem to be satisfactory. In fact the two sets of values arc very similar and lie in the 
middle of the range of values currently in use. 

The degree of fractionation of a REE pattern can be expressed by the concentration 
of a light REE (La or Ce) ratiocd to the concentration of a heavy REE (Yb or V). 
Both clements are chondrite-nonnalized. The ratio (La/Yb)N is often plotted 
against either U N or YbN on a bivariate graph and is a measure of the degree of 
REE fractionation with changing REE content. Similar diagrams may be 
constructed to measure the degree of light REE fractionation [(La/ Sm)N vs SmN], 
heavy REE fractionation [(Gd/Yb)N vs YbNJ and Eu anomaly [(La/Sm)N vs (Eul 
Eu·)J in individual REE patterns. 

It has been observed that the concentration of many elements in fine-grained 
sedimentary rocks in continental platforms around the world is similar as a 
consequence of mixing through repeated cycles of erosion. This 'average sediment' 
is often used as the nonnalizing value for REE concentrations in sedimentary rocks. 
A frequently us,,'{{ composition is that of the North American Shale Composite 
(NASq and the recommended values of Gromet (( al. (1984) are given in Table 
4.6 (column 5). Alternatives to NASC in current use are a composite European 
shale (Haskin and Haskin, 1966) and the post Archaean average Australian 
sedimentary rock (McLennan, 1989). Some authors have taken the average 
abundance of REE in sedimentary rocks as a measure of the REE content of the 
upper rontinental crust. This assumes that sedimentary processes homogenize the 
REE previously fractionated during the fonnation of igneous rocks. Thus an 
alternative to shale nonnalization is to use values for average upper rontinental 
crust (Table 4.6, column 8). 

Relative to chondritic meteorites, NASC has about 100 times the light REE and 
about 10 times the heavy REE content and a small negative Eu anomaly (Figure 
4.21). Nonnalization against NASC is a measure of how typical a sediment is, and 
may identify subtle enrichments and deficiencies in certain elements. 

Less commonly some authors normalize REE concentrations to a particular sample 
in a rock suite as a measure of relative change. This is also useful when the REE 
concentrations of the individual minerals in the rock have also been determined, for 
then they can be expressed relative to the concentration in the whole rock. A similar 
fonn of normalization is to express the concentration in a mineral relative to the 
composition of the groundmass; this is frequently used to display mineral/melt 
partition coefficients (Section 4.2.1). 

Interpreting REE patterns 

The REE are regarded as amongst the least soluble trace elements and are relatively 
immobile during low-grade metamorphism, weathering and hydrothennal altera
tion. Michard (1989), for example, shows that hydrothennal solutions have between 
5 x 102 and IIi' times less REE than the reservoir rock through which they have 
passed and therefore hydrothennal activity is not expected to have a major effect on 
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Tab/~ 4.6 Standard sedimentary compositions nred '0' normalizing the REE concentrations ;n 
sedimentary rocks (concentrations in ppm) 

NASC NASC NASC NASC NASC ES PAAS Upper Typical River 
crust seawater water 

(Ref.) (I) (2) (3) (4) (5) (6) (7) (8) (9) (IO! 
(10-12 mol kg- ) 

Lo 39.000 32.000 32.000 31.100 31.100 41.100 38.200 30.000 20.800 425.0 
Co 76.000 70.000 73.000 66.700 67.033 81.300 79.600 64.000 9.640 601.0 
p, 10.300 7.900 7.900 10.400 8.830 7. 100 
Nd 37.000 31.000 33.000 27.400 30.400 40.100 33.900 26.000 21.100 365.0 
Son 7.000 5.700 5.700 5.590 5.980 7.300 5.550 4.500 4.320 SOA 
En 2.000 1.240 1.240 LlSO 1.253 1.520 1.080 0.880 0.823 20.7 
Gd 6.100 5.210 5.200 5.500 6.030 4.660 3800 5.200 83.5 
10 1.300 0.850 0.850 0.850 0.850 1.050 0.774 0.640 
Dy 5.540 4.680 3.500 5.610 97.9 
Ho 1.400 1.040 1.040 \.200 0.991 0.800 

'" '.000 3400 3400 3.275 3.550 2.850 2.300 4.940 64.6 
Ton 0.580 0.500 0.500 0.560 0.405 0.330 
Yb 3400 3.100 3.100 3.060 3.113 3.290 2.820 2.200 4.660 51.7 
Ln 0.600 0.480 0.480 0.456 0.456 0.580 0.433 0.320 
Y 27.000 31.800 27.000 22.000 

(I) North American shale composite (Haskin and Frey, 1966). 
(2) North American shale composite (Haskin and Haskin, 1966). 
(3) North American shale composite (Haskin et a/., 1968). 
(4) North American shale composite (Gromet u al., 19&4) - INAA. 
(5) North American shale composite (Gromet tt al., 19&4) - recommended. 
(6) Average European shale (Haskin and Haskin, 1966). 
(7) Post-Archae:m average Australian sedimentary rock (McLennan, 1989). 
(8) Average upper continental crust (Taylor and McLennan, 1981). 
(9) Elderfield and Greaves (1982), Table I, 900 m sample. 

(10) Hoyle et a/. (1984): River Luce, Scotland; 0.7 J.lm filter. 

rock chemistry unless the water/rock ratio is very high. However, the REE are not 
totally immobile, as is emphasized in the review by Humphries (1984), and the 
reader should be cautious in interpreting the REE patterns of heavily altered or 
highly metamorphosed rocks. Nevertheless REE patterns, even in slighdy altered 
rocks, can faithfully represent the original composition of the unaltered parent and a 
fair degree of confidence can be placed in the significance of peaks and troughs and 
the slope of an REE pattern. 

REE Pal/ems in The REE pattern of an igneous rock is controlled by the REE chemistry of irs 
igntous rocks source and the crystal-melt equilibria which have taken place during its evolution. 

Here we describe in a qualitative manner the way in which the roles of individual 
minerals may be identified during magmatic evolution, either during partial mehing 
in the source region or in subsequent crystal fractionation. In Section 4.9 the 
quantitative aspects of this approach are considered and applied to trace elements in 
general. T he reasoning here is based upon the partition coefficients for the REE in 
the major rock-forming minerals listed in Tables 4.1 to 4.3 and depicted in Figures 
4.8 [04.10. 

Europium anomalies are chiefly controlled by feldspars, particularly in felsic 
magmas, for Eu (present in the divalent state) is compatible in plagioease and 
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Figuu 4.21 Rare earth element abundances in North American Shale Composite (NASq and European 
shale, nonnalized to chondritic values. Data from Table 4.7, columns 5 and 6; normalizing 
values from Table 4.5, column 4. 

potassium feldspar, in contrast to the trivalent REE which are incompatible. Thus 
the removal of feldspar from a felsic melt by crystal fractionation or the partial 
mehing of a rock in which feldspar is retained in the source will give rise to a 
negative Eu anomaly in the melt. To a lesser extent hornblende, sphene, 
clinopyroxene, orthopyroxene and garnet may also contribute to a Eu anomaly in 
felsic melts, although in the opposite sense to that of the feldspars. 

Enrichment in the middle REE relative to the light and heavy REE is chiefly 
controlled by hornblende. This is evident from the partition coefficients plotted in 
Figure 4.4. The REE are compatible in hornblende in fdsic and intermediate 
liquids and the highest partition coefficients are between Dy and Er. Such large 
partition coefficients mean that even a moderate amount of hornblende (20-30 %) 
may dominate the bulk partition coefficient for this range of elements and influence 
the shape of the REE patlern. The same effect can also be observed with 
clinopyroxene, although the partition coefficients are not so high. Sphene also may 
also affect an REE patlem in a similar way although, because it is present usually in 
low concentrations, the effect may be masked by other phases. 

Fractionation of the light REE relative to the heavy ones may be caused by the 
presence of olivine, orthopyroxene and clinopyroxene, for the partition coefficients 
increase by an order of magnitude from La to Lu in these mineraJs. In basaltic and 
andesitic liquids, however, the REE are all incompatible in each of these minerals 
and are only slightly fractionated. 
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Extreme depletion of the heavy REE relative to the light is most likely to 
indicate the presence of garnet in the source, for there is a large variation in the 
partition coefficients of the REE. In basaltic liquids the partition coefficient for Lu 
is more than 1000 times greater than that for La. The effect is less extreme, 
although still large, in felsic liquids. Hornblende in felsic liquids may also account 
for extreme enrichment of light REE relative to heavy, although the range of 
partition coeffients is not as great as in the case of garnet. 

In felsic liquids accessory phases such as sphene, zircon, allanite, apatite and 
monazite may strongly influence an REE pattern for ahhough they may be present 
in only small quantities (often much less than 1 % of the rock) their vcry high 
partition coefficients mcan thal they have a disproportionate influence on the REE 
pattern. Zircon will have an effect similar to that of garnet and will deplete in the 
heavy REE; sphene and apatite partition the middle REE relative to the light and 
heavy, and monazite and allanite cause depletion in the light REE. 

The aqueous geochemistry of the REE is a function of the type of complexes that 
the REE may form, the length of time the REE remain in solution in the oceans 
(their residence time), and to a lesser extent the oxidizing potential of the water. 
The topic is well reviewed by Brookins (1989). The REE contents of ri\'ers and 
seawater are extremely low (Table 4.6), for they are chiefly transported as 
particulate material. When normalized to a shale composite (Section 4.3.2), REE 
concentrations in seawater are between six and seven orders of magnitude smaller 
thai the shale value. River waters are about an order of magnitude higher. 

The REE in ocean waters provide information about oceanic input from rivers, 
hydrothermal vents and from aeolian sources (Elderfield, 1988). On a shale
normalized plot (Figure 4.22) seawater tends to show a gradual enrichment in REE 
concentrations from the light to heavy REE and often shows a prominent negative 
Ce anomaly (Elderfield and Greaves, 1982). This anomaly is expressed as Ce/Ce
where ee- is an interpolated value for Ce based upon the concentrations of La and 
Pr or La and Nd. The ee anomaly occurs in response to the oxidation of eeH to 
ee4+ and the precipitation of ee4+ from solution as Ce02. Eu anomalies in seawater 
reflect either aeolian or hydrothermal input. River water also shows a small negative 
Ce anomaly and an increase in REE concentrations from the light to heavy REE 
(Hoyle t t al., 1984) similar to that observed in seawater (Figure 4.22). 

REE concentrations in sedimentary rocks are usually normalized to a sedimentary 
standard such as NASC, although this practice is not universal and some authors 
use chondritic normalization. 

(aJ Clastic stdiments The single most important factor contributing to the REE 
content of a clastic sediment is its provenance (Fleet, 1984; McLennan, 1989). This 
is because the REE are insoluble and present in very low concentrations in sea and 
river water; thus the REE prescnt in a sediment are chiefly transported as 
particulate matter and reflect the chemistry of their source. In comparison, the 
effects of weathering and diagenesis are minor. Studies such as those by Nesbitt 
(1979) show that whilst the REE are mobilized during weathering, they are 
reprecipitated at the site of weathering. A more recent study shows, however, that 
in the case of extreme weathering the degree of weathering of the source can be 
recognized in the REE chemistry of the derivative sediment (Nesbitt t/ al., 1990). 
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Diagenesis has little influence on the redistribution of the REE, for very large 
water/rock ratios are required to effect any change in sediment chemistry. 

An important study by Cullers et al. (1987), on the effect of sedimentary 
sorting on REE concentrations, found that the REE paUem of the source was most 
faithfully represented in the clay-sized fraction of the sediment. Clay-bearing rocks 
also have a much higher concentration of total REE than other sediments. It is for 
this reason that many authors have used the REE content of the clay ponion of a 
sediment or clay-rich sediments in order to establish the sedimentary processes and 
to identify the provenance. The presence of quartz has a diluting effect on REE 
concentrations, as does carbonate. The presence of heavy minerals, particularly 
zircon, monazite and allanite, may have a significant but erratic effect on the REE 
pattern of an individual sample. 

(b) Chem;cDI sediments Chemical sediments are most likely [0 refl ect the 
composition of the seawater from which they were precipitated. This is seen in 
ferromanganese nodules which show REE patterns that are the inverse of a typical 
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seawater pattern, i.e. they are enriched in light relative to heavy REE and show a 
positive Ce anomaly. This is not a universal feature of ferromanganese noduk'S, 
however, for the composition of chemical sediments also reflects local redox 
conditions and is strongly influenced by post-depositional changes (Elderfield and 
Greaves, 1981). 

4.4 Normalized mutfj·element diagrams or incompatible element 
diagrams (spider diagrams) 

Normalized multi-element diagrams are based upon a grouping of clements 
incompatible with respect to a typical mantle mineralogy. They arc an extension of 
the more familiar chondrite-normalizcd REE diagrams in which other trace 
elements arc added to the traditional REE diagram. They are a particularly useful 
way of depicting basalt chemistry although their use has been extended to all 
igneous and some sedimentary rocks. Mantle values or those of chondri tic 
meteorites are used for normalization and they measure deviations from a primitive 
composition. T he terms 'mantle (or chondrite)-normalized multi-clement diagram' 
or 'incompatible element diagram' do not roll off the tongue with ease and the more 
colloquial 'spider diagram' (or 'spidergram' for an individual pattern) is used 
here. 

4.4.1 Multi-element diagrams for igneous rocks 

Primordial 
(primitive) 

manri(
norma/iud 

spider diagrams 

There are three popular ways of normalizing trace clement data for presentation as 
a spider diagram. These include an estimated primitive mantle composition and 
chondritie meteorites - two 'views' of the primitive undifferentiated earth. Others 
normalize their data to primitive MORB. Each version of the spider diagram has a 
slightly different array of elements with a slightly different order. In detail there are 
innumerable variations on each particular theme, usually dictated by the number of 
trace elements and the quality of their determinations in a particular data-set. This 
state of affairs is not satisfactory and some standardization is desirable. First, 
however, we consider the present 'state of the art' . 

The primitive mantle is the composition of the mantle before the continental crust 
formed. One of the most frequend y used estimates of its composition is that of 
Wood ( I al. (l979a), who employed it as a means of comparing compositional 
variations between basic lavas. Nineteen elements are arranged in order of 
increasing compatibility with respect to a small percentage melt of the mantle. The 
values are given in Table 4.7, column I. Element concentrations are plotted on a 
logarithmic scale (Figure 4.23) and average N-type MORB plots as a relatively 
smooth curve, depleted at the most incompatible end (Figure 4.23b). 
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There arc a number of variations in the list of elements plotted. The most 
common alternative is a 13-element plot reflecting those elements whose 
concentrations arc relatively high in basic igneous rocks and which are readily 
analysed by X-ray fluorescence. Nonnalizing values currently in use are given in 
Table 4.7, columns I to 5. Of these fi ve se ts of values, those of McDonough et al. 
(1992) (a slight revision of Sun and McDonough, 1989) - Table 4.7, column 4 -
are becoming incn.:asingly popular. 

Chondrite- Thompson (1982) proposed that normalization to chondritic values may be 
normalized preferable to the primordial mantle composition since chondritic values arc directly 

lpider diagrams measured rather than estimated. The order of elements (Figure 4.24) is slightly 
different from that of Wood (l al. (1979a) and is to some extent arbitrary but was 
chosen to give the smoothest o\'erall fit to data for Icelandic lavas and North 
Atlantic ocean-floor basalts; it approximates to one of increasing compatibility from 
left to right. As a rule of thumb, concentrations below about ten times chondrite 

Tabf~ 4.7 Normalizing values (in ppm) used in the calculation of '5pider diagrams' and listed in their 
plotting order 
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Figurt 4.23 Tnce element concentrations nonnalizcd to the oomlJOSition of the primordial mandc and 
plolted from left to right in order of increasing compatibility in II small fraction meh of the 
mantle. The normalizing values are those of McDonough t l al. (1992) - Table 4.7, column 
4. (a) Upper and lower continental crust from Wca,'cr and Tamey (1984) - data in Table 
4.8; (b) An:rage N -IYpe MORB from Saunders and Tamey (1984) and OIB from Sun (1980) 
_ data in Table 4.8. 

TaMt 4.8 Trace dement data used in spider diagrams (Figures 4.23, 4.24, 4.26) 
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(I) Upper continental crust (Taylor and McLennan, 1981). 
(2) Lower coorinenul crust (Weaver and Tamey, 1984). 
(3) J\Yenge concinen!al crust (Weaver and Tamey, 1984). 
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Figure 4.24 Trnce element concentrations normalized to the composition of chondriric meteorites and 
plotted from left to right in order of increasing compatibility in a small fraction melt of the 
mantle. The normalizing values are those of Thompson (1982) - Table 4.7, column 6. (a) 
Upper and lower continental crust from Weaver and Tarney (1984) - data in Table 4.8; (b) 
Average N-type MORB from Saunders and Tarney (1984) and orB from Sun (1980) - data 
in Table 4.8. 

approach the detection limit for most techniques and so should be treated with 
caution (Thompson rI ai., 1983). Thompson rt al. (1983) poim out that when 
basalts of varying MgO contents are compared on spider diagrams, there may be a 
very erratic set of patterns arising from the variable effects of fractional 
crystallization. To avoid this confusion they suggest the recalculation of the 
normalized data 10 make (Yb)N = 10.0. This slight oversimplification of the data is 
justified because Yb values in lavas with the same MgO value vary only by a factor 
of about two and the net result is a much clearer set of patterns. Normalization 
values are given in Table 4.7, columns 6 to 9. The more obvious discrepancies 
between valucs in this list arise bccause some authors have used a mixture of 
chondritic and primordial mantle values. 

MORB
normalized 

spidrr diagrams 

MORB-normalized spidergrams are most appropriate for evolved basalts, andesites 
and crustal rocks - rocks to which MORB rather than primitive mantle could be 
parental. This form of spider diagram was proposed by Pearce (1983) and is based 

upon two parameters (Figure 4.25). Firstly, ionic potential (ionic charge for the 
clement in its normal oxidation state, divided by ionic radius) is used as a measure 
of the mobility of an element in aqueous fluids. Elements with low «3) and high 
(>12) ionic potentials are mobile and those with intermediate values are generally 
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immobile. Secondly, the bulk distribution coefficient for the element between 
garnet Iher,wlite and meh is used as a measure of the incompatibility of an element 
in small-degree partial mehs. The elements are ordered so that the most mobile 
elements (ST, K, Rb and Ba) arc placed at the left of the diagram and in order of 
increasing incompatibility. The immobile elements are arranged from right to left in 
order of increasing incompatibility (Figures 4.25 and 4.26). A slighdy different 
version of this diagram is used by Saunders and T amey (1984), who arrange the 
elements into a LlL-group (Rb, Ha, K, Th, Sr, La, Ce), followed by an HFS-group 
(Nb, Ta, Nd, P, Hr, Zr, Eu, Ti, Tb, Y, Vb), followed by the transition metals Ni 
and Cr. These authors proposed that data should be normali7.ed to Zr = 10.0 in 
order to eliminate concentration differences arising from low-pressure crystal 
fractionation. 

The nonnalizing values used by Pearce (1983) are taken from the average 
MORB of Pearce n (J/. (1981) and are given in Table 4.7, column 10. A longer list 
of clements arranged in a slightly different order is used by Bevins er (JI. (1984) 
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Fi,"" 4.25 The petrogenetic \"ambles that determine the order of clements in the MORS-normalized 
spider diagram of Pearce (1983). The ionic potential (broken line and right-hand scale) i~ the 
ratio of the atomie number to ionic radius and is a measure of the mobility of an element in 
aqueous fluids . Elements with a low ionic potentiaJ «3, i.e. above the dOlled line) arc 
generally mobile in water whereas those with a higher ionic potential arc generally immobile. 
(Note that P has an ionic potential which plots off-sale.) The bulk partition coefficient for 
an element between garnet lherzolite and a small percentage melt is a measure of 
incornpatibiliry (left-hand scale). The immobile elements arc plolted in rank order stamng 
with the most compatible element (on the right). The mobile clements are ordered in a 
similar way 50 that element incompatibiliry increases from the edge to the centre of the 
diagram. 
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Fi!lm 4.26 Tnee element concentntions nonnalized to the composition of avenge MORB and plaited 
as in Figure 4.25. The nonnal izing "alue'S are those of Saunders and Tamey (1984) with 
addi tions from Sun (1980) - Table 4.7, column I I. (a) Upper and lower continen",1 crust 
from Weaver and Tame), (1984) - data in Table 4.8; (b) Avenge N-type MORB from 
Saunders and Tamey ( 1984) and om from Sun (1980) - data in Table 4.8. 

Which spjd~r 
diagrams do W t 

USt? 

using values from Pearce t t al. (1981) and Saunders and Tamey (1984) (Table 4.7, 
column 11). 

T here is a pressing need for the standardization of multi-element diagrams. Current 
practice is chaotic, some authors not even quoting the source of their normalizing 
values. T his has led to a situation where it is impossible to compare one spidergram 
with another. Rock (1987b) has argued for a set of standard mul ti-element diagrams 
with a universal set of consistent normalizing values - not necessaril y 'perfect 
values', but ones which are universally accepted. The price of standardization is 
that some authors may have to sacrifice some clements of personal preference from 
their private version of a multi-element diagram. For igneous rocks two multi
element diagrams are sufficient: one to compare rock chemistry with a 'mantle 
source' and another to compare rock chemistry with ' the: most abundant volcanic 
rock' - MORn. To maintain consistency with REE plots and to avoid a measure 
of subjectivity implicit in mood s of the: primordial mantJe, the chondrite model is 
recommended and the clement order and normalizing val ues of Thompson (1982) 
(Table i.7, column 6) should be adopted. T hese values utilize the REE data of 
Nakamura (I97i) and thus provide some consistency with REE plots. A condensed 
version of the diagram is pcrmissible if the full range of trace elements have not 
~n determined, although the reader should be aware of the possibility of induced 
anomalies resulting from missing elements. The standard diagram and normalizing 
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\'alucs for the MORB source should be those of Pearce (1983) (Table 4.7, column 
10), since this is the most widely used and the most objectively based (Rock, 
1987b). 

Multi-element diagrams contain a more hClcrogenc..'Ous mix of trace elements than 
do REE diagrams. Consequently they onen show a greater number of peaks and 
troughs reflttting the different behaviour of different groups of trace clements. For 
example, ronms! the behaviour of the more mobile LlL clements (Cs, Rb, K, Ba, 
Sr, Eu) with the less mobile HFS clements (Y, Hr, Zft T i, Nb, Ta). On the one 
hand the LIL element concentrations may be a function of the behaviour of a fluid 
phase, whilst the HFS clement concentrations arc controlled by the chemistry of 
the source and the crystal/melt processes which have taken place during the 
c"olution of the rock. Partition coefficients for the HFS clements in the major rock
forming minerals in a range of melt compositions are summarized in T ables 4.1 to 
4.3. 

Of the less mobilc elements, mineralogical controls on thc d istribution of the 
REE have already been discussed. Othcr clcments are oflen strongly controlled by 
individual minerals. For examplc, Zr concentrations may be controlled by zircon, P 
by apatite, Sf by plagioclase, Ti, Nb and T a by ilmenite, rutile or sphcnc. Negative 
Nb anomalies are also characteristic of the continental crust and may be an indicator 
of crustal invoh'cment in magma processes. 

More mobile UL eiemem conccntrations may be comrolled by aqueous flu ids 
but these elements are concentnted in the cominental crust and can also be used as 
an indicator of crustal contamination of magmas. 

4.4.2 Multi-element d iagrams for sediments 

The processes controlling the tn ce element composition of sedimentary rocks may 
be investigated using normalization diagrams similar to those for spidergrams 
discussed 'above, although they are not as widely used as their equivalents in 
igneous petrology. Differem normalization values are employed for different types 
of sediment, each representing averagc Phanerozoic values for the panicular 
sediment (see T able 4.9). The most commonly used normalizing values are those 
for a\'eragc shale such as avcn ge post-Archaean shale and the Nonh American shale 
composite (NASq, representing 'average crustal material' , although average upper 
continental crust is also used. Wronkicwicz and Condie (1987), in a study of 
Archaean shales, plot 15 elements representing the LlL, HFS and transition metals, 
normalized to NASC. In clays which contain a variable amount of carbonate 
material, samples are better normalized against the most clay-rich, carbonate-free 
sample in the suite in order to emphasize the difference in trace clement chemistry 
between the clay and carbonate-rich components (Norman and De Ded:ker, 1990). 

T he avenge trace element concentration in a Phanerozoic quarttite is given by 
Baryta and Condie (1990) for 18 elcments; these values may be used in quanzjte 
normalization (Table 4.9). Tnce elements in marbles and calc-silicate rocks were 
normalized to average Phanerow ic limestone (Condie i t QI., 1991). The normalizing 
values are listed in Table 4.9. To minimize the effttt of varying amounts of 
carbonate, Condie it QI. (1991) also normaJi7.ed their elemental concentrations to 
AIIO}. 
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Table 4.9 Normalizing valucs for muhi-element diagrams for sedimentary rocks (values in ppm) 

Inttrpreting 
multi-element 
diagrams for 

5edimenrs 

(Ref.) 

N, 
AI 
K 
C. 
S, 
Ti 
V 
C, 
Mn 
F, 
Co 
Ni 
A, 
B, 
Rh 
S, 
Y 
Z, 
Nh 
Sh 
G; 

"' L> 
Co 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Hf 
T, 
W 
Ph 
Th 
V 

NASC 

(I, 

7479 
89471 
31546 
24303 
14.90 
4676 

124.50 ...... 
39565 
25.70 
58.00 
28.40 
0.69 

125.00 
142.00 

200.00 

2.09 
5.16 

636.00 
31.10 
66.70 
27.40 
5.59 
U8 
0.85 
3.06 
0.40 
6.30 
1.12 
2.10 

12.30 
2.66 

(I) Gromet n al. (1984). 
(2) Taylor and McLennan (1981). 
(3) Condie it aJ. (1991). 
(4) Boryta and Condie (1990). 

A"erage 
upper crust 

(2, 

28200 
84700 
27400 
25000 
10.00 
3600 

60.00 
35.00 

600 
35000 
10.00 
20.00 

110.00 
350.00 
22.00 

240.00 
25.00 

3.70 
700.00 
30.00 
64.00 
26.00 
4.50 
0.88 
0.64 
2.20 
0.32 
5.80 

15.00 
10.50 
2.50 

Average 
Phanerozoic 

limestone 
(3) 

5294 

)199 

15.00 
651 

3777 

15.00 

20.00 
400.00 

5.00 
20.00 

l.50 

85.00 
5.00 

10.00 

0.20 

7.00 

Average 
Phanerozoic 

quartz arenite 
(" 

2647 

1.00 
1499 

10.00 
30.00 

3777 
1.50 
5.00 

40.00 
5.00 

200.00 
20.00 

350.00 
4.00 

0.50 

3.50 
2.00 

3.00 

Cullers (1988) showed that the silt fraction of a sediment most doscly reflects the 
provenance of the sediment. The feldspars and sphene control concentrations of Ba, 
Na, Rb and Cs; ferromagnesian minerals control the concentrations of Ta, Fe, Co, 
Sc and Cr; Hf is controlled by zircon; and the REE and Th are controlled by 
sphene. The ratios La/Sc, Th/Sc, La/Co, Th/Co, Eu/Sm and La/Lu arc also 
good indicators of provenance. 

T he effects of the extent of wC3thering and its influence on sediment 
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composition were assessed by Wronkiewicz and Condie (1987) using the alkali and 
alkaline t!arth element content of sediments. They showed that large cations (Cs, Rb 
and Ba) are fixed in a weathering profile whilst smaller cations (Na, Ca and Sf) are 
more readily leached. In day-bearing rocks with a carbonate content, the elements 
Mn, Ph and Sf are chiefly containt.-d in the carbonate component and anomalous 
values of these clements may provide a signal for the presence of carbonate. 

4.5 Platinum metal group element (PGE) plots 

The platinum groups elements (PGEs) consist of Ru, Rh, Pd, Os, If and Pt (Table 
4.10), The noble metal Au and the base metals Cu and Ni are often included on 
PGE plots. The PGEs can be divided on the basis of their associations into two 
sub-groups - the Ir-group (IPGEs - Os, Ir and Ru) and the Pd-group (PPGEs 
- Rh, Pt and Pd). Gold is often associated with the latter group. 

The platinum group elements arc very strongly fractionated into a sulphide 
phase and are useful as a measure of sulphur saturation in a melt. They are also 
potentially useful as an indicator of partial melting in the mamie, although at 
prcsem the appropriate partition coefficients are not sufficiently well known. PGEs 
occur at the ppb level (I part in 109) in basic and ultrabasic igneous rocks but may 
be concentrated in coexisting chromitites and sulphides. The IPGEs are often 
associated with chromite as alloys or sulphides in dunitcs whilst the PPGEs and Au 
arc often associated with the sulphides of Fe, Ni and eu and are found in noritcs, 
gabbros and dunites (Barnes il at., 1985). 

T he platinum group elements (PGEs)· 

Element Symbol Atomic Charge Ionic radiust Melting 
00. (AI point 

(OCI 

Ruthenium R. 44 2+ 0.74 2310 
3+ 0.68 
4+ 0.62 

Rhodium Rh 45 2+ 0.72 1966 
3+ 0.66 
4+ 0.60 

Palladium Pd 2+ 0.86 1552 
3+ 0.76 
4+ 0.615 

Osmium '" 76 2+ 0.74 3045 
4+ 0.63 

Iridium j, 77 2+ 0.74 2410 
3+ 0.68 

Platinum p, 78 2+ 0.80 1722 
4+ 0.625 

• From compilation of Barnes el al. (1985). 
t After Shannon (1976) (lA :: 1- 10 m). 
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POE concentrations are normally detennined by instrumental neutron activation 
although the sensitivity of the method decreases in the order Ir> Au> Rh» Pd> 
Pp Os> Ru. In rocks such as ocean- floor basalts PGE concentr:1tions are so low 
that some elements are below the limit of detection. In this case analysis may be 
limited to the elements Au, Pd and Ir. 

4.5.1 Presenting PGE data 

The platinum grou p elements may be presented in the same way as are the REE 
and incompatible clements and nonnalized to either chondritc mct{.'Orites or to the 
primiti\'e mantle. 

Ckondritt Naldrett eI al. (1979) showed that if PGE and Au concentrations arc chondri te-
normalization normalized and plotted in order of decreasing melting point (sec Table 4.10) they 

define smooth curves rather like REE patterns (Figure 4.27). Normalizing values 
currently in use arc given in Table 4.11 , columns I to 3. The analogy with the REE 
is not dose. however, because the PGEs arc not ordered from light to h{."avy in 
keeping with their order in the periodic table . Further, the twO groups of PGEs. the 
Ir-group and the Pd-group, beha\'e differently; the Ir-group tend to be compatible 
during mantle melting whereas the Pd-group arc incompatible. In rocks with very 
low concentrat ions of PGEs only Au. Pd and Ir may be measurable. This allows the 
slope of the chondrite-nonnalized PGE pattern to be detcnnined from the Ir/ Pd 
ratio, although of course the detai l of the pattern is unknown. Au is not used in this 
instance because it is much more mobile than Pd and is not a rel iable indicator of 
the PGE slope. 

Using [he tenninology developed ror REE panerns, depletion and enrichment 

T(lb/~ 4.11 Normalil.ing values for PGEs, noble metals and a5!>0ciatl:d tn.nsition metals (in ppb) 

Chondrite \'a1 ues Primitive mantle 

(Ref.) ,I) (2) (3) ") 

Ni 21 10000 
___ C, 

Q, 510 514 700 
lPGEs " 510 540 500 
___ R, 690 1000 

Rh 200 
PPGEs p, 1060 1020 1500 

Pd 510 545 1200 
A, 160 152 170 

R, H 

(I) Sun (1982): C I chondrites. 
(2) Compilation of Naldrett and Duke (1980): CI chondri tes. 
(3) Cochcrie ~I (1/. (1989). 
(4) Compilation of Brugmann tl (I /. (1987): primitive mantle. 
(5) Jagoutz ~I (II. (1979): i\'erage of six primith·e mantle nodules. 
(6) Compilation of Sun tt (1/. (1991): fertile mantle. 
(7) Sun (1982): Archaean mantle based upon komatiitcs. 

28000 
3.3 
3.6 
4.3 

4.0 
1.0 

IS) 

2110000 
28000 

(4.0-5.6) 
35 

(7.0) 

0.5 

0.1 

Ferti le ,\rchaean 
manlle mantle 

") (7) 

28000 

4 3.4 

7 7.5 
4 5 
I 0.75-1.5 
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Fi!urt 4.27 Chondrite-normalized platinum group element plot. The data are for J.:omari ite-massive 
sulphide ores from Alexo Mine, northen Ontario (from Barnes and Naldretl , 1986). The 
chondrite-nonnalizing values are given in Table 4.11 , column 2 and are taken from Naldrett 
and Duke (1980). 

relative to the chondrite-normalized curve m:l.y be described as anomalous, although 
in this case there is no Q prion" reason why these variations do constitute anomalies. 
This is illustrated in the ultramafic and basaltic rocks described by B;1.mes tt al. 
(1985) which show positive Pd anomalies and negative PI and Au anomalies. 

Primitiw mantle Brugmann it at, (1987) present a primitive mantle-normalized PGE (Pd. Ru, Os, IT) 
normalization - Au - eu - Ni plot (Figure 4.28). The elements are broadly arranged in order of 

increasing compatibility in the primitive mantl e from left to right across the 
diagram. Primitive mantle values are listed in Table 4.11. Also shown are estimated 
values for the Archaean mantle (Sun, 1982) and the fertile mantle (Sun, ( t al., 1991) 
to illustrate the observation of Brugmann ( I al. (1987) that the estimated 
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Figure 4.28 Primitive upper mande-nonnalized platinum group element (plus Ni, Cu and Au) plot (after 
Brugmann (/ al., 1987). The data are for Gorgona Island komatiites from Brugmann et ul. 
(1987). The nonnaiizing values are also laken from the compilation of Brugmann (/ al. (1987) 
and are given in Table 4.11, column 4. 

concentrations of PGEs in the upper mam]e have not changed since the late 
Archaean. There is some debate over the significance of the mantle concentrations 
of PGEs. They range between 0.005 and om timc..'S chondrite, indicating that the 
mantle may never have had chondritic abundances of PGEs. Gamet and spinel 
lherzolite xenoliths, on the other hand, show flat chondritic PGE patterns, 
indicating that the mantle does at least have chondritic PGE ratios. 

4.5.2 Interpreting PGE patterns 

The fractionation of the PGEs is principally governed by their partitioning between 
solid and melt phases. Unfortunately, partition coefficient data are not available for 
many minerals for the PGEs. One dominant control is that of a sulphide liquid, for 
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whilst sulphide melt/silicate melt partItIOn coefficients arc not well known 
experimentally, they are thought to be very large. Campbell el at, (1983) suggest 
that Kd values for Pt and Pd between a sulphide melt and a silicate melt may be as 
high as 160000 and 120000 respectively. Barnes el al. (1985) state that sulphidel 
silicate melt Kd values for the PGEs are in [he order Os> Ir> Ru> Rh> Pt> Pd. 
Thus PGE fractionation may be used as a measure of the level of sulphur-saturation 
of melt. The extreme fractionation of sulphur undersaturated basaltic melts may be 
due to the compatibility of the WGEs in olivine (Brugmann et al., 1987), indicating 
that they are retained in mantle melting or during fractional crystallization . Barnes 
rr al. ( 1985) investigated the extent to which PGE patterns may be modified by 
alteration and concluded that, whilst Pt and Au may be mobilized, this is not the 
dominant process. 

4.6 Transition metal plots 

The elements of the first transition series (Sc, Ti, V, Cr, Mn, Fe, Co, N i, Cu and 
Zn) vary in valence state and in geochemical behaviour. Quadrivalent Ti is a high 
field strength, incompatible element whilst divalent Mn, Co, Ni, Cu and Zn and 
trivalent V and C r are compalible elements (see Figures 4.1 and 4.2). T ransition 
element plots have been mainly used with basalts as a means of exploring the 
geochemical behaviour of the first transition series. There is no geochemical reason 

T"h/, 4.12 Normalizing values used for transition metals (ppm) 

Chondrite concentrations Primitive mantle concentrations 

(Ref.) ( I ) (2) (3) (4) (5) (6) (7) (8) (0) (10) 

S, 5.8 5.21 \7 \7 
Ti 410 720 440 660 610 1300 1300 1230 1300 
V 49 94 42 '0 49 82 87 59 97 77 
G 2300 3460 2430 2700 2300 314<) 3000 1020 3140 
M, 1720 2590 \700 2500 1720 1010 1100 1000 1010 
Fo 219000 171000 250700 265000 6(000 65000 67000 60800 
0> 475 550 480 800 470 110 110 \05 (05 
Ni 9500 12100 9900 13400 9500 21 JO 2000 2400 21 \0 
C" II, 14<) 110 (00 28 30 26 28 
Z, 350 460 300 50 50 56 53 50 

(I ) Langmuir (t "I. (1977). 
(2) Kay and Hubbard (1978) from Mason (1971): chondrites, wi th Cu and Zn from carbonaceous chondrite. 
(3) Sun (1982): CI chondrites. 
(4) Bougauil it Ill. (1980). 
(S) Wood it Ill. (1979b). 
(6) Sun (1982): primitive mantle (nodules). 
(7) Sun (1982): primitive mantle (partial melting model). 
(8) Kay and Hubbard (1978): model mantle. 
(9) Sun and Nesbin (1977): Archaean mantle. 

(10) Jagoun it "t. (1979): average of six. primitive ultramafic nodules. 
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Figure 4.29 Transition metal concentrations in MORB (from Langmuir i t al., 1977) nonnalized to 
chondri tic values. The nonnal izing values arc taken from Langmuir el a1. (1977) with the 
exception of Fe, which was taken from Wood rt a/, (19i9b) - Table 4.12 . 

for them behaving as a coherent group nor is there any reason why they should 
have been present in the primitive earlh in chondriric concentrations. 

Micl-ocean ridge basalts from the Famous area or the Atlantic show consistent 
trends on chondrite-normalized plots (Table 4.12, Figure 4.29), They show 
progressive depletion from Ti to Ni, and ha\'c a positive Ti anomaly and a negative 
Cr anomaly. Cu and Zn are omitted because they arc more variable and their 
concentrations may not reflect the original igneous values (Langmuir et al., 1977). 
An alternativc normalization scheme is [Q use estimated primitive mantle 
concentrations, (Figure 4.30). These values are given in Table 4.12, columns 6 
to 10. 

In summary, the clements Cu and Zn may be quite mobile during 
metamorphism and alteration and concentrations may diverge rrom expected 
smooth patterns. Anomalies in Ni and Cr concentrations may rellect the role of 
olivinc (Ni) and clinopyroxene or spinel (Cr). Ni and Cu can also be concentrated 
into sulphide melts. Ti anomalies indicate the role or Fe-Ti oxides. 
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Figure 4.30 Transition metal concentrations in MORS (from Langmuir (I aI" 1977) normalized to 
primitive mande values. The nonnalizing values a TC taken from Sun (1982) - Table 4.12, 
column 6. 

4.7 Bivariate trace element plots 

So far in this chapter we have concentrated on th e display of trace element data on 
mulri-element plots. This approach has the advantage of utilizing a large number of 
elements and allowing broad conclusions to be drawn on their geochemical 
behaviour. Multi-element plots have one particular disadvantage, however, for only 
a few samples can be shown on a single diagram before it becomes becomes 
cluttered and confused. Thus the simple bivariate plot is superior to a multivariate 
plot when a large number of samples are plotted and in particular when 
geochemical trends are sought. Variation diagrams are discussed in detail in Section 
3.3 and many of the principles outlined [here and applied to major elements are 
equally valid for trace element plots. 

4.7.1 The selection of trace elements in igneous rocks for plotting on 
bivariate graphs 

Many igneous rocks have had a complex history of solid~liquid equilibria in their 
journey from the source region to their site of emplacement. In addition they may 
also have interal;ted with fluids during or after their solidification. The task for the 
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igneous geochemist, therefore, is to work out which trace: elements are indicative of 
which processes in this complex history. The clues come from a knowledge of 
mineral/ melt (and the lesser known mineral/fluid) partition coefficients and the 
physical laws which govern the concentrations of trace elements in igneous rocks. 
Most fruitful are trace elements which show extreme behaviour, such as the highly 
incompatible and the highly compatible elements. Further clues may come from the 
inspection of multi-element plots, for this allows the identification of element pairs 
or ratios which can be used in trace element modelling and in subdividing rocks 
into similar suites. 

Incompatible element concentrations arc particularly sensitive to partial melting 
processes (see for example Figures 4.11a and 4.1 2a). The morc high ly incompatible 
an clement is, the more sensitive it is to degrees of partial mching. This is true for 
both batch melting and fractional melting but is mOSt extreme in fractional melting. 
Incompatible element concentrations also vary during fractional crystalli7.ation, 
although the effect is most strongly marked in AFC processes. 

(a) Identification of igneous souru cnar,uurntics from incompatible tlt:mt nt plols The 
ratio of a pair of highly incompatible elements whose bulk partition coefficients are 
very similar will not vary in the course of fractional crystallization and will vary 
little during hatch partial melting. Thus the slope of a correlation line on a bivariate 
plot of two such highl~' incompatible elements gives tne ratio of tne concentration of 
the elements in the source. In the case of mantle melting, the following groups of 
elements ha\'e almost identical bulk partition coefficients during mantle mehing: 
Cs-Rb-Ba, U- Nb-Ta- K, Cc-Pb, Pr-Sr, P- Nd, Zr- Hf-Sm, Eu- Ti, Ho-Y. 
Bivariate plots of clement pairs taken from within these groups can be expected to 
show to a first approximation the ratio of the elements in the source (Sun and 
McDonough, 1989). In addition the elemental pairs Y - Tb, La- Ta, La- Nb, Ta-Th, 
Ti- Zr and Ti- Y are also often assumed [0 have very similar bulk partition 
coefficients and are used in a similar way. Any variation in the ratio reflects 
heterogeneity in the source (Bougault ~t al. , 1980) resulting from source mixing or 
contamination. 

This approach has been very fruitful in some arcas of igneous petrology but is 
not universally applicable. Firstly, the relationship docs not hold for very small 
degrees of melting for there is divergence between the enrichment paths of highly 
incompatible and moderately incon,patible trace e1ement.'i - ~ Figures 4.12(a) 
and (c). If a small degree of melting is suspected it may be recogni7.ed from the 
approximation CL/Co = 1/ F derived from the batch melting equation for the case 
when D is very small (Section 4.2.2). Secondly, this method is difficult to apply to 
granitic rocks. This is because few trace elements arc highly incompatible in 
granitic melts, chiefly because of the large number of possible minor phases 
incorpon.ting many of the trace elements traditionally regarded as incompatible. 
The source region of granitic rocks is more easily characterized by the study of 
radiogenic isotopes (see Chapter 6). 

(b) Jdttlliji, aJion of iPltous souru chara, ttristi,s from i".ompatjbJ~ tltmntt ratio-ratio 
pJou Ratio-ratio plots of highly incompatible elements minimize the effects of 
fractionation and allow us to examine the character of the mantle source. Different 
mantle sources plot on different correlation Jines (Figure 4.3 1). This approach was 
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Figlm 4.31 Bivariate ratio plot of Th/Ta vs Th/Tb for basalis from the Red Sea Rift (data from Eisscn 
el al., \989). The three trends showing (Th/Tb)/(Th/Ta) rntios of approximately 0.25, 0.5 
and 0.8 are thought !O indicate three different mantle sources. 

Compatible 
element plots 

used by Saunders (I al. (1988) who used the highly incompatible elements Th,U, 
Ph, K, Ha, Ce and Nb and the element pairs Th-Cc, K-Ce, V- Ph and Ba- Ce each 
ratioed to Nb, in order to explore the ratios Th/Ce, K/Cc and U/Pb in MORB. 
Where the three elements have identical bulk partion coefficients the ratio will not 
change during partial melting or fractional crystallization. Ratio-ratio plots do have 
some inherenl problems and the reader should take notc of possible spurious 
correlations arising from the common denominator effect discussed in Section 2.S. 

(c) Calculation of partition coejJicimts /rom reciprocal concentration trace element 
plots Minster and Allegre (1978) showed that, from a rearrangement of the batch 
melting equation, a bivariate plot of the reciprocals of incompatible elements can be 
used to obtain information abclUt partition coefficients during melting. Provided the 
mass fractions of the minerals in the melt remain constant, a linear trend on such a 
diagram characterizes the batch melting process. Further, the slope and imercept of 
the trend can provide information about the difference in bulk partition coefficient 
between the two elemems. If the samples are first normalized (0 the most enriched 
sample, elements with the same bul)( partition coefficient will have a slope of 1 and 
an intercept of zero. If the bulk partition coefficients for the two elements change at 
different rates during melting then a curvilinear trend will be produced (Bender u 
al., 1984). 

Compatible trace element concentrations change dramatically in an igneous liquid 
during fractional crystallization (Figure 4.13). Thus bivariate plots of compatible 
elements, plotted against an index of fractionation (e.g. mg number) can be used to 
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test for fractional crystallization. The effect is not so marked in in situ crystallization 
except when a large melt fraction is returned to the magma chamber (Figure 4. 14d). 
In AFC proct.'Sses when the rate of assimilation is high and the trace element 
concentration in the wallrock is less than in the melt, compatible clements are 
strongly depleted (Figure 4.16a and b) 

During partial melting, however, highly compatible elements are buffered by the 
solid phase with resJX'Ct to solid- melt equilibria during partial melting (Figures 
4. lIb, 4.12d). This means that their concentration in the source, even if it has 
undergone some partial melting, is largely unchanged. 

4.7 .2 Bivariate plots in sedimentary rocks 

Bivariate trace element plots in sedimentary rocks are mostly used to detect mixing 
processes in sediments. Nonnan and De Deckker (1990) suggest that linear 
correlations amongst a diverse group of elements over a broad range of 
concentrations may be taken as indicative of mixing of rwo sedimentary 
components. Condie and Wronkiewicz (1990) and McLennan and Taylor (1991) 
have exploited the geochemical differences between elements such as T h and La 
(indicative of a felsic igneous source) and Sc and Cr (indicative of a mafic source) 
and have used plots such as Th /Sc vs Sc and CriTh vs SeiTh as indicators of 
contrasting felsic and mafic provenance. Floyd et al. (1989) quantified such mixing 
processes with the general mixing equation of Langmuir et al. (1978) - see Section 
4.9.3. 

4.8 Enrichment-depletion diagrams 

Enrichment-depletion diagrams are a convenient way of showing relative 
enrichmcnt and depletion in trace (and major) elements. They can be useful, for 
example, in demonstrating the extent of elemental enrichment and depletion in an 
igneous suite by comparing the chemistries of carly and late members of a series. 
Hildreth (1981) compares the relative concentrations of the early and late members 
of the Bishop's tuff (Figure 4.32). The x-axis of the graph shows the clements 
arranged by atomic number and the y-axis the concentration of an element in the 
latest erupted ejecta ratioed to that for the earliest erupted ejecta. Alternatively the 
values on the y-axis may be recorded on a logarithmic scale. 

Enriehment-deplerion diagrams are also useful as a way of displaying clement 
mobility; this has been used particularly in alteration zones associated with 
hydrothennal mineralization. For example, Taylor and Fryer (1980) show the 
relative mobilities of trace and major elements in the wnes of potassic and 
propylitic alteration associated with a porphyry copper deposit. In this case the 
enriehmentl depletion is measured relative to the unaltered country rock. 
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Figure 4.32 Enrichment-depletion diagram showing the enrichment factors for selected major and trace 
elements from the Bishop's tuIT, arranged in order of increasing atomic number. The 
diagram compares the relative concentrations of the early and late members of the Bishop's 
tulT and is thought to be a measure of the zonation of the magma chamber. Data from 
Hildreth (1981 ). 

4.9 Modelling trace element processes in Igneous rocks 

One of the most important uses of trace elements in modem igneous petrology is in 
the modelling of geochemical processes. Trace element modelling depends upon the 
mathematical expressions which describe the equilibrium partitioning of trace 
clements between minerals and melt during igneous processes (Section 4.2.2) and a 
precise knowledge of trace element partition coefficients (see Tables 4.1 to 4.3). For 
successful geoChemical modelling, three conditions should be fulfilled. Firstly, trace 
element concentrations must be determined with great accuracy; otherwise it is 
impossible to discriminate between competing hypotheses (Arth, 1976). Secondly, 
partition coefficients must be known accurately for the conditions under which the 
process is being modelled and, thirdly, the starting composition must be known. 
T his latter condition is not always fulfilled; and sometimes a reasonable assumption 
of the starting composition must be made which is later refined as the model is 
developed. 

Ca1culated compositions are plotted on a bivariate graph and compared with an 
observed trend of rock compositions, or plotted on a multivariate diagram such as 
an REE diagram and the calculated composition compared with a measured 
composition. Below we describe these two modes of presentation in some detail. 
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Modelling trace element processes in igneous rocks ,., 
4.9.1 Vector diagrams 

Changes in (race element concentrations may be modelled on a bivariate plot using 
vectors to show the amount and direction of change which will take place as a 
consequence of a particular process. Mineral vectors show the trend of a 
fractionating mineral phase or mineral assemblage. These are illustrated in Figure 
4.33 for the fractionation of plagioclase, clinopyroxene, orthopyroxene, hornblende, 
biotite and orthoclase from a granitic melt. Partia l melting vectors are used to 
show changing melt and source compositions during the partial melting of a given 
source composition and mineralogy. The effects of different melting models, source 
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FiKUrt 4.33 Mineral vector diagram showing fractional crystallization trends in a granitic source 
containing 200 ppm Sr and 100 ppm Sa. Fnctionation trends arc shown for 10, 30, 50 and 
70 % fnctional crystallization of the mineraJs clinopyroxene (Cpx), orthopyroxene (Opx), 
hornblende (Hbl), biotite (8i), onhoclase (Kspar) and pbgioclase (Pbg). The direction of the 
lines shows the compositional change in the residual liquid when the specified phase is 
progressively rcmo\'ed during fractional crystallization. The partition coefficients for Ba and 
Sr 2ft taken from Table 4.3 and the ,·ectOrs calcubted from the Rayleigh fnlCtionation 
equation (Eqn ( .... 18]). Details of the calculation are given in Table ... . 11 The logarithmic 
SCile is used to produce a straight-line trend. 
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Data used in the calculalion of minernl vectors shown in Figure 4.33 

Par(ilWn c()(fficirn(s for Thy!)/il;' liquids (/rom Ta"'e 4.3) 

Op, C,' Hbl Bi Plag IU, 
B, 0.003 O.Bl 0.1l44 6.360 0.361) 6.120 
S, 0.009 0.516 0.022 0.120 2.840 3.870 

Initial composition 

'" 100 
S, 200 

Calculattd wmpl1sitions (from Eqn {4.18]) 

0" C,' Hbl Bi Plag IU, 
10 % fractional crystallization 

B, 111.1 109.6 110.6 56.9 107.0 58.3 
S, 222.0 210.5 221.7 219.4 164.8 147.8 

30 % fractional crystallization 

'" 142.7 136.3 140.6 14.8 125.6 16.1 
S, 284.8 237.7 283.5 273.7 103.8 71.9 

SO % fractional crystallization 

"' 199.6 182.6 194.0 2.4 155.8 2.9 
S, 397.5 279.7 393.9 368. 1 55.9 27.4 

70 % fractional crystllllization 

B, 332.1 284.7 316.1 0.2 216.1 0.2 
S, 659.5 358.2 649.2 577.0 21.8 6.3 

compositions and mineralogies may all be explored in this way. Figure 4.34, for 
example, illustrates the differing melting paths during fractional and batch melting 
and the different degrees of enrichment caused by the two processes. Whilst vector 
diagrams select only two out of a vast array of possible elements, they have the 
advantage of being able to display data from a large number of samples. This means 
that it is possible to view trends in the data. Hence both mineral and partial melting 
vectors are compared with observed trends on bivariate plots in order to test the 
validity of a particular model. 

4.9.2 Modelling on multivariate diagrams 

Multivariate diagrams such as REE plots and spider diagrams are also used in 
petrogenetic modelling, although by their nature they are unable to show more than 
a few samples clearly on a single diagram. In this ease the same operation is 
performed on each element in the plot and the resuhant data array is compared 
with a measured rock composition. The process is illustrated in Figures 4.35 and 
4.36 which show respectively the effect of olivine fractionation on a komatiite liquid 
and the partial melting of a primitive mantle source. Repetitive calculations such as 
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Fi,urt 4.)4 VeclOr diagram showing the ehange in normalized (Ce/Sm) "5 Ce concenlrations during the 
panial 1l'I(lting of I primith'e mantle source with the mineralogy: olivine 55 %, 
orthopyroxene 25 %, d inop)'TOxene II % and garnet 9 %. The initial normalized 
concentr::nions of Ce and Sm in the primiti"e mantle were taken as 2.12 and 2.19 
respecri\·ely. The .. ector for modal batch melting between 0.1 % and 20% melting was 
calculated from Eqn (4.10J. The .. ector for single melt incrementS formed during modal 
fractional melting between 0.1 and 5 % melting was calculated from F..qn [4. 11 J. The 
panition coefficients were taken from Table 4.1. Details of the calculation arc g1\'cn in Table 
4. 14 and the same data are also illustrated in Figure 4.36. 

Tablt 4.11 Data used in the calcula tion of parrial melting .. ector diagram (Figure 4.34) and REE 
diagram (Figure 4.36) 

Primilive manlle composilion &sallie Kd values from T able 4.1 Wcigillcd m~an of 
bulk pan ilion 

=ff. 

Canen. Nakamura Normalized 01 Op. Cpo G. (01 55 'lb, Opx 25%. 
(ppm) ... Iucs \lIlu~ Cpr \1 %, Gl 9 %) 

0.708 0.329 2. 15 0.007 0.020 0.056 0.001 MIS 
1.833 0.865 2.12 0.006 0.020 0.092 0.007 0.019 
1.366 0.630 2. 17 0.006 0.030 0.230 0.026 0.Gl8 
0 .... 0.203 2.19 0.007 0.050 0.+45 0.102 0.074 
0.168 O.on 2.18 0.007 0.050 0.474 0.243 0.09 1 
0.595 0.276 2.16 0.010 0.090 0.556 0.680 0.150 
0.737 O.W 2.15 O.OU 0.150 0.582 1.9<0 0.283 
0.479 O.Z:ZS 2.13 0.026 0.230 o.m 4.700 0.559 
0.481 0.220 2.19 OJ}f9 OJ4<I 0.5-12 6.167 0.127 
0.074 0.034 2. 17 0.D-45 0.420 0.506 6.950 0.8 11 

(CAlttiIlWtl) 
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Table 4.14 (Contin~d) 

Assumed mantle composition Batch modal partial melting - Eqn [4.10] 
(nonnalized) 

Sour« Calculated bulk partition 
coefT. for mineral 
assemblage 
(01 5S %, Opx 25 %, 0. 1% 0.5% 1 % 2% ;% 10 % 20% 
Cpx 11 %, Gt 9%) 

U 2.15 0,01 5 135.17 108.36 86.82 62.13 33.53 18.97 10.15 
C. 2.12 0.019 105.79 88.46 73.43 54.80 31.12 18.1)9 9.85 
Nd 2. 17 0.038 55.11 50.20 45.17 37.63 25.08 16.12 9.40 
Sm 2.19 0.074 29.01 27.65 26.12 23.52 18.11 13.09 8.43 
Eo 2.18 0.09\ 23.85 22.94 21.89 20.06 16.04 12.02 8.01 
Gd 2.16 0. 150 14.26 13.94 13.57 12.88 11.18 9.16 6.73 
Dy 2.15 0.283 7.57 7.49 7.4{) 7.22 6.73 6.05 5.04 
E, 2.13 0.559 181 3.80 3.78 3.75 3.67 3.53 3.29 
Yb 2.19 0.727 3.01 3.00 3.00 2.99 2.95 2.90 2.80 
Lo 2.17 0.811 2.68 2.68 2.67 2.67 2.65 2.62 2.56 

C. 2.12 105.70 88.46 73.43 54.80 31.12 18.09 9.85 
Ce/Sm 0.97 3.65 3.20 2.81 2.33 1.72 1.38 1.17 

Assumed mantle oomposition Calculated composition assuming fractional modal 
(nonnalil-cd) melting - Eqn [4.11) 

Source Calculated bulk partition 
coeff. for mineral 
assemblage 
(01 55 %, Opx 25 %, 0.1 % 0.5% 1 % 2 % 3% 
Cpx 11 %, Gt 9%) 

U 2.15 O.oJ5 134.89 103.53 74.26 38.01 4.89 
C. 2.12 0.019 105.65 85.93 66.30 39.31 7.93 
Nd 2.17 0.038 55.09 49.82 43.91 34.05 15.63 
Sm 2.19 0.074 29.00 27.59 25.92 22.85 15.52 
Eo 2.18 0.091 23.85 22.90 21.78 19.67 14.39 
Gd 2.16 0.150 14.26 13.94 13.55 12.79 10.73 
Dy 2.15 0.283 7.57 7.49 7.39 7.21 6.66 

" 2.13 0.559 3.81 3.80 3.78 3.75 3.66 
Yb 2.19 0.727 3.01 3.00 3.00 2.99 2.95 
Lo 2.17 0.811 2.68 2.68 2.67 2.67 2.65 

C. 2.12 105.65 85.93 66.30 39.31 7.93 
CeISm 0.97 3.64 3. 11 2.56 1.72 0.51 
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Figure 4.35 Chondrite-normalized REE patterns calculated for olivine fractionation from a komariitc melt 
(komariite-336) at 30 %, 50 %, 70 % and 90 % fractional crystalli7.ation. The partition 
coefficients were taken from Table 4.1 . The details of the calculations made for eaeh of the 
ten REE shown using Eqn [4.181 are given in Table 4.15. 

TuMt 4./5 Data used in the calculation of the REE diagrams shown in Figure 4.35 

Starting composition of Calculated values (from Eqn {4. \8]) 
SuJa Mountains komatiite 336 at a given % fractional crystallization 

Conen Nakamura Nonnali1.ed Kd for 10 % 30% 50 % 70 % 90 % 
(ppm) values \'alues olivine 

(Table 4.1 ) 

C. 2.79 0.3290 8048 0.0067 9.4 12.1 16.9 28.0 83.5 
U 7.93 0.8650 9.17 0.0060 10.2 13.1 18.3 30.3 !lOA 
Nd 4.73 0.6300 7.51 0.0059 8.3 10.7 15.0 24.8 74. 1 
Sm 1.40 0.2030 6.90 0.0070 7.7 9.8 13.7 22.8 67.9 
Eo 0.63 0.0770 8.18 0.0074 9.1 11.7 16.3 27.0 8004 
Gd 2.01 0 .276(} 7.28 0.0100 8.1 10.4 14.5 24.0 71.2 
Dy 2.46 0.3430 7.17 0.0130 80 10.2 14.2 23.5 69.6 
E, 1.61 0.2250 7.16 0.0256 7.' 10.1 14.1 23.1 67.5 
Yb 1.41 0.2200 604 1 0.0491 7. 1 9.0 12.4 20. 1 57.2 
Lo 0.24 0.0339 7.08 0.0454 7.8 10.0 13.7 22.3 63.8 
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these are done most easily by computer and the results displayed, ideally, on a 
graphics screen. Holm (1990) describes such a method using a spreadsheet. 

4.9.3 Petrogenetic modelling - examples 

In (his section we illustrate the way in which trace element modelling has been used 
to idemify differing petrogenetic processes in igneous rocks. 

Partial melting A numerical example showing the effects of between 0.1 % and 20 % partial 
mching on the REE concentrations of a primitive mantle source is given in Table 
4.14. T he results are displayed graphically on a vt."<:tor diagram (Figure 4.34) and on 
a multivariate plot (Figure 4.36), BOIh diagrams show the extreme enrichment of 
the light REE relative to the heavy REE in the partial melts - a property which 
increases as the percentage of melting decn .. -ases. This type of modelling has been 
used extensi\'cly and many examples can be found in the geochemical literature. 
The results of partial melting calculations may equally well be presented on spider 
diagrams. For example, Thompson et aJ. (1984) calculated chondrite--normalized 
spidergrams for the dynamic mclting of manlle IherLOlite for comparison with 
measured oceanic basalt compositions. 

Crystal The modelling of fractional crystallization on veclOr diagrams and REE plots is 
fractionation described above in Sections 4.9.1 and 4.9.2 respectively and is ilIustratt.'<i in Figures 

4.33 and 4. 35. Details of the calculations are given in Tables 4.1 3 and 4.15. 
Vector diagrams can be used to identify a fractionating phase on a bivariate plot. 

If, for example, on a plot of Ba vs Sr, the rock compositions define a liquid trend 
which could have been produced by crystal fractionation, then the slope of the 
trend can be compared with a mineral vtttor diagram such as Figure 4.33 and the 
phase responsible for the fractional crystallization trend can be identified. In 
addition, it is possible, from the compositional range in the two elements, 10 make 
an estimate of the amount of fractional crystallization that has taken place. When 
there is more than one fractionating phase present a composite vector must be 
calculated, although when this is the case it is nO( always possible to find a unique 
composition for the fractionating mineral assemblage. 

Multivariate diagrams are used 10 compare calculated and measured rock 
compositions. Provided the composition of a parental melt is known, the 
composition of derivative liquids can be calculated and compared with the 
composition of liquids which are thought 10 have been derived from the parental 
melt. T his is the approach used by Arth (1981), who modelled the REE chemistry 
of andesites and dacites in New Britain by fractional crystallization from basaltic 
and basaltic andesites. Arth estimated the mineralogy of the fractionating assem
blage from the proportions of phenocrysts present in the lavas and calculated REE 
patterns which show excellent agreement with the observed REE patterns in the rocks. 

Crystal Komatiitic magmas are thought to ha\'e had exceptionally high liquidus 
contamination temperatures and to have been frequently contaminated with continental crust. 

and APC Trace clement data in support of this hypothesis are illustrated quali tatively by 
prousses Arndt and Jenner (1986) on a REE diagram. Similarly, Condie and Crow (1990) 
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Figure 4.36 Chondrite-normalized REE paterns calculated for modal batch partial melting of a primitive 
manlle SOurce with (a 2.15 chondri!ic concentration of REE and with the mineralogy -
olivine 55 % , orthopyroxene 25 %, clinopyroxene II % and garnet 9 %. Curves arc shown 
for 0.1 to 10 % partial melting. The calculations were made for the ten REE shown using 
Eqn [4.10] - see Table 4.14 for the details. 

proposed that Archacan and carly Proterozoic basalts erupted on the Kaapvaal 
craton in southern Africa were komatiitic in origin but contaminated with 
continental crust. They support this hypothesis by showing that AFC vectors, 
calculated from the equations of DePaolo (I981b) (see Section 4.2.2), coincide with 
observed trends on bivariate Zr-Ni and Hf-Th diagrams. They also use MORB
normalized spidergrnms to show conformity between measured basaltic composi
tions and calculated spidergrams for varying degrees of assimilalion and fractional 
crystallization from a komatiitic liquid. 

Optn Jysum The behaviour of the REE in a periodically replenished, periodically tapped, 
proctSstl continuously fractionated (RTF) magma chamber (Section 4.2.2) is described by 

O'Hara and Matthews (198 1). Using chondrire-nonnalized values of Cc/Yb to 
represent the slope of the REE diagram, and Sm values as a measure of REE 
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concentrations, they show on a bivariate plot of normali:ted Ce/Yb V5 Sm the 
effects of the RTF process on partial melts of a variety of mantle sources coupled 
with cryst21 fractionation . 

Recognizing RTF processes in a Ian sequence requires a very detailed and 
complete geochemical section. Norman and Leeman (1990), in a study of Oligocene 
andesi tes and basalts from southwest Idaho, USA recognized a cyclicity in the trace 
and major element chemistry up the stratigraphic section. On bivariate Ba-Sc and 
Th-Sc plots they show that the scatter in the dab cannot be accommodated within 
calculated fractional crystallization and AFC trends alone, and requires the recharge 
of the magma chamber by the addition of more mafic magmas during evolution of 
the magma chamber. 

Magma and A set of general mixing equations is given by Langmuir t t 0./. (1978) which may be 
s{)urct mixing used to identify magma mixing and mixing in an igneous source region. The 

equations of Langmuir it of. (1978) predict that mixing between two elements 
produces a straight line whereas mixing between an element and a clement ratio or 
between two ratios produces an asymptotic curve. 

The two types of mixing, magma mixing and source mixing, can be 
differentiated by using differences in behaviour between compatible and 
incompatible elements. For example, since highly incompatible element ratios do 
not change during partial melting or fractional crystallization, a mixing curve based 
upon incompatible element ratios is ambiguous and can indicate either magma 
mixing or source mixing. Compatible element 1'2[ios, on the other hand, are 
strongly fractionated during partial melting and will not reflect the 1'2tios of the 
source region. Thus, if mixing is in the source region a compatible clement plot will 
show a scattered trend whereas the mixing of two melts will produce a simple 
mixing line. 

IRmonltrating 
dmlent mohility 

Two types of trace element plot lend themselves to the investigation of element 
mobility. Firstly, the MORE-normalized multi-element diagram of Pearce (1983) 
(Figure 4.23, Section 4.4.1) was constructed to show the difference in behaviour 
between elements which are mobile and those which are not. Brewer and Atkin 
(1989) found that this diagram successfully differentiated between the behaviour of 
mobi le elements such as Sr, K, Rb and Ba and the immobile elements Nb, Ce, P, 
Zr, Ti and Y during the greenschist facies metamorphism of basalts. A second 
approach is to use the enrichment-depletion diag1'2m described in Section 4.8 
(Figure 4.32), although this type of diagram can only be used when the composition 
of the unaltered rock is known . 

4.9.4 Inversion techniques using trace elements 

Trace element inversion methods make use of the variability in elemental 
concentrations in a suite of oogenetic igneous rocks to determine unknowns such as 
the composition and mineralogy of the source, the physical process causing the 
variation - crystal fractionation, partial melting or other process - and the degree 
of partial melting, crystal fractionation or other process. Thus, the in .... erse method, 
with its emphasis on constraining the model from the trace element data, offers a 
much greater possibility of a unique solution to a geochemical problem. In .... erse 
methods can in principle be applied to all petrological processes, although only 
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fractional crystallization and partial melting are illustrated here. The methods 
outlined here are d iscussed in detail by Allegre and Minster (1978). 

T he first step in using the inverse approach to the study of trace elemenrs is to 
identify the likely physical process which accounts for the \'ariation in the data. 
This may be done by ploning selected trace clements on bivariate plots. For 
example, elements which are compatible will vary drastically in concentration 
during fractional crystallizsation, whilst highly incompatible elements wi ll vary most 
in abundance during partial melting (Minster and Allegre, 1978). 

A worked example of the inverse approach to fractional crystall i7.ation is given by 
Minster et aJ. (1977) for a suite of basaltic lavas from the Azores. In this case the 
unknowns are (I ) the initial concentration of the trace clements in the parent 
magma, (2) the bulk partition coeffi cients for the elements and (3) the degree of 
crystalli7.ation corresponding to each sample. T he initial concentrations of trace 
elements in the melt were estimated using Ni. The likely Ni concentration in a 
parental melt was calculated by melting a model mantle. On this basis a parental 
melt from the lava suite was thus identified. Bulk partition coefficients were 
calculated using the method of Allegre (t al. (1977) as follows. It can be shown from 
the Rayleigh Fractionation Law (Eqn (4.1 8]) that the slope of a log-log plot of a 
highly incompatible trace element against any other trace element is proportional to 
the bulk panition coefficient D (see Figure 4. 37). Where D < I the slope is (I - D) 
and where D > I the slope is (D - 1). Minster it al. (1977) calculated bulk partition 
coefficients by assuming that the highly incom patible element Ta had a bulk 
part ition coefficient of zero. The slopes of log~log plots of the data against T a were 
used to estimate bulle. partition coefficients for other clements. The degree of 
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crystallization for each sample was calculated from a knowledge of the composition 
of the primary melt and the bulk partition coefficient. 

In the case of partial melting the unknowns are (1) the chemistry of the source, (2) 
the bulk parti£ion coefficient for each element considered and (3) the degree of 
partial melting for each sample. There are too many unknowns for a direct solution 
and so a number of initial assumptions have to be made. 

Bender el al. (1984), in a study of ocean-floor basalts, used the modal batch 
melting equation (Eqn [4.10]) and made two initial assumptions. Firstly, they 
selected a reference element (in this case the most incompatible element) and 
assigned if a bulk distribution coefficient (D). Secondly, an initial value was 
assumed for the degree of partial melting. This value is subsequently checked and 
refined by the geological plausibility of the end result. From these two assumptions 
the concentration in the source (Co) may be calculated for the reference element: 
this is usually done for the most enriched sample. From the values obtained for D 
and Co for the refcrence element, values for the percentage melting (F) can be 
calculated for all the other samples. The batch melting equation now has two 
known parameters for each element - the concentration in the melt (CL ) and the 
percentage melting (F) - and two unknowns, Co and D. These unknowns may be 
found by solving simultaneous equations for pairs of parental magmas and by 
assuming that in each case a pair of magmas has values of Co and D which are 
constant 

The results of a preliminary calculation are inspected and refined as necessary. A 
comparison of calculated D values for each pair of parental magmas gives a test of 
the assumed batch melting model for these rocks. The calculatt.'<i inverted partition 
coefficients may be compared with experimentally determined values to sec if they 
are geologically plausible. The relative values of the inverted distribution 
coefficients are a robust feature of this inversion method over a range D and F 
values. Values for the composition of the source are more sensitive to values of D 
and F but solutions are restricted to a small range of geologically plausible 
possibilities. 

4.9.5 A final comment on geochemical modelling 

The development of trace element modelling in petrology represents a major 
advance in geochemistry. However, this approach must be used with some caution 
for two reasons. 

(I) Most of the models developed in Section 4.2.2 of this chapter are idealized 
and do not always conform to the actual physical conditions of the process 
being modelled. 

(2) Rarely can petrological modelling produce a unique solution. Often problems 
of this type contain too many unknowns. 

For this reason, trace element modelling must be regarded as a means of 
hypothesis testing and should be used to verify an already constrained model. 
Wherever possible, trace c1cment studies should be part of a broader approach to a 
geochemical problem which includes the constraints of the major clement and 
isotopic chemistry. 



Discriminating between tectonic environments 
using geochemical data 

5.1 Introduction 

The idea of trying to fingerprint magmas from different tectonic settings chemically 
is probably best auributed to Pearce and Cann (1971, 1973). In two very important 
papers these authors showed that it was possible to use geochemistry to distinguish 
between basalts produced in different, known tectonic settings. They produced 
what have become known as tectono-magmatic discrimination diagrams -
geochemical variation diagrams on which magmas produced in different tectonic 
settings may he distinguished from one another on the basis of their chemistry. The 
relatively simple approach and the wide applicability of their results meant that the 
environment of eruption of both ancien! and modern basalts could be defined by 
the analysis of a rock for just a few readily determined elements. This led quickly to 
a plethora of papers purporting to show the tectonic setting of ancient volcanic 
rocks whose state of preservation and poor exposure had previously precluded the 
identification of the palaeotectonic environment. More recently, however, geo
chemists have moved away from the 'cookbook' type of approach to tectono
magmatic discrimination diagrams to a closer examination of the reason why 
different tectonic environments have variable geochemical signatures. 

The work pioneered by Pearce and Cann (1971, 1973) brought together three 
separate strands of thinking. These are the statistical technique of discriminant 
analysis, the rapid and accurate analysis of trace elements thought to be normally 
immobile under hydrothermal conditions and the identification of a number of 
distinct tt.'<:tonic environments. Each of these is now briefly considered. 

5.1.1 Discriminant analysis 

Discriminant analysis is a statistical technique used for classifying samples into 
predefined groups (Section 2.9). A large number of variables are examined in order 
to isolate the ones which most effectively classify the samples. The most powerful 
discriminants are used to define the axes on bivariate and triangular diagrams. The 
separate groups of samples are plotted either as elemental concentrations or as 
calcutated discriminant functions based upon the elemental concentrations, and 
boundaries are drawn between the different groups of samples. Unknown samples 
are then classified according to the defined fields. 

Most discrimination diagrams described here use individual elements as the 
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discriminant functions rather than a composite of several elements, making the 
diagrams easy both to use and to understand. In the case of (he study by Pearce and 
Cano (1971 , 1973) the elements Ti, Zr, Y, Nb and Sr were found to be the most 
effective discriminants between basalts erupted in differing tectonic environments. 

5.1.2 Immobile trace elements 

A major step in the deveiopmcm of tectono-magmatic discrimination diagrams was 
the development of a method of rapid and accurate analysis of trace clements 
present at low concentrations in silicate materials. This work was initially carried 
out by X-ray fluorescence analysis although some Irace clements arc now analysed 
by neutron activation analysis. Of particular importance were trace elements 
thought to be immobile under most fonns of hydrothermal activity. Not all 
discrimination diagrams use trace e1emcnts and not all use immobile trace elements, 
but the diagrams which have the widest applicability arc based upon immobile trace 
clements as these can be used with altered and metamorphosed rocks. Much of the 
ensuing debate over the usc of diagrams to discriminate between different tectonic 
settings has focused on the question of the mobility or otherwise of the so-called 
' immobile elements'. 

Many of the diagrams use high field strength elements such as Ti, Zr, Y, Nb and 
P which are thought to be relatively immobile in aqueous fluids unless there are 
high activities of P-. This means that these elements will be stable under conditions 
of hydrothcnnal, sea-floor weathering and up to medium metamorphic grades (mid
amphibolite facies) . Little is known about the stability of these elcmcnts at higher 
metamorphic grades. 

In summary, a good tcctonic discrimination diagram must be constructed with 
elements which are insensitive to secondary proccsSl..'S, and which arc easy to 
measure with good precision even at low concentration levels, ideally by a relatively 
simple and rapid method of analysis. 

5.1.3 Tectonic environments 

The number of tectonic environments recognized today is much greater than 20 
years ago. This reflects the advances made in understanding both earth processes 
and the chemistry of igneous rocks. Pearce and Cann (1971, 1973) originally 
identified the geochemical signature of rocks from volcanic-arcs, from the ocean 
floor and from within plates. Today the chemical discrimination of tectonic 
environments has expanded to include granitic rocks and sediments. 

A summary of the tectonic environments discussed in this chaptcr is given in 
Box 5.1. Different types of ocean ridge arc best distinguished using basalt 
chemistry, whereas discrimination between thc different types of collision zonc is 
bener done using granite geochemistry. Passive continental margins are charac
terized by their absence of igneous activity and can only be recognized using the 
chemistry of sedimentary rocks. An intraplate setting can be recognized from the 
chemistry of bOlh basalts and granites, and volcanic-arcs may be recognizable using 
all three types of discriminant analysis. 



Box 5.1 

Introduction 

Tec:tonic 8flvifonmenb reeogniuble using geochemkal criteria 

Ocean ridge 

Normal oceen ridge (cheracterized by N-type MORB) 
Anomalous ocean r idge (characterized by E-type MORB) 
Incipient spreading centre 

Back-arc basin ridge 
Fore-arc basin ridge (located above a subduction lone) 

Volcanic-arc 

Oceanic-arc - dominated by tholei itic basalts 
Oceanic-arc - dominated by calc-alkali basalts 
Active continental margin 

Collisional setting 

Continent--continent collision 
Continent-arc coll ision 

Inrraplate setting 

Intracontinental - normal crust 
Intracontinental - attenuated crust 
Ocean-island 

Passive continental margin 

5.1 .4 Using discrimination diagrams 

173 

Discrimination diagrams seldom provide unequivocal confirmation of a former 
tectonic environment. At best they can be used to suggest an affiliation. They 
should never be used as proof. This is all the more important the further back in 
time we go and the further away we move from the control set of samples used in 
the construction of the diagram. For example, using a discrimination diagram 
constructed from modern volcanic rocks to postulate an Archaean tectonic setting is 
likely to produce equivocal results. Furthermore, discrimination diagrams were 
never intended to be used for single sampit.'S, but rather with a suite of samples. 
This simple precaution will eliminate the occasional spurious result and highlight 
data-sets from mixed or multiple environments. 

In this chaptcr we review the current use of discrimination diagrams and their 
application to igneous and sedimentary rocks. In each case a diagram is described 
and then evaluated in the light of its usage. Clearly, diagrams produced in the 1970s 
arc more fully tested than those published recently and so in general they obtain the 
poorer reviews. These are sometimes justified but often reflect an increased level of 
understanding of both tectonic environments and geochemical processes since the 
publication of the diagram. 

Factors that should be considered when evaluating discrimination diagrams are: 
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(I ) the number of samples used in constructing the diagram and in defining the 
boundaries; 

(2) the degree of overlap between the proposed fields; 
(3) the effects of element mobility on the usefulness of the diagram; 
(4) the range of tectonic environments represented . 

Finally, it should be remembered that mosl discrimination diagrams are 
empirically derived. There is no harm in this, but for a diagram to be most useful 
we also need to understand how it works. Thus, where possible. the rationale 
behind a particular diagram is also given in the discussion below. 

5.2 Discrimination diagrams for rocks of basaltic to andesitic composition 

There are a large number of discrimination diagrams applicable to basalts and 
basaltic andesites which use trace elements, major and minor elements and the 
mineral clinopyroxene. These are considered in tum. Table 5.1 classifies the 
different types of basal! according to tectonic setting and shows which diagrams 
might be useful in their identification. 

5.2.1 Trace element discrimination diagrams 

The Ti-Zr, 
Ti-Zr-Yand 

Ti- Zr-Sr 
diagrams (Pearce 
and Cann, 1973) 

Trace element discrimination diagrams are the largest group of discrimination 
diagrams which can be used to suggl..'st the former tectonic en vironment of a suite of 
basalts. They can also be used to identify basaltic magma series. Both of these 
applications are discussed below. First, however, there is a full discussion of the 
Ti- Zr-Y diagrams proposc.-d by Pearce and Cann (1973) to illustrate both the use 
and the pitfalls of tectono-magmatic discrimination diagrams. This particular set of 
diagrams was chosen not so much for its current usefulness but because it has been 
thoroughly evaluated and discussed in the literature. 

The discrimination diagrams of Pearce and Cann (1973) apply to tholeiitic basalts in 
the compositional range 20 % > Cao + MgO > 12 %. Alkali basalts should be 
screened using their low Y I Nb ratio (Y INb < 1.0 for alkali ocean-island and alkali 
continental basalts; Y INb < 2.0 for ocean-floor alkali basalts). Care should also be 
taken in plotting rocks with a high cumulate content, for absolute concentrations of 
T i, Zr, Y, Nb and Sr will be reduced by dilution, although this will not affect the 
relative proportions plotted on triangular diagrams. Rocks containing cumulus Ti
bearing phases such as titanomagnetite and clinopyroxene will also give erroneous 
results and should be avoided. 

(a) The Ti- Zr-Y diagram The diagram in Figure 5.1 most effectively 
discriminates between within-plate basalts, i.e. ocean-island or continental flood 
basalts (field D) and other basalt types. Island-arc tholeiites plot in field A and 
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Tablt 5.1 Discrimination diagrams which may be used to determine the tectonic setting of basalts 

MORB Figure Within-place Insahs Figure 

Ti-Zr 5.2(a,b) Ou"n-iskmd Ihofriiw 
Ti-Zr-Sr 5.3 Ti-V 5.10 
Zr/Y- Zr 5.5 FeO-MgO-AllOl S.20 Ti-V 5.10 
u-y 5.12 MnO-TiOr PIOS 5.22 

Cr-Ce/Sr 5.12 KP- HIO 5.23 

TiOr Y/Nb 5.15 OcUlfI-is/and all:ali b41sa/t, 
FeO-MgO-Alp) 5.20 
MnO-TiOr P1Os 5.23 MnO-TiOr P1OS 5.22 
Discr. function (Ti- Zr- Y-Sr) 5.4 
Discr. function (majors) 5. 19 ConlintNla/ Iho/tiitu 

N-typt MORD 
Ti-V 5.10 
La-Y-Nb 5.11 

Zr- Nb-Y 5.8 TiOI- Y/Nb 5.15 
Th- Hf- Ta 5.9 FeO-MgO-AI2O) 5.20 
lA- Y-Nb 5.11 K10-TiOr Pl0S 5.21 

£-Iypt MORB ConlinNlla! a/kali basaliS 

Zr-Nb-Y 5.8 La- Y- Nb 5.11 

Th- Hf- Ta 5.9 
Volcani.,..arc Insalts Figur(" lA- Y-Nb 5.11 

FeO-MgO-;\IPl 5.20 Ti-Zr 5.2(b) 

Tran,;tiOlwl MORB Zr/Y- Zr 5.5(a) 
u - y S.l2(a) 

KIOI Yh-T a/ Yb 5.13 Cr- Ce/Sr 5. 12(b} 
FeO-MgO-Al1O) 5.20 

Ibd.-arc basin tholeiites Figure 
K10-H1O 5.23 

T i-V 5.10 
I. land-art tho/ejiu, 

La-Y- Nb 5. II Ti- Zr- Y 51 
KlO-H1O 5.23 Ti-Zr 5.2 

Ti-Zr-Sr 53 
Discr. function (Ti- Zr-Y- Sr) 5.4 

With in-plate ~Its Figure Th-Hf-Ta 59 
Ti-V 5.10 

Ti- Zr- Y 5.1 l.a- Y- Nb 5.11 
Ti- Zr S.2(b) K1O/Yb-T a/Yb 5.13 
Discs. function H Discr. function (majors) 5.19 
Zr/Y-Zr 5.5(a} MnO-TiOl- PIOS 5.22 
Zr/Y-Ti/Y 5.6 
u - y ; .12(a} Crmlj"Nllal-a'r 
Cr- e e/S. S.12 

Zr/Y- Zr 5.5{b) Discs. function (majors) 5.19 

Alkali Ocranjr-arr 

Zr/ Y- Nb/Y 5.7 
Zr/Y_Zr 5.5(b) 

Zr- Nh-Y 5.8 Cak- a/l:a/iltl basalIS 
Th- Hf- Ta 5 9 
Ti-V 5.10 Ti- Zr-Y 5.1 
KIO/Yb-Ta/Yb 5.13 Ti- Zr 5.2(a) 
TiOr Y/Nb 5.15 Ti-Zr-Sr 53 

Discr. funclioll 5' 
Tho/dili, Th-Hf-Ta 5.9 

La- Y- ]\''b 5.11 
T i/Y-NbI Y 5.7 KIO/Yb-Ta/Yb 5.13 
u-Nb-Y 5.8 DiSCI". function (majors) 5.19 
KzO/Yb-Ta/ Yb 5.13 MnO-TiOI-PIO, 5.22 

Tr~mil;ONQI Shos/w"it;r blJS4llls 

T il Y- Nb/Y 5.7 KjO/Yb-T a/Yb 5.13 
KzO / Yh-Ta/Yb 5.\3 Discr. function (majors) 5.19 
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Figure 5.1 The T i- Zr- Y discrimination diagram for basalts (after Pearce and Cann, 1973). A is the field 
of island-arc tholeiites, C the field of calc-alkali basalts, 0 is the field of within-plate basalts 
and B is the field of MORB, island-arc tholeiites and calc- alkali basalts. Rocks which plot in 
field B give an ambiguous result but can be separated by plotting on a T i- Zr diagram (Figure 
5.2) or if unallered on a T i- Zr- Sr diagram (Figure 5.3). The plotting coordinates, extracted 
from Pearce and Cann (1973 - Figure 3) are: 

Point T il 100 Z, Yx3 Poin! Ti/ lOO Z, Yx3 

I 24 55.5 20.5 7 19 40 41 
2 28 59 \3 8 JO 55 3S 
3 50 38.5 11 .5 9 JO 62 .S 27.5 
4 48 24 28 JO 16 63 2J 
5 39 20.5 40.5 II 29.5 45 25.5 
6 30 26 44 J2 42.5 30 37.5 

calc-alkaline basalts in field C. MORB, island-arc tholeiites and calc-alkaline basalts 
all plot in field B. Data points are calculated according to their assigned weightings 
[fi / IOO (ppm), Zr (ppm), Y x 3 (ppm)], recast to 100 %, and plotted on the 
triangular diagram in the manner described in Section 3.3 .2. 

(h) Tht Ti- Zr diagram Figure 5.2(a) has four fields. Fields A, C and 0 contain 
island-arc tholeiites, caJc-alkali basalts and MORB respectively and field B contains 
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Discrimination diagrams for basalts based upon Ti- Zr variations. (a) Linear scale (after 
Pearce and Cann, 1973); the fields are as follows: A, island-arc tholeiites; 0, MORn, 
calc- alkali basalts and island-arc tholeiites; C, ca!c-alkali basalt; D, MORn. Thc plotting 
coordinates (extracted from Pearce and Cann, 1973 - Figure 2) aTe as follows: 

Point Z, Ti Point Z, Ti 

I 12 1700 10 113 2400 
2 IB 4600 II 65 2400 
3 " 8500 12 39 3100 
4 84 10400 13 31 4100 
5 131 13000 14 42 6000 
6 167 10900 15 78 6400 
7 i35 7100 )6 113 7400 
8 192 6600 )7 65 5400 
9 190 3400 18 89 7400 

(b) Log scale (after Pearce, 1982) showing the fields of volcanic-arc basalts, MORB and 
within-plate basalts. The values givcn on the ordinate and abscissa can be used as a guide in 
drawing the field ooundaries (data extracted (rom Pearce, 1982). 



178 Discriminating between tectonic environments 

all three types. A modified version of this diagram, extended in compositional range 
to include within-plate lavas, is given by Pearce (1982) (Figure S.2b). The same 
diagrnm presented in the fonn TiOrZr, expressed as wt % and ppm respectively, 
is used by Floyd and Winchester (1975) to illustrate the compositional differences 
between alkali and tholeiitic basalts. On this diagram (not shown) there is 
considerable overlap between the tholeiites and alkali basalts from ocean-ridge and 
ocean-island settings. 

(c) The Ti-Zr- Sr diagram Figure S.3 can only be used for fresh samples because 
Sr is a relatively mobile element in hydrothermal fluids. The main function of this 
diagram is to subdivide the rocks which plot in field B of the Ti- Zr- Y diagram 
(Figure 5.1) into their different tectonic settings. Island-arc tholeiites plot in field A 

Tlll00 

CD 
0) CD 

c 
(}) 

<D @ 

CiJ 
A 

@ 
B 

® 
Z, Srl2 

Figure 5.3 The Ti-Zr- Sr discrimination diagram for basalts (after Pearce and Cann, 1973). Island-arc 
tholeiites plot in field A, ca1c-alkaline basalts plot in field n and MORn plot in field C. The 
plotting coordinates for this diagram (extracted from Pearce and Cann, 1973 - Figure 4) are: 

Point Ti / lOO Z, Srl2 Point TillOO Z, Srl2 

I 31 55 14 7 5 15 80 
2 40 45.5 14.5 8 9.5 53 37.5 
3 45 JJ 22 9 24 53.5 22.5 
4 41 27 32 10 24 35 41 
5 J4 15.5 50.5 II 31 28 41 
6 20.5 II 68.5 
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Fil uU S. -I Plot of the first principal component score vs the second principal component score for 35 
basalt trace element analyses. 

&:ore I = -{1.0370ITi - O.0668Zr - O.3987Y + O.8362Sr 
&:ore 2 = -<l.3376Ti - O.S60ZZr + O.7397Y + O.1582Sr 

The fields are those used by Pearce and Cann (1973). The approximate coordinales of the 
boundaries are extrat:ted from Butler and Woronow (1986 _ Figure 2). 

of Figure 5.3, calc-alkaline basalts in field Band MORB in field C. Individual data 
points are calculated according to the weighting Ti/IOO (ppm), Zr (ppm), Srl2 
(ppm), and reast to 100 %. Sr mobility has been demonstrated during 7.colite and 
prehnitc-pumpellyite facies metamorphism of basalts (Morrison, 1978; Smith and 
Smith, 1976). 

(d) Discussion Pearce and Cann (l973) intended that the three diagrams described 
above should be used together and in the following way. The Ti- Zr-Y diagram 
(Figure 5.1) should be used first to identify within-plate basalts, then the Ti- Zr 
(Figure 5.2) and if the samples are unaltered the Ti- Zr-Sr diagram (Figure 5.3) to 
identify the other basalt types. This suite of diagrams has been widely used and a 
number of authors hne reported inconsistencies in its use. These may be 
summarized as follows. 

(I) Few samples of continental tholeiites were used in the construction of the 
Ti- Zr- Y diagram and continental flood basalts do not plot in the 'within
plate' setting - field D of Figure 5.1 - (Holm, 1982; Duncan, 1987). 

(2) T he effects of crustal contamination were not considered by Pearce and Cann 
(1973) and yet this is likely to have a significant effect on the chemistry of 
continental flood basalts and may be a contributory factor in their persistent 
misclassification (see Wood (t at., 1979c). 

(3) Since the publication of the Ti-Zr- Y diagram we have learned a great deal 
about the chemistry of ocean-floor basalts and a number of types of MORB are 
now known. This point is made by Prestvick (1982), who showed that 
anomalous ocean-floor basalts from Iceland do not plot in the MORB field . 
More recent discrimination diagrams, howe\'er, can rcoognize different types 
of MORS (see Table 5. 1). 

(4) Recalculating results to 100 % prior to plotting on a triangular diagram causes 
samples to become grouped even when no real association exists (Section 2.5). 
Butler and \Voronow (1986) discussed this problem and proposed an 
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alternative approach using principal component analysis (Section 2.9). Their 
results are plotted in a bivariate graph (Figure 5.4) which uses the scores of 
the first two principal components (functions of Ti, Zr, Y and Sr) as axes to 
discriminate between the four environments identified by Pearce and Cann 
(1973). However, whilst this graph may be more mathematically sound than 
the original Ti~Zr-Y diagram, the boundaries are drawn on the basis of only 
35 analyses (averages) taken from the literature and so should be treated as 
preliminary. 

Othtr discn'mina- A number of other tectono-magmatic discrimination diagrams have been proposed 
tion diagrams based upon Ti- Zr-Y variations and these arc discussed below. In addition the HFS 

using element Nb is used, although diagrams which introduce Nb should be used with 
Tj-Zr- Y- Nb care. Nb concentrations cannot be accurately determined by XRF below about 

variations 10 ppm and precise analyses must be made by INAA. 

(a) The Zrl Y- Zr diagram for basalts (Pearce and Norry, 1979) Pearce and Norry 
(1979) found that the ratio Zr IY plotted against the fractionation index Zr proved 
an effective discriminant betwccn basalts from ocean-island arcs, MORB and 
within-plate basalts (Figure 5.5a). Arc basalts plot in fields A and D, MORB in 
fields B, D and E and within-plate basalts in fields C and E. Pearce (1980) 
con lOured the MORB field of this diagram for spreading rate. 

The Zr/Y- Zr diagram can also be used to subdivide island-arc basalts into those 
belonging to oceanic arcs, where only oceanic crust is used in arc construction, and 
arcs developed at active continental margins (Pearce, 1983). Oceanic arcs plot in the 
island-arc field originally defined by Pearce and Norry (1979) whilst continental-arc 
basalts plot with higher Zr/Y and higher Zr (Figure 5.5b). 

Pearce and Gale (1977) use a similar diagram based upon Zr/Y and Ti / Y 
variations to discriminate between within-plate basalts and other types of basalt, 
collectively termed 'plate margin basalts' (Figure 5.6). This diagram makes use of 
the enrichment in Ti and Zr but not Y in within-plate basalts. 

(b) The TiIY-NbIY diagram (Pearce, 1982) This diagram, shown in Figure 5.7, 
successfully separates the within-plate basalt group from MORB and volcanic-arc 
basalts, which overlap extensively on this plot. Within-plate basalts have higher Ti l 
Y and higher Nb/Y than the other types of basalt, differences which are thought to 
reflect an enriched mantle source relative to the sources of MORB and volcanic-arc 
basalts. Differences in Nb/Y ratio allow the within-plate basalt group to be further 
subdivided into tholeiitic, transitional and alkaline types. The broad linear array of 
fields on this diagram may result from the common denominator effect discussed in 
Section 2.5. 

(c) The Zr-Nb-Y diagram (Meschede, 1986) As our knowledge of oceanic basalt 
chemistry has expanded over the past 20 years, it has beome apparent that there is 
more than one type of MORB or 'ocean-floor basalt' as it was called by Pearce and 
Cann (1973). Meschede (1986) suggested that the immobile trace element Nb can 
be used to separate the different types of ocean-floor basalt and recognized two 
types of MORB. These arc N-typc MORB, basalt from a 'normal' mid-ocean ridge 
environment and depleted in incompatible trace elements, and E-type MORB (also 
known as P-type MORB) - ocean-floor basalts from plume-influenced regions 
such as Iceland which are generally enriched in incompatible trace elements. 
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FigUft 5.5 Discrimination diagrams fo r basallS based. upon Zr/Y- Zr variations; both diagrams have a 
logari thmic scale. (a) The fields are A, volcanic-arc basalts; B, MORB; C, within-plate 
basalts; 0 , MORB and volcanic-arc basallS; E, MORB and within-plate basalts (after Pearce 
and Norry, 1979). T he values along the ordinate and abscissa are on a logarithmic scale and 
are given to assist in consrructing the field boundaries (data extracted from Pearce and 
Norry, 1979 - Figure 3). (b) Fields of continental and oceanic-arc basalts separa ted on the 
basis of a Zr/Y value of 3. The shaded area is the field of overlap between the two basalt 
types (after Pearcc; 1983). 
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FiguTf 5.6 The Zr /Y - T i/Y discrimination diagram fo r basalts showing the fields of within-plate basalts 
and plate margin basalts (i.e. atl other basalt types). Coordinat« arc given for the bounding 
line between the two fields (after Pearce and Gale, 1977). 
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Figure 5.7 The Ti/Y -Nb/Y discrimination diagram for basalts showing the fields of within-plate 
basalts, MORB and volcanic-arc basalts (dashed line). The within-plate basalts may be 
divided into tholeiitk (Tho1.), transitional (Trans.) and alkali (Alk.) basalt types (after Pearce, 
1982). The values given along the ordinate and abscissa arc to allow the construction of the 
field boundaries and are extracted from Pearce (1982 - Figure 9a). 

The Th-Hf- Ta 
diagram of 

Wood (1980) 

On a triangular plOI of Zr/4, 2 x Nb and Y (Figure 5.8) Meschede (1986) 
showed thai four main basalt fields can be identified. T he plotting coordinates are 
given in the caption to Figure 5.8 and Garcia and Frias (1990) have written a 
computer program in BASIC for plotting rock compositions on this diagram. The 
fields were defined on the basis of more than 1800 analyses of modem basalts 
selccted from the composition range 20 wt % > Cao + MgO > 12 wt %. 

Within-plate alkali basalts plot in field A; within-plate tholeiites pial in fields All 
and C. E-type MORB plots in field B whilst N-type MORB plots in field D. 
Volcanic-arc basalts also plot in fields C and D. The several areas of overlap mc..'lln 
that only within-plate alkali basalts and E-type MORB can be identified without 
ambiguity. 

(d) The causes of Ti- Zr-Y-Nb van'ations in basalts from dijfirent tutonic 
settings Pearce and Norry (1979) investigated the likely reasons for variation in 
Zr/Y and Ti/Y between basalt suites and concluded that they are most probably 
related to long-lived source heterogeneities. Certainly it seems to be true that the 
differences between within-plate basalts (high Zr/Y) and other basalt types reflects 
a difference in the mantle source regions. Differences in Zr/Nb and Y INb between 
alkali and tholeiitic basalts can be explained in a similar way. Island-arc basalts and 
MORB, however, may come from the same source, but in this case the lower 
absolute abundances of Ti, Zr, Y and Nb in island-arc basalts represent a greater 
degree of partial melting. 

A discrimination diagram based upon the immobile HFS elements Th- Hf-Ta was 
proposed by Wood (1980). In order to expand and centre the fields of basalt types, 
concentrations are plotted (in ppm) as Th, Hf/3 and Ta. The elements Th, Hf and 
Ta are present in very low concentrations in basalts and cannot be accurately 
detennined by XRF analysis and so must be detennined by INAA. In cases where 
reliable Hf and Ta analyses are not given but Zr and Nb concentrations have been 
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Figure 5.8 The Zr-Nb-Y discrimination diagram for basalis (after Meschede, 1986). The fields are 
defi ned as follows: AI, within-plate alkali basalts; All, within-plate alkali basalts and within
plale tholeiites; B, E-type MORB; C, within-plate thol1:iites and volcanic-arc basalts; D, N
type MORE and volcanic-aT(; basalts. The plouing coordinates for the ooundary lines given 
by Meschede (1986) are: 

Point 2Nb Zr/4 Y Point 2Nb Zr/4 Y 

1. 0 50 50 8 35 37.5 27.5 
2 12 61) 28 9 50 17 33 
3 34 52.5 13.5 10 31 36 33 
4 79 14 7 II 22 J7 41 
5 0 23 77 12 3 53 44 
6 50 JJ 17 13 24 33.5 42.5 
7 56.5 16.5 27 14 22 21 57 

measured, Hf concentrations may he obtained from a Zr/Hf ratio of 39 and Ta 
concentrations from a Nb/T a ratio of 16 (Wood et aI., 1979c). 

The chief features of this diagram are: 

(I) it recognizes different types o'f MORB; 
(2) it can be applied to intennediate and silicic lavas as well as to basalts; and 
(3) it is particularly good at identifying volcanic-arc basalts. 
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Figure 5.9 shows the fields for the different magma types. N-type MORB plots in 
field A whilst E-type MORB and tholeiitic within-plate basalts both plot in field B. 
It is not pOssible, therefore, to discriminate between E-type MORE and within
plate tholeiites on this diagram, although this separation can be made using the 
Ti- Zr- Y diagram of Pearce and Cann (1973). Within-plate alkali basalts plot on the 
Th- Hf- Ta diagram in field C and volcanic-arc basalts in field D. Field D may be 
subdivided in[O island-arc tholeiites (primitive arc tholeiites) - lavas with an Hfi 
Th ratio greater than 3 - and calc- alkaline basalts with an Hf/Th ratio less than 3. 

There is some uncertainty over the mobility of Th in altered basalts and so 
ideally this diagram should only be used when samples do not contain a large 
proportion of altered glass. Crystal fractionation can also cause points to plot in the 
wrong fields . The fractionation of most silicate minerals tends to remove Ta and Hf 
from the melt and the residual liquid is pushed towards higher Th concentrations. 
Magnetite, on the other hand concentrates Ta relative to Hf and Th and so 
magnetite accumulation will displace liquid compositions towards the Ta apex of 
the diagram. 

Ti and V are adjacent members of the first transition series in the periodic table and 
yet in silicate systems they behave in different ways. This is the basis of the 
discrimination diagram of Shervais (1982), which is used to distinguish between 
volcanic-arc tholeiites, MORB and alkali basalts. 

Partition coefficients for V are very variable and in minerals such as 
orthopyroxene, clinopyroxene and magnetite vary over several orders of magnitude 
as a function of oxygen activity. This is because V can exist in reduced (V3+) or 
oxidized (y4+, V5+ ) states in natural magmas. In contrast Ti exists only as Ti4+. 
Variations in concentrations of V, relative to Ti, act therefore as a measure of the 
oxygen activity of a magma and of the crystal fractionation processes which have 
taken place. These parameters, in tum, can be linked to the environment of 
eruption and are used as the basis for this discrimination diagram. Ti and V are 
immobile under conditions of hydrothermal aJteration and at intermediate-to-high 
grades of metamorphism. 

The different basalt fields are subdivided according to Ti/V ratio (Figure 5.10). 
MORB plots between .:rilV ratios of 20 and SO, although there is considerable 
overlap with the fields of continental flood basalt and back-arc basin basalts. Ocean
island and alkali basalts plot between Ti / V ratios of SO and 100. Island-arc tholeiites 
plot between Ti/V ratios of to and 20 with a small overlap onto the field of MORB. 
Calc-alkali lavas plot with a near-vertical trend and with Ti / V ratios between 15 
and SO. 

Using a comparatively small number of samples, Cabanis and Lecolle (1989) 
constructed a triangular diagram based upon La- Y - Nb concentrations which 
discriminates between volcanic-arc basalts, continental basalts and oceanic basalts. 
This diagram has not yet been widely tested but offers another means of 
discriminating between different types of MORB. Elemental concentrations are 
plotted in ppm as La/to, Y 115 and Nb/8 and the three main fields are further 
subdivided (Figure 5.11). Volcanic-arc basalts plot in field I and are subdivided into 
calc-alkali basalts (lA) and island-arc tholeiites (IC). Field IB is where the two plot 
together. Field 2 characterizes continental basalts and field 2B may define 
continental back-arc tholeiites, although this subdivision is based upon a single 
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Fj!ur~ 5.9 The Th- Hf- Ta discriminuion diagram for basalts (after Wood, 1980). The fields are: A, N~ 
type MORB; B, E-type MORB and within-plate tholeii tes; C, alkaline within-plate basalts; 
0 , \'Olcank-arc basalts. Island-an: tholeiilC:s plot in field D where HflTh > 3.0 and 
calc--alkaline basalts where HflTh < 10. T he broken lines indicate transitional zones 
between basalt tyJ"lC'. The plotting coordinates for the boundary lines (extracted from Wood, 
1980 - Figure I) :lrt: 

Point T h Hfl3 T. Point Th Hfl3 Ta 

I 95 0 5 9 6J 8 29 
2 15 85 0 10 40 12 48 
] 15 77 8 II J2 20 48 
4 20 6' II 12 27 JJ 40 
5 56.5 24.5 I ' I ] 115 42.5 44 
6 35 46 I' 14 ; 55 40 
7 55.S 24.5 20 I ; 7 65 28 
8 57 20 23 16 ] 87.S ' .5 

value. Field 3 defines oceanic basalts and is subdivided as fo llows. Field 3D is N
type MORB, fi elds 3C and 3B E-type MORB (also known as P- type MORB) and 
field JA is defined by alkali basalts from the Kenyan Rift. 

There is some evidence that La is mobile under hydrothermal conditions and SO 

highly altered and metamorphic rocks may show some distortion relative to the La 
apex. 
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The T i- V discrimination diagram for basalts (compiled from Shervais, 1982). The fields of 
aTC tholeiite (diagonal hatching), MORB and back-arc basin basalts (BAB) (horizontal 
hatching), oontinenn l flood basalts (vertical ha tching) lmd ocean-island and alkali basalt 
(unshaded) are recognized by their T i/ V ratio as sholll"Jl. Calc-alkaline basalts (shaded) piOi 
..... ith low T i ooncemrations wilt! a wide range of T ilV ntios. 

Pearce (1982, 1983) used MORB-nonnalized spider d iagrams (see Section 4.4.1) to 
identify the trace elements which best characterize magmas produced in an island
arc environment. From these studies three distinctive feuures of volemic-arc 
basalts emerge (Pearce, 1982). Firstly. they are enriched in the elements Sr. K, Rb, 
Ba and Th relative to Ta and Cr. Secondly, island-arc tholeiites have low 
abundances of the high fi eld strength elements relati\·e to MORB and, thirdly, 
calc--alkaline basalts are enriched in T h, Ce, P and Sm relative to the other HFS 
elements. T hese features are used as basis for a number of discrimination diagrams 
which can be used to distinguish between MORB, within-plate basal ts and 
volcanic-arc basalts. 

(a) The Cr- Y diagram (Pearu, 1982) The low concentrations of Cr in volcanic
arc basalts relative to other basalt types hu been used in a number of discrimination 
diagrams to help characterize volcanic-arc basalts (Pea~ and Gale, 1977; Garcia, 
1978; Bloxham and Lewis, 1972). Cr is compatible in the minerals olivine, 
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Figur~ S.1I The La/IO-Y/l5- Nb/8 discrimination diagram for basalts (after Cabanis and Lecolle, 
1989). The plotting coordinares are shown around the margin of the diagram; the broken 
lines are drawn normal 10 the sides of the trianguJar diagram. Field I contains volcanic-arc 
basalts, field 2 continental basalts and field 3 oceanie basaJts. The suhdivisions of the fields 
are as follows: lA, calc-alkali basalts; Ie, volcanic-arc tholeiites; IB is an area of o\'erlap 
between lA and lC; 2A, continental basalts; 2B, back-arc basin basalts (although this is less 
well defined); 3A, alkali basalts from interconti[1enral rift; 38, 3C, E-type MORlJ (38 
enriched, 3C weakly enriched), 3D, N-type MORS. 

orthopyroxene and clinopyroxene and the spinels in a basaltic melt. The low levels 
of Cr in volcanic-arc rocks therefore is either a function of a different amount of 
mantle melting from MORB and/or a difference in the fractionation history. The 
precise cause is difficult [0 define. Y is also depleted in island-arc basalts relative to 

other basalt types, for a given degree of fractionation. T hus a Cr vs Y plot (Figure 
5.12a) discriminates effectively between MORB and volcanic-arc basalts, with only 
a small amount of overlap between the two fields. Within-plate basalts, on the other 
hand, overlap the fields of MORB and volcanic-arc basalts. The wide range of Cr 
values in the volcanic-arc basalt field is most efficiently obtained through crystal 
fractionation, indicating [hat Cr is a useful fractionation index in these rocks. 

(b) The Cr-Ce/Sr diagram Ce and Sr behave in a very similar way in MORB but, 
because of their differing mobilities in aqueous fluids, behave very differently in 
volcanic-arc basalts. When the data are displayed on a MORB-normalized spider 
diagram, volcanic-arc basalts show an enrichment in Sr relative lO Ce, whereas in 
MORB Cc and Sr have very similar normalized concentrations. The ratio Ce/Sr is 



, .. Discriminating between tectonic environments 

!O 0 ~~ i' 00 " 0 ~ 
o· C)'C)' ()' o· 0 

Hoot , , 1000 
1000 , , 
900 , , , MORB 

I , 
I \ ~ 

I , , , , \ , , , \ , , 
I \ ~ 

, 
~ , .., , .., I , , " '''' 

, 
u '''' U 

I I , , , 
" I I , 

VAB 
, , , , 

, I WPB 27 I 
I I I , 

I I , , I 
\ , I 

10 10 
10 II 274047 '''' o.ot 0.017 0.1 0.20 0.3\ 

(. j Y (ppm) (bj Ce/Sr 0. 11 0.22 

Filurt 5. 12 (a) The Cr- Y discrimination diagram for basalts (after Pearce, 1982), showing the fields for 
MORB, volcanic-arc basalts (VAB) and within- pla te basalts (WPB). The ploning coordimltes 
useful in constructing the diagram are extT'a(;ted from Pearce (1982 - Figure 2), (b) The 
Cr- Ce / Sr discrimination diagram for basalts (after Pearce, 1982), showing Ihe fields for 
MORB, volcanic-arc basalts (V AB) and within-plate basalis (WPB). The ploning coordina tes 
useful in constructing the diagram m: extncted from Pearce (1982 - Figure 5). 

therefore a useful discriminant between MORB and "ola nic-arc basaltS. On a pial 
of Cr vs Ce/Sr (Figure 5. 12b) volcanic-arc basalts have lower Ce/Sr ratios than 
MORS and within-plate basalts for the same Cr content. 

Distinguishing 
btllllUn diffirent 
types of vokan;c

art bosall 

In contrast to the preceding diagrams in which the concentrations of trace e1emt.'flts 
vary chiefly as a consequence of different degrees of partial melting and crystal 
fractionation, the diagrams presented in this section show variations which are 
attributed to chemical differences in the source region. These differences might 
arise from mantle heterogeneity caused by melt movement or from the addition or 
removal of elements in a fluid phase. 

Three element ratios are used - K/Ta, Ce/Ta and T h/Ta - each of which 
highlights the chemical difference between volcanic-arc basalIS and MORR. In each 
case, however, the elements are ratioed to a common denominator (Yb) for the 
purposes of showing variations in the source region prior to subduction. Yb is 
assumed to be immobile in an aqueous fluid and to behave as an incompatible 
element and so the ratio of two incompatible elements such as Th/ Yb will remain 
unchanged during partial melting and fractional crystallization (see Section 4.7. 1). 
The same will be true for the Ta/Yb ratio and variations on a Th/ Yb vs T a/Yb 
diagram therefore reflect differences in source composition. The reader should 
beware, however, of the possible common denominator effect in these diagrams 
(Section 2.5) which could produce spurious linear correlations. 

A number of subdivisions can be made of the conventional basaltic field on these 
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diagrams. Volcanic-arc basalts are subdivided into tholeiitic, calc-alkali and 
shoshonitic varieties. [Shoshonitcs are a group of K- rich, near-saturated rocks 
ranging in composition from basalt to dacite with both calc-alkaline and alkaline 
affinities (Morrison, 1980)]. MaRS and witbin-plate basalts arc also subdivided 
into tholeiitic, alkali and transitional types. 

The K.pI Y~TaI Yh diagram This diagram (after Pearce, 1982) is based upon the 
difference in behaviour between K and Ta in volcanic-arc basalts. In contrast to 
MORB, where the KITa ratio is almost constant, the greater mobility of K in an 
aqueous fluid relative to T a means that in volcanic-arc basalts the KITa will always 
be high. The diagram (Figure 5.13) discriminates well between volcanic-arc basalts 
with high K20/Yb and MORB and within-plate basalts with a lower ratio. It also 
discriminates between tholeiitic, calc- alkaline and shoshonitic volcanic-arc basalts 
and between tholeiitic, transitional and alkaline MORB and within-plate basalts. 

Source heterogeneity will affect both K and Ta equally on this diagram as they 
are both incompatible elements, and so mantlc oompositions will move to higher or 
lower K20/Yb and Ta/Yb ratios relative to primordial mantle along a slope of 
unity (Figure 5. 13). F luid enrichment, on the other hand, will enrich K but not Ta 
and will show as a trend parallel to the KzO/ Yb axis (Pearce, 1982). This diagram 
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Fisuft 5.13 Discrimination diagram for basalts based upon K- T a covariations and using Yb as a 
normalizing factor (after Pearce, 1982). The diagram shows the fields of volcanie-art baults 
(VAB), MORB and within-plate basalts (WPB). Volcanic-uc basalts are subdivided into 
tholeiitic ( rhol), calc-alkaline (CA) and shoshonitic (500) varieties. MORa and ..... ithin-plate 
btialts arc subdivided imo tholeiitic (Thol), lraIlsitionai (Trans) and all;aline (Alk) varieties. 
Alkaline "olcanic-arc basalts also plot in the alkaline field. The plotting coordinates, shown at 
the margin of the diagram, are extracted from Pearce (1982 - Figure 6). T he solid arrows 
indicate the d irrction of manue depletion (D), mantle enrichment (E) and enrichment via a 
fluid phase (F). 
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cannot be used in altered volcanic rocks because the mobility of K in aqueous Ouids 
will produce very unreliable results. Instead, the less mobile elemenlS Cc or Th can 
be used in place of K in analogous plots (Pearce, 1982). 

Bailey (1981) recognized four types of andesite - low-K oceanic island-arc 
andesites, ' other' oceanic island-arc andesites, continental island-arc andesites and 
Ande:m (active continental margin) andesites. These may be distinguished on the 
basis of their La/ Yb and Sc/Ni ratios (Figure 5.14) and their Th content. The Lal 
Yb ratio may be taken as a measure of the extcnt to which oontinental crust is 
invoh'cd in the magma genesis. A further group of andesites - the ' anorogenic' 
group - plot in the field of arc-related \'Olcanism (Arculu!;, 1987). 

Floyd and Winchester (1975) and Winchester and F loyd (1976) proposed a series of 
diagrams based upon immobile HFS elements which discriminale between tholeiitic 
and alkali basalts. These diagrams are most usefu' in altered volcanic rocks where 
standard chemical tests for the tholeiitic and alkali magma series such as the TAS 
diagram (Section 3.2.1) arc inappropriate because of the mobility of the alkali metals 
in aqueous solutions. These diagrams effectively discriminate between magma series 
but they do not allow the identification of tectonic setting. The only exception is 
the TiOz- Y INb diagram, which shows some separation between continental 
tholeiites and MORB. 

(a) Tlu Ti0z-Y INh diagram (Floyd and WinchtJltr. 1975) Alkali basalts tend to 
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Fipm 5. 14 The La/ Yb-&/Ni discrimination diagram for andesi tes (after Bailey, 1981) showing the 
fields of Andean- rype: (acth'e oontinental margin), continental island-arc, low-K oceanic 
island-uc and 'other' oceanic is land-arc andesites. 
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have low Y/Nb, a feature used by Pearce and Cann (1973) for eliminating them 
from their discrimination diagrams. Thus a plot of TiOz vs Y/Nb (Figure 5.15) 
shows three fields - MORB, alkali basalts (this includes continental and occan
island alkali basalts) and the continental tholeiites. No field is unique but there is 
only a small amount of overlap. Winchester and Floyd ( 1976) report that the Y INb 
ratio is constant during metamorphism and alteration, the only exceptions being in 
the margins of altered pillow lavas and in metadolerites. 

(b) The Pz0 s-Zr diagram (Floyd and Winchester, 1975) Alkali basalts have higher 
pzO .. than tholeiitic basalts for a given Zr content and a straight line can be drawn 
separating the two fields (Figure 5.16). There is considerable overlap, however, 
between the fields of oceanic and continental tholeiites and between the ficlds of 
oceanic and continental alkali basalts. 
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The TiOz-Y/Nb discrimination diagram for basalis (adapted from Floyd and Winchester, 
1975), showing the fields of alkali basalts (Alk.), continental tholeiites (Cont. thol.) and 
MORB. 
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Figurr 5.16 The Pp,- Zr discrimination diagram for basal ts (after Winchester and Floyd, 1976) showing 
the fields of alkali basalts and tholeiitic basalts. The plotting coordinates of the boundary line 
are extracted from Winchester and Floyd (1976 - Figure 6). 
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Fjgure 5.17 The TiO,Zr/(P205 x 10000) discrimination diagram for basalts (after Winchester and 
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(extraCled from Winchester and Floyd, 1976 - Figure 2). 

(c) The TiOr ZrlP20S diagram (Floyd and Winchester, 1975) This diagram plots 
the Ti02 content as wt % against the ratio Zr(ppm)/[PPs(wt %), x lO 000]. It 
serves the same purpose as the Ti- Y /Nb diagram but has the advantage that Ti, Zr 
and P20S are more commonly determined in basalts, than are Y and Nb. There is 
almost complete separation between the fields of tholeiitic and alkali basalts with 
alkali basalts plotting in the field of low Zr/PzOs and high TiOz (Figure 5. 17). 
Winchester and Floyd (1976) found that the ZrlPzOs ratio can change with 
progressive alteration, due to the mobility of P. This means that this diagram 
should be used with care when applied to strongly altered rocks. 

(d) rite NblY- ZrIP20S diagram (Floyd al/d Winchester, 1975) A plot of Nb/Y vs 
Zr/P20 S produces the best discrimination between alkali and tholeiitic basalts. A 
boundary line separating the two fields from Winchester and Floyd (1976) is shown 
in Figure 5. 18. 
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Fipm S. 18 The Nb/ Y- Zr/(PfJ s x iO 000) discrimination diagram for basalts (adapted from Floyd and 
Winchester, 1975), showing [he fields of conrinental and oceanic alkali bu:ahs and tholeiitic 
bu:ahs. The boundary line and plotting coordinates a~ taken from Winchester and Floyd 
(1976 - Figure 11 ). 

{t} DiscUSJ;(}n A number of workers have used this suite of diagrams with varying 
degrees of success. Morrison (1 978) found that the PzO,Zr, TiOrZr/ PzOs and 
the Nb/ Y- Zr / PzOs diagrams all failed. (0 discriminate betw~n hypersthene and · 
nepheline normative basalts, metamorphosed. at zeolite and greenschist facies. All 
the basalts plotted in the tholeiite field , whereas in reality they arc probably 
transitional in chemistry between alkali and tholeiitic basalts. Clearly, the diagrams 
of Winchester and Floyd (1975) arc unable to cope with such subtleties. Smith and 
Smith (1976), on the other hand, found that the Nb/ Y- Zr/ PzOs diagram showed a 
close grouping of samples in the tholeiite field and successfully classified. 
metamorphosed basalts from the prehnite-pumpellyite facies. 

5.2.2 Discrimination diagrams for basalts based upon major elements 

Discrimination diagrams which utilize the major elements are less likely to be 
successful than those for trace elements, for there is extensive overlap in major 
element chemistry between MORB, back-arc basin tholeiites and volcanic-arc 
basalts (Pertit t t al., 1980). This is because there is a large number of possible 
variables controlling the element concentrations and fewer elements to choose from. 
Thus il is difficult to identify elements which are either completely immobile or arc 
unaffected by the effects of crystal fractionation. 
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Pearce (1976) calculated discriminant functions based upon the eight major clement 
oxides Sial, TiDz, AIZOJ, FeD (recalculated from total Fe), MgO, CaD, NazO and 
KzO and presented discriminant diagrams to identify MORB, within-plate basalts 
(ocean-island/contincnu J basalts), caJc--alkalinc basalts, island-arc tholeiites and 
shoshonitcs. T he method he employed is discussed in Section 2.9. The boundaries 
on the discriminant diagram were based upon fresh modem basalts (samples with 
FeO/FcZOJ < 0.5 were rejected) in the compositional range 20 wt % > CaD + 
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Figure 5./9 (a) Maior element discrimination diagrams for basalts (after Pearce, 1976), showing the fields 
of within-plate basalts, MORB, calc-alkali basalts, island-arc tholeiites and shoshonitic 
basalts, The functions F I, F2 and .F3 are defined in the text in terms of eight major element 
oxides. Discrimination diagram based upon functions F I and F2; the plotting coordinates 
(extracted from Pearce, 1976 - Figure I) are: 

Point Function Function 2 Point Function I Function 2 

1 0.05 -1.36 9 0.455 - 1.2 
2 0.05 - 1.49 10 0.37 -1.2 
3 0.16 -1.58 1) 0.255 - 1.23 

• 0.235 -1.61 )2 0.29 -1.265 
5 0.32 - 1.655 )J 0.325 -1.395 
6 0.39 - 1.6 I. 0.38 - 1.38 
7 0.5 - 1.485 IS 0.32 -1.53 
8 0.5 - 1.385 16 0.24 -1.58 
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FlgUf( S. 19 (b) Discrimination diagt"llm based upon functions F2 and F3; the ploning coordinates 
(extracted from Pearce, 1976 - Figure 2) are: 

Point Function 2 Function 3 Point Function 1 Function 2 

I - 1.3 - 2.3 7 - 1.52 - 2.39 
2 - 1.26 - 2.;3 8 - 1.63 - 2.38 
3 - 1.33 - 2.51 9 - 1.42 - 2.55 
4 - 1.38 - 2.44 10 - 1.52 - 2.52 
5 - 1.48 - 2.34 II - 1.63 - 2.53 
6 - 1.5 - 2.2 

MgO > 12 WI %, with sums (including H20) between 99 and 101 %. Three 
discriminant functions, FI, F2 and F3 were identified 

Fl = + 0.00885;02 - 0.0774TiOz + 0.0102 AIP 3 + 0.0066FeO - 0.OOJ7MgO 
- 0.0143CaO - 0.0155NazO - 0.OOO7KzO 

F2 = - 0.01305iOz - 0.0185TiOz - 0.0129 Alz0 3 - 0.0134FeO - 0.0300MgO 
- 0.0204Ca0 - 0.048INazO - 0.0715KzO 

F3 = - 0.22105i0 2 - 0.05321'i02 - 0.0361 AI20 3 - 0.OOI6FeO - 0.031OMgO 
- 0.0237CaO - 0.0614Na20 - 0.0289Kp 

A plot of Ft and F2 separates MORB, volcanic-arc basalts, shoshonites and within
plate basalts (ocean-island basalts and continental tholeiites) from each other 
(Figure 5.19a). A plot ofF2 and F3 separates island-arc tholeiites, calc-allali basalts 
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and shoshonites from each other and from MORB (Figure 5. 19b). Submarine 
weathering has a severe effect on these variables and only 46.7 % of weathered 
samples were correctly classified. The effects of greenschist facies metamorphism 
are less significant. 

Pearce tl (II, (1977) used a data file of 8400 analyses of recent volcanic rocks to 
discriminate between basalts from different tectonic environments on the basis of 
their major clement chemistry. This diagram is difTeTenr from most Olhers 
described in this chapter because it applies to rocks in the silica range 51- 56 wt % 
(analyses recalculated dry), i.e. for subalkaline basalts and basaltic andesites. Pearce 
i l al. (1977) found that the oxides MgO, AI20 ) and FcO (total Fe recalculated as 
FeO) were able to discriminate between the following tectonic environments: ocean
ridge and floor basalts (MORB); ocean- island basalts; continental basalts; volcanic
arc and active continental margin basalts (orogenic basalts in the terminology of 
Pearce et al., 1977); spreading centre island basalts (e.g. Iceland, Galapagos). The 
boundaries between the different fields are shown in Figure 5.20. 

The diagram works well for fresh, modern subalkaline volcanic rocks in the 
given silica range and the similar weight per cent of each of the oxides ploued 
means that there is minimal distortion in the projection. Alkali basalts from all 
environments plot in a single, but distinct, elongate field stretching from the 
continental basalt/spreading centre island-/volcanic-arc basalt triple point 
towards the AI20 ] comer and overlap a number of the subalkaJine basalt fields. 
This means that alkali basalts cannot be plotted on this diagram and should be 
screened out using the T AS diagram of MacDonald and Katsura (1964) (Section 
3.2.1). 

The usefulness of the diagram is limited by the rclath·e mobility of the major 
clements in basalts. Pearce (1976) shows for example that MgO and FeO are mobile 
in submarine weathering, and MgO and AI20 ) afe mobile during greenschist facies 
metamorphism. A further factor which should ~ considered when using this 
diagram is the extent to which basalts might move across field boundaries during 
crystal fractionation. 

Discrimination diagrams for basalts based upon minor elements 

The advantage of using minor elements (Ti, Mn, P, K) as discriminants between 
basalt types is that the minor elements are more readily detected and more 
accurately determined than trace elements. Two of the methods outlined below can 
be used with elements whose concentrations can be adequately determined with 
XRF techniques. A third method requires the accurate determination of H20 and 
applies only to volcanic glass. 

The chief merit of the TiOrKzO-PzOs discrimination diagram of Pearce et al. 
(1975) is that it claims to differentiate between oceanic and continental basalts. 
Most trace element discriminant plots allocate ocean-island and continental-flood 
basalts to the same field making it d ifficult to distinguish between the two. Pearce tI 
al. (1975), in an empirical study, found that it was possible to discriminate between 
oceanic and non-oce:mic basalts with a single straight boundary line on a 
TiOr K20-PzOs triangular diagram (Figure 5.21). Their field of oceanic basalts 
includes MORB and the shield-building stage of ocean islands. The field of 
oontinental basa1ts successfully classified four out of six trial data-sets correctly 
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Figure 5.20 T he MgO--FeO(lotj-AIZO) diagram (after Pearce (/ al., 1977) showing the discriminant 
boundaries for a range of tectonic settings based upon the compositional range of recent 
volcanic rocks. The diagram can only be used with subalkaline rocks in the silica range SiOz 
= 51-56 WI % (calculated dry). The positions of the triple points are those given by Pearce (t 

al. (1977). They are: 
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The other plotting coordinates are exuaeted from Pearce (I al. (1977 - Figure 1). 

although Duncan (1987) found that continental-flood basalts from the Karoo 
igneous province are frequently mis-assigned. 

The diagram does not work for alkali basalts and so samples must first be ploned 
on a weight per cent AFM diagram - (FeZ03 + FeO}--MgO-(NazO + KzO) -
(Section 3.3.2) and values with 'A' greater than 20 % screened out. Another 
limitation is that KzO is mobile and so concentrations may be variable in a1tered 
and metamorphosed rocks (Morrison, 1978; Smith and Smith, 1976). Pearce tI al. 
(1975) assume that this will have the effect of increasing the KzO value, in which 
case sample compositions will move towards the K20 comer of the triangular 
diagram into the continental basalt field. Altered rocks which plot in the oceanic 
field therefore can be identified as oceanic with some degree of certainty although 
the result should be checked 011 another plot which uses immobile elements. 
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TiO , 

Dennie 

Continental 

The T iOr K10-P20 S discrimination diagram for h..salts (afler Pearce d al., 1975). This 
diagram is not suitable for fractionated and alkaline basalts. Oceanic basalIS (MORB and 
ocean-island basalts) plOi near the T iOl apex; non-oceanic basalIS plot below the boundary 
line. The coordinates (given by the authors) of the boundary line separating oceanic and 
continental basalts are K20 45.5 %, Ti02 54.5 %, PzDs 0 % and K20 0 %, Ti02 79.6 %, 
P20 S 20.4 %. 

Basalts and basaltic andesites in the silica range 45-54 wt % Si02 can be subdivided 
on the basis of their MnO, TiOz and PIO, concentrations into the following types: 
MORB; ocean-island tholeiites; ocean-island alkali basalts; island-arc tholeiites; 
calc-alkali basalts (Mullen, 1983). The boundaries defined in Figure 5.22 arc based 
upon an empirical study of 507 published basalt analyses. MnO and P20 S values are 
multiplied by to in order to expand the plotted fields and although this also 
amplifies the analytical errors for MnO and PlO" the enhanced errors still do not 
exct.'ed thc width of the fields. It should be noted, howc\'er, that the compositional 
ranges for these elements are small - the mean values for all basalt types arc in the 
range MnO 0.16--0.24 wi %, P20 , 0.14--0.74 wt % and TiOl 0.81- 3.07 wt % ~ 
and require accuracy of measurement . 

Mn and Ti are readily accommodated in fractionating phases in basalts, Mn in 
olivine, pyroxenes and titanomagnetite and Ti in titanomagnetitc and pyroxenes. 
Thus differences between volcanic-arc magmas and oceanic basalts may be 
explained in terms of different patterns of fractional crystallization. PzOs 
abundances, on the other hand, are related [0 either the magma source or the degree 
of partial melting. The elements Mn, T i and P are relatively immobile and 
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Fip,,5.22 The MnO-Ti0z-P20S discrimination diagram for basalIS and basaltic andesi tes (45-54 wt % 
SiOV (after Mullen, 1983). The fields are MORBi OIT - ocean-island tholeiite or seamoun\ 
tholeii te; OlA - ocean-island alkali basalt or seamount alkali basalt; CAB - island-an;: 
calc--alkaline basalt; IAT - island-arc tholeiite; Bon - boninite. The boninite field occupies 
the MnO-rich sector of the CAB field . The plotting coordinales (cxlracted from Figure 1 of 
Mullen, 1983) for constructing the boundary lines on the triangular diagram are as follows: 

Th, K~H,o 
diagram of 

MlU'now t t al. 
(1990) 

Point MnO x 10 TiOz P20 S x 10 Point MnO x 10 Ti02 P20S X 10 

I 61 39 0 6 21 I. 61 
2 61 I. 21 7 23 77 0 
3 41 59 0 • 30 29 41 
4 41 27 J2 9 0 45 55 
5 2. 27 45 JO • 0 92 

insensitive to hydrothennal processes in the temperature range of the greenschist 
facies, although in carbonated rocks Mn-T i- P relationships are thought to be 
unreliable. 

A diagram which identifies back-arc basin basalts has been proposed by Muenow ~t 

al. ( 1990) on the basis of the K20 , Ti02 and H20 content of volcanic glasses. Back
arc basin basalts and MORB plot with a K20/H20 ratio of < 0 .70, and ocean-island 
basalts and volcanic-arc basalts have K20 / H20 ratios of > 0.70 (Figure 5.23), 
MORn and back-arc basin basaltic glasses have o\'e rlapping fields although the 
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Fi,Urt 5.23 The KIO-H20 discrimination diagram for basalts (aftcr Muenow il Ill. , 1990). The fie lds of 
MORB, om (ocean-island basalt), BAB (back-an: basin basalt) and Arc (\'olcanic-arc basalts) 
are from Mucnow II al. (1990). The fields of fore-arc boninites and fore-an:: tholeiites are 
taken from Bloomer and Stem (1990). 

back-arc basin field is much more extensive than that of MORB. Water analyses 
were determined on fresh volcanic glasses by high- temperature mass spectrometry 
and represent water reJeased abo\'c 600 °C and in many samples above 750 °C. 

The small degree of overlap between MORB and back-u c basalts means that the 
diagram (Figure 5.23) can usefully separate the two. There is, however, extensive 
overlap between back-arc and fore-arc basalts (Bloomer and Stem, 1990). 

5.2.4 Discrimination diagrams for basalts based upon clinopyroxene 
composition 

The composition of c1inopyroxenes varies according to the chemistry of their host 
lavas. This is particularly true for clinopyroxene phenocrysts, whose compositions 
reflect the chemical differences that exist between different basaltic magma types 
more closely than do groundmass compositions. This property has been used as a 
discriminant for basalts from different tectonic settings and offers much promise in 
altered basalts in which the COTeS of clinopyroxene phenocrysts may be chemiC2l1y 
unchanged. A proposal by Nisbet and Pearce (1977) based upon the oxide 
concentrations MnO-TiOrNazO in clinopyroxenes has been superseded by the 
Tl-Cr-Ca- Al--Na plots of Leterrier ~I DI. (1982). 

Leterrier d DI. (1982) criticized the diagram of Nisbet and Pearce (1977) «:In the 
grounds thai it was based upon a small number of :m:llyses, some of which were 
groundmass clinopyroxenes, and that two of the three chemical discriminants, MnO 
and NazO, were often at levels close to the detection limits in electron microprobe 
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Fiprt 5.24 Discrimination diagrams for clinopyroxene phenocrysts in basalts (afler ulerrier (I al., 
1982). Clinopyroxene compositions are expressed in cations per six oxygens. (a) Ti \'s 
(Ca+Na) plot showing the fields of alkali basalts (A) and tholeiitic and calc-alkali basalts (T). 
The equation of the line separating the two fields is y = -0.4.1' + 0.38; (b) (Ti+Cr) \'s Ca plot 
showing the fields of MORB and other tholeiites from spreading zones (D) and \lolcanic~arc 
baSli lts (0) . The equation for the line separating the two fields isy = -0.08.1' - 0.04; (e) Ti vs 
total· AI plot showing the fields of calc-alk.ali basalt (C) and island~arc tholeiite (I). The 
equation of the line scpl!rating the twO fields is y = 0.075.1' + 0.05. 

analysis. They proposed instead a series of diagrams based upon the elements Ti, 
Cr, Ca, AI and Na drawn from a larger analytical database (Figure 5.24). Three 
diagrams are presented which progressively discriminate between alkali basalts, 
spreading centre tholeiites and island-arc basalts. Qinopyroxene analyses are 
recalculated as cations to six oxygens and only analyses with more than 0.5 atoms of 
Ca per formula unit should be used. Fe].;' and Fe2+ are calculated to provide 
stoichiometric proportions (see Cameron and Papike, 1981). The first diagram 
(Figure 5.24a) uses a plot of Ti vs (Ca + Na) and discrIminates between alkali 
basalts (A; ocean-island and continental alkali basalts) and tholeiitie and calc-alkali 
basalts T . The second diagram (Figure 5.24b), a plot of (Ti + Cr) vs Ca, separates 
clinopyroxenes from non-alkali basalts into non-(lrogenic basalts (0; MORB, ocean
island tholeiites and bac~-arc basin tholeiites) and volcanic·arc basalts (0). The final 
diagram (Figure 5.24<:), a plot of Ti vs total AI, separates clinopyroxenes from 
volcanic-arc basalts into calc-alkali basalts (C) and island-arc tholeiites (I). 

These diagrams should nO[ be used with a single clinopyroxene analysis; rather, 
Leterrier rt aJ. (1982) recommend that a minimum ofl0 but if possible more than 20 
analyses should be plotted before a meaningful result can be obtained. The method 
is thought to work in mctabasites up to greenschist facies; thereafter clinopyroxene 
compositions arc modified by metamorphic reactions. 

5.3 Discrimination diagrams for rocks of granitic composition 

The first systematic study of the geochemistry of granites from known tectonic 
settings was made by Pearce rl al. (1984), who defined the term granite very 
loosely as 'any plutonic rock containing more than 5 per cent of modal quartz'. 
They classified grani tes into ocean-ridge, "olcanic-arc, within- plate and collisional 
types, each category being further subdivided as shown in Box 5.2. A preliminary 
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survey of trace elemen! concentrations plotted against si lica content from a suite of 
600 selected granites rc"eaied that the elements Y, Vb, Rb, Bat K, Nb, Ta, Ce, Sm, 
2r :md Hf most effectively discriminate between granites from different tectonic 
settings. These variables arc used by Pearce tt al. (1984) in twO suites of variation 
diagrams to classify granites according [0 their tectonic setting. 

Gr.nlt. typn dauified ac:eording to tectonic setting (ett., P •• rce ef .1" 1984) 

Ocesn·ridge 9ranites (ORG) 

Granites associated with normal ocean ridges 
Granites associated with anomalous oceanic fidges 
Granites associated with back-arc basin ridges 
Granites associated with fore-arc basin ridges 

Vo/canic-8rc granites (VAG) 

Granites in oceanic arcs dominated by tholeiitic basalt 
Granites in oceanic arcs dominated by calc- alkali basalt 
Granites in active continental margins 

Within-plate granites {wPGl 
Granites in intracontinent ring complexes 
Granites in attenuated continental crust 
Granites in oceanic islands 

Collisional granites (COLG) 

Syn-tectonic granites associated with continent-continent collision 
Post-tectoni(: granites associated with continent-<:ontinent collision 
Syn-tectonic granites associated with continent-arc collision 

5.3.1 Discrimination diagrams for granites based upon Rb-Y- Nb and 
Rb-Yb-Ta variations (Pearce et al., 1984) 

From the list of elements giyen above, the elements Rb, Y (and its analogue Vb) 
and Nb (and its analogue Ta) were scl«ted as the most efficient discriminants 
between most types of ocean-ridge granite (ORG), within-plate granites (WPG), 
volcanic-arc granites (VAG) and syn-collisional granites (syn-COLG). Post
orogenic granites and one group of ocean- ridge granites - the supra-subduction 
zone, fore-arc basin granites - give a more ambiguous result. Post-orogenic 
granites cannot be distinguished from volcanic-arc and syn-<olIisionai granites on 
the d iagrams below but they can be identified on the Hf- Rb-Ta diagram discussed 
in Section 5.3.2. Supra-subduction zone granites can only be identified successfully 
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Figur( 5.25 (a) T he Nb-Y discrimination diagram for grani tes (after Pearce (/ al., 1984), showing the 
fields of volcanic-arc grani tes (VAG), syn-wllisional granites (syn-COLG), within-plate 
graniu:s (WPG) and ocean-ridge granites (ORG). The broken line is the field boundary for 
ORG from anomalous ridges. The plotting coordinates (Y,Nb) arc as follows (after Pearce u 
al., 1984) 1,2000 to 50, 10; 40,1 to 50,10; 50,10 to 1000,100; 25,25 to 1000,400; (b) The 
Ta- Yb discrimination diagram for granites (after Pearcc (I al., 1984), showing the fields of 
volcanic-arc granites (VAG), syn-<ollisionai granites (syn-COLG), within-plate granites 
(WPG) and ocean-ridge granites (ORG). The broken line is the field boundary for ORG 
from anomalous ridges. The plotting coordinates (Yb, Ta) are as follows (after Pearce u al., 
1984): 0.55,20 to 3,2; 0. 1,0.35 to 3,2; 3,2 to 5,1; 5,0.5 to 5,1; 5,0.05 to 100,7; 3,2 to 100,20. 
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Figure 5.26 (a) The Rb-(Y + Nb) discrimination diagram for granites (after Pearce et al., 1984) showing 
the fields of syn-wllisional granites (syn-COLG), within-plate granites (WPG), volcanic-arc 
granites (VA G) and ocean-ridge granites (ORG). T he plotting coordinates [(Y + Nh), Rh] 
for the fi eld boundaries (taken from Pearce et al., 1984) are: 2,80 to 55,300; 55,300 to 
400,2000; 55,300 to 51.5,8; 51.5,8 to 50,1; 51.5,8 to 2000, 400. (h) The Rb-{Yb + Ta) 
discrimination diagram for granites (after Pearce e/ al., 1984), showing the field s of syn
collisional granites (syn-COLG), within-plale granites (WPG), \'olcanic-arc granites (VAG) 
and ocean-ridge granites (ORG). The plolting coordinates [(Yb + 'fa), Rb] for the field 
boundaries (taken from Pearce n al., 1984) are: 0.5,140 to 6,200; 6,200 to 50,200; 6,200 to 
6,8; 6,8 to 6, 1; 6.8 to 200,400. 
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when there is geological evidence for an ocean setting. They may then be identified 
on an Nb--Y diagram from their lower Y content. 

A bivariate plot of Nb and Y can be subdivided into three fields into which oceanic 
granites (ORG), within-plate granites (WPG) and volcanic-arc granitt-'S (VAG) 
together with syn-collisional granites (s)'n-COLG) plot (Figure S.2Sa). A similar 
plot for Ta and Yb allows the fields of syn-collisional and volcanic-arc granites to be 
separated (Figure S.25b). T he plotting coordinates for the field boundaries are given 
in the caption [0 Figure 5.25. 

A bivariate plot of Rb and (Y + Nb) more efficiently separates syn-collisional 
granites from volcanic-arc granites. There is also a clear division between within
plate and oceanic granites on this diagram (Figure 5.26a). The analogous plot using 
(Yb + Ta) along the x-axis of the bi variate plot produces a very similar set of fields 
(F;gure S.26b). 
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FiKUrt 5.27 (a) The Hf-Rb/IO-Ta x 3 discrimination diagram for granites (after Harris tt at., 1986), 
showing the fields for volcanic-arc granites, within-plate granites and ocean- ridge granites. 
Granites from a collisional tectonic setting plot across the field boundary between volcanic
arc and within-plate granites. The plotting coordinates are extracted from Harris fl al. (1986 
- Figure I). 
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5.3.2 Discrimination diagrams for granites based upon Hf-Rb-Ta variati ons 

A (rivariate plot of Hf- Rbl I O-Ta x 3 (Figure 5.27a) discriminates between ocean
floor granites, volcan ic-arc granites and within-plate granites, although coll isional 
granites scatter across the volcanic-arc/within-plate boundary (Harris et n/., 1986). 
A modification of this diagram to expand the field of collisional granites using Hf, 
Rb/30 and Ta x 3 (Figure 5.27b) allows this particular group to become distinctive 
and permits their subdivision into syn-eollisional granites and post-collisional 
granites. These twO groups can also be recognized on a bivariate plot of the Rb/Zr 
ratio against Si02 although in this case there is extensive overlap betw(.'Cn the post
coll isional gr:mites and "olcanic-arc granites. 

5.3.3 A measure of arc maturity for volcanic-arc granites 

Brown I I at. (1984) found that with increasing maturity, volcanic-arc granites arc 
enriched in the clements Rb, Th, V , Ta, Nb, Hf and Y and depicted in the 
clements Ba, Sr, P, Zr and T i. They showed that a bivariate plot of the ratio Rb/ Zr 
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Fi!ure 5.27 (b) The Hf- Rb/JO-T a x ] discrimination diagram for graniles (afler Harris tt 111., 1986), 
showing the fields for l'Olcanic-an;: granites, within-plate grani tcs, syn-collisional gr.lOi tes and 
late 10 post-collisional granites. The plolting coord in ales arc eXlracted from Harris it III. 
(1986 _ Figure 6). 
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against either Nb or Y showed a positive correlation in which values increase with 
increasing arc maturity. 

5.3.4 Discussion 

As with all discrimination diagrams, the suite of diagrams for granitic rocks cannot 
be used without giving some careful thought to the effects of element mobility and 
crystal fractionation. For example, Rb is used in several of these diagrams and yet is 
a very mobile element in hydrothermal fluids. Rb was chosen on the assumption 
that the effects of element mobility are much less in granitic rocks than in basic 
rocks, chiefly because granitic rocks arc generally less altered. However, examples of 
Rb mobility are known (see, for example, Mukasa and Henry, 1990), and will give 
erroneous results. 

Pearce et al. (1984) consider the effects of crystal accumulation in granites and 
show that the dilution effect of plagioclase accumulation may shift granites from the 
within-plate and ocean-ridge fields into (he volcanic-arc granite field on the Nb-Y 
and Rb-{Y + Nb) plots (Figures 5.25a and 5.26a). In a similar way, volcanic-arc and 
syn-collisional granitt.'S may be shifted into the within-plate or oceanic granite field 
through the accumulation of ferromagnesian and minor phases. 

Twist and Hanner (1987) applied the Rb-{Y + Nb) and Nb-Y diagrams to the 
Proterozoic Bushveld granites and associated felsite lavas. Their study raises two 
rather different but important points. Firstly, these diagrams can be applied to 
felsitic lavas as well as to plutonic felsic rocks, provided the lavas are not 
contaminated . Secondly, they found that differences in trace element chemistry 
could be just as much a function of variable source chemistry as of differences in 
tectonic environment. 

5.4 Discrimination diagrams for clastic sediments 

Plate tectonic processes impart a distincti ve geochemical signature to sediments in 
two separate ways. Firstly, ditTerent tectonic environments have distinctive 
provenance characteristics and, secondly, they are characterized by distinctive 
sedimentary processes. Sedimentary basins may be assigned to the following 
tectonic settings (Bhatia and Crook, 1986): 

Oceanic island-arc - fore-arc or back-arc basins, adjacent to a volcanic-arc 
developed on oceanic or thin continental crust. 

Continental island-arc - inter-arc, fore-arc or back-arc basins, adjacent to a 
volcanic-arc developed on thick continental crust or thin continental margins. 

Active continental margin - Andean-type basins developed on or adjacem to 
thick continental margins. Strike-slip basins also develop in this environment. 

Passive continental margin - rifled continemal margins developed on thick 
continental crust on the edges of continents; sedimentary basins on the trailing 
edge of a continent. 
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Collisional setting - sedimcntary basins developed on thick continental crust. 
Rift setting - intercratonic basin developed on thick continental crust. 

5.4,1 Discrimination diagrams for clastic sediments using major elements 

The sandstone 
discriminant 

junction diagram 
(Bhatia, 1983) 

Figure 5.28 

Three types of discrimination diagram are described below for sedimentary rocks, 
based upon major element chemistry. A furthe r discrimination diagram identifies 
sedimentary provenance. 

Bhatia (1983) proposed a discrimination diagram based upon a bivariate plot of first 
and second discriminant functions of major element analyses of 69 Palaeowic 
sandstones (Figure 5.28). The sandstones were chosen to represent four different 
tectonic settin~, assigned on the basis of comparisons with modern sediments. The 
four fields thus defined (Figure 5.28) were then tested with modern sediments 
collected from known It.-ctonic settings. This approach is of course the inverse of 
that used for igneous rocks, for normally a discrimination diagram is produced from 
suites of samples whose tectonic setting is known, not the other way round. 

When this diagram is used, samples with a high contcnt of Cao as carbonate 
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The discriminant function diagram for sandstones (after Bhatia, 1983), showing fields for 
sandstones from passive continental margins, oceanic island-arcs, continental is land-arcs and 
acth'e continental margins. T he discriminant functions are as follows: 

Discriminant function I = -0.0447 s ial - 0.972 Ti02 + 0.008 AIP3 - 0.267 Fe20l 
+ 0.208 FeO - 3.082 MnO + 0.140 MgO + 0.195 Cao 
+ 0.7 19 Na20 - 0.032 KzO + 7.510 PlO, + 0.303 

Discriminant function 2 = -0.421 Sial + 1.988 Ti02 - 0.526 AlzOJ - 0.551 Fez03 
- 1.610 FeO + 2.720 MnO + 0.881 MgO - 0.907 Cao 
- 0.177 Na20 - 1.840 }(,zO + 7.244 rzOs + 43.57 

(from Bhatia, 1983 - Table 3). The plotting coordinates are extracted from Bhatia (1983 
- Figure 7). 
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must be corrected for carbonate content. Haughton (1988), in a study of an ancient 
arc terrane from California, and Winchester and Max (1989), in a study of a 
Proterozoic ensialic basin, all found that this diagram misclassified their sediments. 

Modem sandstones from oceanic and continental arcs and activc and passive 
continental margins are variable in composition, particularly in their Fez0 3(.otl + 
MgO, Alz0 1/ Si02, K20 fNa20 and AI20 3 / (CaO + NazO) contents. Bhatia (1983) 
used this chemical variability to discriminate between the different tectonic settings 
on a series of bivariate plots, tWO of which are shown in Figure 5.29. 

T hree tectonic settings - the Passi\'e continental Margin (PM), the Active 
Continent::l l Margin (ACM) and the oceanic island-ARC (ARC) - are recognized 
on the K20 /Na20-SiOz discrimination diagram of Roser and Korsch (1986) 
(Figure 5.30). Chemical analyses of ancient sediments whose tectonic setting had 
been inferred were taken from the literdture and rt:calculated dry to ensure 
comparability. The fields thus defined were then tt:sted against modern sediments 
from a known gt.'Ological setting. However, because the chemical composition of 
sediments is influenced in part by grain size, Roser and Korsch (1986) plot 
sand- mud cou plets from single si tes for modem sediments to test the validity of 
tht:ir diagram for muds as well as for sands. Generally sed imcnts plot where 
expected, although forc-arc sands plot in the ARC field whilst the associated muds 
plot in the ACM field. Where sediments are rich in a carbonate component, the 
analyses were recalculated CaCOrfrce. Failure to do this will shift samples to lower 
Si02 values and from the passive margin field into the volcanic-arc field. 

A discriminant function d iagram has been proposed by Roser and Korsch (1988) to 
distinguish between sediments whose pTO\'Cnance is primarily mafic, intennediate 
or fel sic igneous and quartzose sedimentary. Their analysis was based upon 248 
chemical analyses in which AI20 3/ SiOz, K20 /NazO and Fcz0 .l(.ot) + MgO proved 
the most valuable discriminants. A plot of the first two discriminant functions based 
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Discrimination diagrams for clastic sediments 

upon tile oxides of Ti, AI, Fe, Mg, Ca, Na and K most effectively differentiates 
between the four provenances (Figure 5.31). The problem of biogenic Cao in 
Caco3 and also biogenic SiOZ is circumvented by using ratio plots in which 
discriminant functions are based upon the ratios of TiOz, FeZ03(tOl j> MgO, Na20 
and KzO all to Alz0 3 (Figure 5.32). The ratio discrimination diagram is not as 
effective as the one bascd upon the raw oxides. 

Discrimination diagrams for clastic sediments using trace elements 

Unlike igneous rocks, where most discriminant diagrams arc based upon trace 
element chemistry, diagrams of this sort are in their infancy in sedimentary 
geochemistry. Instead, some use can be made of multi-clement plots of the type 
described in Section 4.4. 

CreywacJm Bhatia and Crook (1986) identified the clements La, T h, Zr, Nb, Y, Sc, Co and Ti 
as the most useful in discriminating between greywackes from different tectonic 
environments. Distinctive fields for four environments - oceanic island-arc, 
continental island-arc, active continental margin and passive margin - are 
recognized on bivariate plots of La vs Th, La/Y vs Sc/Cr, Ti /Zr vs La/ Sc and the 
trivariate plots La- Th- Sc, Th-Sc- Zr/lO and Th- Co-Zr/IO. On a La- Th-Sc plot, 
the fields of active continental margin sediments and passive margin sediments 
overlap, but the Th-Sc-ZrIlO shows complete separation (Figure 5.33). 

Figllrr 5.30 
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The log (K 20 /Na20) vs Si0 2 discrimination diagram of Roser and Korsch (1986) for 
sandstone-mudstone suites and showing the fields for a passive continental margin, an acth'e 
continental margin and an island-arc. The plotting coordinates for the field boundaries have 
been extracted from Roser and Korsch (1986 - Figure 2). 

Shale-normalized spider diagrams were shown to be distinctive for shales deposited 
in oceanic island-arcs, passive continental margins and destructive margins 
(continental island-arcs and active continental margins). Winchester and Max (1989) 
emphasize that their approach is preliminary for the results are based upon only a 
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small sample set. Oceanic arc profiles are chaf2cterized by depletion in many 
elementS relative to post-Archaeotn continental shale (Table 4.6), whereas 
continental arcs and active margin samples have higher LIL concentrations and a 
broadly curving profile. Passive margin profiles are similar to post-Archaean 
continental shale and therefore have a flat trend . 

Cullen t t al. (1988) showed that the immobile elements La and Th are morc 
abundant in felsic than in basic rocks, but thai the opposite is true for Sc and Co. 
Ratios such as La/Sc, Th /Sc; Th /Co. La/Co, Bai Se and Dal Co, therefore, in 
sand-sized sediments allow a distinction to be made between a felsic and a mafic 
source. However, such ratios should be interpreted in terms of provenance with 
care, for the ratios can be fractionated during weathering and transpon and may be 
strictly valid only (or locally derived sediments. Recycled sediments and those (rom 
a mixed source are much more difficuh to interpret. 
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Fi,UU 5.31 Discriminant function diagram for the provenance signatures of sandstone-mudstone suites 
using major dements (after Roser and KOl"SI;h, 1988). f idds for dominantly mafic, 
intermediate and felsic igneous provenances are shown with the field for a quartzose 
sedimentary provenance. The discriminant functions are 

discriminant function I = -1.773Ti~ + O.607AI20 1 + O.76FezOXI<lUl) 
- 1.5MgO + O.616CaO + O.509Na10 - 1.224K20 - 9.09 

discriminant function 2 = O.445TiOz + O.07AlzOJ - O.25Fez03(~) 
- 1.142MgO + OAJ8G10 + IA75NazO + IA26K20 - 6.861 

(Data from Roser and Korsch, 1988 - T able II; plotting coordinates extracted from Roser 
and K()r.lI,:h, 1988 - Figure 4.) 
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Fi&" ,t 5.32 Discriminant function diagram for the prm'enance signatures of sandstone-mudstone suites 
using major elemtnt nlllios (after Roser and Korsch, 1988). Fields for dominantly mafic, 
intermediate and feisie igneous provenances arc shown with the field for a quart7.ose 
sedimentary pro,·enanee. The discriminant functions are 

discriminant funct ion I = 3O.6J8TiO/AlzOJ - 12.54IFezOJ(lOtol,tAlzOJ 
+ 7.329Mgp/AIP3 + 12.03 1NazO/ A120 3 + 35.402KzO/AlzOl - 6.382 

discriminant function 2 = 56.500T iO/ AI20 3 - JO.879FezO.l(,ot.ul AI20 3 
+ 30.875MgO/ AlzO] - 5.404NazO/AIZOJ + I 1.1 l2KzO/ AI20 J - 3.89 

(Data from Roser and Korsch (1988 - Table IV), plotting coordinates extracted from Roser 
and Korsch, 1988 - Figure 9). 

5.4.3 Discussion 

The underlying assumption of geochemical discrimination diagrams for sedimentary 
rocks is that there is close link between plate tectonic setting and sediment 
provenance. LargcJy this is true and the chief successes of the technique arc with 
immature sediments containing a significant volume of lithic fragments from which 
provenance and hence tc<:tonic setting may be identified. Howe\'cr, there is one 
major area of uncertaint)', for some sediments are transported from their tectonic 
setting of origi n into a sedimentary basin in a different tectonic environment 
(McLennan ( t al., 1990). This observation means that users of discrimination 
diagrams for sedimentary rocks must be cautious in their claims for the original 
tectonic setting of a sedimentary basin. 
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Figurt 5.33 (a) La-Tn-Sc discrimination diagram for greywackes; (b) Th- Sc- Zr/iO discrimination 
diagram for greywackes (afler Bhatia and Crook, 1986). The fields are: A, oceanic island-arc; 
B, continental island-arc; C, active continental marpn; 0, passive margin. 

5.5 Tectonic controls on magmatic and sedimentary geochemistry 

T he underlying tectonic controls on the chemisny of magmatic and sedimentary 
rocks is an issue much wider than that of discrimination diagrams, for a large part 
of modem geochemistry is ultimately concerned with this very problem. T his then 
poses for us a question over the value of tectono-magmatic discrimination diagrams. 
Have they been superseded or are they still a valuable shorthand way of detecting a 
particular tectonic environment? 

It can be argued that the more we learn about modern tectonic environments, 
in particular the controls on their trace element and isotope geochemistry, the more 
complex they appear to be and the less confidence we have in precisely 
fingerprinting them and then identifying them in the ancient record. Certainly the 
medium of a bivariate or trivariate variation diagram used to distinguish different 
tectonic environments might be thought too simplistic. Some would go as far as 
Morrison (1978) and argue that discrimination diagrams should be 'treated merely 
as a species of variation diagram; useful in identifying magma types and their 
evolutionary trends, but not as indicators of their palaeotectonic environment'. 

On the other hand, different tectonic environments do have distinctive 
geochemical signatures and, if carefully used, geochemical data can be used to 
extract important environmental information from ancient rocks. Thus some type of 
geochemical variation diagram can be used to assign tectonic environment. Weaver 
(1987) has suggested that spider diagrams are the modern descendants of 
discrimination diagrams. 

The quandary facing the user of discrimination diagrams is that tectonic 
environments do often carry a geochemical fingerprint but some of the fingerprints 
are not unique. Two possible solutions may be found and they are outlined here in 
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this final section. Firstly, all available information may be put together to give a 
probable view of the former tectonic environment. This is the expert system 
approach described in Section 5.5.1. The othcr alternative is to take a hard and 
critical look at dis(;nmination diagrams and only usc the ones which are likely to 
provide a meaningful result. This approach is discussed in Section 5.5.2. 

5.5.1 An expert system for identifying the tectonic environment of ancient 
volcanic rocks (Pearce, 1987) 

An ideal way in which to incorporate all the information embodied in the 
discrimination diagrams described in this chapter is to use a computer-based expert 
system. An expert system is a computer system which is able, on the basis of a 
predefined knowledge base, to make intelligent decisions about that particular field 
of knowledge. Pearce (1987) described the prototype of such a system - known as 
ESCORT - developed to identify the tectonic environment of eruption of ancient 
volcanic rocks. 

T he method is multidisciplinary and requires information about the field 
relationships, petrology and mineralogy as well as the gt."OChemistry of a suite of 
volcanic rocks. This integrated approach ob\'iates some of the errors which can arisc 
from the use of geochemical data alone. From the knowledge base the computer 
assigns each rock to a magma-type (basic, intermediate or e\'olved) and to a 
particular tectonic environment of eruption. T he expert system as designed by 
Pearce (1987) also assigns probabilities to the decisions made in terms of lhe likely, 
most probable, possible and unlikely tectonic setting. Thus, in a sui te of volcanic 
rocks each sample is assessed and designated to a tectonic environment but then a 
cumulati\'e assessment is made of the whole sui te and its probable 1l .. 'Ctonic setting. 

The knowledge base contains information on rock-type associations drawn from 
the Phaner07.0ie rerord, phenocryst assemblages in different magma types and the 
association betv.'een trace element chemistry and tectonic setting. Field evidence 
uses information from sediments associated with the volcanic assemblage, but also 
uses estimates of the proportions of basic, intcrmediate and evolved lavas erupted in 
each environment since the Phanero7.0ic, and a measure of the probability of their 
prescrntion. T he petrological and geochemical parts of the knowledge base uses the 
presence or absence of an iron enrichment trend and trace clement data for TiOz, 
Zr, Y, Nb, P20S and Cr. 

This approach, albeit only a prototype, has the potential for expansion to include 
more clements (Hf, T h, Ta, V, Ni, Sc and the REE) and to include the information 
from sedimentary as well as volcanic rocks. 

5.5.2 Do tectonic discrimination diagrams still have a function1 

Practising geochemists will differ in their answer to this question, Many, however, 
including this author, will opt for the compromise of ' sometimes'. In seeking an 
answer to this question a number of factors should be considered. 

(I ) T here is no doubt that there are tectonic contrOls on magma chemistry. 
(2) Discrimination diagrams can work, aJthough they may not always work very 
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well. For example, there are 'mixed signals' - dua which 'straddle' the 
boundaries on discrimination diagrams. There may be geological reasons for 
this, as in the case of continental flood basalts which may erupt in a variety of 
within-plate tectonic settings. There may also be geochemical reasons. For 
example, the interaction of magma and a fluid phase may take place in 2. 

number of different tectonic settings, resulting in a similar trace element signal 
for different tectonic environments (Arculus, 1987). 

(3) Discrimination diagrams must never be used uncritically. The possible effects 
of element mobility and crysul- liquid fractionation processes must always be 
considered. 

(i) Discrimination diagrams must be used carefully with very old rocks. It is 
likely that the trace element composition of mantle source regions has changed 
with time and the mantle may have been less fractionated early in Earth 
history. Thus field boundaries will be in different places. With higher mantle 
temperatures in the Archaean, higher degrees of mantle melting and a greater 
probability of crustal melting should be considered (Pearce el al., 1984). 

(5) Discrimination diagrams may be telling us more about process than 
environment. Trace element concentrations in igneous rocks, for example, are 
a function of initial mantle concentrations, the percentage melt fraction, 
fractional crystallization processes and the efTCCL'I of crustal contamination. 
T hus it is the process that is Chanlcterized by the trace element concentrations 
in the first instance. Where processes can be linked to tectonic environment, 
then the discrimination diagram is useful. Where there is ambiguity some 
careful thought must be given to interpreting the results. 
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6.1 Introduction 

Radiogenic isotopes are used in geochemistry in two principal ways. Historically 
they were first used to determine the age of rocks and minerals. More recently they 
have been used in petrogenetic studies to identify geologicd processes and sources. 
The former application is nonnally described as geochronology, the latter as isotope 
geology or isotope geochemistry. There arc a number of excellent texts which deal 
with these two disciplines (Faure, 1986; Jager and Hunziker, 1977; DePaolo, 1988) 
and the reader is referred to these for more detailed treatments of the topics 
covered here. 

In the first part of this chapter the main principles of geochronology are briefly 
described and the interpretation of geochronological results are reviewed. The 
second half of the chapter describes the use of radiogenic isotopes in petrogenesis 
and takes us into one of the most exciting and fast-moving developments in 
geochemistry over the past two decadcs. The use of radiogenic isotopes as tracers of 
petrogenetic processes has allowed geochemists to sample the deep interior of the 
Earth, previously solely the domain of geophysicists. The results of such studies 
have led to important geochemical constraints on the nature of the continental crust 
and the Earth's mantle which now may be combined with our physical knowledge 
of these domains to help provide a unified chemical-physical model of the deep 
Earth. 

6.2 Radiogenic isotopes in geochronology 

The foundations of modem geochronology were laid at the turn of the century in 
the work of Rutherford and Soddy (1903) on natural radioactivity. They showed 
that the process of radioactive decay is exponential and independent of chemical or 
physical conditions. Thus rates of radioactive decay may be used for measuring 
geological time. Isotopic systems used in age caJculations are listed in Table 6.1 and 
Box 6.1. In this section we discuss two of the most common techniques used in 
geochronological calculations - isochron diagrams and model age calculations. 
This is followed by a discussion of the significance of the calculated ages. 
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Con_tents used in leed isotope geochronology 

(a) DeclJy constants (Steiger. and Jager, 1977) 

l,.,U --t - Pb 0.155125 x 10-1 vr' (A,) 
~J§U --t 201Pb 0.98(85 x 10-11 Vr' (~) 
132'fh -+ 208p1) 0.049475 x 10--9 vr-1 (~J 

fbI Isotope ratios of primeval /ead (from the Canyon Diablo ' raili le (rsfsumoro et 
al., 1973}) 

(206fb/ 2INPblo .. 9.307 
(201Pb1~Pb)o .. 10 .294 
tZOllpb/-PbJo " 29.414 

(e) Age of the earth derived from the meteoritic {soc/non (Tafsumoro Sf al., 1973; 
Tilton, 79731 

Slope of 207Pb/1O·Pb vs 206Pb/10"Pb isochron .. 0.626208. 
Defines age of earth as 4.57 Ga. 

(d) Present-day ratio t38u;t:JSU 

2311 U/235U _ 137.88 

(e} Symbols used in Pb isotope geochemistry 

)J. .. l"'U/~Pb K _ 23~h12311U 

(f) Ratios used for plotting the U-Pb concordia curvlJ 

Age (Ga l 2OIIPb/2,.,U 207Pbl235U 

0.0 0.00000 0.00000 
0.' 0.06402 0.48281 
1.0 0.16780 1.6774 1 
1.' 0.24256 2.97009 
1.8 0 .32210 4.88690 
2.2 0 .40674 7.729 17 
2.6 0.49679 11.94371 
3.0 0.59261 18.19308 
3.4 0.69456 27. 45973 
3.6 0.7 4796 33.65562 
3.8 0.80304 41 .20041 
4.0 0.85986 50.38776 
4.2 0.9 1846 61 .57526 
4.4 0.97892 75.19836 
4.6 1,04128 91 .78732 

6.2.1 Isochron calculations 

An isochron diagram is a bivariate plot of measured parcnt-daughtcr isotope 
r.IIlios fo r a suite of cogenctic samples. Where the sample suite defines a linear arra}', 
this is said to be an isochron and the slope of the line is proportional to the age of 
the sample suite. Consider as an example the Rb-$r system. The 10121 number of 
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Tab/r 6./ Isotopic systems which are used in age calculations 

Technique Decay scheme Decay constant, A(yr- I) Ratios plotted on the isochron diagram 

x-axis y -axis 

RI>-& 81Rb·.;·l ' Sr + ~ 1.42 X 10- 11 (l)tT 81Rb/86Sr 87Sr/ 86Sr 
Sm-Nd 147Sm-+H3Nd + He 6.54 x 10-12 (2) 147Sm/I+lNd wNd/l~d 
Lu- HfS 176Lu-+116Hf + ~ 1.96 X 10- 12 (3) 176t.u/lnHf 17~fl 177Hf 

1.94 x 10-12 
(') 

Ro-O.' 187Re-+I870s + ~ 1.61 X 10-]] (5) 187Re/ l860s 1870s/1860s 

K- Ar «IK-+40Ar _ ~ 0.581 x 10-10 (I) -KK/36Ar ..oAr/36Ar 
K-C.' 4OK -+-40ea + ~ 4.962 X lO- 1O (\, 6) 4OK/ 42ea .j()ea/42ea 

K total 5.543 x lO- IO (I) 
'-'-C<' 138La, lJ8ee + ~ 2.30 X 10-12 (7) 138l..a/I36ee 138eei36ee 
La- &- IJSu,138Ba _ ~ 4.44 x 10-12 (8) 138l..a/137Ba 138&/137& 

• These techniques are not routine and are carried out only in a few laboratories. 
t Older determinations use 1.39 x 10- 11. Ages which have used this decay oonstant may be recalculated using 

the factor (1.39/1.42). 
References: (I ) Steiger and Jager (1977); (2) Lugmair and Marti (1978); (3) Patchett and Tatsumoto (1980); 
(4) DePaolo (1988); (5) Hin (/ al. (1963); (6) Marshall and DePaolo (1982); (7) Dickin (1987); (8) N akai t1 al. 
(1986). 

87Sr atoms in a rock which has been a closed system for t years is given by the 
equation 

[6.1] 

where 87Srm is the total number of atoms of 87Sr present today, 87Sro is the number 
of atoms of 87Sr present when the sample first formed, 87Rbm is the number of 
atoms of 87Rb present today and k is the decay constant (given in Table 6.1). The 

precise measurement of absolute isotope concentrations is difficult; instead, isotope 
ratios are nonnally determined. An isotope not involved in the radioactive decay 
scheme is used as the ratioing isotope. In the case of the Rb-Sr isotope system the 
ratioing isotope is 86Sr and Eqn [6.1J may therefore be rewritten in the fonn 

-- - -- + -- (eN - I) 
[ 

"s, 1 - [ "s, 1 [ "RI> 1 
86Sr m 86Sr 0 86Sr m 

[6.2] 

The ratios (87Sr/86Sr)m and (87Rb/ 86Sr)m can be measured by mass spectrometry, 
leaving (87Sr/ 86Sr)o (the initial ratio) and t (the age of the rock) as the unknowns. 
Since Eqn [6.2] is the equation of a straight line, the age and intercept can be 
calculated from a plot of measured (87Sr/86Sr)m and (87Rb/ 86Sr)m ratios for a suite 
of cogenetic samples. The methodology is illustrated in Figure 6.1 . The age IS 

calculated from the slope of the line from the equation 

t = II).. InC slope + I) [6.3] 

where I is the age and k is the decay constant. Time is measured from the present 
and is expressed as either Ma (106 years) or as Ga (10'1 years). The intercept, the 
initial ratio, has considerable petrogenetic importance and will be discussed fully in 
the latter half of this chapter. 
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Figurr 6.1 A schematic isochron diagram showing the c\'olution of a suite of igneous rocks (a, h, c) over 
500 Ma and 1000 Ma. The samples formed at I = 0 from the same batch of magma which 
subse~cntly differentiated. At t = 0 each member of the rock suite has the same initial ratio 
( 87STI Sf\, but because the magma suite is chemically differenliated each rock has a 
different concentration of Rb and Sr and so a different 87Rb/86Sr ratio. Each sample plots as 
a separate point on the 87Rb/86Sr vs 87ST/Usr isochron diagram. From t = 0 to t = 500 Ma 
or t = 1000 Ma individual samples evolve along a straight linc with a stope of -1 k for 
example a-a ' - a' ' ), reflecting the decay of a single atom of 87Rb to a single atom of Sr. 
[In practice the resulting change in 87Sr/86Sr is small and so the vertical scale is normally 
exaggerated and the path taken by points is therefore much closer to a vertical line.] The 
amount of 37Sr produced in a gh·en sample is proportional 10 the amount of 87Rb present. 
The slopes of the isochrons (t = 500 Ma, t = 1000 Ma) are proportional to the ages of the 
sample sui te. The intercept on 87Sr/86Sr is the initial ratio. 

Thus isochron calculations require a suite of cogcnetic samples, formed from [he 
same parental material, and assume that there has been no exchange of 
parcnt-daughter isotopes other than through radioactive decay. An example of an 
isochron drawn for the Sm- Nd system from data in Table 6.2 is shown in Figure 
6.2. 

Ph isotope A Pb--Pb whole-rock isochron is constructed by plotting the isotope ratios 206Pb/ 
isockrons 204Pb on the x-axis and 207Pb/204Pb on the y-axis of an isochron diagram. However, 

(he interpretation of linear arrays on such diagrams is much more complex than for 
systems such as Rb-Sr because 206Pb and W7Pb are the product, of two separate 
radioactive decay schemes with two different decay constants (Box 6.\). The logic 
behind the construction of a Pb--Ph isochron is outlined in Figure 6.18. In this case 
the isochron equation cannot be directly solved and must he solved iteratively (see 
Hanner and Eglington, 1987). 

Fitting an 
isochron 

A simple but approximate way in which to fit an isochron is to draw a best-fit 
straight line by eye through [he plotted points. Providt."d a suirable scale is chosen, 
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TIlbIt 6.2 Samarium-neodymium isotopic ratios for the lower ulmmllfic unit of the Onverwacht 
volcanics. South Africa (from Hamilton tt /II. , 1979b) used in the conStruction of the 
isochron in Figure 6.2 

Sample Rock type 147Sm/l"Nd· 141Nd/ l~dt 

HSS-74 Sadic porphyry 0.1030 0.510+87 ~ 36 
HSS-161 Acid tuff 0.1054 0.510570 ~ 32 
HSS-52B Felsic pillow la\'l 0.1653 0.511950 ~ 22 
HSS-56 Basaltic lava 0.2040 0.512875 ~ 32 
R-14 Basaltic komatiite 0.1888 0.512504 ::!:: 34 
HSS-32 Basaltic komltiite 0.1649 0.511957 ::!:: 22 
HSS-88A Peridotitic konariite 0.1792 0.512292 ::!:: 34 
HSS-92 Peridotitic komariite 0.1858 0.5 12439 ::!:: 34 
HSS-95 Ptridotitic komatiitt 0.1902 0.512541 ::!:: 28 
HSS-523 Peridotitic komatiitt 0.1701 0.512084 ~ 20 

• 147Sm/I"Nd ratios determined to a precision of 0.2 % at the 2 0 level. 
t Errors on 1HNd/I"Nd are = 2 o . 

both the slope of the line and the intercept can be detennined with reasonable 
accuracy and these may be used to make preliminary estimates of the age and initial 
r.atio. Precise results are obtained from statistical line-fitting procedures which 
estimate the slope and intercept of the isochron. These nonnally use a version of 
weighted least squares regression (see Section 2.4.3). Faure (1977 - p.425-33) 
gives the FORTRA IV code for a computer program for the analysis of isochron 
data based upon equation 6 of York (1969). 

A most imponant aspect of isochron regression treatment is that it provides a 
realistic measure of the unceruinty in me age and initial ratios. A measure of the 
' goodness of fit ' of an isochron is the Mean Squares of Weighted Deviates 
(MSWD). This is a measure of the fit of the line to the data within the limits of 
analytical error. Ideally an isochron should have an MSWO of 1.0 or less; anything 
greater than this is not strictly an isochron bei;;aUst the scatter in the points cannot 
be explained solely by experimental error. Brooks ( t ~1. (1972) suggest, however, 
that the ideal of an MSWD of 1.0 or less is only applicable to isochrons involving 
infinitely large numbers of samples and that for normal data-sets the higher value of 
2.5 is an acceptable cut-off for the definition of an isochron. 

E"orchrons The origin of the scatter on an isochron is one of the most important interpretive 
aspects of geochronology. If the scatter results in an MSWO of 2.5 or less it is 
deemed analytical. If the MSWD is greater than 2.5 it is geological. Brooks ( t ~/. 

(1972) proposed thc term 'errorchron' for the situation where a straight line cannot 
be filted to a suite of samples within the limits of analytical error. An errorchron 
implies that the scatter of the points is a consequence of geological error and 
indicates that one or more of the initial assumptions of the isochron has nOt been 
fulfilled . 

Tht Ktochron The gcochron represents an isochron for t = 0 drawn through the composition of 
the appropriate isotope ratio at the time of the formation of the Eanh - the 
primordial composition. In principle a geochron can be defined for any isotopic 
system although in practice it is most commonly used in me interpretation of lead 
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FigUf( 6.2 An isochron plot of 143Nd/ 144Nd vs 147Sm/l44Nd for \'olcanic rocks from the Onverwacht 
group, South Africa (after Hamilton (1 af., 197%). The data are giv~n in Table 6.2. Error 
bars (20 ) are shown for 14JNd/l44Nd but 20 errors on 147Sm/l44Nd are too small to show. 
The slope of the best-fit line is proportional to an age of 3.54 ± 0.03 Ga; the intercept of this 
line on the 141Ndl 144Nd axis where 147Sm/144Nd = 0 is the ini tial 1,u Ndl 144Nd ratio and is 
0.50809 ± O.{)()()()4. The epsilon value (€Nd = + 1.16) is a measure of the difference between 
the initial ratio and a chondri tic model for the Earth's mantic at 3.54 Ga expressed in parts 
per 10 000 (see Section 6.3.4 and Box 6.2). The positive value for epsilon indicates that the 
volcanic rocks were derived (rom a (slightly) depleted mantle sourtt at 3.54 Ga, although 
there are large errors on this estimate. 

isotopes. Sintt there is some unttrtainty in the age of the Earth, the geochron may 
be calculated for a range of ages between 4.4 and 4.6 Ga; its precise position is a 
function of the value adopted for the age of the Earth . Thus, although a geochron 
represents a zero-age isochron, the age of the Earth used in its computation may be 
specified so that the geochron is, for example, for 4.57 Ga. The initial values for the 
geochron are given in Box 6.1. 

6.2.2 Model ages 

A mooel age is a measure of the length of time a sample has been separated from 
the mantle from which it was originally deri \·ed. Model ages are most commonly 
quoted for the Sm-Nd system and are valuable because they can be calculated for 
an individual rod from a single pair of parent-daughtcr isotopic ratios. They must, 
however, be interpreted with care. The basis of all model age calculations is an 
assumption about the isotopic composition of the mantle source region from which 
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the samples were originally derived. In the case of neodymium isotopes there are 
two frequently quoted models for the mantle reservoir - CHUR (the CHondritic 
Unifonn Reservoir) and Depleted Mantle (DM). 

T- CH UR morit l agtl The CHUR model assumes that the Eanh's primitive mantle 
had the same iSotopic composition as the average chondritic meteorite at the 
fonnation of the Earth, which in this case is taken to be 4.6 Ga. For neodymium 
isotopes CHUR is synonymous \\;tl1 the composition of the bulk Earth. A model 
age calculated relative to CHUR, therefore, is the time in the past at which the 
sample suite separated from the mantle reservoir and acquired a different Sm/Nd 
ratio. It is also the rime at which the sample had the same 143Nd/l+4Nd ratio as 
CHUR. This is illustrated in Figure 6.3, in which the present-day 14JNd/l+4Nd 
composition of the sample is extrapolated back in time until it intersects the CHUR 
evolution line. This gives the T -CHUR model a~. The evolution curve for the 
sample is constructed from the present day l,uNdl +4Nd ratio and the H3Nd/144Nd 
ratiO for that sample at some lime in the past (t), calculated from the equation 

144 - 144 + 144 (e 1) 
[ 

I4JNd I - ['4JNd I [ 147Sm I "-
Nd sample Nd t Nd ,..",ple 

16.4) 

where A is the decay constant, t is an arbitrarily selected time in the past, used for 
constructing the curve, and 147Sm/144Nd is the present-day ratio in the sample. 
Alternatively, a T-CHUR model age is calculated from the present-day 147Sml 
I44Nd and I41Nd/ l44Nd isotope ratios of a single sample using the equation 

, I [ (HlNd/l~d>-., -(14JNd / 144NdL _ _ I T Nd, = _ In pIt,t<Idoy IU1UIt,IOdo, + I 
a va. l. (14' Sm / l44Nd1. ...J147Sm/I44Ndl_ . ,....,.,..,rodor' IU1UJl;,oodoy 

(6.51 

where A is the decay constant for 147Sm to 14JNd (Table 6.1 ) and where the values 
for CHUR arc given in T able 6.3. Care must be taken to choose the correct CHUR 
"alue because different laboratories use different nonnalizing values. Model ages are 
also sensitive to the difference in Sm/Nd betwcen the sample and CHUR and only 
fractionated samples with Sm/Nd ratios which are sufficiently different from the 
chondritic value will yield precise ages. 

T-dtpltttd mantlt (DM) modd agts Studies of the initial 14JNd/l44Nd ratios from 
Precambrian ternins suggest that the mantle which supplied the continental crust 
has evolved since earliest times with an Sm/ Nd ratio greater than that of CHUR. 
For this reason model ages for the continental crust are usually calculated with 
reference to the depleted mantle (DM) reservoir rather than CHUR. Depleted 
mantle model ages are calculated by substituting the appropriate OM values 
in place of (l,uNdl H4Nd)awR and (147Sm/ 144Nd)OIUR in Eqn 16.5]. These 
values an.: given in Table 6.3, and a range of possible depleted mantle growth 
t unles are shown in Figure 6.17, using the epsilon notation (depletion relative to 
CHURl. A graphical solution of a T - DM model age calculation is illustrated 
Figure 6.3 . 

h is important when calculating model ages to remember the assumptions upon 
which they are based, for these are not always fulfilled . Firstly, assumptions are 
made about the isotopic composition of the re5Cf\'oir which is being sampled -
either CHUR or depleted mantle. This aspect of model age calculations in itself 
raises three further problems. 
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Tabk 6.1 Parameters used in the normalizarion of neodymium isolOpe data for the calculation of model 
ages and epsilon valuest 

Nonnalizing 
f_ 

~ 
l~drnuR.4.6 Go 

~ 
1uNdaruR,rodoy 

~ 
l~daruR.rodoy 

Dqlmd mati/It 

~ 
lUNd m l,rodoy 

Authors: DePaolo; Wasserburg· 

,"", 
!4INd = 

J 0.636151 (1) or l5INd _ J 
1 0.63613 (3) !42Nd - 1 

0.505829 (1) 

0.511847 (2) 
0.511836 (10) 

0.1936 (now superseded) (7) 

0.1967 ( I ) 

0.51235 (10) 
0.512245 (11) 

0.214 (10) 
0.217 (13) 
0.225 (14) 
0.230 (II) 

0.2096 (I) 

0.209627 (2) 

l~d l~d 
!42Nd = 0.63223 (4) i44Nd = 0.7219 (5) 

Sm/Nd=0.31 (6) 

0.50tm:!: 10 (7) 

0.51262 (8) 

0.1966 (9) 

Prtf(1Ttd wluts 

Sm/Nd=0.325 (2) 

0.50663 (8) 

0.512638 (9) 

0.1967 (12) 
0.19637--0.1%8 (18) 

0.51315(lZ) 
0.51316 (9) 
0.513114 (17) 
0.513 17--0.51330 (18) 

0.2137 (12) 
0.222 (17) 
0.233--0.251 (18) 

Standard roct BCR- / 

0.51184 (15) 0.512669 :!: 8 (16) 

• References: (1) Jacobsen and Wasserburg (1980); (2) Wasserburg (/ al. (1981); (3) DePaolo (198la); (4),(5) O'Nions (I al. 
(1977); (6) O'Nions tl al. (1979); (7) Lugmair tl at. (1975); (8) Hawknworth and ' ·an Calsteren (1984); (9) Goldstein tl at. (1984); 
(10) McCulloch and Bbck (1984); (II) McCulloch and Chappell (1982); (12) Peua! (I al. (1988); (13) Taylor and McLennan 
(1985); (14) McCulloch (/ at. (1983); (IS) DePaolo and Wasserburg (1976); (16) Hooker tl al. (1981); (17) Michard et al. (1985); 
(18) Alle~ tl af. (l983a). 
t k = 6.54 X Io-ll yr-1. 

(I) The correct choice of reservoir is important for, as Figure 6.3 shows, there can 
be as much as 300 Ma difference between Nd CHUR and DM model ages. 

(2) There is a variety of possible models for the depleted man de. These are shown 
for Nd in tenns of the epsilon notation (deviation from CHURl in Figure 
6.17. 

(3) There is great confusion over the actual numbers that should be used for 
mantle values. The difficulty has arisen because the Sm-Nd technique evolved 
very rapidly and different laboratories developed different nonnali7.ation 
schemes in parallel. These are summarized in Table 6.3. In practical tenns 
however, provided the same set of values is consistently used, the overall effect 
on calculated model ages is not great. Care must be taken, however, when 
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Figure 6.3 The evolution of 141Ndl l~d with time ia an individual sample (Table 6.4, No. 234) 
compared with two models of the mantle - CHUR (the chondriric uniform reservoir) and 
depleted mantle. A model Nd age is the rime at which the sample had the same 143NdI H4Nd 
ratio as its mantle source. In this case there are two possible solutions, depending upon 
which mantle model is preferred. The TamR model age is approximately 1.67 Ga and the 
TO .\1 model age is approximately 1.98 G.l.. A similar di~m can be constructed using the 
epsilon notation (see Section 6.3.4) in place of 14JNdl INd. . 

plotting data from different sources to nonnalize the isotope ratios to the same 
value of unradiogenic isotopes, and the normalizing factor used should be 
stated. 

A second assumption used in model age calculations is that the Sm/Nd ratio of 
the sample has not been modified by fractionation after its separation from the 
mantic source. In the case of Nd isotopes this is a reasonable assumption to make. 
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T hirdly. it is assumed that all material came from the mantle in a single event. 
Table 6.4 shows model Nd-CHUR and depleted mantle ages for granulites and 
gneisses from centraJ Australia, calculated using Eqn (6.5). 

6.2.3 Interpreting geochronological data 

Any detailed geochronological study of slowly cooled rocks will tend to yield 
discordant results when several different methods of age determination are used. In 
this section therefore we look closely at the different isotopic systems in an attempt 
to discover what the different forms of geochronological data mean and what it is 
that we are actually measuring when we claim to have calculated the geological age 
of a rock. In this respect one of the most frui tful areas of research has been the 
application of the concept of blocking temperatures to geochronological systems. 

Blocking Many geochronologists now agree that the principal control on the retentivity of 
temperatures radiogenic daughter products in minerals is temperature. In other words, the point 

at which a mineral becomes a closed system with respect to a particular daughter 
isotope is tempenuure-ronrrolled. D ifferent minerals will close at different 
temperatures and different isotopic systems in the same mineral will also close at 
different temperatures. The concept of closure temperature, or blocking 
temperature as it is also called, is defined by Dodson (1973, 1979) as ' the 
temperature of a system at the time of its apparent age' . It is the temperature below 
which the isotopic clock is switched on. This is illustrated in Figure 6.4. Blocking 
temperatures are most oommonly used to describe minerals although the principle 
can equally be applied to slowly cooled rocks. Hofmann and Han (1978) have 

Tahle 6. 'I Model Nd ages c:llculaled for Q-IUR and depleted mantle for granulilt!l and gneisses 
from the Slrangeways range, centnl Austnlia. An Sm-Nd whole-rock isochron for this 
suile gives an age of 2.07 :!: 0.125 Ga (from Windrim and McCulloch, 1986) 

Sample 
00. 

Mafi( lranufiw 

226 
234 
551 
868 

5<lIA 
5<l7 
5<l3 
512 

NOla 

0.1853 
0.125 1 
0.2134 
0.2046 

0.1248 
0.1310 
0.1248 
0.11 50 

O.S1l772 :!: 36 
O.SlI 049:!: 30 
0.S12l22:!:36 
0.512013 :!: 24 

0.511006:!:28 
0.511039 :!:24 
0.510967:!:32 
0.510794:!:32 

I . NJ iJoIOPtJ "omfa/iu J 10 H6NJI H2Nd = 0.616/51. 

0.856 
1.672 
2.596 
3.388 

1.755 
1.844 
1.837 
1.938 

2. DM w/lMJfo, Nd (m (UJNdI IHNd),.Jq = 0.51235, rUlS", I I#Nd)w.:1 = 0.22S. 
J. Cakulallo1lJ wuuk us;"l Elf" [6.51. 

2.203 . 
1.975 
2.950 
2,491 

2.034 
2.115 
2.093 
2.145 
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Figurt 6.4 The definition of blocking temperature: (a) 
the cooling curve; (b) the accumulation 
curve of the concentration of the daughter 
to parent isotope, both as a function of 
time (after Dodson, 1979). When a mineral 
is close to its temperature of crysta11iz.ation 
(1 ), the daughter isotope will diffuse out of 
the mineral as fast as it is produced and so 
cannot accumulate. On cooling the mineral 
enters a transition stage in which some of 
the daughter isotope is lost and some is 
retained until fi nally at low temperatures 
the rate of escape is negl igible and all of 
the daughter isotope is retained (2). The 
'age' for the system (III) is effectively an 
extrapolation of the accumulation curve 
[broken line in (b)] bad onto the time axis. 
The value of the blocking temperature 
(Tn) will depend upon the exact cooling 
history of a particular system but will be 
independent of the starling temperature if 
the latter is sufficiently high. 
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shown that element exchange in slowly cooled rocks is chiefly controlled by volume 
diffusion and that in differcnt whole-rock systems diffusion ceases at slightly 
different temperatures. 

A distinction must be made however between blocking temperature and the 
resetting of an isotopic system. The latter will take place in whole-rock systems 
which have been thennally overprinted or subject to fluid movement. It is likely 
that in the case o( resetting whole-rock systems the amount of fluid and the 
chemistry of a fluid are more important controls than temperature. Choosing 
between blocking temperature (mainly controlled by volume diffusion) and the 
resetting of an isochron (most commonly a function of fluid movement) as an 
explanation of discordant ages requires the consideration of the scale of isotopic 
homogenization. Rocks which have been isotopically reset may yield ages which 
vary from the time of crust formation to the most recent metamorphic event, 
depending upon the scale of sampling. Very large samples may have escaped the 
isolOpic rehomogenization and will preserve old ages whereas individual minerals 
may have recrystallized and yield young ages. 

In the discussion below we shall look more closely at the term 'age' in the light 
of the blocking temperature concept, and evaluate the different ways in which it has 
been used in both mineral and whole-rock systems. 

As the discussion above has shown, the term 'age', whether applied to a model age, 
or a whole-rock or mineral isochron age, may have a number of different meanin~ 
in geochronology and must be defined carefully by using an additional qualifying 
term. 
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(a) Cooling agt In a metamorphic rock the term 'cooling age' is comoentionally 
used to describe the rime, after the main peak of metamorphism, at which a mineral 
which had crystallized at the metamorphic peak passes through its blocking 
temperature. In an igneous rock, cooling age is the time after the solidification of 
the melt at which a mineral passes through its blocking temper.lturc. 

(b) CryJlalliZlllion age The crystallization age of a mineral or rock records the time 
at which it crystallized. In the case of a metamorphic miner:d, for example, if the 
temperature of crystallization is lower than the blocking temperature, the instant 
the mineral forms the isotopic clock is switched on and the age of crystallization is 
recorded. In an igneous rock, the crystallization age of a mineral rerords the 
m agmatic age of the rock. 

(c) Mttamorphic agt The term 'metamorphic age' is often confused with cooling 
age but it means the time of the peak of metamorphism. The determination of 
metamorphic age depends greatly upon the grade of metamorphism. In low grades 
of metamorphism the metamorphic maximum may be determined from the 
blocking temperature of a specific mineral. In the case of high grades of 
metamorphism, the timing of the peak of metamorphism is normally inferred from 
the resetting of a whole-rock system such as Rb-Sr or Pb-Pb. 

(d) Crusl /ormalion agt This is the time of formation of a new segment of 
continental crust by fnctionation of material from the mantle (O'Nions tt al., 
1983). Whether or not it is possible to determine directly the crust formation age 
will depend upon the geological history of the segment of the crust. In many areas 
of ancient continental crust the formation of the crust was followed by deformation, 
metamorphism and melting and it may be possible to determine only a traloni::.alio" 
agt rather than the age of formation. 

(t) Crust mifknct agt Sediment eroded from a segment of continental crust will 
possess a crust residence age, which may reflect the crUSt formation age. A 
neodymium crustal residence (TO') age is calculated from Eqn [6.5] by substituting 
the appropriate values for depleted mantle in place of the CHUR values. Some 
authors use the term provenance age as a synonym, although this does not signify 
a specific historical event such as a stratigraphic age but is the average crustal 
residence time of all the components of the rock. Normally, the crustal residence 
age of a sediment is greater than the stratigraphic age (Figure 6.5). 

Whole-rock systems are more likely than mineral ages to determine the timing of 
crystallization of an igneous rock or the timing of the metamorphic peak during 
metamorphism. Sometimes it may be possible to determine the time of crustal 
formation . 

(a) TIlt RIrSr systnn The rubidium-strontium isotopic system is still one of most 
widely used isotopic whole-rock methods, for most crustal rocks contain sufficient 
Rb and Sr (anywhere between 10 and 1000 ppm) to make the chemical sepal'2tion of 
[he elements and the mass spectrometry relatively Sll'2ightforward. It is a versatile 
method and can be applied to a range of whole-rock compositions as well as 
individual minerals. On the other hand, the results of Rb-Sr geochronology are not 
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Figure 6.5 A plot of str:ltigraphic age \'s neodymium crustal residence age (T cr) for fine-grained clasnc 
sediments between 4.0Ga and the present d~y (shaded region). The departure from the 1:1 
line at about 2.5 Ga shows that whilst sediments in the Archaean contain a mainly juvenile 
component, Phanerozoic sediments contain an old crustal component (after Miller and 
O'Nions, 1985). 

always easy to interpret, for both Rb and Sr are relatively mobile elements so that 
the isotopic system may readily be disturbed either by the influx of fluids or by a 
later thermal event. Thus Rb--Sr isochrons are rarely useful in constraining crust 
formation ages. Nevertheless, if an Rb--Sr isochron is obtained it can usually be 
attributed to a definite event such as the age of metamorphism or alteration, or the 
age of diagenesis in sedimentary rocks, even if the primary age of the rock cannot be 
determined. 

(b) Pb isolopes Pb--Pb isochrons can be plotted for a wide range of rock types from 
granites to basalts lltld can be used to give the depositional age of some sediments. 
The method yields reliable ages in rocks with a simple crystallization history, 
although, because of differences in the mobility and the geochemistry of uranium 
and lead, there are severe problems of interpretation in systems where lead isotopes 
have been reset. Thus the Pb--Pb isochron method is rarely able to give crust 
formation ages although it can be used to give the age of metamorphism. 

(c) The Sm-Nd system The elements Sm and Nd are much less mobile than Rh, 
Sr, Th, U and Pb and may be used to 'see through' younger events in rocks whose 
Rb--Sr and Pb isotopic chemistry has been disturbed. Thus the Sm-Nd technique 
seems to be the most likely whole-rock method from which crust formation ages 
may be determined. The chief limitations on the method are the long half-life, so 
that it is only really applicable to old rocks, and the relatively small variations in 
Sm/ Nd ratio found in most cogenetic rock suites. This latter problem has led some 
workers to combine a wide range of lithologies on the same isochron in order to 
obtain a spread of Sm/Nd ratios. However this resulted in samples extracted from 
different sources and with very different histories being plotted on the same 
isochron and has given rise to some spurious results. 
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A plot of minerai age vs blocking temperature for the Glen Dessary syenite from Scotland 
(after van BTeemen (( af., 1979; Oiff, 1985). The mineral ages define a cooling curve for the 
plulon. The mineral on which each age determination was made and the method used are 
indicated . 

Isotopic measurements on minerals may be used to obtain a mineral isochron in 
which minerals from the same rock are used to define an isochron. This, of course, 
is only valid if all the minerals have the same blocking temperature. A second way 
in which minerals are used is in the calculation of mineral ages. In most cases these 
will be cooling ages, although highly refractory minerals such as zircon may be used 
to give the magmatic age of some igneous rocks, and may on some occasions see 
through a thennal event to the time of crust fonnalion. Blocking temperatures for 
isotopic systems in minerals are illustrated in Figure 6.6. 

(aJ Rb-Sr mineral ages The minerals biotite and muscovite are commonly dated 
by the Rb-Sr method. Ages are calculated _using a two-point isochron method in 
which a mineral with a low concentration of Rb such as plagioclase feldspar, or 
bener (10 avoid two different blocking temperatures) the whole rock, is used as 
control on the initial ratio. Blocking temperatures for biotite arc in the range 300 :t 
50 °C and are about 40 °C higher than the blocking temperatures for Ar in biotite 
(Harrison and McDougall, 1980). Muscovite blocking temperatures are 550 :!: 

50 °C, although Cliff (1985) points out that in coarse-grained muscovite from 
pegmatites blocking temperatures may reach 600-650 °C and are close to the 
crystallization temperature. 

(b) Argon methods Argon isotopes arc studied most commonly in the minerals 
biotite, muscovite, hornblende and alkali feldspar. The blocking temperatures for 
argon diffusion, applicable to the interpretation of K- Ar and 39Ar/1OAr ages are 
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more difficult to apply than those for Sr diffusion. For example, biotite blocking 
temperatures determined from hydrothermal diffusion experiments vary from CIOI 

295 °C to 410 ~ 50 °C according to the Fe/Mg ratio of the biotite (sec compilation 
by Blanckenburg (/ 1011., 1989). Muscovite has a blocking temperature of 350 ~ 
50 °C although "ery fine-gntined white micas formed at low grades of 
meumorphism may yield crystallization ages. Reuter and Dallmeyer (1989) dated 
the timing of cleavage formation in low-grade pclites using this method. 
Hornblende has a blocking temperature of 530 ± 30 °C, although \'alues up to 
650 °C ha\'e also been recorded. 

(c) Sm-NJ mintral agtS Gamet-bearing mineraJ assemblages otTer the potential for 
precise Sm-Nd mineral isochron ages, for garnets have high Sm /Nd ratios which 
allows the slope of a mineral isochron to be accurately determined with errors of 
only 5- 10 Ma on lower Palaeozoic ages (Oiff, 1985). Gamet ages are determined on 
two-point isochrons between garnet and one or more of t he minerals plagioclase, 
orthopyroxene or clinopyroxene and hornblende. Mineral isochrons which do not 
involve garnet show a smaller range of Sm/ Nd ratio but still yield reasonably 
precise ages with errors of ~ 20 Ma. Blocking temperatures for Nd diffusion 10 

garnet are ( a 700 °C (Cohen t t QI., 1988; Windrim and McCulloch, 1986). 

(d) U- Pb dlOlling ofz.ircon A plot of 206Pb/ 238U vs 207Pb121SU concentrations in a 
population of zircons tends to define a linear array with an upper and lower time 
intercept on a concordia--discordia diagram (Figure 6.7). The concordia curve is the 
curve which defines the locus of concordant ages for both 2J8U and 235U decay -
sec Box 6.1. A general interpretation of the linear array (the discordia) is one of 
lead loss (or uranium gain) and both upper and lower intercepts with the concordia 
have petrological significance. Magmatic zircons in felsic rocks can be used to date 
the time of crystallization from the upper intercept of a discordia curve. Granitic 
rocks which are melts of old crust may contain inherited zircons. In this case the 
lower intercept may give the age of new zircon crystallization (magmatic 
crysr.allization) and the upper intercept the age of the crustal source (Liew and 
McCulloch, 1985). Detrital zircons in sediments may date the pro\'enance of the 
sediments, and zircons in metamorphic rocks may date the protolith or, in the case 
of meta-sediments, the provenance of the protolith. 

Recently, the application of the ion microprobe to the U- Pb isotopic analysis of 
single zircon crystals (Compston rl lOll., 1982, 1984) has revolutionized zircon 
geochronology, allowing a number of analyses to be made on a single zircon crystal. 
Hence it is possible to unravel the geological history of complex zircon grains (see, 
for example, Kroner tI al., 1987 and Figure 6.7). 

T he U- Pb method is also applicable to the minerals sphene, monazite and 
epidote. Sphene has a blocking temperature of greater than 550 °c' The blocking 
temperature of epidote is less well known but could also be as high as sphene. 
Monazite also has a high blocking temperature «(101 600 OCt Gebauer and 
G runenfelder, 1979) but it is not precisely known. 

A model age is an estimate of the time at which a sample separated from its mantle 
source region. Thus for igneous rocks and meta-igneous rocks this is a good 
estimate of the crust formation age. In detail, of course, this assumes ( I) knowledge 
of the isotopic composition of mantle source, (2) absence of parenti daughter isotope 
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Figurt 6.7 Concordia-discordia diagram showing zotipbl Z38U and Z07Pbl 23SU ratios in zircon grains in 
granulite facies metasediments from Sri Lanka (after Kroner (/ al., 1987). The concordia 
curve is the locus of points for which the lO6Pb/21SU age equals the 207Pb/ llSU age. It is 
curved due to the different half-lives of 138V and 2JSU and it may be plotted using the values 
in Box 6. L The discordia curve is a linear array of points which intersect the concordia 
curve at two points. The upper intersection is 'interpreted as the primary age of the sample 
whereas the lower intersection defines a period of lead loss and may have a number of 
possible geological meanings. The sketches of individual zircon grains show the spots 
an:dysed using the ion microprobe and their compositions are plotted on the discordia
concordia diagram. Old zircon grains and the cores of composite grains define a discordia 
curve (discordia I) with an upper imercept al 3.2 Ga (the age of the source of the delrital 
zircons) and a lower imercept at 1.1 Ga (the time of the granulite facies metamorphism). 
New zircon grains (recogni7.ed on the basis of their irregular morphology) and new zircon 
rims on composite grains define a second discordia (discordia 2) with an upper intercept at 
l.l Ga (the gnmulite facies metamorphism) and a lower intercept at the present day. The 
new zircon growth wok place during the granulite facies evem. 

fractionation after extraction from the mantle source and (3) the immobility of 
parent and daughter isotopes. In the case of Sr isotopes none of these criteria is 
usually ' fuifilled with any certainty either for igneous rocks or for sediments 
(Goldstein, 1988) and so at the present time model ages are not frequently 
calculated for the Rb-Sr system. Nd isotopes, however, are more useful and 
meaningful model ages can be calculated, although the reference reservoir (CHVR 
or depleted mantle) must be specified and in the case of depleted mantle model ages 
the depleted mantle model evolution curve must also be specified. 

Model ages of granitoids may be used to estimate the age of their source. In the 
case of mantle-derived granites, the model age gives the time of mantle fractionation 
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Fi"urt 6.8 T he evolution of 141Nd/ I+4Nd (expressed as epsilon units _ see Section 6.3.4) with time, 
for depleted mantle and continental crust. Relative to CHUR the depleted mantle shows 
increasing 141Nd/1#Nd Hncreasingly positive E-values) wilh time, whereas the continental 
crust shows retarded 14 Nd/ I#Nd evolurion (increasingly negative £- \'alues). (a) The 
depleted mantle model age for a granite fonned at 2.7 Ga from a mixture of a ju\'eniie 
component derived from the depleted mantle and from Archaean cruSI fol"!Tled at 3.5 Ga 
will be 12 Ga. (b) The deplelcd mantle model age of a granite formed by the mixtun:: of 
Proterozoic (1.9 Ga) and Archae3.n (3.0 Ga) crustal sources at 1.8 Ga is 2.6 Ga. The model 
ages hne litt le real meaning for the)' neither reflect the cTystlilliution age of the granite nor 
the age of the crustal source (Arndt and Goldstein, 1987). 

of the basaltic precursor 10 the granite. T his is usually assumed to be very close in 
time to the crystalli:r..ation age of the granite. Granitoids which arc derived by the 
melting of older continental crust will give model ages which are ind icative of the 
age of the crustal source. T his is possible because the intracrustal fractionation 
process does not greatly disturb the Sm/Nd ratio of the source. Often, however, 
granites are a mixture of crustal and mantle sources. When this is the case, 
calculated model ages may give "cry misleading results (Arndt and Goldstein, 1987, 
and Figure 6.8). 

Model ages for clastic sedimentary rocks are thought to provide an estimate of 
their crustal residence age (O'Nions n al., 1983), for minimal fractionation of Sm/ 
Nd accompanies their generation. Since, however, many continental sediments are a 
mixture of materials from different sources, model Nd ages arc the average model 
age of the sed iment and provide a minimum estimate of the crustal residence age or 
an average crustal residence age. 

6.3 Radiogenic isotopes in petrogenesis 

Isotope ratios in a magma arc characteristic of the source region from which the 
magma was extracted and the ratios remain unchanged during subsequent 
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fractionation events. This is because the mass difference bet ..... een any pair of 
radiogenic isotopes used in geochemistry (with the exception of helium) is so small 
that the isotope-pair cannot be fractionated by processes controlled by crysu l
liquid equilibria. Thus during partial melting a magma will have the same 
isotopic character as its source region. 

This simple observation has Jed 10 two important developments in isotope: 
geochemistry. Firstly, distinct source regions can be recognized with their own 
unique isotopic chancIer and, secondly, mixing can be rerognized between 
isotopically distinct sources. Thus onc of the main quests of isotope geology is to 

identify the different isotopic reservoirs in the crUSt and mantle and to characterize 
them for as many isotopic systems as is possible. An attempt to do this for crust and 
cx:eanic basalt sources is presented in Table 6.5. The larger and more difficult 
question of how the reservoirs acquired their own identities leads into the area of 
crUSt and mantle geodynamics, a topic treated briefly at thc end of this chapter (see 
Section 6.3.6). 

In dell1il a wealth of mixing and contamination processes can be recognized in 
and between sources, although these can normally be reduced to twO esscntially 
different types of process (Hawkesworth and van Calstcren, 1984). Firstly, 
radiogenic isotopes may be used to identify components from difTereni sources 
which have contributed to a particular magmatic suite - for example, the 
contamination of continental flood basalt with old continental crust. The time-scale 
of these processes is short and equivalent to the time-scale of most familiar 
geological processes. The second application is to constrain models of the evolution 
of source regions of magmatic rocks. For example, we will show below that there 
are several sources for oceanic basalts in the upper mantle. It is of some importance 
to discover how and when these separate sources acq uired their separate identities. 
The time-scale of these processes is long and is of the order of billions (Ga) rather 
than millions (Ma) of years. 

6.3.1 The role of different isotopic systems in identifying reservoirs and 
processes 

The different dements used in radiogenic isotope studies in geology vary greatly in 
their chemical and physical properties, so much so that different isotope systems 
vary in their sensitivity to particular petrological processes. This variability may 
show itself in two ways. Firstly, the parent and the daughter elements may under 
certain circumstances behave in different ways so that the two become fractionated. 
The order of incompatibility for elements of interest is 

Rb > Th > U > Pb > (Nd, Hf) > (Sr, Sm, Lu) 

These values indicate the extent to which an element is fractionated into the crust 
relative to the depleted mantle. For example, Rb is the element most concentrated 
in the crust relative to the depleted mantle whereas Sr, Sm and Lu are the least 
concentrated. Alternatively, a parent-daughter element-pair may beha,'e coherently 
:md not be fractiona ted and yet behave in a very different manner from the 
parent-daughter pair of another isotopic system. A good example is the contrast 
between the Sm-Nd system, in which both elements share very similar chemical 
and physical characteristics, and the Rb-Sr system, in which the elements are 
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TQb/~ 6.5 The isotopic character of crust and mantle reservoirs (present-day isotope ratios SOO\\"f\ in 
parentheses) 

n Rb-"Sr 100Sm-14)Nd lJIlu_~ llSU_107Pb uz,n_1OI!Pb 

C#1It;'.NII.1 ""Sill/ Sll Ii'CN 

Upper CI'lISt High Rb/ Sr: low Sm/ Nd; High U/Pb; High UJPb; High Th/ Fbj 
high n Sr/ IIISr 10,,' IUNd/ 1'"Nd high106J>b/ ZCN Pb high 201Pbl *Pb high lOBPb/ llI+Pb 

(Negativc cpsilon) 

Middle CI'lISI Mod. high U-()epletro; U-depletro; Mod. high Th; 
Rb/ Sr{0.2-0.4); Rc=dro low ~/llMJ>b In,,· lO7Pb/ lOOPb moo high 
n SrI'"sr = Nd c"olution lWPb/ ZCN Pb 
(0.72-{l.14) in the cruSt 

Lo,,'er crust Rb dcpletion; rcluh'C to Se"cre U Severe U Severe Th 
Rb/Sr «"110.04; chondri tic depletion; \"Cry depletion; ,'cry depletinn: "ery 
low flSr/&6Sr source low Z06pb/!OlPb low Nlpb/-Pb low lWPb/lOlPb 
(0.102-{l.70S) (eQ 14.0) «(a 14.1) 

Subcontinental lithosphere 

Archaean 
Proler07.oic 
to Recent 

Low Rb/Sr 
High Rb/Sr 

Low Sm/Nd 
Low Sm/Nd 

Owm;r blUlllt Ilnlrtt / (Zilfdltr II" d Hart. 1986) 

Depietro Low Rb/Sr: High Sm/Nd; Lo,,' U/ Pb; Low U/Pb Th/ U=2.4::!:0.4; 
mantle 10'" "Sr/~. high H~d/ 1'"Nd Iow~/-Pb 10. 207Pb/ l(HPb low lOIPb/ lOO Pb 

(posith'c cpsilon) (," 17.2-11.7) (,. I i :4) (, " 37.2- 37.4) 

HI}.IU Lo .... Rb i S.; I ntermed~tc High U/Pb; High UJPh; High Th/ Pb 
10 .. · " Sr/ '"sr Sm/Nd high ~/ZCNPb high lO7Pb/ 200Pb 
(=0.1029) (<0.5 1282)" (>20.8) 

Enriched nutntk 

EM I La ... · Rb/Sr; Low Sm / Nd : La,,' U/Pb; Low U/Pb; Low Th/ Pb: 
17Sr/'"sr = 14JNd/ 1'"Nd <!U6pt,/ llI+Pb = m p b/ -Ph = lOIPb/ l(HPb = 
::!:0.i05 < O.SIIZ· (11.6--11.1) (15.46-15.49) (38.0-38.2) 

EM 11 High Rb/Sr: 1..0'" Sm/ Nd; High =Pb/Z04 Pb :rnd lOIPh/l(UPb at 2 gi,·tn lOIIPb/lII<]>b 
"'Sr l S&sr IUNd/1'"Nd = 
> 0.122 (0.SI1-{).512 1)· 

PREMA 37Sr/USr I~JNd/IHNd lO6pb/1.04pb 
= 0.7033 = 0.5130" = ( \8.2- 18.5) 

Th/U = 4.2; 
Bulk A7Sr/MSr lUNd/1"Nd Z06pb/1.04 pb ZiJ7Pb/ lOfl'b l(lli l'h / lOJ4Pb 
Eonh = 0.7052 = 0.51264- =: 18.4 ::!: OJ = 15.58 := 0.08 = 38.9 ::!: OJ 

(= chondrite) 

• Normalized to l"'Nd / 1'"Nd = 0.1219. 

strongly fractionaled from one another. Below we briefly review the properties of 
the lh 'e isotopic systems summarized in T able 6.5. 

Sm and ! d isotopes are nOI significantly fractionated wilhin the continental 
crust by metamorphic or sedimentary processes and thus prescn'C Ihe parenti 
daughter ra tio of thei r source region. In this respect Sm- dare \'ery similar to 
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Lu- Hf but differ markedly from Rb-Sr, U-Ph and Th-Pb. Sm-Nd are immobile 
under hydrothermal conditions and so their isotopic composition reflects the actual 
proportions of rock or magma involved in specific petrological processes. The 
Sm-Nd system, however, has the disadvantage that small amounts of recycled crust 
mixed with a large proportion of a mantle component become isotopically invisible. 

Lead isotopes are more complex because of the three different decay schemes 
employed (Box 6.1) and because they do not define linear trends on lead isotope 
evolution diagrams. In general, uranium and lead arc relatively mobile in crustal 
processes, particularly in magmatic/ hydrothermal situations, whereas thorium is 
highly insoluble. Both U and Ph are incompatible clements in silicatt.'S although U 
enters a melt more readily than Pb. In detail, the two isotopes of lead produced 
from uranium, 206Pb and 207Pb, show contrasting behaviour as a consequence of 
their differing radioactive decay rates. Early in the history of the Earth 235U 
decayed rapidly relative to 238U so that 207Pb evolved rapidly with time. 207Pb 
abundances therefore are an extremely sensitive indicator of an old source. Today, 
however, 235U is largely extinct so that in the recent history of the earth 238U decay 
is more prominent and consequently 206Pb abundances show a greater spread than 
207Pb (Figure 6.1 8a and Table 6.6). The difference in behaviour between the 
different isotopes of lead allows the identification of several isotopic reservoirs 
(Table 6.5). The crustal reservoirs are best sampled by studying the isotopic 
composition of a mineral such as feldspar with a low U/Pb or low Th/Pb ratio and 
which preserves the '·initial' Pb isotopic composition of the source. This approach 
was developed by Doc and Zartman (1979) and is discussed in the section on 
'plumbotectonics' (Section 6.3.6). 

Strontium is relatively immobile under hydrothermal conditions, although Rb is 
more mobile. Sr therefore reflects fairly closely the original bulk composition of a 
suite of rocks, and Rb less so. In addition the Rb--Sr system shows the most 
extreme differences in incompatability between the parent and daughter clements. 
Rb and Sr are easily separated, so that there is extreme fractionation between crust 
and mantle leading 10 the accelerated strontium isotope evolution of the continental 
crust relative to the mantle (see Figure 6.15). Within the continental crust Rb and 
Sr are further separated by remelting, metamorphism, and sedimentation, for Sr is 
partitioned into and retained by plagioclase whereas Rb is preferentially partitioned 
into the melt or fluid phase. 

6.3.2 Recognizing isotopic reservoirs 

T aylor (1 al. (1984) recognize three isotopic reservoirs in the continental crust 
which they characterize with Tl'Spect to Nd, Sr and Pb isotopes. Zindler and Hart 
(1986) have delineated five end-member compositions in the mantle which by a 
variety of mixing processes can explain all the observations on mid-.ocean ridge and 
ocean-island basalts. The composition of each of these sources is summarized in 
Table 6.S and plotted on a series of generalized isotope correlation diagrams 
(Figures 6.9 to 6.12). In addition Table 6.6 summarizes the present-day 
compositional ranges of Sr, Nd and Pb isotopes in oceanic and crustal rock types. 
In the following section t.'3ch of the important mantle and crustal reservoirs is 
described and its particular isotopic character highlighted . 
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raMt 6.6 Sr, Nd and Ph isotopic composit ional ranges in common rock types 

Domin""'t Rd. ' 
Rock typ" " Sr/""Sr "'Ndl '''Nd ""'Pb/""'Pb ""Pb/""'Pb "'"Pb/""'Pb mantie 

comf'On~nt 

N_,ypAIORB 

Atlantic 0.70229,,{},70316 O,SllO-O.'132 18.28-IS.5 1545-1,.,3 37,2- 38.0 DM (I) 
Paeific 0, 70Z4O..{}, 7OZ56 0,5131)-{),5Ill 17.98-IS.5 15,44--15.51 37,6---38.0 DM ") 
l nd~n 0,70271-(1 ,7OJ II 0,5130-0,5131 lI.l1_ IS.5 IH3-15.,6 37.1_38.7 D.\t '" 
E-lypt MORB 0.70Z~.703J4 0,51299----0,5130 IS.50-19.69 15.50---15.60 38,0-39.3 D'\I + PREMA '" 
O«~~-"la..J .... I'. 

M.ngoi. 0,70Z720 0,512B;o 21.69 15,84 <0.., HIMU ") 
Upolu-Sam~ 0.70SW\ 0.512650 18.59 15.62 38.78 EMil '" S.moan Is. 0.i0i4I0-0,70651 0.512669,,{},512935 OJ 
W.II'is R;d~ 0.705070 0.512J12 17.54 15.47 3B.14 U I1 (II 
St Helena 0.702818----0.70309 0.5 IZ811-(1,512970 :W.iO--20.89 15,71-15.81 39.7+--40.17 HIMU ,3( 
Cop" V.,.d~ 0,7029 19-11703875 0,512606----0.513095 18.88-20.30 15,52- 15.64 38,71-39,45 HIMU/EM ,., 
Tr. d.t Cunh 0.70i400----0.70505 0.512520-0.51267 18.60-18,76 15.52_15.59 38.9.!-39.24 E;l.l (DU PA L) 1" 
Ke,!:uclen 0.70388O---{),70598 0.512498----0.513062 17.W_18,31 15.48-15.59 38.29-38.88 HU (DUPAL) (7,B) 
Hawaii 0.703170-0,70412 0.512698----0,513060 17.83-18,20 1 5.44--15.+8 37.69-37.86 1" 

Conl;",,,u.1 fl."" 1xo,~11< 
Western USA 0.70351-0.70689 0.5122+"{}.511925 (2) 

p,- 0.70468----0.71391 0.51221-0.51278 ,5, 
AI .... ,,," x",.I"J" 

Subrontin~ntal lith""pk .. 

Scotland 0.703200---{),71 41O 0.510967,,{},SI2798 EM!, L\tll (10) 

E. Chi".. 0.i02215..{},70+3oo 0. 51 24-91,,{},513585 0 ,\1, PREMA (39) 
Mass. Ctntra1 0.702440-0,70459 0.512368-0.513203 "'" Sub--oceanic lithosphere 

Haw .. ii 0.703188--0,704207 0.512921-(1,513100 (41) 

Canary Is. O. i02967..{}, 703286 0.512856----0,513017 (41) 
Kergeu1en 0.70·t2Z(..{} .705025 0.SI2647,,{},512816 (41) 

Kim""I;/( I la"'ITOi/( 

W, Australi. 0.71066-0,72008 0.51104-0,511+1 (II) 
S. Africa 0.7028O---{l,70691 0,51274---{1,51302 (37) 

S~MI«"o~-"lalrJ ,,,,Iran,,, TOeif, 

Young ""Ieanic-arc 

Philippine. 0.70356----0.70476 18,27- 18.47 15.49--IS .64 38.12- J8.U (12) 
Mari.nas 0.70332-0.70378 0.512966-0.513032 18.70-18.7S 15.49- 15.57 38.14- 38.43 (1 2.26) 

J" '" 0.70504---0.70576 IS.70-18,72 15.6J---15.65 38.91- 38.% (1 2) 
S'romboli 0.7060J-{I.70750 18.93-19.10 15.64-----15.97 39.01_39.08 (12) 
Lr An,ill .. 0.703S9,,{},7OS97 0, S IZI lO-{l.51 2978 19.17_19.93 15.67- 15.85 38.85-39.75 (26,27) 

And .. i,. 

Andes 0.70566-0.70951 0.512223-0,512556 (28) 
W .. 'em USA 0.70386----0,70500 0.512660-0.51 2B36 18.B2-IB.91 15.57- 15.62 38.4H8.65 (29) 

UPI" C"m 

South Britain 0.7146.3-0,78662 0.51184J-{1,512261 (31) 
Young G- lOids 0,7~.82131 0,511ioo---{).51279 (33) 

PreC G- mid. 0,7033O-{1,1WI5 0,510660-{l.5 121 0 (33) 
Arche.n 0.73307-1.54807 O.S 1013<>-0.510943 15.64---33.% 1456-18.89 1476--53.00 (38) 
Hercynian grani'e (f~ldspaT!l) 17.60-19,79 15.48-15.72 38.00-39.14 (36) 
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T(Jbfl 6.6 Continued 

[)om; ..... ! Rd." 

Rock t~ " Sr/ tosr ,uN\l /''''Nd -""-,,, ""Pbt »Opt, "'Pb/»i>b _k 

~-, 

!;..rn< ",JaIN. 

Austnfuo 0.71»40-0.11793.1 O.51019I-O.SIIllS (14) 

M.mym O.71~.81187 O.S11480-0.SI\6J (15) 

I _tnt "..0t.iJJ 

Ausrr.o.lia O.704$J-().8080l 0.5 1(l8.42-(l.5 I IM7 (14) 

M • .bysio 1).7(1676-0.7J006 0.51139041.5116+ (15) 

M"",", ~~ ,.J,'-"" 
Pacific O.70b900-0.nZH 16.72-19.17 IS.5i- ISiS 38.H _J9 .19 (12) 

A,Lanlic 0.709288-0.723619 O.51 1M6-{l,SIZ06S 18.61- 1901 15.M- IS.I. 38.9.l-39.19 (ll) 

T.mt, ..... "Jimnolf 

Amazon;"n basin 0.71%75-0.722524 O. S L201~.512266 (l51 
S. Britain O.711~.789 19 O.51181(Hl,SIZ259 (3 1) 

M~_ NonhSa O.SI143S4l.5119S4 (32) 

~ F~ndI IIIaIco 0.51185 !--U,S 1 2617 "" Arctw:u lI\l'Wedill\('''' O.Sl()4 I~. 5 12214 ( I ii) 

CJtn,oit.J .. 11,'_. 
bneslOnC O.708!1.{l.7l982 O.SIZOU- O,SllO)o (31 ) 

Arm-n BIF O.5111~.5 1 2J55 "" 
Lo~ muJlIIl'u"/lin 

, ... ~ 
L.twisian 0.70.110-0.1668 O.S09818-0.S1J5 IS 13.52-10.68 1"'.1-15.67 ll. 19-57.3(; (18, 19,lO) 

Enderby Land O. 7078C).(J.8 160 15.M-n.05 15.M_19.52 l 5.50 ... U6.6 (22) 

South India 0.70ZI(l.(I.7lS80 Q.5 10ln...{l.5I Hl2 IH2 ... 27.71 IH4-IH7 l 1.61-4i.12 (2S) 

ProtC1"Ol<lic 

Aruntl BIocl: 0.70195-l .617S9 O.51001...{l.517S85 (23) 

Ph.nerozoic 

&:ni~ ... 0.71958-0.72#)8 O.SI1n-<1.S1206 "" I.fa Zon~ 0.7101+-0.73911 O.512UHl.SI2J7 (U) 

Xenolith, 

"'Wo. Cenlnl O.7l)469..(I.71876 0.512027...{l.512651 18.19-18.70 15 .6~U.n 38 .• 11-39.35 (21.36) 

Lam'" O.70m-o.70590 O.SI17~. SI2951 ,"', 
RefCrenoet: (I) Sauntkn tt M. (11188) _ COn'I~l&tion; (2) Fitron ~1.J. (1'188); (1) OIall"e~ tt M. (1989); (4) Gcrlad! tt M. (1988); (5) f'Kririllo ~l M. 

( 1989); (6) Cill" tl .1. (1991); (7) White and llofmann ( 1'182); (8) Storey tt.J. (19811); (9) StiUt It .1. (193.1); ( 10) M~ and Halliday (1988); (II) 

McCulloch tl.J. (19&1); (\2) McDamon. and Hs.-k=-t/t (1991); ( Il) HocmJc tt.J. (1991); (H) McCu.lloxh Ind Q.appcU (1982); (15) &.u ~l 

.I. (1990); (\6) Mus and McCulloch (I99 \); (17) Midlmf" .J. (1985); (13) Whi..,houot ( l989a.b); (19) Mootbolh ~I M. (\975); (20) Hamill.., ~I 

.J. (l979a): (21) I>owMs and I~p (1986); (22) DcP:IOIo (1982); (23) Windrim and McCulloch (1986); (H ) 8m Othman tI.J. (\984)_ 

compilotion; (25) Peuc:a tI.J. (1989); (26) "''hile Ind Pa!Chctt (1984); (27) O .. idton ( \9&1); (28) Ha .. kaoronh tI .1. (\9S2); (29) Norman and 

Lctnw. (1990); (lO) ROIO""I and Ho ... kaoronh {l982); (ll) ~,ia ~1.J. (1985); (ll) M<2J"nI; ~I.J. ( 1989): (ll) Alqn, and 8m Othman (1980); (34) 

Milltr and O'Niona ( 1985); (l5) ~ and IokCu1J,xh (1985); (36) Vionc ~1.L ( 1'181); (J7) \(rartl(f$lt.J. ( 1981); (:>8) lIicklc: tI.J. (\989); (J9) s....a 
and Frty (1989): (40) I>oo<na ..... Dupuy (1987); (41 ) Vance ~I.J. (\\18'9). 
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}"i8ure 6.9 143Nd/' .... Nd vs 117Sr/8t>Sr isOiope correbtion diagram, showing me main oceanic mantle 
reservoirs of Zindlcr and Hart (1986). DM, deplete<! mantle; BE, bull,; silicate Eanh; EM1 
and EMIl, enriched mantle; HlMU, mantle wim high U/Pb ratio; PRE.M.A, frequentl y 
obsem~d PREvalent MAntic composition. The Mandt array is defined by many QCelinic 
basalIS and a bull,; Earth value ror 17Sr/Msr can be obtained rrom this tJ"tnd. 

Ouani, muntle Young magmatic rocks r~rd the isotopic composition of their source direcdy. 
sourus This is because t.here is insufficient time for the parent isotope present in a newly 

formed magma to decay and produce additional daughter isotopes to add to rhose 
inherited from the source. Thus the present-day isotopic compositions of recent 
oceanic basalts were used by Zindler and Hart (1986) to identify five possible end
member mantle reservoirs (Figures 6.9 to 6. 12). Their possible location in the 
mantle is given in the cartoon in Figure 6.27 . The end-member compositions arc as 
follows. 

(a) Depleted mantle (DM) Depleted mantle is characterized by high 1-43Nd/ l +-lNd, 
low 87Sr/86Sr and low 2O\)Pb/ W4Pb. It is the dominant component in the source of 
many MORBs (see Figures 6.9, 6. 11 , 6.12). An extreme example of depicted mantle 
is recorded in mantle xenoliths from eastern China (Table 6.6) described by Song 
and Frey (1989). 

(b) HIMU manlle The J.L-value in lead isotope geochemistry is the ratio 2J8U I 
W.Pb. The very high 206Pb/ 204Pb and 208Pb/ 104Pb ratios observed in some ocean 
islands (Table 6.6) coupled with low 87Sr/86Sr (to 0.7030) and intennediate 14lNdI 
I+4Nd suggest a mantle source that is enriched in U and Th relative to Ph without 
an associated increase in Rb/ Sr. The enrichment is thought to have taken place 
betwcen l.S and 2.0 Ga. A number of models have been proposed to explain the 
origin of this mantle reservoir - the mixing into the mantle of altered oceanic crust 
(possibly contaminated with seawater), the loss of lead from part of the mantle into 
the Earth's core and the removal of lead (and Rb) by metasomatic fluids in the 
mantle. 

(t) Enriched mantI, Enriched mantic has variable 87Sr/86Sr, low 14JNd/l .... Nd and 
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Figure 6.10 143Nd/ H4Nd vs &7Sr/ 86Sr (ENd VS ESr) isotope correlation diagram showing the relative 
positions of depicted and enriched mantle sour<:es. Most non-enriched mantle resen'oirs plot 
in the upper left 'depleted' quadr:lnt (cf. Figure 6.9) whereas mOST crustal rocks plot in the 
lower right 'enriched' quadrant. Upper and lower crust tend to plot in different positions in 
the crustal quadrant (from DePaolo and Wasserburg, 1979) 

high 207Pb/ HKpb and 208Pb/204Pb at a given value of lO6Pb/lI)lPb. Zindler and 
Hart (1986) differentiate between enriched mantle type-I (EM1) with low 87Sr/86Sr 
(an even more extreme example is given by Richardson el al., 1984) and enriched 
mantle type-II (EMU) with high 87Sr/ 86Sr. One striking and largL"-scale example of 
enriched mantle (EMIl) has been identified in the southern hemisphere by Hart 
(1984) and is known as the DUPAL anomaly (named after the authors DUPre and 
ALlegre (1983) who first identified the isotopic anomaly). T he enriched mantle was 
identified with respect to a Northern Hemisphere Refen.'tlce Line (NH RL) defined 
by the linear arrays on zo7Pb/ 2fH.Pb vs 206Pb/ 2fH.Pb and 208Pb/2!KPb vs 206Pb/2fH.Pb 
plots for mid-ocean ridge basalts and ocean islands (Figure 6.1 1). The equations are 
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Figun 6,/1 (a) 2O!I Pb/lOolPb vs lOtopb / Z04Pb isotope correlation diagram showing the position of the 
northern hemisphere reference line (NHRL) with T h/U = 4.0. T he bulk si licate Earth ,'alue 
(BSE) is from Allegre tl al. (1988). T he field of MORE is shown with a cross.-h:uehed 
pattern. (b) Z07Pb/2{MPb "s lO6Pb/20+pb isotope correlation diagnm showing the position of 
the nonhern hemisphcre reference line (NHRL), the slope of which has an age significance 
of 1.77 Ga. and the geochron. Volcanic rocks which plot aoo"e the NHRL are said to have a 
DUVAL signature. T he mantle resen'oirs of Zindler and Han are plotted as follows: DM, 
depletl'd mantle; SSE, bulk silicate Earth; EMI and EMIl, enriched mantle; HIMU, mantle 
with high U/ Pb ratio; PREMA, frequently obsened PREulent MAnde composition. EM il 
also coincides with the field of oceanic pelagic sedimenl. The fields of Ihe upper and lower 
continental crust are shown with crosses, and the field of MORn with cross-hatching. 
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Figure 6.12 (a) 87Sr /86Sr \ 'S 206pb/1:04pb isotope correlation diagram; (b) IHNd/ I44Nd vs 21l6Pb/ ltWl'b 
isotope correlation diagram. Both diagrams show the positions of the mantle reservoirs 
identified by Zindler and Hart (1986): DM, depleted mantle; BSE, bulk silicate Earth; EMf 
and EMU, enriched mantle; HIMU, mantle with high U/Pb ratio; PREMA, frequemly 
observed PREvalent MAntle composition. The stippled field is mid-ocean ridge basalts 
(MORB). The 206Pbl ;!04Pb value of the hulk Earth differs from the "alue in Table 6.5, 
which is taken from Allegre (I al. (1988). 

207Pb/ 2il4pb = 0.1084 (206Pb/ 204Pb) + 13.491 

208Pb/204Pb = 1.209 e06Pb/ 204Pb) + 15.627 

[6.6J 

[6.7J 

The isotopic anomaly was expressed by Hart (1984) in terms of!:J. 7/4 and!:J. 8/4, 
defined as the vertical deviation from the reference line so that for a given data-set 
(DS), 

!:J. 714 :::: [(W7Pb/ 204Pb)DS - (207Pb/ 2CKPb)NHRJ x 100 
A 8/4 :::: [eosPb/20+Pb)DS - (W8Pb/ 2D4Pb)NHRI.1 x 100 

A similar notation was used for 875r/865r: 

[6.8J 
[6.9J 

[6. IOJ 
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There are a number of models which explain the origin of enrichcd mantle. In 
gcneral terms enrichment is likely to be related to subduction, whereby crustal 
material is injected into the mantle (Figure 6.27). EMIl has affinities with the upper 
continental crust and may represent the recycling of continentally derived sediment, 
continental crust, altered oceanic crust or ocean-island crust. An aJlemative model 
is based upon the similarity between enriched mant1e and the subcontinental 
lithosphere, and suggests that the enrichment is due to the mixing of the 
subcontinental lithosphere into the mantle. EMI has affinities with the lower crust 
and may represent recycled lower crustal material, but an a!lemative hypothesis 
suggests that it is enriched by mantle metasomatism. Weaver (1991) proposed that 
EMf and EMU are produced by mixing between HIMU mantle and subducted 
oceanic sediment. 

(d) PREMA The great frequency of basalts from ocean islands, intra-oceanic 
island arcs and continental basalt suites with 14JNd/144Nd = 0.5130 and 87Sr/86Sr 
= 0.7033 suggests that there is an identifiable mantle component with this isotopic 
character. Zindler and Hart (1986) refer to this as the PREvalent MAntle reservoir. 
It has 206Pb/204Pb = 18.2 to 18.5. 

(r) Bulk Earth (Bulk Silicate Earth - BSE) = Primary Uniform Rmrvoir It can 
be argued that there is a mantle component which has the chemistry of the bulk 
silicate Earth (the Earth without the core). This composition is equivalent to that of 
a homogeneous primilive mant1e which formed during the degassing of the planet 
and during core formation, prior to the formation of the continents. Some oceanic 
basalts have isotopic compositions which closely approximate to the composition of 
the bulk Earth although at present there are no geochemical data which require that 
such a mantle reservoir still survives. 

(j) The origin of oceanic basalts The recognition of a variety of possible mant1e 
reservoirs for the source of oceanic basalts has led to an appreciation of the 
complexity of mantle processes, particularly beneath ocean islands. For example, a 
study of the island Gran Canaria in the Canary Islands by Hoemle tJ al. (1991) 
showed that at least four different mant1e components (HIMU, OM, EMI and 
EMU) have contributed to the production of these volcanic rocks since the 
Miocene. Furthermore, the isotopic evidence indicates that the different reservoirs 
have made their contributions to the lava pile at different times in the history of the 
volcano. 

(g) Trace elements and mantle end-member compositions Following the work of 
Zindler and Hart (1986) a number of workers have sought to characterize further 
the proposed mantle end-member compositions in tenns of their trace element 
concentrations. Ranges of values currently in usc for highly incompatible trace 
element ratios are given in Table 6.7. 

Continental The isotopic composition of rocks from the continental crust is extremely variable 
crustal sourm and isotope ratios are only strictly comparable if the samples are all of the same age. 

Thus compositional differences are best considered relative to a nonnalizing 
parameter which takes into aceount the age of the sample. One such reference point 
is the chondritic model of Earth composition (OJUR) and its evolution through 
time. Thus crustal samples may be plotted on a graph of isotopic composition vs 
time relative to a reference line such as the CHUR reservoir (see Section 6.3.3). For 
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Table 6.7 Incompatible trace element ratios in crust and mantle resen'oirs (from compilations by 

Primi,;vc manlle 
N-MORB 
E-MORB 
Continental crust 
H1MU OIB 
EMlOIB 
EMIl OID 

Saunders n al., 1988; Weaver, 1991 ) 

Zr/Nb La/Nb BalNb Ba/Th Rb/Nb K/Nh Th/ Nb Th/La &/u. 

14.8 0.94 9.0 77 0.91 323 0.\17 0,125 9.6 
30 1.07 1.7-8.0 611 0.36 210--350 0.02>-0.071 0.067 4.0 

4.9-8.5 205-230 0.06-0.08 
\6.2 2.2 54 124 4.7 134\ 0.44 0.204 25 
3.2- 5.0 O.6(H).77 4.9-6.9 49-77 O.3S-OJ8 77- 1'79 O.078-{). IOI 0.107--0.133 6.S--S.7 
4.2-11.5 0.86--1 .19 11.4-17.8 103-154 0.88--1.17 213--·m O.105~.122 O.i07~.128 13.2- 16.9 
4.5-7.3 0.89-1.09 7.3- 13.3 67-84 0.59-0.85 248-378 0. 111--0.157 O.122--{1. 16J 8.3--11.3 

Nd isotopes this may be quantified in tenns of the epsilon notation (see Section 
6.3.4), The general isotopic characteristics of crustal rcst!rvoirs arc given in Table 
6.5 and typical isotopic compositions of crustal rocks are presented in Table 6.6. 

(a) Upper conlinmlal mm The upper continental crust is characterized by high 
Rb/ Sr and consequently has high 87Sr/86Sr ratios. Neodymium isotope ratios, on 
the other hand, are low relative to man[Je values as a consequence of the light rare 
earth element enrichment and the low Sm/Nd ratios which characterize the 
continental crust. U and Th are enriched in the upper continental crust and give 
rise to high lO6Pb, lO7Pb and 208Pb isotope ratios. 

(b) Middle continmlal crust The mid-continental crust here describes extensive 
areas of amphibolite facies gneisses found in granite-gneiss terrains. These rocks 
have retarded 143Nd/ l44Nd as discussed above and 87Sr /86Sr ratios lower than in 
the upper crust . Uranium, however, is .depleted and 206pb/ 204Pb and 207Pb/ Ztl4pb 
ratios may be lower than in the mantle. Th levels are lower than those in the upper 
crust but not as depleted as uranium. 

(c) Lower continental crust The lower continental crust is characterized by 
granulite faci es metamorphism and is often strongly Rb depleted. Thus it has low 
87Sr/86Sr ratios which are not greatly different from modem mantle values. This 
means that a modem granite derived from the lower crust and one deriwd from the 
mantle will have very similar 87Sr/86Sr initial ratios. U/ Pb and T h/ Pb ratios in the 
lower crust are lower than modern mantle vaim.'S so that lO6Pb, 207Pb and 208Pb 
isotope ratios are all very low and may be used to distinguish between lower crust 
and mantle reservoirs (see Figure 6.26). 

(d) Subcontinm/al lithosphere The suboontinental lithosphere is not so easily 
charactetized as other domains, for it is extremely variable in isotopic composition. 
For example, Menzies and Halliday (1988) show that the subcontinentallithosp·here 
beneath Soot/and shows extreme Nd-Sr isotopic heterogeneity which encompasses 
both of the enriched mantic domains EMf and EMIl described above. Some of the 
variability ean be eorrelated with the age of [he subcontinental lithosphere. 
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Archaean subcontinental lithosphere is normally underlain by enriched 
lithosphere (EMI of Zindler and Hart (1986) - low Rb/Sr, low Sm/Nd), but 
depicted examples are also known. The lithosphere beneath Proterozoic mobile 
belts, however, more closely resembles the depleted mantle found beneath older 
ocean basins (Menzies, 1989). Proterozic to Phanerozoic subcontinental lithosphere 
is characterized by enrichment in Rb and the light REE resulting in radiogenic Sr 
and non-radiogenic Nd isotopes. This is similar to enriched mantle EMIl described 
aho\'e and in Table 6.5. 

Seawater The isotopic composition of seawater can be unders[()od in tenns of the residence 
time of an clement in seawater. This is the average time an clement remains in 
seawater and is defined by the expresion 

1" = A/(dA/dl) [6.11] 

where 1" is the residence time, A is the total amount of the element disolved in the 
oceans and dA/dl is the amount of the element introduced into or removed from 
the ocean per unit time, assuming a steady state. It is estimated that the oceans mix 
in the order of 1000 years so that an clement with a residence time longer than this 
will be well mixed and homogeneous whereas clements which have a shorter 
residence time will reOect regional variations in isotopic composition (Hawkeworth 
and van Calsteren, 1984). 

T he present-day strontium isotope composition of seawater is bracketed by the 
va1U1.:s 0.709241 ::!: 32 and 0.709211 ::!: 37 (Elderfield, 1986). This is the result of the 
complex interplay of processes which include continental run-off, mid-ocean ridge 
hydrothermal activity, input from old sediments and extraction of Sr by new 
sediments (Vdzer, 1989). The residence time of Sr in seawater is of the order of 
4 J\-ta and so the oceans are regarded as a well mixed reservoir with uniform 
composition. However, the strontium isotopic composition of seawater has changed 
with time. Veizer (1989), in an excellent review, shows . how the change may be 
resolved on a range of time-scales. For instance, over the total history of the Earth 
(Figure 6.13) Sr isotopic compositions remained dose to mantle values until about 
2.5 Ga and then increased with time. In the Phanerozoic 87Sr/S6Sr ratios have 
oscillated in the order of 100 Ma but since the CretacCQus they have increased 
gradually from about 0. 7077 to the present value and this curve is known with great 
precision (Elderficld, 1986). The seawater curve for the Phanerozoic and 
particularly the high-precision curve for the last 70 Ma has been used to date 
Tertiary sediments, to detennine the timing of diagenetic processes and to date the 
timing of formation of gangue minerals in mineral deposits. 

Nd and Pb, by way of contrast to Sr, have short residence times, Nd 100 to 1000 
)'ears (Hooker (1 al., 1981), Pb cn 50 years (Taylor and McLennan, 1985). The Nd 
isotopic composition of seawater has been estimated by direct analysis of seawater 
and from the composition of manganese nodules precipitated from it. Different 
ocean basins have slightly different 143Nd/144Nd isotopic compositions: the Atlantic 
is 0.5 119--0.5122, the Pacific is 0.5120-0.5122 and the Indian Ocean is 
0.5124-0.5 126 (Hooker el 01., 1981). The values vary because the Nd budget of an 
ocean is dominated by the continent-derived Nd, a principle which Hooker (I at. 
(1981) used to deduce the nature of the land adjacent to the lower Palaeozoic 
Iapetus Ocean at 490 Ma. 

The difference in solubility between U (very soluble) and Pb (relatively 
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Bulk E.tnh 

t (Ga) 

Fjgur~ 6./3 The variation 0 ( 875r / 865r in sea\nter through time rdative to the bul).: Earth (from Veizer, 
1989). 

insoluble) means that the U/Pb ratio (j.L value) of modern seawater is very high (ea 

95000; Taylor and McLennan, 1985), hut the short residenct time means that 
significant quantities of radiogenic lead will nO[ develop in the oceans. Flegal f t oJ. 
(1986) measured the lead isotopic composition of the cast Pacific and found that the 
206Pb/2(HPh value varies with depth (17.39- 19.05) hut attributed much of the effect 
to contamination from modem indusrrial lead. 

6.3.3 The evolution of mantle reservoirs with time - mantle evolution 
diagrams 

Tht evoiu/j()N 

of Sr isotopts 
JPil" lim( 

The isotopic compositions of mantle souro:: regions change with rime according ro 
the parentI daughter element ratio. These changes may be ploned on isotopic 
evolution diagrams to show the change in isotopic composition of the reservoir with 
time. Such diagrams can be constructed for each isotopic system by measuring the 
isotopic composition of the manlle at the present day from modern lavas and by 
calculating the initial ratio from isochron diagrams of ancient mande melts. 
Diagrams of this type are particularly useful for depicting the isotopic evolution of 
crustal rocks of differing ages and with different parentI daughter isotope ratios. It 
should be noted, however, that as yet there are insufficient data to draw detailed 
mantle evolurion diagrams for all the postulated mantle reservoirs of Zindler and 
Hart (1986). 

The starting point for the evolution of strontium isotopes is the 8'5r / 86Sr ratio at 
the fonnation of the Earth. This is taken to be the isotopic composition of basaltic 
achondrite meteoriles, thoughl 10 have a composition approximating 10 Ihal of the 
solar nebula at the time of planetary fonnation . It is usually referred to as BABl 
(Basa1tic Achondrite Best Initial) and the measured value is 0.69897 ::t OJ)OOOO3. 
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Tahu 6.8 Parameters used in the calculation of model ages and epsilon values for strontium isotopes 

87Sr 

].. G. ~s, 

l .~, ~Rb 

"s, 

RblSr 

l-, 87Sr 

"s, 

Bulk Earth values· 

0.69897::!:0.OOOO3 (I) 

0.0847 ( I) 
0.085 (2) 
0.0827 (4) 
0.0892 (7) 

0.03 (3) 
0.032 (5) 

0.7047 (2) 
0.7045 (4) 
0.7052 (5) 
0.7047--0.7050 (7) 

Depleted 
mantle values· 

0.052 (I) 
0.046 (2) 
0.024-().OOO7 (7) 

0.7026 (1,2) 
0.70321::!:0.OOOI5 (6) 
0.70265-0.70216 (7) 

• References: (I) McCulloch and Black (1984); (2) Taylor and McLennan (1985); (3) 
O'Nions ~I al. (1977); (4) DePaolo (1988); (5) Zindler n al. (1982): (6) Bell et al. (1982); 
(7) Allegre (/ al. (1983a). 

Estimatl..'S of 87Sr/86Sr for the bulk Earth today vary (see Table 6.8) but are 
between 0.7045 and 0.7052 indicating Rb/Sr ra tios between 0.03 and 0.032. This 
gives a broad band for the 87Sr/86Sr evolution curve for the bulk Earth (Figure 
6. 14). llell (t al. (1982) estimated the composition of a depleted mantle source 
beneath the Superior Province, Canada, which appears to have evolved from the 
primitive mantle at around 2.8 Ga (Figure 6.14, curve I) although this differs from 
the depleted mantle evolution curve of Ben Othman eI al. (1984) (Figure 6.14, 
curve 2) and the present-day composition of the depleted mantle of Zindler and 
Hart (1986). Estimates for enriched mantle (ZindJer and Hart, 1986) suggest 
present-day 87Sr/86Sr ratios of about 0.705 and about 0.722. Measured values in 
present-day basalts from Samoa (White and Hofmann, 1982) scatter about the lower 
of these two values. 

Jahn (t al. (1980) show that 87Sr/86Sr ratios for Archaean mafic and felsic 
igneous rocks scatter above and below the bulk Earth curve indicating that there 
may have been a variety of mantle sources with different compositions even in the 
Archaean. However mantle 87Sr/86Sr ratios need to be interpreted with great 
caution, especially in old rocks, because the high ratios can result from metasomatic 
processes. For this reason studies of mantle evolution are better based on other 
isotopic systems where the parent and daughter isotopes arc less mobile; this is why 
the study of Nd isotopes has become so popular over the last ten years. 

A number of authors (e.g. Faure, 1977) have proposed on the basis of measured 
initial ratios that the growth of 87Sr/86Sr in the mantle with time defines a 
curvilinear path (cf. Figure 6.14, curves I and 2) and that this reflects the 
irreversible loss of Rb from the mantle into the crust during the formation of the 
continental crust. The loss of Rb from the mantle and its enrichment in the 
continental crust lead to very different patterns of strontium isotope evolution in 
the two reservoirs as a consequence of their different Rb/Sr ratios (Figure 6.1 5). 
T he high Rb/Sr ratios found in the continental crust give rise to an accelerated 
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Figure 6,/1 The /:\'olutioo of strontium isotopes with time. The shaded field indicates the c\'olution of 
the bulk earth from 4.6 Ga to the present-day value of between 0.7045 and 0.7052, reflecting 
Rb/Sr ratios of between 0.03 and 0.032. The depIcted mantle curve (1) is from Bell et al. 
(1982) and indicates the separation of a depleted mantle reservoir from the primitive mantle 
at fa 2.8 Ga beneath the Superior Province, Canada. Curve (2) is from Ben Othman ft 01. 
(1984) and is based upon the data from MORE, ophiolites, komatiites and meteorites. II 
represenls the equalion (87Sr/ 86Sr) = Ar + Br + C where A = -1.54985776 X 10-1, B = 
-1.6007234 and C = 0.70273029, where I is time ftom the present in Ga j (3) is the present
day depleted mantle value of McCulloch and Black (1984) . The present-day enriched mantle 
compositions (EMI and EMil) arc from Zindler and Hart ( \986) and the oom]XISition of 
enriched basalts from Samoa from White and Hofmann (1982). The spread of initial ratios 
from 2.7 to 2.6 Ga is for mafic and felsic igneous rocks, from Jahn il al. (1980). 

increase in 87Sr/86Sr with time whereas the low Rb/Sr of depeleted mantle gi" es 
rise to only a small increase in 87Sr/86Sr since the formation of the Earlh. 

There are many examples in the literature of authors who have used mantlc 
evolution diagrams of the type illustrated in Figure 6.15 to plot the initial 
strontium isotope ratios of measured samples relative to mantle and crustal 
evolution curves, in order to determine their likely source region. For example, it is 
easy to see from Figure 6.15 that a suite of rocks produced by partial melting of the 
mantle at 1.0 Ga will have a very different initial r.l.tio (87Sr/86Sr = 0.7034) from 
rocks produced by partial melting of the crust at this time (57Sr I 86Sr = 0.7140). It 
is this principle which may be used to identify the source of magmatic rocks of 
known age. 
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The evolution of 87Sr/86Sr with time in me continental crust and mantle. At 2.7G2 mantle 
differentiation led to the formulan of new continental crust. The new crUSt inherited an 
initial 8'Sr / 86Sr ratio of 0.7014 from its parmI mantle but al.:quiud a substantially different 
Rbl Sr ratio (0.17) compared with 0.03 in me mantle. The higher Rb/ Sr ratio in the 
continental crUSt led to an acceler.tted growth of ll7Sr/ Msr with timc in Ihe continental crust 
rebtive to thaI in the mantle !iO that the present-day measured value in the crust is 0.721 1 
compared with 0.70-1S in the mantle. The li7Sr/86Sr ratios shOll'" on the right-h:r.nd side of 
the diagram indicate the initial ratios in melts formed from continental crust al 1.0 Ga 
(0.7140) and from the mantle at 1.0 Ga (0.7034). 

The 1'41Nd/ l+4Nd isotopic composition of the bulk Earth is thought 10 be 
approximated by the composition of chondritic metetorilcs (CHUR). The 
compositions of CHUR for the prescnt day and at 4.6 Ga are given in Table 6.3 
and the linear evolution of CHUR with (ime is shown in Figure 6. 16. Studics of 
modern oceanic basalts and both ancient and modern granitic rocks indicale [hat 
many igneous rocks are derived from a mantle composition which has a higher Sm/ 
Nd than CHUR, is enriched in 143Nd /l44Nd relative to CHUR, but which is 
known as depleted mantle. Currently there are several models for this depleted 
mantle source and these are portTayed relative to CHUR {the epsilon notation) in 
Figure 6.17. The main differences between the different models of the depleted 
mantle arc! (I) (he time at which the depleted mantle differentiated from the bulk 
Earth and (2) whether the depletion of the mantle was linear or whether it varied 
with time. Liew and McCulloch (1985) proposed that the light REE depletion from 
the chondri tic reservoir look place between 2.5 and 3.0 G;1. at the time of a major 
episode of crust generation and they propose a linear evolution of 14JNd/ l+4Nd in 
the depleted mantle between this time and the present. Goldstein tt al. (1984) 
preferred a linear c\'olurion between the prescnt day and the formation ofthc Earth. 
DeP:lOlo (1981a) and Nelson and DePaolo (1984) plot curves which decrease to zero 
at 4.6 Ga, whilst the cun'e of Allegre and Rousseau (1984), also gi\'cn by Ben 
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Fi8Nrt 6.16 The e\'olulion of 141Nd/144Nd isolopes with time in the mantle, the conlinent31 crust and 
the bulk tarth. Rdali \"e 10 the bulk Earth (CHURl in which {~ fractionation of Sm/Nd is 
nor:mali:r.cd 10 unity, the depleted mantle (OM) has a high Sm/Nd rat io and shows higher 
14JNd/ l44Nd. T he continental crust has lower Sm/Nd and shows a retarded H1Nd/144Nd 
evolutioll wilh rime. Enriched mantle (EM) shows some affinity with the continental crusr 
inasmuch as it also has a retarded IUNd/l44Nd evolution. Note that in the Sm-Nd s~'stem 
the crust shows reurded isotopic evolut.ion whilst in the Rb-Sr system it shows acttlcrated 
evolution relative to tbe bulk Earth and mantle (d . Figure 6.15). 

Till too /urion 0/ 
Ph isotopu with 

timt 

Othman ~t al. (l9S4), reduces to an epsilon value of +2.5 at 4.0 Ga. Some support 
for depleted mantle "ery early in the history of the earth comes from the work of 
Collerson II al. ( 199 1). 

T he Sm/Nd ratio of the continen tal crust is highly fractionated « 1.0) relative to 
CHUR and shows rclarded 143Nd / 144Nd evolution with time (Figure 6. 16). T his is 
the opposite of the Rb-Sr system where the strontium-isOlopic e;:volution of the 
crust shows accelerated evolution with time relative to the mantic. 

T he isotopic evolution of lead isoto~ with time is illustrated in Figure 6. IS. 
Because there are so many variables in lead isotopic systems (since we are dealing 
with three different decay schemes) it is not convenient 10 display the data on the 
same type of time vs isotope ratio d iagram as is used for Sr and Nd isotopes, and 
the concordia diagram is 3 better choice. On this diagram families of concordia 
(growth) curves can be drawn for different 23SU/ lCHPb ratios (il values) (Figure 
6.1 Sb). Each curve can be calibrated for time and equal time points can be joined to 
give isochrons (Figure 6. ISb and c). 
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Brevart tt al. (1986) use Pb isotope initial ratios to demonstrate mantle 
heterogeneity al 2.7 Ga and have conslructed a depleted mantle curve from 2.7 Ga 
to the present day from the initial ratios of komatiites and basalts on a 2Of>Pb-207Pb 
isotope" evolution diagram. 

6.3.4 The epsi lon notation 

Calculating 
t psilon valuts 

Box 6.2 

An alternative way of expressing isotope ntios which allows greater fl exibility in the 
way in which isotopic dau are presented is the epsilon nOUlion (DePaolo and 
Wasserburg, 1976). Isotope ratios are only strictly comparable if the samples plotted 
are of the same age. The epsilon value is a measure of the deviation of a sample or 
sample sui le from the expected value in a uniform reservoir and may be used as a 
normalizing parameter for samples of different age. It is normally calculated for 
Nd, although some authors also calculate epsilon parameters for Sr isotopes. 

In the study of neodymium isotopes the epsilon parameter is a measure of the 
difference between the 14lNd/ l++Nd ratio of a sample or suite of samples and a 
reference "alue, which in this case is CHUR. Epsilon values are used in three 
slightly different ways (see the worked examples in Box 6.2) whieh are described 
below. 

WOI'k..:t .:umpl. of ENd eIIleulations 

(1) eNd values for an isochron 

Using the data from Hamilton et a/. (1979b) in Table 6.2, presented in Figure 6.2: 

init ial ratio. 0.50809 
isochron age . 3.54 Ga 
decay constant A • 6.54 X 10-12 yr' 

_h,on.' 1'43Nd/1UNdl~I'iol _ 1 I 10' 16.121 
ENd • 143N..>II"Nd X 

U/ . ctlUR. , 

First calculate the value of CHUA at time r from the equation using the CHUA 
values from Table 6.3 (normalized to ,oeNd/,uNd _ 0.7219), Sm/Nd . 0.325. 

I '~Nd I I '''Sm I ~ - ~ )((e~'-1) 
Nd CHUR.lodav Nd CHUR.,od.y 

CHUA,t • 0.512638 - (0.1967 x le(6.5"",,0-"! " (3·~'o"I_ l II 
. 0.512638 - 0.004607 
_ 0.508031 

Then using Eqn 16.121. 

El:::'h,on..,. I 0.50809 - 1 I x 10' 
0.S08031 

1.16 

(2) ~ values for individual rocks et their time of formetion 

16.131 

Taking a single (ock from Table 6.2 - sample HSS-74 (sodic porphyry), 
" 1Sm/' ''Nd _ 0.1030, 143Nd/IUNd _ 0.510487 - and using the equation 
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Box 6.2 
(continued) 

Using radiogenic isotope data 

, 1'<3Ndl H'Nd,og,r j • 
fNd - H3Nd!"'Nd - 1 x TO 

CHUltf 

First calculate "3Nd/"'Nd rock at 3.54 Ga from 

1::Ndj . 1::Nd j _ j:::smjXISJ..r_ll 
Nd rock,' Nd roe\l:.loday Nd rock.kl<loY 

I ::Nd j = 0.510487 - (0. 1030 X (eIM""O-") x 13.~'~'O·) - 1J) 
Nd '0<01(.1 

. 0.510487 - 0.002412 

. 0.508075 

Then from Eqn [6.141 

1

0.508075 
E~d - - 1 

0.508031 

0.87 

(3) eNd values for individual rocks at the present" dBI( 

[6.14 ! 

\6.15J 

The present-day deviation from CHUR may be easily c:Jculaled from the equation 
below. 

, today _ 

" -

E tClday 

" 

Summary 

I {'.3Nd/,uNdl,oc;k"Qday 

/H3Nd/u'NdlcHuR,.odav 

I 0.510487 - , I x 10' 
0.512638 

--41.96 

- 1 jXl0t [6.161 

.. 
(aJ Epsilon values coleu/ald for an isocnron Epsilon values arc frequently quoted 
for Sm-Nd isochrons and are a measure of the difference berWL'en the initial ratio of 
the sample suite and CHUR at the rime of formation , expressed in parts per 104 

(see Figure 6.2). They are calculated from the expression 

..i.oocbron,t _ 
eNd -

[ 

C43Nd/l+1Nd) ;n;f;~) _ I 1 X 104 

( I43Nd/ 1+1Nd) CHUR,f 
[6. 12J 

where eHNd/ l44Nd)inilial is the experimentally determined initial ratio of the 
sample suite at the time of its fonnation (I) and is calculated from the isochron, 
(143Nd/ l~d)CHUR.1 is the isotope ratio of CHUR at time t and is given by the 
expression 

-- _ -- x(eAs-1) 
[ 

' ''Nd 1 [ '''Sm 1 
I44Nd CHUR.today ' I44Nd OIUR,today [6.131 
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The contrasting evolution of ENd in the continental crust and mantle. QIUR is the 
chondri tic unifonn reservoir; it is equivalent to the bulk Earth value and is used as the 
reference against which other measurements are made. Hence E"M for CHUR is zero. Five 
cun'es are shown for the e\'olution of the depleted mantle. Curve (I), after Liew and 
McCulloch (1985), assumes the derivation of the depicted mantle from CHUR at 2.7 Ga and 
linear evolution until the present-day value of +10. Curve (2), after DePaolo (198b,b), may 
be ploued from the expression 0.25r - 3/ + 8.5, where I is the time before the prescnt in Ga. 
CUr\'e (3) is taken (rom Nelson and DePaolo (1984 - Figure 2). Curve (4) is from Goldstein 
(/ al. (1984) and assumes the linear evolution oflhe depleted mantle between a value of + 10 
at the prescnt day and 0 at 4.5 Ga. Curve (5) is based upon data from MORB, ophiolites, 
komatiites and meteQrites and is calculated from the ex;.:ression gh'en both hI' Ben Othman (I 
al. (1984) and Allegre and Rousseau (1984): (141Nd/ I Nd)mt = Ar + HI:" C, where A = 
1.53077 x 10- ', B = -0.22073 x 6.54 x 10-3 and C = 0.513078, (I46Nd/ l44Nd is nonnalized 
to 0.7219 and r is time before the present, in Gal. Point (6) is for samples of 3.8 Ga residual 
mantle from Col1erson (f al. (1991). It should he noted that both curves (3) and (5) use the 
data of Claoue-Long (I al. (1984) for the Kamhalda volcanics which are now known [Q be 
incorrect. The lower cur\'e is for Australian shales from Allegre and Rousseau (1984) and is 
thought to approximate to the evolution of a\'crage continental crust through time. 

Values for CHUR are given in Table 6.3. It should he noted that different 
laboratories usc different normalizing values for (he 143Nd/144Nd ratio and the 
correct value of CHUR must he selected. However, if this is done, then the 
interlaboratory differences in 14JNd/ 144Nd virtually disappear, making the epsilon 
notation a very useful way of displaying data from different laboratories. 

(b) Epsilon values [or individual rocks at their time of [onnation Epsilon values 
calculated at time I, the time of formation , are frequently tabulated along with 
Sm- Nd isotopic data. They arc calculated from the expression 
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[or Sr isotopes 

F;gurt 6. 18 

Radiogenic isotopes in petrogenesis 253 

1 x 10' [6. 14J 

where the composition of CHUR at time t is calcu lated from Eqn [6. 13] and the 
composi tion of the sample at time t is calculated using the expression 

[6.15J 

In calculating ENd for individual samples, the value for t may be taken cither from thc 
isochron to which the samples belong or, where the Sm- Nd isochron may not 
record the true age of the samples, from an independent estimate of thc age from 
some other geochronological technique. 

(c) Epsilon values [or individual rocks at tke preunt day Epsilon values are also 
calculatcd for individual samples at the present day from the expression 

e todo)" = [ (
lO

Nd/
1
+4Nd)rock,tod.v _ I 1 x ](t [6 .1 6] 

"' (H.lNd/ l44Nd) C H UR .• oday 

The magnitude of thc present-day EI'Id values reflects the degree of time integratl.:d 
depletion in Nd rclati\,c to CHUR as expressed by the factor JSm /Nd (sec below). 

Epsilon values rna)' Ix: calculated from 87Sr/86Sr ra tios in exactly the same way 
as for neodymium isotopes. There is however a problem with calculating £S. val ues, 
for as can be secn from the data in T able 6.8 and in Figure 6.14 the bulk Earth 
values for 87Sr/86Sr are not wellirnown. For this reason when es• values arc plon ed 

The evolution of lead iSOfOpe5 with time. (a) The growth curve for 207Pb/2(It4Pb and lO6Pb l 
lO4Pb through time. The locus of points is a curve OC"Clluse the two isotope ratios are 
produced at different rates. The starting composition at the formation of the F..arth (4,57 Oa) 
is u.ken from the isotopic com,&?sition of troilite in the Canyon Diablo meteorite (Box 6.1). 
This growth curve assumes a Z U I 204Pb ratio (~ value) of 9.0. (b) A famil y of growth cun 'cs 
for lead isotope5 identical to that depicted in (a), showing lead isolOpic growth from the 
primeval (;omposition at 4.57 Oa until the present for Il = 8, 9 and 10. isochrons for 0, 1.0, 
2.0 and 3.0 Ga are the lincs which join the 0, 1.0, 2.0 and 3.0 Ga points on each growth 
cur"e. The 0 Ga isochron is .known as the geochron. (c) A single.stage lead isochron for 
2.0 Ga. The isochron line joins the 2.0 Ga poinu; on the growth cun'CS for four different Il 
\'alucs and passes through the prime\"allead composition at 4.57 Oa; il represents a suite of 
samplcs which e\'ol\'OO from 4.57 Ga until 2.0 Ga, when ther were isolated from uranium. 
These valucs haH': remained frozen in the rocks since 2.0 Ga. T he growth CUf\'CS in these 
diagrams are bas«! upon the assumption that the isotopes of lead have e\,oh'ed uninterrupted 
since the fonnatwn of the Earth. This is thought to be a simplification and normally a more 
complex model of lead isotope evolution is adopted (Sucey and Kramers, 1975; Cumming 
and Richards, 1975). 
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Calculating Ihe 
uncertainties in 

epsilon values 
when they are 
determined for 

isochron 
diagrams 

Using radiogenic isotope data 

many authors show borh the initial ratio and the epsilon value. Because of the 
uncertainty over bulk Earth values and to save unnecessary confusion and 
ambiguity, it is wise at rhe present time [0 plot only [he 37St/ USr ratio, applying 
an age correction if necessary. 

Points on an Sm-Nd isochron typically plot far away from the origin. In order to 

obtain a greater degrc..'C of accuracy in determining the initial ratio, some 
gcochronologists have plotted felsic rocks (with small Sm/Nd ratios) on the same 
isochron as basic igneous rocks with larger Sm/Nd ratios. However, this 
stretches the assumption that rocks plotted on a common isochron are cogeneric. 
An alternative method of reducing the error in calculating initial ratios and henee 
epsilon values was proposed by Fletcher and Rosman (1982), who suggested that 
the origin of the 147Sm/144Nd axis be translated from zero to 0.1967, the 
present-day composition of CHUR (T able 6.3), prior to performing the line
filting operation. This is achieved simply b)' removing 0.1967 from al1lhe 147Sml 
1+INd coordinates. All other data parameters are unchanged. With this 
translation the 1475m/144Nd origin usually falls within the compositional range 
of the data-set resulting in a more precise detennination of the intercept. The 
intercept value determined in this way is the prescnt-day composition of H.lNdl 
H4Nd in a hypothetical sample which has the same 1475m/l+4Nd as CHUR , 
This value may then be compared with CHUR to calculate the epsilon value 
using the equation 

e ; ::: [(H3Nd/l+4Nd) ... mPlc at O,I%7,todav - I 1 X 104 

Nd HJN /'" d 
( I d N kHUR"od.y 

[6. 17J 

The definition of e~d differs from c;...d (Eqn [6. 12J, above) but the difference 
between the calculated values of the two is less than 1 °/0, i.e. less than 0.1 epsilon 
unit in all terrestrial rocks. 

The meaning of The symbol ef...d represents the ' initial' value of eNd in the rock al the lime of its 
epsilon values crystallization and is useful because it provides infonnation aboul the magma 

source. For example, if in an isochron calculation ~d = 0, then the epsilon value 
indicates that the magma was derived from a mantle reservoir which has had a 
chondriric Sm/Nd from the origin of the earth until time I . A positive value of 
epsilon for igneous rocks implies a magma derived from a source with a greater 
Sm/Nd than CHUR, i.e. a depleted mantle source region , whereas a negative 
epsilon value implies a source with a lower Sm/Nd than CHUR, i,e, an enriched 
mantle source or a crustal source. Epsilon values for individual samples may be 
calculated as a lest of cogenicity or of contamination in samples which have been 
used in an isochron plot. 

Epsilon values (today) for individual samples arc a measure of the extent to 
which the individual samples are fractionaled relative to CHUR as defined by the 
fractionarion factor f Sm

/
Nd (see below and Figure 6.19). 

Epsilon values vary with time and the following approximation may be used 10 

calculate epsilon (I) from epsilon (today) 

",I _ ",Ioday_ Q I Sm/ Nd x I 
~Nd - ~Nd Nd [6.18J 

wherefSm/ Nd is given by Eqn [6.19] (below) and Q is 25.13 Ga- I when 146Ndl 
142Nd is normalized to 0.63151 (DePaolo, 1988) and when Q is 25.09 Ga- 1 when 
146Nd/1+4Nd is nonnalized to 0.72 19. 
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Timc (r}-epsilon evolution diagram for 3.8 Ga mctakomatiitcs from Labrador (adapted from 
Col1erson (I al., 1991). Komatiites " 'ere produced from depleted mantle at 3,8 Ga with 
individual samples ranging in composition from € = +0.2 ro +2.3, and with variable Sm/Nd 
ratios (fSm/ Nd = 0.17 to 0.59). Individual samples have evolved ro present-<lay epsilon values 
between + 16 and +56. The metakomatiites show extreme depletion rclatil'c ro the depleted 
mantle CUTI'C (fSm/ Nd = 0.(9) of DePaolo (198Ia). 

The parameter f is a fractionation factor (often written as JSrn/Nd) and is the 
147Sm/ I«Nd analogue of epsilon, for it is a measure of Sm/Nd enrichmenl in a 
given r('Servoir relative to CHUR. It is calculated from the expression 

[6.19] 

Thus an fSm/ N d value of +0.09, as is adopted for one particular model of the 
depleted mantle, has a lime-al'eraged Sm/Nd which is 9 % higher than CHUR. 
Owr tinle this leads [0 positive epsilon values for the depleted mantle. 
Melakomatiites of 3.8 Ga from Labrador ha\'c values between +0. 16 to +0.59 and 
indicate a depleted mantle source with a substantially higher Sm/Nd ratio 
(Collerson et al., 1991). This is illustrated in Figure 6.19 and shows how samples 
with high positive f values evolve to very high present-day epsilon values. 

A conveniem way of plotting calculated epsilon values is on an epsilon-time 
diagram analogous to a mantle evolulion diagram described in Section 6.3.3. A 
range of depleted mantle evolution curves arc prcsemcd in this form in Figure 6.17, 

for the ENd nOlation is a convenient way of eliminating interlaboratory differences in 
H3Nd/ H4Nd ratio. Many workers plot E values relalive 10 CHUR and a model
depleted mantle as a means of determining the likely mantle source of the sample 
(Figure 6.8). Strictly this should be done only for an € value calculated from an 
isochron and the method of Fletcher and Rosman (1982) should be employed to 
calculate two sigma error polygons for each data poinl (Figure 6.20); € values 
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FigllYt 6.20 Diagram of ENd vs time showing 2 0 error polygons calculated using the method of Fletcher 
and Rosman (1982). The data are for the Lewisian complex of north-west Scotland (from 
Whitehouse, 1989a) and are plotted re lative to the depleted mantle curve (OM) of DePaolo 
(198b) and CHUR. The error polygons show the uncertainty in the age and epsilon values 
detennined from isochrons for quartzofeldspathic gneisses (shaded) and for layered 
mafic-ulrramafic intrusions (unshaded) from three different regions of the Lewisian complex. 
The mafic-ultramafic intrusions (unshaded) lie dose to the depleted mantle curve and may 
be derived from a depleted mantle source. The large error and high positive ENd "alues for 
the quartzofeldspathic gneisses make them more difficult to interpret. 

calculated for individual samples may also be plotted, provided the age of a sample 
is known with certainty. In addition, individual sample evolution curves may be 
drawn for different values of ('mINd (Figure 6.19). 

In contrast to the depleted mantle, the continental crust shows retarded H3Ndl 
144Nd evolution relative 10 CHUR with time (Figure 6.16) and generally has 
negative € values. Figure 6. 17 shows the evolution of Australian shales with time 
from Allegre and Rousseau (1984), for these are thought to approximate to the 
evolution of average continental crust through time. 

6.3.5 Isoto pe corre lation diag rams 

In the light of the contrasting behavlour of the different isotopic systems outlined in 
Section 6.3 .1, it is instructive to investigate more than one isotope system in a given 
suite of rocks. This allows us to identify correlations between pairs of isotope ratios 
which, in turn, lead to a better understanding of the petrogenesis. Most simply the 
relationships are investigated on an isotope correlation diagram - an x-y graph on 
which a pair of isotope ratios is plotted. Isotope correlation diagrams were used to 
display the contrasting compositions of crust and mantIe reservoirs (Figures 6.9 to 
6.12) and are a means of investigating mixing processes between sources of 
contrasting composition: 

It is unlikely, however, that petrogenetic processes can be satisfactorily reduced 
to two dimensions, and this must be borne in mind when using twCHJimensional 
projections (Zindler and Hart, 1986). In fact Zindler t t al. (1982) proposed a three
dimensional Sr- Pb--Nd plot for oceanic basalts and showed that averaged data 
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Figure 6.21 Three-dimensional plot of a\'erage 206pb/ 204Pb, 143Nd/l~d and 87Sr/86Sr for oceanic 
basalts, indicating coherence of isotopic ratios (afler Zindler (f al., 1982). 

Using isotope 
torrt/alion 

diagrarrn and 
.epsilon plot5 to 

ruogntZ( 
proussts 

define a planar surface, implying coherence between Sr- Pb-Nd in the source of 
oceanic basalts (Figure 6.2 1). This too, however, is an oversimplification, as is 
apparent from the Pb-Sr-Nd-Hf study of Stille et al. (1983), who show that data 
from Hawaii do nO( plot in the mantic plane of Zindler el a1. (1982) and suggest 
that U-Pb fractionation may be decoupled from Rb-Sr, Sm-Nd and Lu- Hf 
fractionation. 

Trends on isotope correlation diagrams are most commonly interpreted as mixing 
lines. The mixing may be in the source region, in a magma chamber or between a 
melt and a 'contaminant', such as the wallrock into which a magma is emplaced or 
through which it has travelled. Langmuir e/ al. (1978) describe a general mixing 
equation which can be applied to isotope ratios. Compositions resulting from 
mixing nonnally lie on a hyperbolic curve (see also Section 4.9.3), but if the ratios 
have a common denominator (as in the case of 87Sr/ 86Sr vs 87Rb/86Sr and 207Pb/ 
2<l4Pb vs 206pb/204pb), then mixing will produce a linear trend. 

(a) Mixing between sources For a number of years, students of basalt chemistry 
have regarded the isotopic compositions of oceanic basalts as the result of mixing of 
a variety of mande sources. This is borne out by linear and curvilinear arrays on 
isotope correlation diagrams such as the Nd-Sr mantle array (Figures 6.9 and 6.10) 
and the Pb-Pb isotope NHRL (Figure;: 6.11). Similar principles apply to mixing 
between crust and mantle sources. 

Many authors portray mixing on an Nd- Sr isotope correlation diagram following 
the principles outlined by DePaolo and Wasserburg (1979). For instance, 
McCulloch el al. (1983) use this diagram (Figure 6.22) to show how the 
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Figurt 6.22 143Nd/I .... Nd vs 87Sr/8(,Sr correlation diagram showing two hyperbolic mixing cUn'es for 
different ratios of (Sr/Ndh-~\l/(Sr/Nd>O.\t between dep1eled mantle (OM) and enriched 
mantle (EM). The mixing can account for the range of 141Nd/1+4Nd and 8 Sr/MSr \'aJues 
observed in kimberliu:s and lamproi les from western Australia (after McCulloch (/ aI., 1983). 

composition of kimherlites and lamproites may be derived by the mixing of MORB
type depicted mantle and an enriched mantle similar to EMIl McCulloch and 
Chappell (1982) also used the Nd- Sr diagram to explain the contrasting isotope 
chemistry of S- and I-type granites in teons of mixing betwl,.'Cn depleted mantle and 
a sedimentary crustal component. More complex examples of mixing between three 
end-members are discussed by Shirey (( al. (1987) and Ellam and Hawkesworth 
(1988) in studies of oceanic basalts and subduction-related magmas respectively. 

The identification of mixing as an important process both in the mantle and 
between the crust and mantle inevitably leads to more profound questions aoom 
mechanisms of mixing and how they relate to major plate tectonic processes. This 
takes us into the field of geodynamics - a topic briefly discussed at the end of this 
chapter. 

(hJ Mixing in a magma chamher Sharpe (1985) showed that Sr isotopes can be 
used to monitor magma mixing and multiplicity of magmas in a layered intrusion. 
He documented the strontium isotopic change with stratigraphic height within the 
BushveJd layered intrusion and showed that there is a gradual increase in initial 
87Srl86Sr with height up the intrusion and that there is a marked increase in initial 
ratio in the central part of the layered intrusion - the Main Zone (Figure 6.23). 
The gradual change in 87Sr/86Sr from 0.7065 at the base of the intrusion to 0.7073 
at the top is interpreted as magma addition and mixing. The high initial ratio of the 
Main Zone (0.7085) represents a different liquid layer (probably contaminated with 
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Change in 87Sr/86Sr with stratigraphic height in the Bushveld intrusion, South Africa. The 
gradual increase in 87Sr/86Sr with stratigraphic height reflects the addition and mixing of a 
magma with a higher 87Sr/86Sr ralio. The marked increase in isotopic composition between 
the pyroxenite marker and the Mercnsky Rt:ef marks the influx of a new pulse of magma 
(after Sharpe, 1985). 

shales) intruded into (he density-stratified magma pile ncar the base of the magma 
chamber. 

Applications to (a) Contamination oj magmas by the continental crust The expression crustal 
contamination contamination can have a number of different mcanings. Most nonnally it means 

'the contamination of mantle derived melts by continental crust after they have left 
the source region' (Hawkesworth and van Calsteren, 1984). However, it can also be 
used in the sense of a mantle source region from which magmas are derived which 
was contaminated by crustal material at some time in the past by, for example, the 
incorporation of subducted sediment into the mantle. One of the problems for 
geochemists is that it is not always easy to discriminate between the two processes 
Oil the basis of rock chemistry. 

Crustal contamination may arise in a variety of ways. Mechanisms include the 
bulk assimilation of crustal material, the assimilation of a partial melt derived from 
crustal materials and the selective exchange of specific clements aided by the 
transfer of fluids from crust to melt. The more evoh'eo members of an igneous suite 
arc more likely to show evidence of contamination, for they have spent the longest 
time in the continental crust. 

Stable isotopes, particularly oxygen isotopes are probably the most sensitive of 
all isotopic systems to the process of crustal contamination (Hawkesworth and van 
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Calsteren, 1984) and this topic will be treated in the next chapter (Section 7.2.3). Of 
the radiogenit: isotopes Nd isotopes are the least sensitive to this process whereas 
Sr and particularly Ph isotopes are of great value. The ability of lead isoropes to 

detect the contamination of mantle-derived melts by old continental crust has been 
elegantly demonstrated by Taylor eI al. (1980). They show that the late Archaean 
(2.85 Ga) Nul.:. gneisses of west Greenland wefe contaminated to a varying extent by 
lead derived from early Archaean (3.7 Ga) Amitsoq gneisses. The essence of their 
argument, summarized in Figure 6.24, is that the isotopic composition of lead in the 
old crust evolved very slowly from 3.7 Ga to 2.85 Ga compared with that in the 
mantle so that at 2.85 Ga the two had distinctly different isotopic compositions, so 
much so that the degree of mixing between the two sources of lead could be 
determined. Sr isotopic compositions in these same rocks are low, even in the most 
contaminated rocks, indicating that the contamination was selcctive and leading the 
authors to suggest that the contamination process was probably related to a fluid 
phase. 

Gray el al. (1981) use a Nd-Sr isotope correlation diagram to show the effccts of 
contamination of the Proterozoic Kalka layered basic intrusion with the 
quartzofeldspathic granulite country rock (Figure 6.25a). Their samples lie on a 
mixing line between the composition of the granulites and a basaltic source within 
the mantle array. It should be noted, however, that the isotopic compositions of 
Jurassic dolerites in Tasmania plol in a similar position on a Nd-Sr isotope 
correlation diagram (Hergt et aI., 1989), but in this case there is a very differenl 
interpretation. Hergt et al. (1989) believe that the Nd-Sr isotopic character of the 
melts was inherited from their mantle source region; that a small amount of 
sediment was introduced into the source region by subduction and that the isolopic 
signature of this component overprinted that of the mantle (Figure 6.25b). 
Differentiating between contamination in the source region and contamination 
during transport through the continental crust can be difficult using isotope 
correlation diagrams alone and additional information, such as thaI from stable 
isotope studies and from radiogenic isotope-trace element plots is necessary. 

(b) Crustal contamination and APC processes DePaolo (198Ib) has shown that 
Assimilation and Fractional Crystallization (AFC), a popular mechanism of 
contamination, may shift compositions on an isotope correlation diagram far from 
what might be expected on the basis of simple mixing. On an Nd-Sr isotope 
correlation diagram simple mixtures will define a straight line trend between the 
magma and contaminanl, whereas in AFC processes when the bulk solid/liquid 
distribution coefficients for Nd and Sr differ markedly thcn there is a significant 
departure from the simple mixing curve. Powell (1984) inverted the equations of 
DePaolo (l981b) in an attempt to calculate the composition of thc contaminant 
from an AFC trend on an isotope correlation diagram. 

(c) Contamination with seawater The high 87Sr/ 86Sr ratio of seawater relative to 

mantIe values as seen in oceanic basalts (Figure 6.13) means that the exchange of Sr 
between seawater and ocean crust in a mid-ocean ridge system has capacity to 

produce relatively radiogenic !J7Sr/ 86Sr ratios even in young MORE and associated 
sulphides (Spooner d al. 1977; Vidal and Clauer, 1981). Nd isotopes are in contrast 
relatively insensitive to this type of contamination and a plot on an Nd-Sr diagram 
sho":,,s enhanced 87Sr/86Sr at constant 1·43Nd/ I44Nd. The length of the vector is 
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Figure 6.24 The isotopic e\'olution of Pb isotopes on a lO7Pb/lo-lpb vs 106Pb/ lo-lp b diagram of the type 
described in Figure 6.18, showing thc effcct of crustal contamination on a mantle-derh'cd 
melt. The single stage growth curve is for ~1 = 7.48. At 3.7 Ga gneisses separated from a 
mantle source and c\'oh'cd along a series of growth cun'es with average ~2 = 1.16 indicating 
cxtrcme depletion in U. The present-day composition of the samples plots at the lower end 
of the curve joining 3.7 Ga with 0 Ga. At 2.85 Ga the a\'erage composition of these gneisses 
is at A. The mantle source with III = 7,48 has a composition N at 2.85 Ga and magmas 
extracted from a mantic source at this time will lie along the line between Nand 0 Ga. 
Magmas extracted from the mantle at 2.85 Ga and contaminated by 3.7 Ga crust at 2.85 Ga 
will lie on the mixing line AN at a point such as M. Rocks crystallizing from this melt 1\1 will 
e\'olve along line MP (after Taylor tI al., 1980). 

bOlope V$ trace 

(and major) 
element piou 

proportional to the effective water/rock mass ratio. Pb isotopes arc less predictable. 
Vidal and Clauer (1981), in a study of recent suphidcs from the East Pacific Rise, 
found that the Sr isotopes showed evidence of scawater contamination whereas the 
Pb isotopes did not. Spooner and Gale (1982), however, in a similar study of larger 
Cretaceous mid-ocean ridge sulphide deposits, did find evidence of contamination 
from seawater Pb. Chivas et ai. (1982) uscd Sr isotopes to calculate water/rod:. 
ratios in diorites and granodiorites altered by seawater using an equation analogous 
to that used by Taylor (1974) for oxygen isotopes (Eqn [7.14]). 

Since an isotope ratio cannot be fractionated by crystal- liquid equilibria and 
therefore is indicative of the magmatic source, the correlation between an isotope 
ratio and a major or trace clement can be used as a guide to the major clement or 
trace element composition of the source. T ypically, ratios of highly incompatible 
trace elements (Section 4.7.1 and Table 6.7) arc most useful in characterizing the 
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Figure 6.25 (a) W Nd/l44Nd vs !tlSr/ 86Sr isotope correlation diagram showing the com(JOSirional 
\-ariation within the Proterozoic Kalka layered basic intrusion (shaded) and the composition 
of the granulite country rock (+ and higher values of 87ST1 u Sr) relative to the mantle array. 
The high 87Sr/ 86Sr ratios in the layered intrusion are interpreted by Gra;; n al. (1981) as 
contamination from the granuli te fades country rock. (b) 1~3Nd/l+lNd vs SrI USr isotope 
corrdation diagram showing the compositional Vllriation within the Tasmanian dolerites. The 
high 87Srl 86Sr ratios in the dolerites are interpreted by Hcrgt (/ at. (1989) as inhcritcd from 
the mantle source region of the magma, which may be contaminatcd with sulKluc ted 
sediment. 

elemental composition of the source region. Thus, correlations between isotope 
ratios and ratios of highly incompatible trace elements arc likely to indicate mixing 
between compositionally distinct sources. 

The equations of Langmuir (J oj. (1978) predict that data plotted on an isotope 
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ratio vs trace clement diagram with a common denominator (e.g. 87Sr/86Sr vs 1/ 
86Sr) will define a straight line. Mixing diagrams of this type, however, can give rise 
to spurious correlations because of the common denominator effect (Dodson, 1982; 
and see discussion in Section 2.S.3). An additional problem with the 87Srl86Sr ratio 
vs I/Sr diagram, highlighted by Mensing et al. (1984), is that, in the case ofbasahic 
'Iavas undergoing fractional crystallization and assimilating crustal material (AFC), 
the composition of the contaminant docs not lie on the magma evolution trajectory. 
Thus the linear mixing trend cannot be used to determine the composition of the 
contaminant. 

6.3.6 Mantle-crust geodynamics 

The ultimate result of defining crust and mantle isotopic reservoirs must be a model 
which explains how the reservoirs interact and how they obtained their present-day 
compositions. One of the major successes of modem isotope geology is that such 
unifying models now exist and arc able to link reservoir compositions to the 
processes thal go\'ern plate tectonics. In detail there arc two types of approach. 
Models based upon Pb iSOlOpeS and which chiefly emphasize crustal reservoirs have 
contributed greatly to our understanding of the evolution of the continental crust. 
This type of modelling is known as plumbotcctonics. Models which emphasize 
mixing processes in the mantle, and which are based upon a number of different 
isotope systems, are described here under the heading 'geodynamic models'. 

Plumbotectonics A model based on the discriminatatory power of Pb isotopes was developed by Doc 
and Zartman (1979), who showed that there arc variations in initial lead isotopic 
composition which arc related to tectonic setting. They showed thal three reservoirs 
(the upper continental crust, the lower crust and the upper mantle) can be 
characterized by their concentrations of U, Th and Pb (see Table 6.5). V, Th and 
Pb arc concentrated in the upper crust with V and Th enriched relative to Ph so 
that the upper crust evolves radiogenic lead . The lower crust is depleted in Th and 
U and evolves unradiogenic lead. The mantle has lower concentrations of U, Th 
and Pb than the continental crust but has VIPb and Th /Pb ratios which lie 
between the twO crustal reservoirs and so evolves Pb of an intermediate character. 
The mixing of Pb in its three reservoirs takes place in 'orogenies' (or orogenes) 
producing a fourth 'mixed' reservoir. 

In the several versions of their models, Doc and Zartman (1979) and Zartman 
and Haines (1988) have ploued curves lO show the Pb isototc evolution of the four 
reservoirs with time. A plot of 207Pb/ 204Pb vs 206Pb/2 Pb discriminates well 
between the upper crust and the lower crust/ mantle and a plot of 208Pb/ 204Pb vs 
206Pb/ 204Pb discriminates between the lower crust and the upper crust/mantle 
(Figure 6.26). 

Geodynamics Correlations between isotopic tracers has led to a search for an explanation of these 
phenomena and has given rise to a series of tectonic models for the chemical 
structure of the Earth. These models are constrained both by the isotopic data and 
our present understanding of plate tectonic processes. 

Consider, for example, one of the early observations drawn from isotope 
correlation diagrams. In Figure 6.10 the Nd-Sr compositions of the continental 
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crust and oceanic basalts are ploued relative to the composition of the bulk Earth. 
Oceanic basalts are enriched in Nd and depleted in Sr relative [0 the bulk Eanh 
whilst the continental crust shows the opposite relationship. T his suggests that the 
continental crUSt and the mantic source of oceanic basalts are complementary 
reservoirs of Nd and Sr and that the continental crust has been extracted from the 
Earth's mantle leaving a reservoir enriched in Nd and depleted in Sr. 

In a similar way [he isotopic composition of crust and mantle reservoirs have 
been interpreted by means of a series of mass balance equations between crust, 
mantle and the original composition of the bulk silicate Eanh. This has allowed us 
to explore the interrelationships between different reservoirs, set limits on the 
proportion of mantle involved in the formation of the continental crust and offer 
insights into the nature of mantle com·ection (Allegre I t al., 1983a,b; Allegre, 1987; 
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Galer and O'Nions, 1985; Zindler and Hart, 1986). A cartoon illustrating a possible 
way in which the different reservoirs interact is given in Figure 6.27. 
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7.' Introduction 

Most naturally occurring clements consist of mOTC than one stable isotope. In 
elements with an atomic mass of less than 40 (i.e. lighter than Ca) it is possible for 
the isotopes to be fractionated through physical processes as a consequence of the 
mass difference between the isolOpes. The degree of mass fractionation is 
proporlional to the mass difference. At atomic masses higher than 40 the relative 
mass differences are too small to allow iSOlOpeS to become physically separated. 

In geochemistry the study of stable isotopes is a powerful means of studying the 
light elements H , C, N, 0 and S - a group of elements not easily studied in other 
ways. These elements 3rc often the main constituents of geologically important 
fluids, thus affording a means of directly studying both the flu ids and the effects of 
fluid - rock interaction. In addition, stable isotopes are used as tracers to determine 
the source of an element, as palaeothennometers and as a means of studying 
diffusion and reaction mtthanisms in geological processes. In this chapter we will 
survey the use of the stable isotopes of h)'drogen, oxygen, carbon and sulphur and 
illustrate their role in elucidating geochemical processes in igneous, metamorphic 
and sedimentary rocks. More detailed treaonents are given by Hoefs (1987) and 
Valley tt al. (1986) . 

Conventionally stable isotopes are converted into a ps (usually Hz, COz or SOz) 
for the purposes of isotopic analysis and the mass differences are measured in a 
mass spectrometer. With such commonly occurring elements as 0, H, C and 5, 
contamination during sample preparation and analysis is a particular problem and 
great care must be taken to ensure clean sample handling. Increasingly, however, 
the ion probe and laser microprobe are being used in stable isotope analysis and a 
number of rectnt studies have illustrated how a much finer spatial resolution of 
isotopic compositions is possible using these techniques. 

7. 1.1 Notation 

Stable isotope ratios are measured relative to a standard and are expressed in parts 
per thousand, i.e. parts per mil (II . ). T he isotope ratio is expressed as a S value, or 
'del value' as it is sometimes called. Using oxygen isotopes as an example, the S 
value is calculated as follows: 

[7. 1) 
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Thus a alSO value of + 10.0 means that the sample is enriched in ISO relative to the 
standard by to parts in a thousand and a value of - 10.0 means that the sample is 
depleted in 180 relative to the standard by 10 parts in a thousand. 

7.1.2 Isotope fractionation 

The chief purpose of studying stable isotopes is as a means of investigating the 
processes which in nature separate isotopes on the basis of their mass rather than on 
the basis of their chemistry. This is known as isotopic fractionation and takes place 
in nature in three different ways: 

(I) Isotopic exchange reactions. Isotope fractionation may take place in a 
conventional exchange reaction in which, for example, oxygen is exchanged 
between quartz and magnetite 

2Si l 6Q + Fe 180 - 2Si ''0 + Fe 160 2 3 4- 2 3 4 

The isotopic fractionation is controlled by bond-strength and follows the 
general rule that the lighter isotope forms a weaker bond than the heavier 
isotope. 

(2) Kinetic processes. Kinetically controlled stable isotope fractionation reflects 
the readiness of a particular isotope to rt.'act. Kinetic effects are only observed 
when a reaction does nOI go to completion. 

(3) Physico-chemical processes such as evaporation and condensation, melting and 
crystallization and diffusion. 

The fractionation of an isolope between two substances A and B can be defined 
by the fractionation factor 0.: 

o.A_1l = ratio in A 

ratio in a [7.2] 

For example, in the reaction in which ISO and 160 are exchanged between 
magnetite and quartz, the fractionation of 1&0/ 160 between quartz and magnetite is 
expressed as 

eSo/ 160) in quartz 
o.quartz_magneth" = ('"01''0) . . 

In magnetite 

where' IS0/ 160 in quartz' and' IS0/ 160 in magnetite' are the measured isotopic 
ratios in coexisting quart'.l and magnetite. If the isotopes are randomly distributed 
over all the possible atomie positions in the compounds measured, then 0. is related 
to an equilibrium constant K sueh that 

[7.3] 

where n is the number of atoms exchanged. Normally, exchange reactions are 
written so that only one atom is exchanged, in which case 0. = K, and the 
equilibrium constant is equivalent to the fractionation factor. 
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Values for 0: are very close to unity and typically vary in the third decimal place. 
Most values therefore are of the form l.OOX. For example, the fractionation factor 
for LSO between quartz and magnetite at 500 °C is 1.009 (Javoy, 1977). This may be 
expressed as the third decimal place value - the per mil value - such that the 
quartz- magnetite fractionation factor is 9 (or 9.0 per mil). A useful mathematical 
approximation for the fractionation factor a stems from the relationship 

lOOOln(I.OOX) - X [7.4) 

In Ihe case cited above where a = 1.009, 100010 a = 9.0. This relationship has the 
added value that experimental studies have shown that l000ln 0: is a smooth and 
often linear function of IIT2 for mineral- mineral and mineral- fluid pairs. T his 
gives rise to the general relationship for the fractionation factor: 

[7.S) 

where T is in kelvin and A and B are constants, normaJly determined by 
experiment. In the case of the quartz-magnetite pair, the values for A and Bare 
6.29 and zero respectively (Chiba el al., 1989), giving the expression 

1000In U quartlr-n\.Ogneti tc = 6.29 X IWIT2 

A further useful approximation is the relationship between 1000 In a: and 
measured isotope ratios expressed as 5 values. The difference between the 5 values 
for two minerals is expressed as ~ and this approximates to 1000 In u, when the 5 
values are less than 10. In the case of oxygen isotopic exchange between quartz and 
magnetite, 

[7.6) 

When 0 values are larger than 10 the expression given as Eqn [7.11] in Box 7. I 
should be used. 

7.1.3 Physical and chemical controls on stable isotope fractionation 

Understanding the physical and chemical controls on stable isotope fractionation is 
vital to a correct interpretalion of measured stable isotope ratios, for when the 
fractionation processes are fully understood, then the measured &-values ca.n be 
used to identify correctly the source of the element in question and the geological 
processes involved. In this section we examine briefl y the chief controls on stable 
isotope fractionation . 

There is an important temperature control on isotopic fractionation. T his has 
already been described in Eqn [7.5J and has an obvious application in isotopic 
thermometry (see Sections 7.2.2., 7.4.6 and 7.5.2). 

Relative volume changes in isotopic exchange reactions, on the other hand, are 
very small except for hydrogen isotopes and therefore there is a minimal pressure 
effect. Clayton (1981 ) showed that at pressures of less than 20 kb the effect of 
pressure on oxygen isotope fractionation is less than 0.1 0,0. and lies within the 
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measured analytical uncertainties. The absence of a significant pressure effect on 
stable isotope fractionation means that isotopic exchange reactions can be 
investigated at high pressures where reaction rates are fast, and the results 
extrapolated to lower pressures. 

Some isotope fractionations, notably those in biological systems, are primarily 
controlled by kinetic effects. For example, the bacterial reduction of seawater 
sulphate to sulphide proceeds 2.2 % faster for the light isotope 32S than for 34S. 
For the reactions 

.HSO!-~ H~4S 
32SO!-~ H~2S 

[7.7] 

[7.8] 

the rate constant k\ is greater than the rate constant k2 and the ratio £1/£2 = 1.022. 
The effects of this fractionation in a closed system may be modelled using the 
Rayleigh fractionation equation (Section 4.2.2). 

When isotopic fractionation takes place as a result of diffusion the light isolOpe 
is enriched relative to the heavy one in the direction of transport. Diffusion
controlled isotopic fractionation can be important when interpreting the results of 
oxygen isotopes as thermometers (Section 7.2.2). A related process to that of 
diffusion is the microfiltration effect in which isotopes are fractionated by 
adsorption onto clay minerals in sediments. It is thought that isotopically lighter 
hydrogen, oxygen and sulphur may be preferentially adsorbed 0010 clay leading to 

isotopic enrichments in formation waters (Ohmoto and Rye, 1979). 
During distillation the light isotopic species is preferentially enriched in the 

vapour phase according to the Rayleigh fractionation law (Section 4.2.2). This 
process applies to the evaporation and condensation of mett.'oric water and accounts 
for the marked fractionation of 0180 and 00 in rainwater and in ice. 

Generally rrtajor element chemistry has a very small effect on stable isotope 
fractionation. However, Taylor and Epstein (1962) observed that the oxygen isotope 
fractionation in silicate minerals can be accounted for in terms of the average 
bonding arrangement of the mineral structure, and heavy isotopes associated with 
elements with a high ionic potential. This is seen in the fractionation of 180 
between quartz and magnetite, for quartz containing the small, highly charged Si4+ 

is enriched mineral in ISO, whereas magnetite with the large Fe2+ ion is ISO_ 

deficient. In the case of feldspars, the oxygen isotope composition plagioclase is a 
function of An content. 

Heavy isotopes are concentrated in more closely packed crystal structures. The 
fractionation of carbon isotopes between diamond and graphite is well known and 
there are smaller changes between calcite and aragonite. There is a also a small 
change in ISO between 0.- and p..-quartz. 

Rt.'centiy it was discovered that there is a crystallographic control on the 
fractionation of oxygen and carbon isotopes in calcite. Dickson (1991) found that, in 
a single crystal of calcite, crystal faces from different crystallographic forms have 
different isotopic compositions. This observation indicates that different surfaces in 
the same crystal have slightly different bonding characteristics which are sufficient 
to fractionate the isotopes of oxygen and carbon. 
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7.2 Using oxygen isotopes 

There are three stable isotopes of oxygen which have the following abundances: 

"0 = 99.763 % 
170 = 0.0375 % 
180 = 0.1 995 % 

The isotope ratio 180/ 160 is the ratio which is normally determined in oxygen 
isotope studies and a values are calculated from Eqn (7.1). There are currently two 
isotopic standards in use for oxygen isotope measurements. Low-temperature 
goothermometry measurements (Section 7.2.2) are made relative to PDB (a 
belemnite from the Cretaceous Peedee formation of South Carolina, a standard 
otherwise used for carbon isotope measurements) whilst all other measurements are 
calculated relative to concentrations in Standard Mean Ocean Water (SMOW). 
SMOW was originally a hypothetica1 water sample with oxygen and hydrogen 
isotope ratios similar to those of standard ocean water. Currently a water standard 
disributed by the Atomic Energy Agency in Vienna, known as Vicnna-SMOW or 
V-SMOW is used . This has an 180 / 160 ratiO identical to SMOW and a D/H ratio 
which is within error of the original definition of SMOW (Gonfiantini, 1978). 
V-SMOW and PDB aUlo values are related by the eJt:pressions 

SI80 V-5MOW = 1.03091 51SOrDB + 30.01 {7.9] 

",d 

0180 PD8 = 0.97002 SISOv-S!>10W - 29.98 [7.10] 

(Coplen tt Di., 1983). In addition to SMOW thC' standard SLAP (St.mdard Light 
Antarctic Precipication) is sometimes used. This has a 0180 value of -55.5 %. 
relative to SMOW (Gonfiantini, 1978). 

Oxygen is liberated from silicates and oxides through fluorination with F 2 or 
BrFs and then reduced to COz at high temperature for measurement in a mass 
spectrometer. In carbonates carbon dioxide is liberated with >1 03 % phosphoric 
acid. When oxygen isotope ratios are detennined in water the sample is equilibrated 
with a small amount of CO2 and the oxygen isotope ratio in the CO2 is measured. 
From the known water-COz fractionation factor, the 180/ 160 ratio in the water is 
calculated. T he precision of 15180 values is of the order of 0.1-0.2 0/00• 

In this section we consider first the distribution of oxygen isotopes in nature and 
then the use of oxygen isotopes in thermometry. This is followed by a discussion of 
correlation diagrams which combine both oxygen isotopes and radiogenic isotopes 
and the way in which such correlations may be used to infer geological processes. 

7.2.1 Va riations of 15180 in nature 

0180 val ues vary in nature by about H)()'/., about half of this range occurring in 
meteoric water (Figure 7.1). Olondritic meteorites have a vcry resticted range of 
0180 values and the mantle has a 0180 value of 5.7 ::t 0.3'1. and this seems to have 
been const2nt through time for the Earth and the Moon (Taylor, 1980). However, 
Kyser tID/. (1982) found that the alkali basalts in Hawaii are enriched in 15180 by 
values of 0.5 to 1.0 '1. over tholeiites and suggested on the basis of measured 
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Fi&uu 7.1 Natural oxygen isotope reservoirs. DaLa from: Taylor (1974), Onuma filii. (1972), Sheppard 
(1977), Graham and Hannon (1983) and Hoefs (1987). 

diffusion rates (Graham and 1·larmon, 1983) that the two had distinct mantle sources. 
Thus there is some evidence for small isolOpic heterogeneities in the mantle. 

Most granites, metamorphic rocks and sediments are enriched in alSO relative to 
the mantle value, whereas seawater and meteoric waters are depleted, thus forming 
complementary al80 ·reservoirs. 

7.2.2 Oxygen isotope thermometry 

One of the first applications of the study of oxygen isotopes to geological problems 
was to geothermometry. Urey (1947) suggested that the enrichment of 180 in 
calcium carbonate relative to seawater was tempenuure-<lependent and could be 
used to detennine the temperature of ancient ocean waters. The idea was quickly 
adopted and palacotemperaturt::s calculated for the Upper Cretaceous seas of the 
northern hemisphere. Subsequently, a methodology was developed for application 
to higher-temperature systems based upon the disu-ibution of ISO between mineral
pairs. An excellent review of the methods and applications of oxygen isotope 
thermometry is given by Clayton (1981). 

The expression summarizing the temperature dependence of oxygen isotopic 
exchange between a mineral-pair is given in Eqn [7.51- Often the B term is zero and 
[he fractionation facto r is simply a function of iI'P. Empirical observations indicate 
that a graph of In a \ 'S 1/1'2 is linear over a temperature range of several hundred 
degrees (Figure 7.2) and a plot of this type for a pair of anhydrous phases should 
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also pass through the origin. Isotopic fractionations decrease with increasing 
temperature and so oxygen isotope thermometers might be expected to be less 
sensitive at high temperatures. Experimental studies, however, are most precise at 

high temperatures (see for example Clayton tt al. , 1989), and reliable thermometers 
have been calibrated for use with igneous and metamorphic rocks. Oxygen isotope 
thermometry has a number of advantages over conventional cation-exchange 
thermometry; for example oxygen isotopic exchange can be measured between 
many mineral-pairs in a single rock. In addition, minerals with low oxygen 
ditTusivities such as gamet and pyroxene are capable of recording peak temperature 
conditions. 

There are a large number of different calibrations of oxygen isotope exchange 
reactions (Table 7.1), some of which give conflicting results. This has given rise to 
much confusion over which calibrations can be used as a basis for reliable 
thermometry. In brief, there are three different approaches to the calibration of 
oxygen isotope exchange thermometers - the theoretical approach, experimental 
methods and empirical methods. 

Theoretical calculations of oxygen isotope fractionations are based upon studies 
of lattice dynamics. Recent results of this type have been found to agree with new 
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Table 7.1 Oxygen isotopic thermometer calibrations 

Experimentally determined coefficients A for the fractionation of oxygen isompes between 
anhydrous mineral-pairs according to 1000 In a = A x 10'1 T 2. The data are arranged so thaI 
a1l coefficients arc positive. 
(a) EXMri~"tally dm,.",ined - efuilibration with calcite (Chiba el al., 1989) 

'" Ab An D; Fo Mt 

Q 0.38 0.94 1.99 2.75 3.67 6.29 

'" 0.56 1.61 2.37 3.29 5.91 
Ab 1.05 l.81 2.73 5.35 
An 0.76 1.68 4.30 
D; 0.92 3.54 
Fo 2.62 

(b) EX/Nrimentally due,.",i,,(d - el/Uilibratio" with wM" (Matthews u al. , 1983) 

Ab Jd An D; Wo Mt 

Q 0.50 1.09 1.59 2.08 2.20 6.11 
Ab 0.57 1.09 1.58 l.i0 5.61 

Jd 0.50 0.99 1.11 5.02 
An 0.49 0.61 4.52 
0; 0. 12 4.03 
Wo 3.91 

(c) Empirically dnmnined (Botlinga and lavoy, 1975,. lavoy, 1977) 

Ab PI p, 01 Gt Mt /I 

Q 0.97 1.59 2.75 3.91 2.88 5.57 5.29 
PI 1.08 2.32 1.29 3.98 3.70 
p, 1.24 0.21 

(d) P()lynomial junctioru for individual minerals used for calculating oxygen isotopic fract ionation 
bnwun mineral-pain (Clayton, 1(91) Ix = H/'rr: T in kelvin units} 

Calcite k = 11.781x - 0.420x l + 0.0158x 3 

Quartz IQ = 12.116x - 0.370Xl + 0.0123x 3 

Albite I" = 11.134x - 0.326x 1 + 0.0104x 3 

Anonhite 1M = 9.993x - 0.271x2 + 0.0082x 3 

Diopside I~ = 9.237x ...." 0.\99x 2 + 0.0053x3 
Forsterite jj.·o = 8.326x - 0. 142x 2 + 0.0032x l 
Magnetite [\1, = 5.674x - 0.038x 2 + 0'()003x 2 

Key: Ab, albite; An, anorthite; Ce, calci te; Oi, diopside; Fo, forsterite; II, ilmenite; Jd, 
jadeiite; Mt, magnetite; 01, olivine; PI, plagioclase (An60); Px, pyroxene; Q. quart..:; Wo, 
wollastonite. 
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experimental studies by Claywo t l0J. (1989) and used to extrapolate experimental 
results OUlside their temperature range (Cayton and Kieffer, 1991). 

Experimental studies based upon mincnl- wucr isotopic exchange have been 
used to calibrate oxygen isotope thennometers, although the morc reliable exchange 
reaction with calcite is now preferred (Table 7.1). 

Calcite-mincni oxygen isotope exchange is suble to relatively high temperatures 
and the results can be extrapolated outside the experimenul range. Mincral-alcite 
pairs are combined to give mineral- mineral oxygen isotope fractionation equations. 
The best thennometers are between mineral-calcite pairs which show the greatest 
divergence on a In a vs 1/ r diagram (Figure 7.2). Thus the mineral-pair 
quartz-diopside is a sensitive thermometer, for there is significant fractionation of 
oxygen isotopes between the two minerals, where2S a pair such as quartz-albite is 
not sufficiently sensiti\'e. Quartz- magnetite fractionuion is not widely used because 
the high diffusivity of oxygen in magnetite means that it cannot record peak 
temperatures. 

Empi rical calibrations of oxygen-isotope thermometers are based upon experi
mental data whieh is then applied to a natural assemblage (Bottinga and Javoy, 
1973, 1975; sec Table 7.1). Given that all the minerals in .a rock are in isotopic 
equilibrium, thermometers can then be calibrated for mineral-pairs which have not 
been experimentally studied. However, the underlying assumption of isotopic 
equilibrium is rarely fulfilled, making the application of this method questionable 
(Clayton, 1981). 

Currently the most reliable calibration of oxygen isotope thermomelcl:S is based 
upon a combination of experimental and theoretical studies. Clayton (1991) 
combined calcite-mineral experimental data with theoretical studies and calculated 
polynomial expressions for a number of common rock-forming minerals (Table 
7.1). These expressions may be combined to give mineral-pair thermometers. 

One of the merits of oxygen isotope thermometry is that there arc potentially a 
large number of thermometers available in a single rock, a situation which rarely 
arises with cation-exchange thermometers. This allows the assumption of isotopic 
equilibrium to be tested. 

Javoy ~I al. (1970) proposed the use of an isotherm plot to measure 
isotopic equilibrium. This diagram plots the A parameter of the oxygen 
isotope thermometer equation (Eqn [7.5] and Table 7.1) and the term 
[1000 In ~quartz.-mincral) - B] as the axes of a bivariate plot. AP.propriate isotherms 
for the system under investigation are calculated and the values for sets of mineral
pairs are plotted. Minerals from an individual rock which arc in isotopic 
equilibrium should show a smooth trend parallel to the isotherms. Isothenn 
diagrams of this type are used by Huebner tt al. (1986) to demonstrate isotopic 
disequilibrium between mineral pairs in granulite facies metapelites (Figure 7.3). 

More recently it has been argued that in slowly cooled rocks isotopic equilibrium 
should not be expected. Giletti (1986) showed that in a slowl}' £O()led rock 
individual minerals cease to exchange oxygen as they pass through their own 
blocking temperatures and it is only the last mineral-pair ro exchange oxygen that 
will be in equilibrium. Diffusion data summarized by Farver (1989) indicate that 
oxygen isotope closure in a cooling rocle. is in the order d iopside (first to close), 
hornblende, magnetite, quam and anorthite (Figure 7.4). The blocking temperature 
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Feld$pM Garnet Biotite 

A 

Figur( 7.3 Isotherm diagram of Javoy ( / a/. (1970) used to assess the degree of relative isotopic 
equilibrium amongst minerals in the same sample . The diagram is based upon the Qxygen 
isotope thermometer equation (Eqn [7.5]) 

1000 In n.nin=ll-mineral2= A(106/Tl ) + B 

Variable A is plotted along the x-axis and [1000 In ~quartz-mi ...... l) - B] along the y-axis. 
Isotherms from 500 °e to 800 <:Ie are constructed from the thermometer equation. The 
1000 Ina values are plotted for the mineral pairs quartz-feldspar, quartz-garnet and 
quartz-biotite for samples lib and 16c from Huebner ( / al. (1986). They are determined 
from the 8180 values using Eqn [7.6]. The ploned compositions show that thc isotopic 
composition of garnet is out of equilibrium with biotite and feldspar. Note that the fcldpars 
in the two samples ha\'c slightly different compositions. 

approach of Giletti forms the basis of a com pUler model for estimating isotopic 
equilibrium by Jenkin (I at. (1991). The authors give the source code in 
FORTRAN-77. 

It should be noted, however, (hat the difference in temperatures of equilibration 
is only one reason for isotopic disequilibrium and isotopic exchange with an 
externally derived fluid is an equally possible explanation . T his may be assessed on 
a plot of O-values for two coexisting minerals. Equilibrium is measured relative to a 
straight line with a slope of 45 ° which represents a .1 180 value for the mineral-pair 
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Fip" 7.4 Log diffusion coefficient vs lIT plol (Arrhenius plot) for the diffusion of oxygen in select«l 
minerals. The numbers in parentheses are the activation energies in kcallg-atom 0 (arter 
FarveT, 1989). 

and which is an isotherm. Any departure of trends from parallelism to the 45 " line 
is indicative of isotopic disequilibrium (Figure 7.5; Gregory tt QI., 1989). 

ApplicQliom There.arc both low-temperature and high-temperature applications of oxygen 
isotope thermometry. 

(4) L01P-ltmperalure thermomttry The earliest application of oxygen isotopes to 
geological thermometry was in the determination of ocean palaeotemperatures. The 
method assumes isotopic equilibrium between the carbonate shells of marine 
organisms and ocean water and uses the equation of Epstein tl aJ. (1953) which is 
still applicable despite some proposed revisions (Friedman and O'Neil, 1977): 

roc = )6.5 - 4.3(~, - ~.) + O. I4(~, - ~.)2 [7.12J 

where 8c and 8 .. are respectively the 8180 of CO2 obtained from DCO] by reaction 
with HjPO. at 25°C and the 81SO of CO2 in equilibrium with the seawater at 
2S 0c. 

The method assumes that the oxygen isotopic composition of seawater was the 
same in the past as today, an assumption which has frequently been challenged and 
which does not hold for at least parts of the Pleistocene when glaciation removed 
ISo-depleted water from the oceans. This has the effect of amplifying the 
temperature variations (Gayton, 1981). The method also assumes that the isotopic 
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composition of oxygen in the carbonate is primary and that the carbonate 
precipitation was an equilibrium process. Both these assumptions should also be 
carefully examined. Because the temperatures of ocean bottom water vary as a 
function of depth it is also possible to use oxygen isotope thermometry to estimate 
the depth at which certain benthic marine fa una lived - palaeobathymetry. 

Low-temperature isotopic thermometry is also applicable to ascertaining the 
temperatures of diagenesis and low-grade metamorphism, and estimating the 
temperatures of active gl.,'othermal systems, both in the continental crust and on the 
ocean floor. 

(b) High-ttmperalurt Ihtnno~Jry Stable isolOpc systems are frequently out of 
equilibrium in rocks which formed at high temperatures as a result of equilibration 
with a fluid phase following crystallization. This fact can be used to make inferences 
about the nature of rock- water interaction (see Section 7.3.4) but does not help 
establish solidus or peak-metamorphic temperatures in igneous and metamorphic 
rocks. In systems where there is minimal water present, such as on the Moon, 
oxygen isotope thermometers yield meaningful temperatures. Kyser tJ al. (198 1) 
have obtained high-temperature results on terrestrial lavas and mantle nodules. In 
metamorphic rocks, in which there has been minimal fluid interaction, the newly 
calibrated thermometers of Chiba t t al. (1989) and Clayton t t at. (1989) hold 
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promise for mineral-pairs with slow diffusion tales such as gamet-quartz and 
pyroxenc-quartz (see Connolly and Muehlcnbachs, 1988). An example of a 
thermometric calculation using oxygen isotope exchange between quartz and 
pyroxene in a metapelite is gi"cn in Box 7.1. 

Example of an oxygen.isotope thftfmomet8f calculation 

Data 

Coexisting quartz-orthopyroxene pair from a granulite facies metapelite (from 
Huebner at al. 1986, sample Bb2Sc). 

O'80qu ..... = 10.2 Of", 

o'BOO"hopyro~.ne .. 7.9 'I .. 

Theory 

The temperature dependence of the fractionation of 1BO between quartz and 
pyroxene is given by Chibs at al. (1989) and Javoy (1977) as 

1000 In ~p>< "' 2.75 x 106/T2 

Calculation 

In this case the approximation given in Eqn [7 .6] is inappropriate, since the O-value 
for quartz is > 10.0, and so we use 

Thus: a.,,,. ru--PX = 1010.2/1007.9 - 1.00228 
1000 In « _ 2.279 

From the quartz-pyroxene thermometer: 

2.279 = 2750 ooOIP 
T = 1098 K 2 825 ~C 

7.2.3 Oxygen isotope - radiogenic isotope correlati on diagrams 

[7.11J 

Correlations between radiogenic and oxygen isotopt.'S are of particular importance 
because variations in the two types of isotope come about through totally different 
mechanisms. This means that correlation diagrams of this type convey infonnalion 
of quite a different type from either stable isotope correlation diagrams (Sections 
7.3.3, 7.4.2) or radiogenic isotope correlation diagrams (Section 6.3 .5). 

Ruognizing O.>:ygcn isotopes provide a very effective way of distinguishing between rocks which 
mm and mantle formed in equilibrium with the mantle and those which formed from the 

reservolr$ continental crust. In general the continental crust is enriched in SI80 relative to the 
Earth's mantle (Figure 7.1). This has come about largely as a consequence of the 
long interaction between the continental crust and the hydrosphere and the 
partitioning of ISO into crustal minerals during low-temperature geological 
processes. Oxygen isotopes, therefore, are a valuable indicator of surface processes 
and a useful tracer of rocks which at some time have had contact with the Earth's 
surface. 
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Rtcognizing 
crustal contam

ination in 
ign~aus rocks 

Radiogenic isotopes, on the other hand, show differenc<.'S between crust and 
mantle reservoirs which are a function of long-lived differences in parent/daughter 
clemen! ratios and indicate the isolation of the reservoirs from one another for long 
periods of Earth history. This gives rise to crustal reservoirs which generally arc 
enriched in 875r/865r and in radiogenic lead iso[Qpes but depleted in 143Nd/I44Nd 
relative to the mantle. 

The discussion below is restricted [Q the isotopes of strontium and oxygen 
although the principles enunciated can apply equally to other radiogenic 
isotopc-oxygen isotope pairs. The range of combined oxygen and strontium 
isotopic compositions in common rock types is shown in Figure 7.6. 

Crustal rocks arc enriched in both strontium and oxygen isotopes relative to the 
mantle (Figure 7.6); thus a bivariate Sr-O isotope correlation diagram is a powerful 
means of recognizing crustal contamination in mantle-derived rocks. There are fW':' 

contamination mechanisms - the contamination of the source region and 
contamination of a magma during its ascent through the continental crust. These 
two types of contamination may be distinguished from one another from the shape 
of the mixing curve on an Sr-O isotope plot Vames, 1981). In the case when the 
contaminant in a source region is enriched in Sr relative to the mantIc and forms a 
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Figure 7.7 Hypothetical mixing diagram (fames, 1981) illustrating the effects of source conramination 
and crustal contamination on Sr and 0 isotope concentrations in a mande melt. The mantle 
source (A) has 8'lSr/ 86Sr = 0.703 and 5180 = 6.0 ' /",; the contaminant (8) has 8'lSr/ 86Sr = 
0.710 and 5180 = 12 ' / ... The values on the curves show the relative proportions of (ST in 
mantJe):(Sr in contaminant). In the case of source conatnination (diagonal ruling) the ratio 
(Sr in mantJe):(Sr in contaminant) < 1.0 giving rise to a convex~own mixing curve in which 
a large change in 87Sr/86Sr is produced by a small amount of conraminant. Where there 
is crustal contamination (cross-hatching) the (Sr in melt):(Sr in cruSt) ratio may be >1.0 
and the mixing curve is convex-upward. of indicates the proportion of contaminant (B) 10 

mantle (A). 

relatively small proportion of the whole, then contamination on an 37Sr/USr vs 
&'SO mixing diagram is characterized by the convex-downward curvature of the 
mixing line (Figure 7.7). This arises because crustal materials are not only enriched 
in Sr relative to the mande but also their 87Sr/86Sr ratio is greater than that of 
the mantle and thus dominates any mixture of the two. Oxygen concentrations, 
however, are broadly similar in all rocks so that there is no massive increase in the 
oxygen isotope ratio of the derivative melt. The small increase in &'80 is a simple 
linear function of the bulk proportion of crustal to mantle materials. This pattern 
is seen in the data of Magaritz tt al. (1978) for the lavas of the Banda Arc 
(Figure 7.8). 

In the case when the melt is enriched in Sr relative to the contaminant and the 
relative proportion of the contaminant is high, then compositions on an Sr-O 
isotope plot will define a mixing curve with a convex-up curvature Games, 1981). 

This could be the case for a mantle-derived melt passing through the continental 
crust. In addition, crustal contamination requires significant changes in major and 
trace element chemistry and these are expected to correlate with the oxygen and 
radiogenic isotope ratios. 

However, crustal contamination is rarely a simple mixing process and frequently 
it involves three components - a melt, a precipitating cumulate phase and a 
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Recognizing 
simple crystal 

fractionation in 
igneous rocks 

The range of possible mantle compositions is also shown. The data define a concave-up curve 
(in part controlled by only two data points) which is suggesth'e of source contamination (cf. 
Figure 7.7). Data from Magaritz et al. (1978). 

contaminant (Taylor, 1980; James, 1981). This is the familiar AFC process first 
proposed by Bowen (1928). AFC processes can be recognized on a radiogenic 
isotope--Dxygen isotope correlation diagram (Figure 7.9) by a sigmoidal mixing 
curve which does not extrapolate back to the position of either the source or the 
contaminant. Details of the modelling are given by Taylor (1980) and an example of 
the sigmoidal dimibution is given by Mauche et al. (1989) . 

An igneous system which has not suffered crustal contamination will exhibit the 
radiogenic isotope characteristics of the source, for radiogenic isotope ratios are not 
altered by crystal-liquid equilibria such as crystal fractionation. Oxygen isotopes, 
on the other hand, do show small changes in isotope ratio with crystal fractionation, 
although extreme fractionation is required to produce small changes in a180. This 
has been documented by Chivas et al. (1982) in a study of a highly fractionated 
oceanic-arc plutonic suite. In these rocks oxygen isotope ratios range from a180 = 
5.4 °/00 in gabbros to 5180 = 7.2 °/ 00 in an aplite dyke. The increase in a180 
correlates with an increase in Si02 content - a measure of the degree of 
differentiation. 87Sr/86Sr ratios, on the other hand, do not correlate with Si02 or 
with alSO values and remain constant within the limits of error of their 
determination (Figure 7.10). 
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assimilation and fractional Crj'sullization in a magma chamber. The initial composition of the 
melt is 31Sr/MSr = 0.703, 0 SO = 5.7. The t ..... o setS of curves represent two different ratios 
of Sr in the melt to Sr in the assimilated country rock. The solid lines represent a 
melt:country rock ratio of 10: 1 and the dashed lines a ratio of 5: I. The rat io of cumulates to 
assimilated country rock is 5: I. Higher values produce cun'es with lower oJ~ values. ~ is 
the u tio of Sf in [hc cumulates to Sr in the melt, i.e. the bulk poIrti rion coefficient of the 
cumulates. T he end-points are placed at 99 % fractional crysllIiJ ization. (Adapted from 
T aylor, 1980.) 

7.3 Fingerprinting hydrothermal solutions using oxygen and hydrogen 
isotopes - water-rock interaction 

T he study of oxygen isotopes in conjunction with thc isotopic study of hydrogen has 
proved to be a very powerful tool in imcstigating geological processes involving water. 
When plotted on a bivariate oD vs OISO graph, waters from different geological 
environments are found to have very different isotopic signatures (Figure 7. 11 ). 

Hydrogen is a minor component of most rocks and so, excepting when the f1 uid/ 
rock ra tio is very low, the hydrogen isotope composition of rocks and minerals is very 
sensitive to the hydrogen isotope composition of interacting fluids. Oxygen, on the 
other hand, comprises 50 % by weight (and in some cases more than 90 % by volume) 
of common rocks and minerals and so is less sensitive lO the oxygen isotope ratio of 
interacting flu ids, except at very high flu id /rock ratios (see Figure 7. 12). 
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Figure 7.10 (a) Piol showing a posili~e correlation Detween 8180 and Si02 for a fractional crystallization
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complex in Ihe Solomon Islands. (b) The same suile of rocks shows no correlation belween 
87Sr/Usr and Si02_ (Data from Chi~as (f al., 1982.) 

7.3.1 Hydrogen isotopes 

There are two naturally occurring stable isotopes of hydrogen which occur in the 
following proportions: 

lH = 99.9844 % 
20 = 0.0156 % (deuterium) 

Hydrogen isotopes show the largest relative mass difference between two stable 
isotopes, with the result that there are huge variations in measured hydrogen 
isotope ratios in naturally occurring materials. In addition, hydrogen isotopes are 
ubiquitous in nature in the forms H20, OW and H2 and as hydrocarbons. 

Hydrogen isotopes are measured in parts per thousand relative to the SMOW 
standard and arc calculated in an analogous manner to that for oxygen isotopes (see 
Eqn (7. 1]) and expressed as oD ~/oo. Precision is between t and 2 0

/ 00. 00 values 
for the SLAP standard relative to SMOW are -428 ~/oo. D/H ratios are usually 
measured on H2 gas which is produced from the reduction of water at high 
temperatures. 

A summary of 00 values for common rock types and waters is given in Figure 
7.12. Mantle values are nonnally in the range -40 to -80 although Ocloule et al. 
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Fi8Nrt 7. 11 Piol of liD \~ 61&0 diagram for different water types. The fields of magmatic water and 
fonnation ..... aters are taken from T aylor (1974). The field for igneous hornblendes and 
bi<lIiles from T aylor (1974) and thai of magmatic wlter from the granites Qf Com\1~11 from 
Sheppard (19n). The meteoric water line is from Epstein d ill. (1965) and Epstein (1970). 
The metamorphic water fie ld combines the values of Taylor (1974) and Sheppard (1981 ). 
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Fiprt 7.12 Natural hydrogen isotope resen"oirs. Data from Taylor (1974). Graham and Harmon (1981), 
Kyser and O'Neil (198i), Deloule n ill. (1991) and Hoefs (1987). 
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(1991) reported values as low as - 125 0/(JIJ. The MORB reservoir is thought to have 
00 = -SO ::!: 5 oil}/) (Kyser and O'Neil, 1984). 

7.3.2 Calculating the isotopic composition of water from mineral 
compositions 

The isotopic composition of waters from different geological settings can be 
measured directly as 'fossil' water preserved in fluid inclusions (Ohmoto and Rye, 
1974; Richardson (t al., 1988). Most commonly, however, 'fossil' water is sampled 
indirectly and its isotopic composition determined from the isotopic composition of 
minerals which were in equilibrium with it. 

If it can be assumed that there was a close approach to isotopic equilibrium 
between a given mineral and a hydrothermal solution, then laboratory calibrations 
of equlibria between rock-forming minerals and water can be used to calculate the 
isotopic composition of the hydrothermal solution. There are experimental 
calibrations for both oxygen and hydrogen isotopes (Tables 7.2 and 7.3) allowing 
the isotopic composition of water to be fully specified. The calculation requires a 
knowledge of the temperature .of equilibration, which may have to be estimated or 
measured independently by a technique such as fluid inclusion thermometry. An 
excellent example of this approach is given by Hall et aJ. (1974 - Table 4) in a 
study of the origin of the water in the formation of the Climax molybdenum 
deposit, Colorado. In this study the temperature of the hydrothermal fluid was 
known from fluid inclusion thermometry and the 0180 and 00 composition of the 
water was calculated from the isotopic composition of muscovite and sericite using 
the experimental calibrations for muscovite-water. An example of the calculation is 
given in Box 7.2. 

7.3.3 The isotopic composition of natural waters 

The isotopic composition of natural waters may be obtained either by direct 
measurement or by calculation using the method outlined above. Taylor (1974) 
describes six types of naturally occurring water, the compositions of which are 
summarized on a 00 vs 0180 diagram (Figure 7.11). The isotopic character of the 
different types of water described here can be used to trace the origin of 
hydrothermal solutions. 

(a) M eteoric water This shows the greatest variation of all natural waters. 
00-0'80 variations define a linear relationship, the meteoric water line, which may 
be represented by the expression: 

[7.13J 

(Taylor, 1979). The 0180 and 00 values for meteoric water vary according to 

latitude. Values are close to zero for meteoric waters on tropical <M::eanic islands 
whereas at high latitudes in continental areas 0180 values are as low as -20 to - 25 
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Using stable isotope data 

Calcuilltion of the isotopic composition of water in equilibrium with muscMite 
from the Climax molybdenum deposit, Colorado 

Data 

O'80m....,ov;, • • 7.4 % 
OOmuscov;'. ,. - 91 '/00 

Temperature = 500·C (from fluid inclusion thermometry) 
(Data from Ha ll et al., 1974 - Table 4, sample CL31-70) 

Calculation of oxygen iso tope composition of the water 

The equation for muscavite-water (O'Neil and Taylor, 1967) is: 

1000 In 0: .. -3.89 + 2.3S(lOS! ],) 

At sao 'C, 

1000 In 0: '" 0.0931 

Since <\"uocov;_ . .. , = '000 In a 

;S'80mu..,ov~. - O'80w ... , '" 0.0931 

+7.4 - 0180wow '" 0.0931 

0'80", ... , '" 7.3 '/00 

Calculation of hydrogen isotope composition of the water 

The equation for muscavite--water (Suzuoki and Epstein, 1976) is: 

1000 In 0: c 19.1 - 22.1{108rr ') 
At 5OO ·C 

10oo lna-17.89 

Since AmuOC<)y;,_a •• , - 1000 In (1, 

oOmuscov iM - 80wn,,,, - - 17.89 
- 91 -liDwe •• , '" - 17.89 
OD""a'", c - 73.1°{00 

and 00 values range between - 150 to -250. Both the extreme variation and the 
linear relationship arise from the condensation of H20 from the Earth's 
atmosphere. The extreme variation reflects the progressive lowering of 180 in an air 
mass as it leaves the ocean and mO\'cs over a continent. The linearity of the 
relationship indicates that fractionation is an equilibrium process and that the 
fractionation of O/H is proportional to 1801 ltD. 

(6) Quan waur Present-day ocean water is very uniform in composition with 
values of OISO = 0 °/00 and oD = 0 "/ 00• The only exception to this is from areas 
where there have been high rates of evaporation, e.g. the Red Sea, where there are 
elevated valul.'S of 0180 and 00, or from an.'8S where seawater is diluted with fresh 
water. Muehlenbachs and Clayton (1976) suggested that the oxygen isotopic 
composition of ocean water is buffered by exchange with the ocean crust, a view 
which is strongly supported by the study of Gregory and Taylor (1981) on the 
distribution of oxygen isotopes in the Semail ophiolite, Oman (Figure 7.16). 



Tobit 1.2 

Mineral 

Baryte 
Calci te 
Dolomite 
Quanz 

Alkali feldspar 

Albite 

Anorthite 

Plagioclase 
Feldspar 

Musoo\'ite 

Ru ti le 
Magnetite 
K20linite 
Chlorite 

Tobit 1.3 

Mineral 

Muscovile 
Biotitc 
Hornblendc 

Trcmolite 

Actinolite 
Arfvcdsoni tc 
Kaolinite/D ickitc 
Scricite 
Chlorite 
Zoisire 
Epidotc 

All minerals 
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Gonstanr.s for the fractionation of oxygen isolOpt:S between minerals and water 3eeording to 
the equation 1000 In Cl",inenI-.... 1ff = A + 8(10"/ T2) 

Expcriment31 
range (0e) 

A B 

100-350 --6.79 ].00 
0-700 -3.39 2.78 

252- 295 -].24 ].06 
200-500 -].40 ].38 
500-750 - 1.96 2.51 
250-500 -].31 3.34 
Soo-.soo - I.H 2.05 
]50-800 -H\ 2.91 
500-800 - ].70 3.13 
400-500 - 2.51 2.39 
500-80(} - 1.16 1.59 
] 5Q-800 -3.82 2.15 
4OQ-500 -2.81 1.49 
500-800 -2.ot I.M 
]50-800 (- HI-O.14An) (2.9 I--O.7Mn) 
500-800 -3.70 (3.I3- i.MAn) 

(where An is mole fraction of anorthite) 
-400-650 - 3.89 2.38 
500-800 -3. 10 1.90 
57$-775 1.46 4.10 
500-800 -3.70 - 1.47 
UncCrlain -2.87 2.5 
66-175 

For [Mgl.5 Feo.5 (OH)6][AI I.S FCI.s][AI,SiJ0 1o][OH1J: 

-11.97 + 2.67.1" + 2.93x 2 _ O .... I5.r J + 0.0]7x4 

fwhere x = loJ/T] 

Reference 

Friedman 3nd O 'Neil (1977) 
O'Neil tt III. (1969) 
Matthews and Katz (1977) 
Oa)·ton t l III. (1972) 
Clayton tI III. (1972) 
Mauuhisa tI al. (1979) 
MalSuhisa (t III. (1979) 
O'Neil and Taylor (1%7) 
IJoninga and j a\'oy (1973) 
Mau uhisa tI al. (1979) 
Matsuhisa tl al. (1979) 
O'Neil and T aylor (1967) 
Matsuhisa tI al. (1979) 
Matsuhisa tI al. (1979) 
O'Neil and Taylor (1967) 
Botting-.! and Javoy (1 973) 

O'Neil and T aylor (1967) 
Bottinga and Ja \'oy (1973) 
Addy and Garlid (1974) 
IJottinga and J avoy (197]) 
Land and Dunon (1978) 
Sa\'in and Lee (1988) 

Const:IOU for the fractionation of hydrogen isotopes between minerals and water according 
to the equation 1000 In (l",intnI-....... = A + 8(10"/ Tl) 

Experimental 
temper:tture 
range (oq 

450-800 
450-800 
450-800 
350-850· 
850-950· 
]50-650 
650-950 
400 
Uncertain 
100-250 
100-250 
100-250 
280-650 
<300 
]00-650 

A 

19.1 
-2.8 

7.9 
- 23. 1 ::!: 2.5 

1.I 
-21.7 

14.9 
- 29.0 
-52.0 

0.972-0.985 
0.973-0.977 
0.954-0.987 

- 27.73 
- 138.8 
-35.9 ::!: 2.5 

B 

- 22.1 
-21.3 
- 23.9 

-31.0 

- ]1.0 

- 15.7 
29.2 

1000 Ina...inenl-w.tcr = 28.2 - 22A( Hf'IT 2
) + 

(2X,u-4X.\II--68XFJ 
where XAJ etc., is rhe mole fraction of AI in bion te, 
muSCO\'ite Of hornblende . 

Reference 

Suzuoki and t-: pstein (1976) 
SU1.uoki and Epstein (1976) 
Suzuoki and Epstein (1976) 
Graham tl al. (1984) 
Graham (I aI, (1984) 
Graham tI al. (1984) 
Graham tt al. (1984) 
Graham tl al. (1984) 
Graham t l al. (1984) 
Marumo tt al. (1980) 
Marumo tl al. (1980) 
Marumo (I al. (1980) 
Graham tI al. (1980) 
Graham (I al. (1980) 
Graham (f al. (1980) 
SU1.uoki and Epstein (1976) 

• Ferman pargasitic hornblende. 
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Figure 7.11 The change in the BISO composition of the oceans throughout the Tertiary. The rCCQrd is 
based upon the composition of benthic foraminifera (after Miller and Fairbanks, \985). 

Less certain is the isotopic composition of seawater in the past. There is 
evidence from the oxygen isotope composition of marine carbonates that there were 
global changes in the isotopic chemistry of the oceans during the T ertiary (Figure 
7.1 3). These changes are thought to have been brought about by the storage of 
iSOlopically light oxygen in ice in the polar regions and are known in sufficient 
detail to allow the composition curve to be used as a stratigraphic tooL Similar 
changes are reported in the Ordovician from the oxygen isotope chemistry of 
una1tered parts of brachiopod shells (Marshall and Middleton, 1990), although one 
of the uncertainties in models of this kind, particularly prior to the Plio-Pleistocene, 
is the extent to which diagenetic change has influenced the calculated compositions 
of former ocean waters (Williams tt al., 1988). 

(c) Ctothtrmal water Modem geothermal water is meteoric in origin but isotopic 
compositions are transposed to higher l)180 values through isotopic exchange with 
the country rocks. l)D values are the same as in the parent meteoric water or 
slightly enriched. Similarly, ocean-floor geothermal systems have l) IS0 values of 
between +0.37 and +2.37, close to the value for unmodified seawater (Campbell tt 

aI., 1988). 

(d) Formation water Formation waters from sedimentary basins show a wide range 
in alSo and aD values (Figure 7.1 1). Individual basins have water compositions 
which define a linear trend representing mixing either between meteoric water and 
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waler from another source such as lrapped seawater, or between meleoric waler and 
Ihe country rock. 

(t) Metamorphi( wattr Se,'eral attempts have been made to Clicuiale the 00 and 
0180 values of waler in equilibrium with metamorphic minerals over a range of 
melamorphic grades (Taylor, 1974; Rye tt al., 1976; Sheppard, 1981). A 
combination of these values gives a melamorphic waler 'box' with 0180 values 
between +3 and +25 0

/ 00 and with oD values between - 20 and --65 °/ 00. (Figure 
7.11). 

(f) Magmatic waltr Calculating Ihe composilion of magmatic water is difficult 
because many magmas interact with groundwater. However, primary magmatic 
waters calculated by Taylor (1974) define a region on 00 vs 1)180 diagrams between 
00 values of --40 and -80 and 0180 values of +5.5 and +9.0. Sheppard (1977), 
however, showed that the magmatic walers associated with the Pennian granites of 
soulh-west England, produced by intracrustal meiting, plot in a different field 
between 00 values of -40 to --65, and 0180 values of +9.5 to +13 (Figure 7.11). 

7.3.4 Quantifying water/rock ratios 

Water- rock interaction can vary between two eXlremes. When the water/rock ratio 
is small and the 0180 in the rock dominates the system it is the fluid composition 
which is changed, as happens in geothennal systems. On the other hand, when the 
water/rock ratio is large and the 1)180 of the water dominates, the 1)180 value of the 
rock is modified. Taylor (1974, 1977) derived mass balance (,'quations from which 
the water/rock ratio may be calculated from 0\80 values. For a closed system, from 
which none of the water is lost, the water/rock (W /R) ratio, integrated over the 
lifetime of the hydrothermal system, is: 

olBctnaJ _ 1)18dnitial 
W /~1osed = ---,:"-:'!~"!'O·;-'::;;2~"¥.·:;

'l'oinitial 1:180fi'" 
o fluid - 0 fluid 

[7.14] 

This is the effoctive water/rock ratio, which can differ from the actual water/rock 
ratio depending upon the efficiency of the exchange reaction. The initial value for 
the rock is obtained from 'normal' values for the particular rock type (see Box 
7.3), or from an unaltered sample of the rock suite being analysed. The fina l value 
for the rock is the measured value. The initial value for the fluid is assumed (for 
example, modern seawater) Of in the case of meteoric water calculated from the D/ 
H ratio of the alteration assemblage and the meteoric water equation. The 
composition of the final fluid can be calculated from the mineralogy of Ihe altered 
rock. This is sometimes done by using the approximation that 1)'Bo for the rock 
equals 1)180 for plagioclase feldspar (An30), for feldspar is generally an abundant 
mineral in most rocks and it exhibits the greatest rate of exchange of 180 with an 
eXlernal fluid phase. Provided that the temperature can be independently estimated, 
then the feldspar- water fractionation equation can be used to calculate the water 
composition (see Box 7.3). 

The equation for an open system through which the water makes only a single 
pass is given, Taylor (1977) by: 

W / R""., = In(\V/R, .... + 1) [7.15] 
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6 -- Clos~ system (Eqn [7. 14]) 

--- Open system (Eqn [7.IS]) 

Water/rock r:l.!io (atomic % oxygen) 

Figure 7.14 Plot of 0180 values in a hydrothennal rock calculated from the open-system water/rock ratio 
equation (Eqn (7.15J) and the dosed-s~stem water/rock ratio equation (Eqn [7.14]) (Taylor, 
1974). The model assumes an initial 0 SO value of +6.5 in the rock and an initial 0180 value 
of - 14 in the water; curvcs arc shown for 350°C and 600 0c. 

It is likely that the behaviour of any given hydrothermal system will be 
somewhere between the two extremes. An example of how Eqns [7.141 and [7.1 5] 
might be used is given in Box 7.3 and depicted in Figure 7. 14. 

Box 7.3 Calculation of water/roek ratio from the equations of Taylor 11974, 1977) 

Data 

Initial rock composition: 0"0 • 6.5 '/~ 
Final rock composition: "P'O '" -4.0 '/~ 
Initial fluid composition: 0,80. -14.0 ·/~ 

Calculation of final fluid composition 

The equation for plagioclase IAnao)-water exchange, from Table 7.2, is: 

1000 In~ .... (-3.41 - 0.14An) + 2.91 - O.76An)(1~/r2) 
• -3.52 + 2.682(108 P) 

At 500 QC 
~er .. 0.97 

Assuming <'l"O~p - <'l"0wt>",* rod /final composition), 

<'l'SO ........ , - -4.0 - 0.97 .. -4.97 

Final water composition: 1)''0 "' - 4.97 'I .. 

Water/rock ratio calculation 

From the closed system equation IEqn 17.1 4J ): 

0'80~:' - 1)''O~~.' 

1)'SO~~~~·' 01801~~' 

-4 - 6.5 '" 1.16 
-'~-4.97) 

From the single-pass open system equation (Eqn (7.151): 
WlRo.,." .. InlWlReiOMd + 1) .. 0.77 
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Figllrr 7.15 00 \'s alSO di3gnm showing the isotopic change in 0 in biotite and ISO in feldspar in a 
gnnodiorite underwing isotopic exchange with groundwater. The ploued curve shows the 
range of 1)0 and 1) '''0 values with changing Vt'llter/ rod: ratios. T he cur,'e was calculated for 
an ini tial feldssnr composition of 1)1"0 +8.0 to +9.0, biotite 00 ~S.O and groundwater 80 
-120,1)1"0 - 16. The fractionation of 0 between biotite and water at 400-450 °C is given by 
6t,;oo,e-....... = - 30 and -40; the fraetionation of 180 between feldspar and water at 
400-450 °C is given by ~kls r_ .... rcr = 2.0. A small water/rock ratio has a dramatic effect on 
the isotopic composition of 0 in biotite whereas higher vnter/rock ratios affect both 00 in 
biotite and 8180 in fe ldspar, The upper boundary of the CUT\'e shows the water/rock ratio as 
..... eight units, the lower boundary as ,·olume uni ts. (Adapted from Taylor, 19n.) 

T he effects of differing water / rock ratios on the isotopic composition of a 
granodiorite are shown on a 00 vs 01SO plot in Figure 7. 1S, using the isotopic 
composition of biotite to moni tor change in 00 and the isotopic composition of 
feldspar to monitor change in 0180 (Taylor, 1977), At small water/ rock ratios (up 
to 0.1 rock volumes) oxygen isotopic compositions are virtually unchanged whilst 

00 values are reduced by about 100 o/OG. As the water/ rock. ratio increases, the 
[;180 value decreases rapidly at almost constant oD values. 

7.3.5 Examples of water-rock interaction 

T he studies of Taylor and coworkers into water- rock interaction have wide 

applicability in many fields of geochemistry, In general terms the sensitivity of 
oxygen isotopes to hydrothermal solutions means that they are an excellent tool for 

detecting hydrothermal alteration in otherwise fresh rocks (see for example 
Rautenschlein t l aI., 1985), More specifically, the origin of the water may be 
identified and its volume relative to the country rock quantified , Some examples are 
briefly reviewed . 

/ 
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(a) Inttraction bttTDttn ig~ous intrusions and groundJlJattT In a number of 
pioneering studies Taylor and his coworkers showed that high-level igneous 
intrusions are freq uendy associated with hydrothermal convective systems (sec 
reviews by Taylor, 1977, 1978). They found that the country rocks surrounding 
such intrusions are massively depleted in ISO and D relative to 'normal' values and 
that the minerals both in the intrusion and the country rock are isotopically out of 
equilibrium for magmatic values. They concluded that the isotopic effectS were due 
to the inttraction with meteoric water and proposed that the intrusion acted as a 
heat engine which initiated a hydrothermal convection cell in the groundwater of 
the enclosing country rocks. Water/rock ratios were found to vary from « 1.0 to 
about 7.0. 

These studies offer an important insight into attempts to establish the originaJ 
isotopic composition of igneous rocks, for clearly isotopically disturbed rocks must 
tirst be screened out. Similarly, caution needs to be exercised in interpreting the 
results of isotopic thermometry in igneous plutons emplaced at a high level in the 
crust. Further, the fact that some igneous rocks have totally re-equilibrated with 
groundwater injects a word of caution into radiogenic isotope studies. 

(b) In/tTat/ion bt/TDtm ottan-floor basalt and seawatu A large number of studies 
have shown that the rocks of the ocean-floor, now preserved as ophiolites, have 
undergone massive exchange with hydrothermal solutions, which lII'ere most 
probably seawater. Stakes and O'Neil (1982), for example, have calculated water/ 
rock ratios in excess of 50 for recent basalts at the EaSt Pacific rise. It is proposed 
that a hydrothermal convective system draws in cold seawater, which is heated 
adjacent to an active magma chamber. The heated seawater thus produced is 
thought to be the source of the hydrothennal solutions responsible for the 
formation of the massive sulphide deposits found in ophiolites. This hypothesis has 
been confirmed by the comparatively recent and exciting discovery of very high
temperature springs venting onto the ocean floor at mid~ean ridges and giving 
rise to sulphide-rich deposits (Section 7.5.4). 

Schiffman tt al. (1987) showed that in the Troodos ophiolite in Cyprus, altered 
basalts have reacted with fluids which have SIBO values of close to the seawater 
value of 0 '/. at temperatures of between 310 and 375 °C. Trace element 
concentrations were changed from the unaltered basalt values and fluid / rock ratios 
were calculated to be between 10 and 20. In a derailed study of the Semail ophiolite 
in Oman, Gregory and Taylor (1981) showed that upper 1alers were enriched in 
SIBO whereas the lower gabbro layers were depleted in Sl 0 relative to average 
ocean crust (Figure 7.16). This cross-over of values is due to the temperature
dependent partitioning of oxygen isotopes between silicate minerals and water. 
Gregory and Taylor (1981) also made the important observation that the net 
exchange of 180 between seawater and the ocean crust in the Semail ophiolite was 
zero. This suggests that the s'80 composition of seawater is buffered by the 
composition of the ocean floor, a view confirmed by the recent measurements of 
Campbell tt al. (1988). 

(l) Watu-f'otk inttTactwn in metamorphic rocks Stable isotope studies are used to 
determine two different features of water- rock interaction in metamorphic rocks. 
On the one hand, oxygen isotope studies can determine the pattern of fluid 
movement, whereas the combined study of hydrogen and oxygen isotOpes can be 
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Figure 7.16 Whole-rock al80 profile through the Sernail ophiolite, Oman, showing the relative 
enrichment and depletion in alSO as a function of the ophioli te stratigraphy, Individual 
measurements are shown as solid circle-;;. Modified from Gregory and Taylor (1981 ). 

used to determine the isotopic composition of the fluid originally in equilibrium 
with the metamorphic rock. 

The presence or absence of water is an important control on isotopic equilibrium 
in metamorphic rocks and facilitates the equilibration of stable isotopes both 
between mineral pairs and between rock types. For example, the presence or 
absence of a fluid phase explains the apparent discrepancy between studies which 
show that interbedded sedimentary rocks at a range of metamorphic grades have not 
attained isotopic eq4ilibrium during metamorphism (see for example Bottrell it al., 
1990; Valley and O'Neil, 1984), whereas in other metamorphic terrains the rock 
types show great uniformity in their oxygen isotopic compositions suggt.'Stive of 
isotopic equilibration (Chamberlain and Rumble, 1988; Rumble and Spear, 1983; 
Wickham and Taylor, 1985). Differences of this type can be further explained by 
considering the effects of differing water/rock ratios and patterns of fluid flow in 
the metamorphic terrain. 

Water/ rock ratios are very variable in metamorphic rocks and range between 
massive influxes of externally dcri \'cd water (Wickham and Taylor, 1985) to very 
small values (water/rock ratios of between 0.1 and 0.0) in rocks at granulite grade 
(Valley and O' Neil, 1984). As a generalization, the water/ rock ratio might be 
expected to be progressiVely reduced by dehydration reactions during prograde 
metamorphism. Fluid flow may be pervasive, in which the fluid moves 
independently of li thological or structural control, or channelized, in which water 
leaves the rock through cracks and fissures (Valley and O'Neil, 1984). Maps offJuid 
flow postulated on the basis of oxygen isotope studies are given by Chamberlain and 
Rumble (1985), Rumble and Spear (1983) and Wickham and Taylor (1985). 

Oxygen isotopes alone, however, cannot specify the exact nature of an oxygen
rich fluid , for H20 , CO2 and a silicate meh are all oxygen-rich reservoirs. It is 
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therefore necessary to study hydrogen isotopes also in order to specify the fluid as 
waler and to identify its origin. This approach was used by Wickham and T aylor 
(1985), who showed from the isotopic composition of muscovites that the 
homogenization of pelites in me French Pyrenees had been achieved by the influx 
of a large amount of seawater which had exchanged its oxygen isotopes with the 
country rock and had a measured composition at about 450 °C close to that of 
basinal formation waters. 

(J) Waur-rock if/tmuliotl during thr forma/iotl of hydrolhrrmal orr JrposilJ The 
subject of 'fingerprinting' waters used in the formation of hydrothermal ore deposits 
is discussed at some length in Economic Grology (1974, No.6), in which there is also 
an excellent review by Taylor (1974). As might be expected, there is a huge 
variation in the types of water involved in the formatiOn of hydrothermal ore 
deposits. Porphyry copper deposits, for cxample, appear to ha\'c formed through 
the interaction of magmatic water and heated groundwater of meteoric origin, 
whereas massive sulphides of the Cyprus type arc clearly seawater-rclated. 
Mississippi Valley-type Pb-Zn deposits have formed from heated formation waters 
and arc identical in salinity and isotopic composition to oil-ficld brines. Kerrieh and 
Fryer (1979), in a study of gold mineralization in the Archean Abitibi greenstone 
belt in Canada, concluded from the high calculated alSo of water in equilibrium 
with quartz that the water was originally metamorphic and that the source of the 
mineralizing fluids was dehydration during prograde metamorphism. 

(r) DiagtnrliJ of dallic stdimt1llS The fractionation of 180 between diagenetic 
minerals and sedimentary pore waters can be used to calculate either water 
composition or, if the water composition is known, temperature of mineral growth. 
Ayalon and Longstaff (1988) show how a sequence of diagenetic minerals in an 
upper Cretaceous sandstone from Alberta was used to track the fluid evolution and 
thennal history of the sandstone from burial 10 uplift. The}' cite mineral- water 
equations for use with chlorite, illite, smectite, calcite, kaolinite and quartz (see also 
Table 7.3). A similar study by Girard tt al. (1989) combines fluid inclusion 
temperature data with KI Ar age determinations and the calculated &180 values of 
the pore fluids to estimate the time-tempcrarure-burial history of lower Cretaceous 
arkoses. 

7.4 Using carbon isotopes 

Carbon has two stable isotopes with the following abundanCCi: 

12C = 98.89 % 
DC= 1.11 % 

Measurements are made relative to a standard belemnite sample known as PDS -
btlrmni"lIa amfflcana from the Cretaceous Peedee formation, South Carolina. This 
standard is used because its \3C and ISO values are close to those of average marine' 
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limeslOne. The original material of the PDB standard is now exhausted and current 
nandard materials are a carbonatite (NBS-18) and a marine limestone (NBS-19). 
The ratio BC/IlC is measured in parts per thousand in a similar way to that of 
oxygen isotopes: 

[ IlC/12C (sample) _ HCI He (standard) 

DC/lle (standard) 
x 1000 [7.16J 

Carbon iSOlOpes are measured as e02 gas and precision is norm:tlly beller than 
0.1' /(11. The CO2 is liberated from carbonates with >103% phosphoric acid or by 
thermal decomposition. Organic compounds are normally oxidized at very high 
temperatures in a stn:am of oxygen or with an oxidizing agent such as CuO. 

7. 4.1 The distribution of ca rbon isotopes in nature 

Controlr on tht 
fractionation of 
carbon isotoptS 

Carbon occurs in nature in its oxidized form (C02, carbonates and bicarbonates), as 
reduced carbon (methane and organic carbon) and as diamond and grJphitc. The 
range of carbon isotope compositions in natural substances is summarized in Figure 
7. 17. Metcorites have a wide range of carbon isotope compositions. For example, 
carbonaceous ehondritl'S have bulk sUe compositions in the range - 25 to 0 
(Kerridge, 1985). Mantle values, determined from the isotopic study of 
carbonatitcs, kimbcrlitcs and diamonds, are in the narrow range SUC ::; -3 to 
-8 11(11 and a mean \'alue of about --6 II. is often used for the mantle. MaRS has a 
mean value of olle ::; -6.6 ' 1. (Exley tt al., 1986). Seawater has by definition a 
sUe value of close to 0 I I. and marine carbonate has a narrow range of val ues 
between - I and +2 I I., whi lst marine bicarbonate values are between -2 and 1'1 • . 
Ancient seawater, howc\'cr, has not had such a constant composition and excursions 
from the present-day value are discussed further below (Section 7.404). 

Biologically derived (organic) carbon is isotopically light, i.e. depleted in Olle. 
The conversion of inorganic carbon through a eOrfixing mechanism into living, 
organic carbon entails -the preferential concentration of the light 12e isotope in 
organic carbon. This proccss is chiefly controlled by reaction kinetics which favour 
the light isotope. The net effect of the fractionation is that relative to mantle
derived carbon (olle - -6 %0) there are two complementary resen'oirs. Biological 
materials on the one hand are strongly depleted in olle (-20 to - 30 0/(11; the mt'lln 
value of the terrestrial biomass is -26 :::I:: 7 "I", according to Sehidlowski, 1987) 
whereas seawater and marine carbonates (813C- 0) arc enriched. Methane is the 
most dcpleted of all carbon compounds and is commonly formed in nature either by 
the anaerobic fermentation of organic mailer or by the thermal degradation of 
petroleum or kerogen at temperatures greater than 100 0c. Methane of biological 
origin has ouC "alues of about -80 ' I • . 

The fractionation of carbon isotopes is controlled by both equilibrium and kinetic 
processes. Equilibrium fractionation processes are illustrated in Figure 7.18, from 
which it can be SC1;n that in many cases the fractionation of sUe is strongly 
temperature-dependent. However, it should be noted that one common l'quilibrium 
process - that of dissolution and reprecipitation - docs not substantially 
fractionate l"arbon isotopes. 
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Figuu 7.17 Natural oIle reservoirs. The ranges of a\3c values in nalUral, carbon-bearing samples. Data 
from Kerridge (1985), Exley et al. (1986), Field and Fifarek (1986), Hoefs (1987) and 
Schidlowski (1987). 

Kinetic fractionation is important in biological systems such as the fixing of CO2 
as organic carbon and the evolution of methane from anaerobic fermentation of 
organic matter during diagenesis. In these cases the fractionation is controlled by 
reaction rate and the greater readiness of the lighter isotope to react. Where the 
reaction involves both carbon and oxygen, the kinetic effect will influence the 
isotopes of both elements in a similar way and a correlation between alSo and aUe 
is expected. 

7.4.2 Combined oxygen and carbon isotope studies of carbonates - 8180 vs 
a13c plots 

A combined study of carbon and oxygen isotopes in carbonates is a powerful 
means of distinguishing between carbonates of different origins. Figure 7.19 shows 
the compositions of terrestrial and meteoritic carbonates plotted on a alSO--8Be 
diagram. Compositions are plotted relative to the POB standard, although the 
SMOW standard is increasingly used for a180 measurements in carbonates. The 
conversion from POB to SMOW is given in Eqns [7.9] and [7.10] but for the sake 
of clarity it is worth restating that 

a180 in marine carbonate on the POB scale is zero, and 
a180 in seawater on the SMOW scale is also zero. 
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Figur( 7. /8 Fractionation of carbon species relath'e 10 CO2 (redrawn from Ohmoto and Rye, 1979). 

The two are related by the equation of Epstein et al. (1953), given as Eqn [7.12] and 
the two are in equilibrium at approximately 16.9°C. 

Limestone The SISO-<)13C diagram is particularly useful in understanding the processes 
diagenesis involved in the fonnalion of sedimentary carbonates and especially the process of 

limestone diagenesis. A study of the carbon isotopes allows the origin of carbon in 
the carbonate to be determined and can distinguish between marine, organic and 
methane-related carbon (Coleman and Raiswell, 1981). A study of oxygen isotopes 
in sedimentary carbonates can be used to determine the origin of fluids in 
equilibrium with the carbonates, and provide an estimate of the temperature of 
carbonate formation using the Epstein et al. (1953) thennometcr (Section 7.2.2). 
Temperature determinations may give the original seawater temperature or the 
temperature of diagenesis, although care should be taken to establish chemical 
equilibrium (McConnaughey, 1989). Fluid studies allow the composition of pore 
waters in equilibrium with calcite cements to be calculated, provided the 
temperature of formation is known. 

Hudson (1977), in an excellent review of the application of carbon and oxygen 
isotopes to the process of limestone lithification, points out that the different 
crystalline forms of carbonate have grown at different times. Hence, the most 
fruitful approach to understanding limestone lithification is through the isotopic 
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aLSO vs S13C"riol showing the composition of carbonates from a variety of environments. 
Note that SI"O is plotted relative to both the SMOW and POB scales. The isotopic 
composition of a number of different carbon reservoirs is ploued along the righi-hand side of 
the diagram. The values for sedimentary carbonates (horizontal rule) are from Hudson (1977) 
and Baker and Fallick (1989); hydrothennal calcites (stippled ornament) from the mid-<tCean 
ridges show mixing between mantle-<lerived atrbon (M) and seawater carbon (5) (Stakes and 
O'Neil, 1982); in the field of hydrothennal calcites from Mississippi Valley-type depositS 
(M-V hydrothermal) tbe arrow shows the direction of younging (Rithardson tI al. , 1988). 
C1wndrite compositions (unornamented) are from Wright ~I a1. (1988), The field of 
carbonatites is from Deines and Gold (1973). 
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FiKUTt 7.20 alSO V5 aile plot showing the evolution of limestones and calcareous mudstones during 
lithification. The trends are as follows: 1, lithification of limestone; compositions lie on a 
mixing line between original seaWater- compositions (marine) and carbonate cements 
(cements); 2, li thification of a modem marine limestones showing enrichment in aBc 
accompanied by a slight decrease in 1')180 - the enrichment in isotopically heavy carbon may 
be due to a carbon residue remaining after photosynthesis; 3, interaction with isotopically 
light carbon of organic origin, most probably through interaction with soil-<lerived CO2; 4, 
compositional change in calcareous concretions in mudstone due to methane format ion and 
interaction with pore waters; 5, carbonate cemems in clastic sediments containing carbon of 
methanogenic origin; 6, compositional change in late diagenetic cements in mudstone in the 
methanogenesis (Me) and decarboxylation (D) zones of progressl\'e anoxic diagenesis. (Data 
from Hudson, 19n and Scotchman, 1989.) 

analysis of the different generations of carbonate. This allows the construction of an 
evolutionary pathway on a 6180-0IlC diagram and shows the SISO-tsI3C history of 
the rock. Traditionally, the separation of fine ly crystalline intergrowths has been 
made using a dentist's or jeweller's drill . The more recent application of the laser 
microprobe, however, offers even greater spatial resolution (Smalley tt al., 1989). A 
number of 'typical' limestone isotopic histories are illustrated in Figure 7.20. 

Allan and Matthews (1982) show thai the interaction between limestone and 
meteoric water can be recognized on a 61Se-sIlC plot. A characteristic signature of 
such a process is the wide spread of SIlC values combined with a narrow range of 
SISO values. This pattern arises because the sUe value of recrystallized carbonate 
comes from a combination of two carbon reservoirs (soil-derived CO2 and the 
original carbonate) whereas oxygen is dominated by a single reservoir, meteoric 
waler. 

Mixing-zone carbonates, formed in the groundwater zone where seawater and 
meteoric water mix, typically show a marked positive covariation between 61S0 and 
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a,Be for a single generation of carbonate cement (Allan and Matthews, 1982). The 
covariation results from the mixing of waters with different compositions -
meteoric water and seawater. Meteoric water is depicted in 180 relative to its 
seawater source, and once it has passed through soil is also enriched in 12c. Searl 
(1988, 1989) utilized this relationship to identify mixing-zone dolomites in the 
lower Carboniferous limestones of south Wales. 

HydrothermaJ calcites formed by water- rock interaction at a mid-ocean ridge show 
a wide range of compositions on a &18~13C plot (Figure 7.19) chiefly as a 
function of differing water/rock ratios (Stakes and O'Neil, 1982). At one extreme 
calcite in a greenstone breccia has mantle-like suC values and formed in a rock
dominated environment (low water/ rod: ratio) at high temperature (145-170 "c). 
Low-temperature vein calcites have seawater aBc values and represent a large 
volume of seawater interacting with the host basalts. 

Calcites associated with Mississippi Vallcy- type lead- zinc mincralization in 
Carboniferous limestone in Illinois show a marked dccrease in aBc during their 
growth coupled with only a small decrease in 51So (Figure 7.19). These changes 
indicate that early calcites were very similar in composition to carbonates in the 
limestone, whilst late in the evolution of the hydrothermal system, fluids associated 
with the degradation of organic carbon becomc importanl (Richardson et al., 1988). 

The a13c composition of seawater 

Seawater has, by definition, a aile value dose to 0 ·/.., and marine carbonate has 
values between - I and +2 0/ 00. Ancicnt seawater, however, has not had such a 
constant composition and excursions from present-day values ha\'c been noted in 
the Phanerozoic record by Veizer ( t oJ. (1986) and Hoffman ( I oJ. (1991). Thc 
largest are of the order of 6 °/00 (PoB) in thc Permian. A smaller excursion 
(4.8°/00) noted in the Cre(aceous (Han and Leary, 1989) is used as stratigraphic 
marker. There is a very precise record for the Tertiary based upon bulk carbonate 
values from the ocean floors which is also used for stratigraphic correlation 
(Williams el 01. 1988). 

Some anomalous aile values for seawater represent local conditions, whcreas 
others arc thought to represent global anoxic events in which there is increased 
de~sition of light organic carbon into black shales and a corresponding increase in 
o' e in seawater bicarbonate. Baker and Fallid: (1989) recently described a massive 
positive excursion of oDe (13 0/ . POB) during the Proterozoic (ca 2.0 Ga) which 
appears to be of world-wide significance (Figure 7. 19). This event may document 
an increase in the population of photosynthesizing bacteria. 

7.4.4 Biogeochemical evolution 

Schidlowski (1987, 1988) has shown how the study of carbon isotopes in the two 
principal forms of sedimentary carbon - carbonate and organic carbon - can be 
used to trace ancient biological activity through the geological record. His argument 
is based upon the observation that isotopically light, organic carbon and isotopically 
heavy carbonates are complementary reservoirs which have originated from the 
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biological fractionation of mantle carbon. Both reservoirs are therefore responsive to 
changes in the level of biological activity. On a graph showing the ranges and mean 
values of SUC in carbonates and organic carbon through time, Schidlowski shows 
that, once the effects of diagenesis and metamorphism are accounted for, there is 
very little change between the present-day and the earliest part of the geological 
record at 3.8 Ga. This he argues is evidence for the constancy of biological activity 
since 3.8 Ga and presence of CO2-fixing organisms since that time. 

7.4.5 Carbon isotopes in CO2 

CO2 dissolved 
in igneous mdu 

co} in metamor
phic fluids 

Since CO2 is an important component of igneous, metamorphic and mineralizing 
fluids, it is instructive to try and use the isotopic composition of the carbon to 
discover the original source of the CO2, Studies of this type have concentrated on 
CO2 released from fluid inclusions and on carbonate minerals fonned in equilibrium 
with CO2-rich fluids. From Figure 7.18 we might attempt to differentiate between 
CO2 derived from organic carbon, from the mantle and from marine carbonate on 
the basis of the SUC values. Unfortunately fractionation processes confuse this 
simplistic subdivision and rarely can a unique solution to the origin of CO2 be 
obtained, as the examples below will show. 

II has recently been realized that CO2 exsolved from igneous melts is an important 
route for accessing mantle CO2, Step-heating experiments on oceanic basalts 
produce two fractions of COl> one below 600 °c with SUC values around -25 0/00, 
the other at above 600 °C with SBC values between - 5 to - 8 0

/ 00 Uavoy tt aI., 
1986). Experimental studies by Javoy t t al. (1978) showed that there is a 
fractionation of about 4 0/ 00 at about 1200 °C between carbon dissoh'ed in a basaltic 
melt and CO2, There are two possible interpretations of the low- temperature light
isotopic carbon fraction: (1) it is organic contamination; or (2) it is a residue 
remaining after CO2 fractionation and outgassing. 

The dccarbonation of a marine limestone during metamorphism leads to lower 
(more negative) SUC values in calcite (Nabelek et aI., 1984) and CO2 which is 
correspondingly enriched in S13c. The metamorphism of biogenic, non-carbonate 
carbon, on the other hand, leads to a loss of methane and higher (less negative) slle 
values in the residual carbon or graphite. 

(aJ Cranu{itts A popular model for the origin of granulites is the pervasive influx 
of CO2 at depth in the Earth's crust. This model is based. upon the observation that 
many granulites contain abundant COr-rich fluid inclusions. Jackson et al. (1988) 
analysed COrrich fluid inclusions in granulites from south India and found that the 
fluid had SI C composition in the range -5 to -8 °/ 00 (POB). At first sight this 
result suggests a mantle origin for the CO2 although similar sUe values (+2 to 
-10 0/ (0) can be produced by the decarbonation of marine carbonates (initial SDC 
- 0 0/(0) during lower crustal metamorphism (Wickham, 1988). 

(b) The origin of metamorphic graphitt Metamorphic graphite is produced by the 
infiltration of, reaction with and mixing of carbon-bearing fluids. For example, 
Rumble and Hoering (1986) found that hydrothermal vein graphites in high-grade 
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gneisses in New Hampshire formed by the mixing of two fluids, one carrying 
organically derived carbon whilst the other contained carbonate carbon. Similarly, 
Baker (1988) found that Ivrea zone pelites generally containt.-d graphite from an 
organic source, although higher 5u C valut.'S ill the vicinity of marble bodies 
suggested that some of the graphite came from marble-derived fluids. 

Carbonate minerals precipitated in association with Archean lode gold deposits are 
thought to result from the CO2-rich nature of the auriferous fluids and as such are 
an indicator of the source of the gold-bearing solutions. There arc two schools of 
thought, one favouring a metamorphic origin for the CO2-rich fluids whilst the 
other fa \'ours a mantle origin. Carbon isotopes ha\'c been used in an attempt to 
resolve this controversy. Burrows et al. (1986) found that the mcan aBc value of 
calcite carbon was between - 3 and -4 Q

/ .. (PDB). Since the only local source of 
carbon was of seawater derivation (0 °/ .. ) these authors concluded that the COr rich 
fluids were externally derived and of mantle origin. However, the more recent work 
of Groves et af. (1988) reveals some of the subtleties involved in using alJc as a 
tracer. These authors report a second carbon reservoir in the area of the 
mineralization with ane values dose to those recorded for the mineralization 
(median value -4.8 °1 .. ). They conclude that COl in the gold-bearing fluids is 
metamorphic in origin, and that although originally mantle-derived and deposik"d 
in fault zone, it was subsequently reworked during metamorphism. 

Fluid-rock interaction has been fully discussed in the section on water- rock 
interaction (Section 7.3) and the same principles apply when considering CO2-rich 
fluids. When the fluid /rock ratio is small the oDe in the rock dominates the system 
and it is the fluid composition which is changed, whereas when the fluid /rock ratio 
is large and the olle of the CO2 dominates, the oDe value of the rock is modified. 

The calculation, based upon mass balance constraints, requires knowledge of the 
initial oDe value for the carbonate and for the fluid , the proportions of the carbon
bearing species and the fractionation factors for DC between CO2 and the 
carbon-bearing species (Figure 7. 18). T he shift in s Ue from the original value to that 
measured in calcite and/or graphite is used to calculate the extent of fluid- rock 
interaction. Examples arc given by Baker (1988) and Kreulen (1 988). Baker found 
very low fluid l rock ratios in the amphibolite and granulite facies rocks of the Ivrea 
zone whereas Kreulen found fluid /rock ratios of up to 2.0 in schists from Naxos. 

Carbon isotope thermometry 

Inspection of Figure 7.18 and Box 7.4 show that the fractionation of DC between 
species of carbon is in many cases strongly temperature-dependent. Two of these 
fractionations have been used as thermometers in metamorphic rocks. 

Graphite coexists with calcite in a wide \'ariety of metamorphic rocks and is 
potentially a useful thermometer at temperatures abovc 600 0c. There are three 
calibrations currently in use. The calibration of Bottinga (1969) is based upon 
theoretical calculations and has the widest temperature range. Valley and O'Neil 
(1981) produced an empirical calibration bascd upon temperatures calculated from 
two-feldspar and ilmenite-magnetite thennometry which is valid in the range 
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Equations govarnlng the fractionation of ''C (temperature in kelvin units unless 
otherwise statedl 

COrea/cite (Bottinga, 1969) (~700 ·C) 

1000 In (l • -2.988(10GIP) + 7.6663(103m - 2.4612 

Dolomite-<:B/cite (Sheppard and Schwartz, 1970) (100-650 ·C) 

1000 In a .. 0.18(106/ P) + 0.17 

Ca/cite-graphire (Valley and O'Neil, 1981) (610-760 ·C) 

Ca/cite-graphite (Wada and Suzuki, 1983) (4{)()-{J8() ·C} 

<\:el<~.-g,.pl>i!e = 5.6(106/P) - 2.4 

Dolomite-graphite (Wada and Suzuki, 1983) (40D-680 ·C) 

~do!om~.-g'.PhlM = 5.9(106IP) - 1.9 

600-800 0c, T his curve is about 2 0100 lower than the calculated curve of Dottinga 
(1969). Wada and Suzuki (1983) also calibrated the calcite-graphite and the 
dolomitc-graphite thennometers empirically using temperatures obtained from 
dolomitc-calcite solvus thermometry. Their calibration is valid in the range 
400-680 °C and is close to the Valley and O' Neil (1981) curve at high temperatures. 
Valley and O'Neil (1981) suggest that equilibrium is not reached between calcite 
and graphite at temperatures below 600 0c, Howeyer, at temperatures above 
600 °C organic carbon loses its distinctively negative SBC signature in the 
presence of calcite. 

The COr The carbon isotope .composition of CO2 in fluid inclusions and that of coexisting 
graphite graphite can also be used as a thennometer. The exchange was calibrated by 

thermometer Bottinga (1969); see Figure 7.18. The method was used by Jackson et al. (1988) 
who obtained equilibration temperatures close to the peak of metamorphism from 
CO2-rich inclusions in quartz and graphite in granulite facies gneisses from south 
India. 

7.5 Using sulphur isotopes 

There are four stable isotopes of sulphur which have the following abundances: 

32S ;;; 95.02 % 
335 ;;; 0.75 % 
345 ;;; 4.21 % 
365 ;;; 0.02 % 
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Figure 7.21 Natural sulphur isotope reservoirs. Data from: Sakai el al., 1982; 1984; Veda 3nd Sakai, 
1984; Claypool (t al., 1980; Kerridge (/ al., 1983; Chambers, 1982; Coleman, 1977; 
Chaussidon et al., 1989. A similar diagram for hydrothennal sulphur-bearing minerals is 
given in Figure 7.28. 

The ratio between the two most abundant isotopes, 345/ 325, is used in 
geochemistry and expressed in parts per thousand relative to the reference standard 
of troilite (FeS) from the Canon Diablo iron meteorite (CDT) in the form 

[ 
)4S/ 32S (sample) - H5/32S (standard) 

345/ 325 (standard) 
x 1000 [n7] 

Sulphur isotope ratios are measured on 502 gas and precision during mass 
spectrometry is ca 0.02 0100 and accuracy about 0.10 0/00. The in Jitu analysis of 
fine-grained sulphide intergrowths is now fea sible using the ion microprobe with a 
precision of between J.5 and 3.0 0/00. (Eldridge et al., 1988) and the laser 
microprobe with a precision of ::!: 1 0100 for C:;Y'S (Kelley and Fallick, 1990). 
Sulphur isotope data are most commonly presented in the form of frequency 
histograms. Bivariate correlation diagrams are rarely used although sometimes a plot 
of 0345 vs total sulphur is instructive. 

7.S.1 The distribution of sulphur isotopes in nature 

Naturally occurring sulphur-bearing species include nati,'e sulphur, the sulphate 
and sulphide minerals, gaseous H2S and 502 and a range of oxidized and reduced 
suphur ions in solution. A summary of the isotopic compositions of some major 
rock types is given in Figure 7.21. 
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Age cunes for 1)HS and 1)ISO in sUlfthate in equilibrium with seawater. Note the change in 
scale; 1)HS is relative to COT and 1) SO relative to SMOW. The curves are based upon the 
isOiopic composition of sulphate in evaporite deposits and the error bars show the 
uncertainty in the curves at different time intervals. The oxygen curve is less well 
constrained than the sulphur curve. The fractionation of 8)45 between dissolved sulphale in 
seawater and evaporite sulphate is +1.65 ' 1", and therefore, strictly, this ulue should be 
subtracted from the \'alues given. However, the relatively small difference is within the errors 
on thc plotted curve and is usually ignored. On the other hand, the fractionation of 1)180 
between seawater and evaporile sulphate is +3.5 ' /0. and so to obtain the isotopic 
composition of 1) ISO in sulphate in seawater al a gi\'en time, 3.5 °1", should be subtracted 
from the plotted values (afieT Claypool ft aI., 1980). 

There are three isotopically distinct reservoirs of &3~S : (1) mantle-derived 
sulphur with &34S values in the range 0 ::!: 3 °/00 (Chaussidon and Lorand, 1990); 
(2) seawater sulphur with aHs today about +20 °/ 00, although this value has varied 
in the past, and (3) strongly reduced (sedimentary) sulphur with large nt.'g;uive &34S 
values. The best estimate of the &l4S composition of the primitive mantle relative to 
CDT is +0.5 °/00 (Chaussidon el al., 1989), slightly but significantly different from 
that of chondritic meteorites (0.2 ::!: 0.2 t /",). MORB values, indicative of depleted 
mantle, are in the narrow range &3·S = +0.3 ::!: 0.5°/00 (Sakai et al., 1984). Island
arc volcanic rocks have a wider range of&l4S (--0.2 to +20.7 °/00). Granitic rocks are 
also very variable in composition (-10 to +15 °/",; Coleman, 1977) and show a wide 
range compared to the average value for the continental crust (014S = +7.0 °/00) 
proposed by Chaussidon et al. ( 1989). 

The 534s value for modern seawater varies between about 18.5 °/00 and 21.0 °/00 
(Kerridge t l at, 1983; Chambers, 1982). Present-day sulphate evaporites are 
enriched in Ol4S by between I and 2 "lOll relative to seawater, a relationship 
exploited by Claypool et al. (1980) to determine the &34S value of ancient seawater. 
Their 'seawater' curve shows marked excursions from the present value (Figure 
7.22) with a particular low (+ 1O.s °/00) in the Permian and a marked high at the 
base of the Cambrian (+31.0 °/00). There is a superficial similarity between the 
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o'wS-sulphate seawater curve and the o!80-sulphatc seawater curve (Figure 7.22) 
although the two isotopic systems are not closely coupled. OHS in modern marine 
sediments has an extensive range from values around +20 0/ 00, -rcfleeting the 
composition of seawater, down to -56 °/00, the product of bacterial sulphate 
reduction (Section 7.5.2). Some metasediments have values as high as +40 °/00 
eDT. 

7.5.2 Controls on the fractionation of sulphur isotopes 

Sulphur isotope 
fractionation in 

igneous rocks 

Sulphur isotope 
fractjonation in 

sedimentary rocks 

Inspection of Figure 7.21 sho~'s that many crustal rocks have wide ranges of 8345 
values, indicative of extensive fractionation . These fractionation mechanisms arc 
outlined below. 

Sulphur isotope fractionations in an ignt.'Ous melt are small and take place either 
between crystals and melt or through solid-gas fractionation. 3+5 fractionation 
between primary sulphide minerals and magma is of the order of \_3 0100 (Ohmoto 
and Rye, 1979; Chaussidon t l aI., 1989). Differentiated fel sic and mafic sequences 
record a maximum decrease in 034S of I 0/00 (Ueda and Sakai, 1984). 

An alternative means of sulphur isotope fractionation in igneous rocks is by the 
degassing of 502 from sub-aerial or shallow submarine lavas. This fractionation is 
controlled by the sulphate/sulphide ratio of the melt, which in turn is controlled by 
temperature, pressure, water content and oxygen activity. 502 outgassed by basic 
lavas is enriched in 0345 relative to the melt because the dominant sulphur species 
in the melt is sulphide and S02 is enriched in 03+S relative to sulphide (see Figure 
7.26). The process is documented from Kilauea volcano, Hawaii, by Sakai rt al. 
(1982) and quantified by Zheng (1990). 

The sedimentary sulphur cycle and the associated fraclionation of 5345 arc 
summarized in Figure 7.23. There are four possible proccsses. 

(aJ Tht bacterial rrdUe/jon of sulphate 10 wlphidr The principal low-temperature 
control (i.e. below SO 0c) on sulphur isotope fractionation is the reduction of 
seawater sulphate to sedimentary sulphide, ahhough there is evidence to suggest 
that this process did not take place during the Archean (Hattori et al. , 1983). The 
reaction is kinetically controlled, for it has been shown that the rate of reaction of 
the lighter ion, 3250/ - is 2.2 % greater than that of 3450/- (Harrison and Thode, 
1957). Hence a reaction of this type taken to completion will produce sulphide 
depleted by 22 0100 relative to the seawater source. 

In addition to the kinetic control of sedimentary sulphide fractionation, it is also 
important to consider whether the system is open or closed. In an open system sueh 
as a large body of stagnant seawater there is an infinite reservoir of seawater 
sulphate. Sulphate-reducing bacteria operating in stagnant bottom waters will 
produce H zS extremely depleted in 34S whilst 0345 in the seawater reservoir will be 
effectively unchanged. Chambers (1982) records fractionations as large as 48 0

100 in 
modern intertidal sediments. In a closed system in which sulphide is removed by 
either the loss of HzS gas or the precipitation of sulphide minerals the isotopic 
fractionation of sulphur is controlled by Rayleigh fractionation - the equations are 
given in Ohmoto and Rye (1979). In this case the isotopic composition of the 
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Seawater Crystallization of 50/-
sulphate ,;). - 1.65 ± 0. 12%. 
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Piguu 7.23 The sedimentary sulphur cycle showing the pattern of sulphur-isotope fractionation in 
sedimentary and hydrothermal processes. 

sulphate also changes with decreasing sulphate concentration and the residual 
sulphate may have very high 03·S values (see for example Richardson el al., 
1988). 

(b) The bacurial oxidation of sulphide to sulphau In contrast to the bacterial 
reduction of seawater sulphate, the oxidation of sulphide by bacteria produces very 
little fractionation and is unimportant, except perhaps in the Archaean (Hattori, 
1989). 

(c) Tht crystallization of stdimmlary sulphau from stamaUr - tvaporiu 
formalion The crystallization of sedimentary sulphate during evaporite formation 
produces a relatively small 0345 enrichment of 1.65 ± 0.12 0/ 00 (Thode and 
Monster, 1965). 

(d) The non-bacterial reduction of sulpha Ie 10 sulphitk Some mineral deposits show 
dear evidence for the reduction of sulphate-bearing solutions at temperatures above 
those favourable to sulphate-reducing bacteria, indicating the inorganic reduction of 
sulphate (Trudinger et al., 1985). There are two possible processes. In the 
temperature ranges 75-175 °e, inorganic sulphate reduction may take place in the 
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presence of hydrocarbons. A variant of this may be the breakdown of sulphur
bearing organic compounds in the formation of sulphides associated with coal 
(Whelan tl al., 1988). At temperatures above 250 °C, sulphate reduction can be 
achieved by reduction with ferrous iron. This process is particularly important in 
SCJ;water interaction with MORB at a mid-ocean ridge (Section 7.5.4). 

At very high temperatures (T > 400 oq the dominant sulphur species In 

hydrothenna1 systems are H zS and 502 and the isotopic composition of the fluid is 
approximated by 

[7. 18) 

where XHIS etc. is the mole fraction of H2S relative to total sulphur in the fluid 
(Ohmoto and Rye, 1979). At these elevated temperatures HzS and S02 are assumed 
to behave as an ideal gas mixture. The fractionation factor is relatively large and is 
given in Table 7.4; the fractionation curve is illustrated in Figure 7.24. 

At lower temperatures (T < 350 °C) the dominant sulphur species in a 
hydrothermal system are sulphate and H2S (Ohmoto and Rye, 1979). All sulphate 
species are assumed to have the same fractionation factors and these are given in 
Table 7.4. A number of very important studies summarized by Ohmoto and Rye 
(1979) show that the fractionation of 34S between the different sulphur-bearing 
species in hydrothermal fluids is not simply controlled by temperature. Rather it is 
a function of the physico--chemical conditions of the fluid: these include oxygen 
activity, sulphur activity, pH and the activity of cations associated with sulphate. 
The effect is illustrated on a log (oxygen activity) vs pH diagram (Figure 7.25) 
showing the stability relationships for a number of relevant mineral species. The 
deviation in 034S of a mmeral from that in the equlibrium hydrothermal fluid is 
shown as a function of oxygen activity and pH. The diagram predicts thai sulphide 
minerals forming in equilibrium with magnctite will have a 034S much lower than 
the fluid , whereas at low oxygen activities and low pH the fluid and mmerals will 
have approximately the same 0* 5 values. 

The importance of these studies is fi rstly that the 034S of a hydrothermal fluid 
cannot be directly estimated from the 034S value of sulphide minerals unless 
variables such as oxygen activity and pH are also known . Secondly, [he 014S of a 
sulphide mineral cannot be used directly to determine the source of the sulphur 
since it is a function of many more variables than simply temperature. 

There are a number of theoretical and experimental determinations of the 
fractionation of 034S between coexisting sulphide phases as a function of 
temperature (T able 7.4). Sulphide-pair thermometers derived from these results are 
given in Box 7.5 and in Figure 7.26. However, the partitioning of sulphur isotopes 
between sulphides is not a particularly sensitive thermometer and requires precise 
isotopic determinations. More extensive 034S fractionation is between sulphide and 
sulphate pluses. 

Sulphide mineral-pairs and sulphide-sulphate mineral-pairs are not always in 
equilibrium. This can arise when (l) the mineral-pair formed at low temperatures 
(T < 200 0C); (2) the isotopic composition of a mineralizing fluid is variable; (3) 
there was continued isotopic exchange following the formation of the mineral 
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Td/~ 7.4 Fn.ctionacion for the distribution of .HS between H1S and sulphur compounds. The 
gal/eming equation is 1000 I n ~,s = A(lo"/T l) + B (tempen.fure in Kelvin units) 

Minen.1 

Anhydritclgypsum/ } 
Baryte 
Molybdenite 
Pyri te 
Sphalerite 
Pyrrhoti te 
Chalcopyrite 
Bismuthinite 
Galena 
SO, 

A 

6.46] 
6.S::0.] 
0 . 4S ~0. 1O 
O. 4(l~O.08 
0. 1O~O.05 
O . IO~O.OS 

-O.05 ~O.08 
-O .67 ~0.Q7 

-O.6] ~O.OS 
4.70 

B 

0.56 ~0. 5 

-O.5 ~0.5 

200-400 
200-400 
Unccrt.ain 
200-700 
50-70S 
50-705 

200--W0 
250-<>00 
50-700 

]50-1050 

Reference 

Ohmoto and Las:lga (1982) 
Mi)"oshi filii. ( 19M) 
Ohmoto and Rye (1979) 
OhmolO and Rye (1979) 
OhmolO and Rye (1979) 
OhmolO and Rye ( 1979) 
Ohmoto and Rye ( 1979) 
Bente and Nielsen (1982) 
Ohmoto and Rye (1979) 
Ohmoto and Rye (1979) 

T rC) 

16~_-,8~OO~600~_--""",~_-,JOO~_~ 

II Sulphate-chalcopynu> 

-" 8 

6 

FiX.m 7.24 Partit ioning of.HS between mineral pairs and H1S-SOl ."IS a function of temperature. These 
fn.ctionation cur\·es can be used in sulphur isotope thermometry and indicate that the 
greatest fractionations are bet ..... een sulphides and sulphate minerals. 
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Box 7.5 

Figure 7.25 

Using stable isotope data 

Calibrations for sulphur isotope thermometers !temperature in kelvin units), 
mainly b8sed upon the fractionation factors given in Table 7.4 

Pyrite-galena 

1000 In 0: = 1.03nCf/ f2) 
1000 In 0: = 1 .08~loe/f2) (150-600 °C) 

Pyrite-sphalerite (pyrite-pyrrhotite) 

1000 In Cl .. O.30(lO&/r2) 

Pyrits-chalcopyrit8 

1000 In a = Q.4S(106/ T") 

Sphalerite-galena (pyrrhorire-galenaJ 

1000 In a .. O.73(100{P ) 
1000 In a = Q.76(1 00IP ) (100-600 °C) 

Sulphate-pyrite 

1000 In a .. 6.063(106/ J"l) + 0.56 

Su/phate-cha1copyrit8 

1000 In a = 6.5131106IP) + 0.56 

- 36 

- }8 

-40 

Difference between 
SHSH1S and &3'Snu;d 

Qhmoto and Rye (1979) 
Clayton (1981 ) 

Ohmoto and Rye (1979) 

Ohmoto and Rye (1979) 

Ohmolo and Rye (1979) 
Clayton (1981 ) 

Ohmoto and Lesage (1982) 

Ohmoto and lasaga (1982) 

Hematite 
Magnt lile 

(- 25) 

Logj02 vs pH di:tgram for sulphur species showing the mbiliry fields of pyrite, pyrrhotite, 
magnetite md hematite. The boundmes are for J.l = 1.0, and molalities for total sulphur = 
0.01, K+ = 0.1, Na" = 0.9, Cal-> = 0.01. The contours show deviations of 534SH S from 
5:HSIluKl at 250 °C under equilibrium conditions (after Ohmoto and Rye, 1979). ' 
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Fil urr 7.16 Partitioning of ... s between minerals and H1S as a function of temperature. These 
fractionation curves art: used as a basis for the sulphur iSOIOpe thermometers Ii>'cn in Box 
7,5, Mineral-pairs sho ..... ing the greatest separation on this diagr.un ..... iII be the most sensitive 
thermometers (ltUI inly afler OhmolO and Rye, 1979). 

phases. The attainment of isotopic equilibrium is best demonstrated by the 
determination of temperature estimates between three coexisting minerals. 
Agreement between the two estimated temperarures may be taken as evidence of 
equilibrium. If this approach is not possible, there should be clear textural evidence 
of equilibrium. 

7.5.3 Using su lphur isotopes in igneous petrogenesis 

In this section three examples are given which illustrate different ways in which 
sulphur isotope variations may be explained in igneous rocks. 

(a ) Outgani"g oISO} T he difference in sulphur isotope composition ofsub-aerial 
and submarine lavas from Kilauea volcano was demonstrated by Sakai tt al. ( 1982) 
and attributed to 502 outgassing. Submarine basalts have Sl-lS = +0.7 t/ . and a 
high sulphate-sulphide ratio whereas sub-aerial basalts have lower total sulphur, a 
reduced Sl4S (-O.8 t / . ) and a lower sulphatelsulphide ratio, all featu res consistent 
with the rapid outgassing of S02' This mechanism was also invoked by Faure t t aJ. 
(1984) and Mensing It al. (1984), who found a wide range of S14S values (-1.45 to 
11.73 II.) in the Jurassic Kirkpatrick basalt of Antarctica. In these rocks Sl4S 
correlates with magnetite concentration, a feature which is indicative of high 
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activities of oxygen. Faure it al. (1984) therefore proposed that the high oxygen 
activity led to the stabilization of S02 as the dominant sulphur species which was 
degassed, giving rise to the wide range in 034S in the basalts. 

(b) Contamination The basah-andesite-dacite suite of the Mariana island arc has 
034S values in the range +2 to +20.7 0

/ 00• This huge range relative to mantle values 
is thought by Woodhead rt al. (1987) to reflect contamination with seawater 
sulphate (OJ4S = +20 °/00). 

(c) Crystal fractionation Layered gabbros of the Huntley- Knock intrusion of 
north-east Scotland contain sulphide horiwns of magmatic origin. 034S values for 
sulphides in the cumulate rocks have a mean vaJue of 0.5 0/00, close to the mantle 
value (Fletcher rt al., 1989). o.l4S values within the intrusion, however, vary from 
the contact zone (mean value of -1.2 °/rr.) to cumulate and granular rocks (mean 
+2.·P/oo). This variation is attributed to magmatic isotopic fractionation under 
conditions of variable oxygen activity. 

7.5.4 Using sulphur isotopes to understand the genesis of hydrothermal ore 
deposits 

Modern hydro
thermal mineral

iMtion at 
mid-ocran ridgrs 

Sulphur isotope studies of hydrothermal ore deposits offer the opportunity to: (I) 
determine the origin of the sulphur present in the orebody as sulphides and 
sulphates; (2) determine the temperature of formation of the sulphides and of the 
ore-forming fluids; (3) determine the water/rock ratio effective during the 
mineralization; (4) determine the degree of equilibrium attained; and (5) thus 
constrain the mechanism of ore deposition. 

High-temperature hydrothermal vents currently active at mid-ocean ridges offer a 
unique opportunity to study a hydrothermal mineral deposit in the process of 
fonnation. The current working model assumes that cold seawater sulphate is 
drawn down into sea-floor basalts, where it is heated in the vicinity of a magma 
chamber. Some sulphate is precipitated as anhydrite whilst the remainder is 
reduced to sulphide by reaction with the basalt. The fluid is vented back onto the 
seafloor at about 350°C laden with sulphides. On mixing with seawater these are 
precipitated onto the sea floor as a fine sulphide sediment whilst at the vent site 
itself the sulphides are built into a 'chimney' a metre or so in height. 

Recent studies on the East Pacific Rise (Woodruff and Shanks, 1988; Bluth and 
Ohmoto, 1988) have determined the sulphur isotope composition of the different 
components of this system (Figure 7.27). These data allow the model outlined above to 
be tested and a number of observations to be made about deposits of this type: 

(I) The sulphide phases are not in isotopic equilibrium with each other, for the 
results of sulphur isotopic thermometry do not agree with the known 
temperature of the vent fluid. 

(2) The 03-4S of the sulphide phases varies from the inner to outer wall of a 
chimney. 

(3) The vent fluid is apparently out of isotopic equilibrium with the minerals 
deposited. 

(4) The 034S composition of the vent fluid is produced by the mixing of basalt 
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Pipre 7.27 Schemaric rcpresenCltKm or o:Hs ,'1llues in a modern mid-ocean ridge hydrothermal vent 
syslem. Most values arc taken rrom Kerridge et al. (1983) but wilh additions rrom Bluth and 
OhmolO (1988) and Woodruff and Shanks (1988). The enlargement or the chimney wan 
sho ..... s changing o:HS values and sulphide composition rrom inner to outer wall. 

Anc;en' 
hydrothermal 

mineralization 

sulphur and reduced $C2water sulphate. The precise value is a function of the 
waterlrock ratio (Skirrow and Coleman, 1982). 

(5) The composition of the hydrothermal fl uid is variable. 
(6) Cogenetic sulphate minerals (anhydrite) are in equilibrium with seawater 

sulphate. 

These features are explained by Bluth and Ohmoto (1988) in a model in which the 
OHS value of the fluid changes with time during the lire of a chimney, as a result of 
changes in the plumbing and water/ rock ratios in the basalts beneath the vent 
system. In addition, the hydrothermal fluid reacts with the already precipitated 
sulphides in the chimney walls, resulting in their changing composition during the 
growth of a chimney. 

The sulphur isotope composition of hydrothermal ore deposits is reviewed by 
Ohmoto (1986). The S:HS values for a selection of hydrothermal ore deposits are 
summarized in Figure 7.28, from which it can be seen that whilst some types or 
deposit have a narrow compositional range and therefore a fai rly specific origin, 
others have a wide compositional nnge and probably multiple origins. An example 
of the latter are deposits of the Mississippi Valley-type; sulphides from Mississippi 
Valley- type ores extend across the entire compositional range of Figure 7.28. 
Individual deposits, however, hav.e a relatively restricted range of SJ4S values, 
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Figuu 7.18 The Sl-fS values for sulphur-be:iring minerals in hydrothermal deposits. Data from Kerridgc 
tt oJ. (1988), Ohmolo and Rye (1979), H:dbach (I /J t. (1989), Naylor (/ /Jt. (1989) and Eldridge 
(/ /Jt. (1988). 

supporting the view that in each case the source of the sulphur and mechanism of 
HzS production are different. 

Below, a number of different types of hydrothennal deposit are briefly review~d 

and classified according to their probable source of sulphur. 

(a) High-ttmptraturt inorganic "Juetion of 5tawattr 5ulphatt T his mechanism has 
been discussed in some detail above in the description mid-ocean ridge massive 
su lphide deposits. If is equally applicable to massive Pb-Zn sulphides of the 
Kuroko type hosted in fe lsic calc-alkaline lavas. Most Kuroko ores have sulphide 
SJ4S values in the range +5 [0 +8 "I . and sulphate values in the range 21.5 to 
28.5 ' I .. The close relationship between SJoiS in Kuroko sulphates and the value 
for contemporary seawater (Sangster, 1968) indicates that inorganic sulphate 
reduction is a plausible mechanism of sulphide formulon. 

(b) Lou>-Itmptraturt j"OrglU,j( rtdu(fion of suJphatt Red-bed copper mineralization 
in the Cheshire basin of nonh-west England is associated with evaporite deposits. 
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Sulphides show a wide range of 034S values (-1.8 to +16.2°/00) and associated 
barite is in the range 13.8 to 19.3 0/ 00. These latter values are close to o.14S for 
evaporite sulphate (18.4 to 20.8), present in the overlying succession. Naylor tt al. 
(1989) suggest that both the barite and the sulphides formed from sulphur-bearing 
solutions derived from this source. The temperature of mineralization is not well 
known but is thought to have exceeded the temperatures at which sulphate
reducing bacteria can exist. For this reason the authors suggest the sulphate 
reduction took place in the presence of gaseous hydrocarbons 'and the range of 
sulphide values requires that the reduction took place in a closed system and was 
incomplete. 

(c) UJlP-tmtperatuf( bacurioJogical rrduction of sulphau The Rammelsberg orebody, 
a sediment-hosted massive sulphide in Germany, is made up primarily of clasts 
containing varying proportions of pyrite, chalcopyrite and other sulphides together 
with silicates. 0345 values in pyrite clasts fall into three groups (+ 12 to + 16 0/00, +3 
to -3 0/ 00 and -10 to -17 °/!») and on a frequency histogram the values show a 
skewed distribution, a feature not seen in volcanogenic massive sulphide ores and 
thought to be characteristic of sediment-hosted massive sulphides (Eldridge et aI., 
1988). The lower groups of values are explained most easily by bacteriogenic 
reduction of seawater sulphate (the fractionation (actor is around -45 :t. 20 oj (0) in 
a partially open system. The higher 0345 values are probably of hydrothermal origin 
and the two groups of clasts were mixed during sedimentation. 

(d) Sulphur of magmatic origin Porphyry copper deposits are the most likely 
candidate for a magmatic, igneous source of sulphur. 0345 values for sulphides fall 
in the narrow range -3 to .+1 0/ 00 close to the accepted mancle range. The sulphate 
and sulphide phases are in equilibrium and yield temperatures of 450-650 °C 
(Ohmoto and Rye, 1979). In addition, oxygen and hydrogen isotope data indicate 
that the calculated fluid compositions are close to those for magmatic fluids. 
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clay-rich sediment, 132, 141, 148, 150 
clinoprroxene, 155, 174 

discrimination diagrams, 200--10 
oxygen isotope fractionation, 273 
partition coefficient, 108, [09, [10, 112 
REE content, 139 

closed array, 20, 37, 38, 42 
closure (statistical), 35, 38 
closure temperature, 224 
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CMAS, 85, 89-94 
caiculation,92 
interpretation, 93 
projection procedure, 91-4 

CO, 
carbon isotope fractionation, 297 
in igneous melts, 301 
in metanlOrphic fluids, 301- 2 

COl fluid- rock interaction, 302 
COl-graphi te thermometer, 303 
coefficient of variation, 10, 20 
collisional granites, 202 
collisional tectonic setting, 173,207 
compatible element, 103, 122, 126, 127, 130, 

151 , [68 
compatible element plots, 158-9 
compositional data, 20, 37, 38, 44 
computer methods 

expert system, 213 
modelling, 163 

computer programs 
isochron ea\culations. 219 
modelling isotopic equilibrium. 275 
modelling mixing calculations, 81- 2 
modelling RTF pro<xsscs, 132 

concordia curve, 216, 229, 248 
concOTdi:a----discordia diagram, 229- 30 
constant sum effect , 33 
cont~min~tion, 3, 4. 17,66,69, 166-7, 254, 

279-81,312 
from the continental crust, 259-60, 279-8 1 
with SC311'3ter, 260-1 

continental alkali basalts, 175 
contincntal-arc basalts, 175,206 
continental cru,t 

a\'Cl':lge Nd isotope composition, 251, 256 
average trace element composition, 1+1, 

148-9 
incompatible clement ratios, 242 
lower crust 

isotopic composition, 233, 236, 242 
lower crust average trace element 

composition, 144, 145, 147 
middle Crust 

isotopic composition, 233, 242 
oxygen isotope composition, 278-9 
upper crust average trace element 

composition, 144, 145, 147 
upper crust REE content, 138 
upper crust isotopic composition, 233, 235, 

242 
continental flood-basalts 

isotopic compositions, 175,235 
continental tholeiites, 44, 175, 235 
cooling age, 226 
correlation, 22-8, 32- 3 

ratio corn:lation, 3J-t., 38 
spurious. 2\, 34, 36 

correlation coefficient, 20, 2l----4, 25, 26, 28, 31, 35, 
38 

population, 23 
sample, 23 
significance, 24 

correla tion coefficient pllnem, 27-8 
correlation matrix, 26-7, 28, 33, 73 
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co,1Il"illnce, 20 
co,viance matrix, 3S-41 
Cr-Ce/Sr diagram, 187--8 
Cr- y diagram, 186--8 
cr:l!onization age, 226 
crust formation age, 226, 227 
crust residence age, 226, 231 
crustal contamination, 259-61, 279-81 
crustal isotopic m;cn.~irs., 233, 234--6, 241- 3, 

263 
crystal fractionation - see fractional 

crystallization 
crrstal structure control on stable isotope 

fractionation, 269 
control on partition coefficicnts, 114 

crystallization age, 226 
crrstallographic control on stable isotope 

fractionation , 269 

slle, definition, 295 
SISO, definition, 266 
0 .... 5, definition, 304 
dacite, 166 

partition coefficients, 110- 11, 117-19 
degrees of freedom, 20 
del value, 266 
depleted man tle, 221-4, 258, 265 

lead isotopes, 249 
neodymium isotopes, 247--8 
strontium isotopes, 245-6 

dCtect:H)Il limit, 10 
diagenesis, 5, 6, 70, 71, 73, 132- 3, 140, 141,227, 

2n, 2S8, 294, 297- 300 
diagenetic temperatures, 297 
diamond, 295 
dickite 

hydrogen isotope fractionation, 286 
diffusion, 6, 9, 71, 225, 229, 266, 274--6 

controls on stable isotope fractionalion, 269 
diopside 

oxygen isotope fractionation, 273 
discordant ages, 225 
discordia, 229-30 
discriminant analysis, 4+-6, 171- 2 
discriminant function, 44, 45, 171-2, 194--6 
discrimination diagrams, 44, 171- 214 

back-arc basin basalts, 175 
granites, 201~ 
igneous, 174-2(Nj 
MORB,175 
sediments, 206--12 
volcanic-arc basalts, 175, 186--90 
within- plate basalts, 175, 

distillation 
cont rol on stable isotope fractionation , 269 

distribution coefficient - see partition coefficient 
DM - !itt depleted mantle 
dolomite 

carbon isotope fractionation, 297 
oxygen isotope fractionation, 286 

DUPAL,238 
dynamic melTing, 130-1, 166 

eigenvalue, 43-5 
eigenvector, 43-5 

electron microprobe, 15, 16,67, 200-1 
element mobility, 6, 7\-3, 168, In, 227, 230, 

ll4 
fluid controlled, 71, 120, 148, 189 
in diagenesis, 133 
in weathering, 133 
major clement, 72, 196 
PGE, 154 
REE, 137--8, 140-2 
trace elementS, 120-1, 145, 159, 172, 206 
transition elementS, 156 

EM _ see enriched mmtle 
energy dispersive ciectron microprobe, 15 
enriched mantle, 258, 265 

incompatible element ratios, 242 
neodymium isotopes, 248 

enrichment-depleTion diagrams, 159-60 
epidote 

blocking temperature, 229 
hydrogen iSOTOpe fractionation, 286 
U- Pb geochronology, 229 

epsilon Nd 
error polygons, 254--6 
evolut ion with time, 255--6 
for an isochron, 249-51 
for individual rock at formation, 249- 53 
for individual rock at present, 250, 253 
in Australian shales, 2S1 
in average continental crust, 251 
in depleled mantle, 251, 255 

epsilon notation, 249-54 
meaning, 254 

epsilon Sr, 245, 253-4 
equil ibrium crystallization - see fractional 

crrstalliza tion 
equilibri um partial mehing, 121 
erosion, 6 
errorchron, 219 
E-type MORD, 175 

incom paTible element ratios, 242 
isotopic composition, 235 

European shale, 137, 138, 139 
europium anomaly, 136, 138--9 
eutectic L'Ompositions, 86-7 
e'"aporite deposits, 314-15 

sulphur isotopes, 3(J.1, 307- 8 
expert system, 213 
extract calculations, 78-9 

Fc-Ti oxid('$:, 155 
feldspar 

trace elementS, 149 
ferromanganese nodules, 141- 2 
field strength, 103 
fluid flow, 225 

channelized, 293 
pervasive:, 193 

fluid inclusions, 285, 294, 301, 303 
fluid phase 

carbonate-rich, 121 
hall>gCn-rich, 121, 172 

fluid-rock interaClion, 189, 266, 277, 282-94 
COl' 302 

formation water 
stable isotope composition, 284, 288-9 
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forsrerire 
oxy~n isotOpe fractio""rion, 273 

fnaional crysralliurion, 3, 4, 66, 67- 9, 72, 
79-81, 83, ~, In, 158, 166, 281- 3 

cumulare composirion, 126-7, 206 
equilibrium (,T)'srall izuion, 124 
from iO\'ersion, 169-70 
j" ,;t" cryRaJli7.arion, 127-8, 158 
low pressu~, 146 
olivine. 40, 8J 
Raylcigh fnalonation, 124, 126, 127, 269, 

J06 
$ulphur iSOl:opa, 312 

fra.ctiorull melling _ sec pa"i:a] melting 
rractionarlon fwox 

SmlNd, 2S+-S 
srable isotopa. 267- 9, 271, 273 

gakna 
sulphur isotope fractionation, 309 

gamma ray specrrometry, 13,65 
garner 

partition cocftkient, lOS, 109, 110 
REE COntCnt, 139--40 
Sm_Nd minCTllI age, 229 

grochcmical explorati.;m, 32 
geochron, 21\1_20, 239, 252- 3 
grochronology, 215-31 
geodynamiC$, 258, 263-5 
JroIllctric mean, 20, 22 
(COrhamal gndiem, 6 
geothermal $)'$relll$, 277, 288 
gold mincnJizarion, Z94, 302 
granite 

l- t}'lX', 236, 258 
S-typc. 236. 258 

granitc s)'$rml, 85 
watU-san,ll'lted, 86-8 
.... 'lI(Cf-unden.llul'ltcd . 88 
wi th nuorinc, 87, 89 

granitC$ 
collisiorull type, 2{)2 
discrimination diagrams, 201-6 
model ages, 2JO-I 
OCI:an-ridge rype, 202 
5OUr<:c region, IS7 
volcanic..arc type, 202 
within_plotc type, 202 

granodiorite, 88 
granulit~, 30 1, 302, 303 

i50ropic composition, 235 
graphite, 295, 301, 302- 3 

carbon iSl.llopc fractionation, 297 
J!'ffIl!i(:hist facia; metamorphism, 46, 168, 193 
greywacke, f>;I-5 

discrimination diagnm, 209 
P'OUndV.lIler, <4 
~psum 

sulphur isoIopc fractionnion, 309 

H20.,2 
HP- , 2 
HtS in , 'okanic rocks, JO.I 

sulphur i50IOpe fracriorulrion, 309 
Harker diagnm, 66, 73-4, 80 

hca''Y minerals in S«IimCflI$., ]<41 
Henry'li Law, ]/)4 

Hf- Rb-Ta diagram. ZOS 
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HFS ekment _ sec hi,h-ficld 5Irmsrh dement 
high-11c1d fitn:nsrh clement, 104-5, 146, 148, 

172, 182 
i-UMU mantle 1OtIJ'Ce, 233. 237, 2<42, 265 
hornblende 

argon age. 229 
hydrogar 00I0jX fractionation, Z86 
partition coefficient, lOS, 1{)9, 110. 113 
REf: content, 13'*-40 

hyd~n i5Otopcs, 282- 94 
rractionation factors, 286 

h)-drothennal oon.'eaion, 292 
hydrothermal nuids, 71 , 214, 282, 285-9, 292 
hydrothermal mincl'llitation, 159, 294 

at ocnn ridges, 140, 312-13 
sulphur isoropes, 3!2-15 

hydrolhenn31 sYStemS, 172, 2H9_94 
sulphur i50ropcs, 308 

hygrumagmarophi le clement, 103 

ilmenite, 148 
oxygen i50rope fractionation, 273 
partilion coefficient, ] II 

immobile c\e.mnrs, +6 
sec also ele:ment mobilit y 

INAA - sec inslrumenul neurron actil'lltion 
incompatible ekmcnl. 103, 120, 122, ]24, 126, 

]27,146, 151,168 
highly incompatible: dement$, 157_9, 26\- 3 
in granite!i, ])7 

plots, 157- 9 
nuio piou, 157-8 
ratios in oomincnral crust, H2 
ratios in mantle, 24Z 

ind U(:li.'dY-(:(luplcd plasfN nws spcaromruy, 
15. 17 

inducti.'eIY-(:(lupled plasma spc:ctromclry, 13, r. 
ini,ial isotope I'llio, 217, 218 

CTTOr rcduaion for Nd isoropcs, 254 
instrumental neutron :>eli.'arion, 13, 17, 183 
inlracruSla1 rractionarion, 231 
intraplate teetonic ~lIing, 173 
ion microp~, 16, 229 
ionic potential, 103, 105, 145 
isLind- ar<:, 173 

gran ites, 202 
maturity, 205-6 
sulp hu r iSOlOpc!l, 304 
tholeiitcs, 44-5, 175 

isochron diagram, 31, 21S, 216-20 
for lead isotopes, 218, 252- 3 
line filling. 2 ]8-]9 

i50thcrm diagram. 274-5 
Isotope: com:lation diagrams, 256-6] 
isotope: dilution mass SptC(l'OtnClr)', 15, 17 
isotope: grochml isu}" 215, 231-65 
i50topc:-tTaCX elemenr comlalion, 26 1- 3 
isotopic equilibrium 
OJy~n i!iOl0pe5, 274, 2n 

iSOl:opic n:scn.'oirs 
!Itt mantle iSOlopic rc$C"'-oU 
!Itt crustal isoIopic n:scn.'(lir 
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isolOpic resetting, 225 
I-type granite, 236, 258 

jadeite 
oxygen isOlope fraaiorultion, 273 

Jensen classification diagram, 63 

KlO-HlO diagram, 199--200 
KlO-Si02 volcanic rock classification, 51 
K20/Yb-Ta/Yb diagram, 189--90 
kaolinite 

hydrogen isotope fnocrionation, 287 
oxygen isotope fractionation, 287 

K[) - see partition codncient 
kimberlite, 135, 258, 295 
kinetic processes 

in stable i5{)topes, 266, 269, 296 
knowledge base, 213 
komati ite, I , 35, 63,162. 165, 166, H9 
Kuroko mincrali7.ation, 314 

La-Y-Nb di1gram, 184--7 
lamproitc, 235, 258 
lanthanides, 102, 104 
large ion li thophile elements, 104--5 
laser microprobe, 299 
latent root, 43 
latent vector, 43 
lcad isotopes - sec Pb isolOpes 
In'er rule, 78 
LfS 

sec low field smngth clement 
lherwlite 

PGE content, I S3 
LlUE) - sec large ion lithophile elements 
limestonc, 5, 6 

average composition, 148-9 
carbon iSOlOpes, 296 
diagenesis, 297- 300 

liquid immiscibility, 4 
liquid line of descent, 67-8 
lilharenite, 64-5 
loss on ignition, 2 
low field strength dement, 104--5, 120, 146, 148 
Lu-Hf isotope system, 217, 234, 257 

magnu chamber processes, 3, 4, 7, 131, 158 
magma mixing, 3, 4, 168 
magmaTic wat('T 

stable isolOpe composition, 284, 289 
magnesium-iron ratio, 74 
magnesium number, 74 
magnetite, 184 

oxygen isotope fractionation , 273, 287 
parlit ion coefficient, lOS, 109, III 

major elements, 1-2,48-10 1 
control on stable isotope fractiona tion, 269 
mobility, 72, 196 
modelling, 82 

mantle , 157,231--44 
carbon isotope composition, 298 
depletion - sec depleted mantle 
enrichment - sec enriched mantle 
geodynamics, 258, 263-5 
heterogeneity, 182, 249 

hydrogen isotope composition, 283--5 
neodymium isolOpe composilion, 247- 9 
oxygen isotope composition, 270--1 
PGE OOnlenl, 151 
primiti~e mantle - see primitive mantle 
source mixing, 157, 168, 257-8, 265 
sulphur isolOpe composition, 305 
xenoliths, isolOpic composition, 235 

mantlc e"olution diagrams, 244-51 
mantic isolOpic reservoirs, 221 , 231--44, 263 

depleted mantle, 233, 237, 
enriched mantie, 233, 237--41 
HIMU, 233, 237, 242, 265 
PREMA, 233, 241 

rrwble, 148 
carbon isotope composition, 296, 298 

mass spectrometry, 14, 17 
massive sulphides, 292, 294, 314-15 
r..hsuda--Coryell diagram, 136 
mean - see arithmetic mean 
mean squares ,,'eighted de"lates, 219 
median, 20, 22 
mdting _ sec partial melting 
metamorphic age, 226 
metamorphism, 7, 71, 80, 172,225,226,227, 

233, 234 
cOz, 301- 2 
low grade, 46, 168, 193, 277 
protolith, 7 
stable isotope composition of water, 284, 289 
water- rock in teraction, 292--4 

metasomatism, 67, 70 
meteoric "1I1er chemistry, S 

carbon isotopes, 299, 300 
oxygen iSOTOpeS, 270--1, 285- 7 
stable isotope composition, 28S-7, 292 

meteorites, 134--6, 211, 244 
see also chondri tic meteorites 
Canon Diablo sundard for sulphur isotopes, 304 
carbon isotopes, 295--6 
isochron, 216 
oxygen iSOTOpeS, 270--1 
sulphur iSOlOpes, 304 

methane, 295, 296 
carbon isolOpc fractiona tion, 297 

MgO-FeO-AI20 l diagram, 191>-7 
mineral isochron, 228-9 
mineral '"ectOTS, 161- 2 
minimum melt composition, 8S-7 
Missi~sippi valley type Pb--Zn deposits, 294, 

296, 313--14 
mixing, 36 

oontamination, 69 
diagrams, 66, 257, 263, 280 
during partial mehing, 67 
equat ion, 159, 168 ... 257, 263 
fr:letional crystallization, 67, 81 
in magma chamber, 258 
in mantle source rcgiOl1, 257-8 
sedimentary, 67, 69 
tectonic mixing in metamorphic rocks, 67, 71 
thcnnodynamic models, 83 

MnO-TiOr PjOS diagram, 198 
modal mehing - sec partial mehing 
mode (petrographic), 52 
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mode (SUtiSlial), 20, 22 
model agl:, 220-4 

cak:u lation , 221 
clastic sedi~nt, 23 1 
granilC$, 230-1 
inlerprelalion, 229-3 1 

mokcuJar proponion dia(r2ms, 3+ 
moIybdc-n it~ 

5ulphu r isoI~ frxtionation, 309 
monarile 

blocking temperature. 229 
RE.E CQrIt~nt, 1040, H I 
U-Pb geochronology, 229 

MORn, «, 99, 147, 166, 219, 265 
!hlantie ocan huaJrs, 143 
ner:agl: tratt clemCllt oomposilion, 1044, 145, 

147 
ClrOOn isowpe composition, 296 
E-typc, 175, 235, H2 
Iceland 1Ja.~11S, 143 
inrompatibl~ ciement r:a tios, H2 
isotope correlations, 256-7 
isotopic composi tion, 235, 237-4 1 
normali?,;ng .'aluei:, 143 
N-IH'C, 1'IZ-3, 175, 235, m 
o~y~n isotopes, 270 
PG t: content, 151 
source region, 257 
sulphur iSO(0pc5, 304, 305 
transi tiom,I, 175 

MSWD - sec mean squan,'S ... -(ighted deviatC$ 
mudrocks. 6<4, 65, 70-1 

di~imination diagram, 207- 9 
pro"enance, Z07- 9 

mul ti~lcmenl d iagrams, 142- 500 
chondrite nonnali«d, 142 ...... 
discrimination diagrams for Wks, 209- 10 
intcrpKtalion, 148-500 
nuntle normalittd, 142- 3 
modelling, 162-8 
MORn nomuJizcd, 142, 145---7 
standardi.Ullion, 147-8 

multil"ariate analysis, 33 
musco"ite 

argon age, 229 
h)"drogen isotope fraction<lrion, 287 
oxygen isotope fractionation, 287 
Rb-Sr agc, 228 

NASC - sec Nonh American shale composite 
tl"lla ciement ron rent, 148-9 

Nb-Y diagram, 203-4 
Nb/Y- Zr/ P10 5 diagram, 192, 193 
Nd isotopes in continental cruSI, H 7- 9 

evolution through rime, H7-8, 255 
in mantk, 247- 9, 25 1 
in sea ... -atC1', 20 

nepheline: syenite system, 85, 88----90 
Ncmst distribution coefficienl - sec partition 

coefficient 
neUtron aaivln ion, 65, 151, ]72 
NH RL - !itt norlbcm hemisphere rcfcr-ence 

line 
noble metals, ]02, 150 
Nonh American shale composite, 137-4] 

northcrn hwtisphere rcfC1'encc linc, 238-9, 257 
norm, 52-{i1 

Barth- Niggli nonn, 57, 58, 60 
cation norm, 57 
O PW norm calculation, H-6 
moIel;Ular norm, S7 
oricbtion Sl2te of iron , 57 

normal distribution, 20 
N-typc MORB, 142-3, 175 

ilK.'Oll1patiblc clement ratios, 242 
isot:opic composition', 235 

null hypothesis, 2], 34, 36 
null vo.lu~, 21, 34, 37 

ocean-floor basalt - !itt I\ IORn 
ocean-island basalts, +4, 45, 175, 265 

alb.l i basalIS, 175, 190-3 
average lr.Ice dement eomPQSition, 1-4-4 , 145, 

147 
isotopic composi tion, 235 

ocean palacobalhynlctry, 277 
ocean palacotemperatures, 276-7, 297 
ocean-ridge, 173 

granites, 202 
minerali/.ation, 312- 1J 

ocean "'-alcr - 5Ce seawatc r 
oceanic basalt - sec MORI) 
oceanic i~ land-41"C, 206 

basalIS, 175 
O'Connor p-anile classification, 58-60, 66 
om - !itt ocean island basalIS 
olivine, 155, ]98 

fractionation, SO, 162, 165 
OK,.~n isotope: fraction<llion, 273 
partilion cocllio:knts, 108, 109, 11] 
REE content, 139 

Onwna d iagnms, liS 
open magmatic SySltJn, 4, 167-8 
ophiolitc, 287, 292- 3 
onhop)'roxcnc 

partition coefficients, 108, lOll, 110 
REE conten t 139 

outgassing, 3, 4, 311- 12 
outlier (statistical), 22, 25, 26, 32 
oxygen fugacity, 100 
oxygen isotopes, 270-81 

carbon isotope plots, 2%-300 
diffusion, 274-6 
equilibrium. 274, 277 
fractionation factors, 273, 286 
in seawater sulphatc, 305-6 
strontioum isotope com:lation, 27&-82 
thermometry, 271-8 

P10 , Zr diagram, 191 
PAAS - !itt post Archaean a,'cr:age Australian 

shale 
partial melting, 4, 67, 71, 79, 83-4, &II, HI3, 

121 , 150. 151, ]61,234 
b;r."h melt ing, 121- 3, 126, 157, 167, 170 
dynamic melting, 130-1, 166 
C(juilibrium melting, 12] 
fractional melting, 69, 121, 122-5, 157 
from inunion method, 170 
modal melting, 122, ]23, 167, 17{) 
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modelling, 166 
Rayleigh melling, 121 
residual solids, 84, 121- 3 
small percentage melts, 142, 146, 157 

partition coefficient, 106--19 
andesite, 109, 117--18 
basalt, J08, 116-17 
basaltic andesite, 108, 116--17 
bulk partition coefficient, 106, 122 
calcuLation from trace clement plots, ISS 
compositional control, 107, 11 5, \11 
crystal structure control, 113--15 
dacites, 110--11, ,117-19 
experimental measurement, 107 
oxygen acri,·iry COJ\lrol, 107, I B --H, 117 
phenocryst/matrix, 106 
pressure conuol, 107, 111- 0 
rhyolites, 110--11, 117- 19 
lempcnture control, 107, 117 
' ..... 0 component partition coefficient, 106 
waler content of mell, 115 

passive continental margin, 173, 206 
Pb isotopes. 217, 226, 227, 234 

concordia curve, 216 
e,~lution through time, 248-9, 252- 3 
growth CUn't, 252- 3 
in seawater, 24J.-4 
in the mantic, 148-9 
primeval composition, 216 
whole-rock isochron, 218, 252-3 

POB, 270, 294, 296 
pe;ilk overlap, 18 
Pearce diagrams, 34-6 
Pearson pl"<ldUCI-moment correlation coefficient, 

24-5 
peridotite, 90, 153 
periodic table, 13, 102 
permeability threshold, 12 1 
petrogenetic modelling, 107, 166-8 
PGE - see platinum group elements 
plw;c diagrams, 48, 83, 84-101 

Ollc-albline systems, 99---100 
gr.mile system, 86-9 
low pressun basalt sY5tem, 97-8 
nepheline syenite, 88--90 

phlogopite parti tion coefficient, 108 
plapoclase, 148, 234 

oxygeo isotope fl';lctiorullion, 273 
panition coefficient, lOS, 109, 111, 113, 114 
REE content, 138-40 

platinum group elements, 13, 17, 102-3, 105, 
1514 

fenile IJ1;I.ntlc, 151-2 
in Archuan mantie, 151- 2 
in MORB, l SI 
in primitive mantic, lSI 
ionic radius. ISO 
melting tempet'll tu!'e, 150 
mobility, 154 
primitive mantle normalization, 152 

plumbotectonics, 234, 263 
population, 21 
pore water,S 
porphyry copper deposits, 159,294, 314, 315 
post Archaean avenge Australian shale, 137-8 

neodymium isotopic e"olulion, 251, 256 
trace element conten t, 148--9 

polassium feldspar 
partition coefficient, 11 I 
REE content, 139-40 

precision, 10 
PREMA,265 
primary magmas, 85, 97 
primeval lead, 216 
primiti"e mantie, 142-4, 162, 167,221 

incompcatible element I':Ilios, 242 
REE concentrations, 136 
sulphur isotopes, 305 
trace element concemr.llions, 143 
transition metal concentrations, 154-5 

primordial mantle - see primitive mantle 
principcal component arudysis, 42- 3, ISO 
product moment correlation coefficient - see 

cotTel~tion coefficient 
provenance, 6, 132- 3, 159, 206, 208--9, 210-11, 

219 
pro\'cnancc age, 226 
Plrile 

su lphur isotope fractionation, 309 
pyroxene 

oxygen isotope fractionation , 273 
pyrrhotite 

sulphur isotope fractionation, 309 

Q-F- ANOR class ificalion diagram, 60 
quanz 

oxygen isotope fnctioltlltion, 273, 286 
panition coefficient; ILl 

qwmzi te 
avenge composition, 148--9 

RI - R2 classification diagram, 61- 2, 66 
I';Idioacti"e decay, 215 
r:ld ioactive decay constant, 216, 217 
radioacti,'c decay scheme, 216 
radiochemiOl l neutron ~ctiV3tion, 13, 17 
radiogenic isotope initial r:ltio - see init ial ratio 
radiogenic isotopes, 215- 65 
ranked data, 26 
Raoult 's Law, 104 
tarC e3rth elements, 13, 17, 102-3, 105, 120, 

133-42 
chondrile normalization, 134-7 
fraction~ l crystallization, 166 
in hydrothermal solutions, 137 
in river water, \38, 140---1 
in sea .... ater, 138, 140---1 
in sediments, 140-2 
ionic =lius, 133 
light REE fraClioltlltion, 139 
mobi lity, 137-8, 140-2 
modelling, 162-8 
oxidalioo state, 136 
panem, 135-42 
I';Ilio diagrams, 137 
rock normalization, 137 

byleigh fractionation - see fractional 
crystallization 

Rayleigh melting - see partial mel ting 
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Rb-Sr i50lopie S)'$I~, 217, 226-7, 234 
mineral altS, 228 
whole_rock i$ochn:m, 216-18 

Rb-(Tl+l\'b) diapwn, 202-3 
Rb-(Y+Nb) diagram, 203, 2Q4 
~-btd eu miMralization, 3B--IS 
REI::: - sec: rare earth d emenlS 
regression, 21, 28-33, 32, 33, 83 

ordinary leasl squares, 29, 35 
reduced rmior allis, 31 
robUSl, 32 
'1'eighled kul 5<juarn. J I 

reu lj,'e 'Iandard dc"iation -- 5ft standm:! 
deviation 

~Iabilily, 10 
reproducibility, 10, 
rtSidc n~ time, 5, 133, 140, 243 
TtStite, 7 
rhyolite 

high silica, partition coefficients, 117--18 
partition coefficients, 11 0-11, 117--19 

rilt tectonic li(tting, 207 
river wiler c~mistry, S, 133, 138, HO-- l, JO+ 
robU1>1 lesl, 21, 22 
rock classification 

plutonic igneous rocks, 49, SO, 58, 60--3 
sedimentary rocks, 49, ~ 
volcanic rocks, 49, 51, 57, 60--3 

RTF magma elwnber, 4, 131--2, 167--8 
rutile, 143 

ox)'gen isotope rractionalion, 286 

sampling, 81, 225 
sandstone,6+-5 

discriminalMln diapwn, 207--9 
provenance:. 44, 208--9 
turbidite. 6C) 

scalier diagram, 26, 36, 66 
IIHwaler chtmiSlry, S, \33, 138, \-40--1 

basalt intCf2Clion, 292 
carbon isotopes, 295, JOO 
contamina.tion by, 260--1 
cun'e ror O~YfCn isot0pc5 Ihrougtt lime, 288 
eun'e for stronti um isotopes Ihrough time, 244 
curve ror su lphur i5010PCS lhrough time, 305-6 
hydrogen isotopes, 284 
isotopic composition, 24H 
lead iS010pes, 241-'4 
neodymium isotopes, 243 
o~idizing potential, 140, 141 
olygen isotopes, 2Ss--8 
stable isotope composition, 287 
stable isotope compo5ition in past, 288 
strontium isotopes, 243-4 
sulphur i5Olopes, 304, 305 
tcmpcratures, 276-7, 297 

liediment 
aeolian IIOUroe, 140 
bivariate trace: clement pkllS. 159 
burial history, 6, 29-4 
diernieal scdUmnIl, 5, 141--2, 236 
clastic, S, 294 
( b y- rich , 132, 14 1, 148, ISO 
discrimination diagrams. 206--12 
isotopic composition, 2J6 
maturity, 5, 64, (II 

mixing proces5CS, 159, 210 
prom...ncc:, 1.0, 141, 149 
sorting, 141 
sulphur cycle, .306-7 
tectonic setting, 64 
D"aMport,6, 210 

sedimentary basin lectonic 5t'uing, 206-7 
sedimem::ary processes. 233-4 
sericin; 

hydrogtn i50tOpe fractionation, 287 
shak, 65-6, 209--10 
shoshonite, 44, 56, 175 
significance: lablcs, 24, 27 
significancc: tHt, 21 
,ilica s:l.Iuntion, 57, 62, 97 
silicate melts 

ferric iron contem, 100 
oxygen activity, 100 
sulphur sa tun tion, 154 
thermodynamic models, 83 

silt , 149 
SLAP, 270 
Sm--Nd iootopic s)'$tcm, 217, 227, 234 

fractionation raclor, 254-5 
whole_r<:>Ck isochron. 219- 20 

SMOW, 270, 283, 284. 296 
SO: in wlcanic rocks, 304, 311--12 

sulphur isotope fnctionalion. 309 
50Iar system nucicosynlhesis, 11S--6 
spark source m::ass ~peclrometr)', IS, 17 
Spe::arman rmk correlation coefficient, 2S--6 
sphalerite 

sulphur is()(opt fraClionalion, 309 
spncne, 148, 149 

blocking Itmptralure, 229 

351 

parlitKln coefficiml, lOB, 109. 111 , 11 2. 114 
REE content , IJ9-40 
U--Pb geochronology, 229 

spider diagnm -- see multi~lcmenl diagram 
spidcrgram, 142 
spike, 15 
spinel, 155 
spread$hee\1i, 166 
spurious com:lation, 21 
slab le isotopes, 266-3 15 

e~change reaction~. 267 
fractionation, 267--9 

standard deviation, 10, 22 
strontium isotopes 

evolution through lime, 2+4-7, 247 
in bulk-earth , 245 
in corllinental cniSl, 245, 247 
in mantle, 147 
in IIHwaler. 14H 
initwratios, 245, 247 
otygen isotope correlalion, 278-82 

S-t)'pe granite, 236, 258 
isotopic oompWllon, 236 

$ubalkaliM rock 5t'ries _ s« tholeiitic: series 
subrompositions. 37 
suOContinmtallit!.ot;;phcn 

isotopic compo6ition, U3, 235. 24Z--3, 265 
subdUCIion, 121 
sublitharenilc, 64--5 
submarine " 'Cl1bcrinl, 46 



352 tndelC 

suboceanic lithosphere, 265 
sulphate !'«Iucing bacteria, 306-7 
&u lpru.lc/su 'phide 
~taial m;luction, 306-7 

sulphide melt, 150, 153. 154 
sulphide melt/silicate melt pvt;l;';'" ,;o.,fficic,nts, 

ISS 
sulphide/sulphate baclniaj oxid:llion, 307 
$ulphur i5O(~ 303-15 

frk(ionalion, 306-11 
fnlctionalion faculrS, 309 

sulphur A lUnllion . 151, 15-+ 

T_V diagrwn, 203 .... 
TAS ciassificalio;m for ph,nonk rod"s, 50--1 
TAS cI~ificl!ion for "oleanic rocks, 49-50, 66 
T.(hur, 221-4 
T-ml ,221-+ 
tectonic discrimination diagrams _ see 

discriminarmn diagr-ams 
tectonic selting, 171- 3 

ba!!ahs, [73 
granitC$, 202 
sedim""'ary basins, 206-7 

Th- B f- T . diagram, 182--5 
Th- Pb iSOIOpic symm, 217, 233-4 
thermodynamic mh'ing modd, 83 
,n.:,momctry, 6, 294 

carbon i$(ltopc:s. 302- 3 
oxygen isotopes. 266, 268, 271--8 
sulphur isotopes, 308-11 

ThingmuJi "olano, 76--7 
tholeiitic bas;lh - ~ InsaII 
,holeii,ic rock series, 51, 76-7 
T i-V diagnm. 11K 186 
Ti- Zr diagram, 17£>-8 
T i- Zr_Sr diagnm. 178-9 
Ti- Zr_ Y diagram, 174-6 
Ti/ Y- Nb/ Y diagram, 180, 182 
T iOr KIO-I'IO , diagram, 196, 198 
TiOr Y/Nb diagram, 190-1 
TiOr Zr/ l'lOS diagram, 192 
tilanumagneti te, 174,198 
lonalil e, 29, 56, 69, S!I 
trace clement, 2, 102- 70 

biVllriale plots, 156-9 
inversion method~, ]68--70 
isotope correlation, 261- 3 
mixing in minerals, 104- 5 
mobility, 120-1, 145, 159, 172,206 
modelling, ]60-70 

I!':lnsilion melals, \02- 3, 120, 146 
chondrit c normalization, 15+-ti 
plots, ] 54-6 
primith"e mantle normalization, 154-6 

lremolitc 
hydrogen isotope fract iorullion, 286 

triangulu diagrams, 42, 14- 7, 86, 179 
trondhjemite, 29, 69 

U- I'b isotopic ~ysten'l, 217, 233, 234 

.'ariable 
defM'ndcnl, 29, 30 
independent, 29, 30 

.~,21,4Z 

.viation diagnm, 42, 48, 66-M 
artificial tends, 73 
!H.'mate ploI:s, 73-4 
inttrprelll>on, 78-84 
im'er5C approc&ch, 82 
M30 on tke x-axis., 74 
mising,66 
ncgative ttndancy, H 
scallercd trends, 72, 80-1 
triangular diagrams, 74-7 
using: cation~, 74 
using: magnesium number, 74 
..... ith inOWion, 80, 81 

VlIriation matrix, 38-41 
.'«Ior diagrams, 161, 166 
volatiles, 2 
"ol<::anic_arc _ Set island-arc 

wacke, 64-5 
wlter_rock imeraclion, 266, 277, 282- 94 
water/rock ratio!!;, 289 
watherin" 5, 6, 71, 132-3, 140, 149, 172, 210 

chemical, 70 
profilt,70, 145 
safloor, ]72 

"-;lhin-plaIC gnnilcs, Z02 
" 'oilastonite 

ox,.~n isotope fractiooation, 273 

X-ray f1uorcsccncc, 10, 16, 17,48, 143, 167, 
19, 

XRF - see X-ray f1uorcsccntt 

Yockr- T illcy built ttITakcdron, 57, 85, 89, 
94-7 

Ehhon plotting prOttdun:, 94-6 
P~fIlIli pIQuing: procedure, 94-5 
projections for calc-alkaline rocks, 99-100 
Walker ploning proccdure, 94-6 

zeolite facies melamorph~m , ]9J 
zircon, 148, 141J 

detrital, 229 
inherited, 229 
p;lrrition coefficienr, III 
REE contcnt, 14{), ]4 1 
U- Pb mineral age, 229-30 

wi.itt 
hydrogen isotope fractionation, Z86 

zone refining, 4, 130-1 
Z. - Nb-Y diagram, 18Q, 18) 
Zr/ Y- Ti / Y di2gram, 180- 1 
Z. / Y- Zr d;agnrn , 180-1 



The advent of automated geochemical analytical techniques over the last 
two decades has brought about significant changes in the field of 
geochemistry, stimulating the evolution of highlV specialized sub
disciplines and the production of a huge volume of geochemical data. 

The methodologies of the main geochemical sub-disciplines are clearly 
axplained, drawing together sepa rate fields to provide an overview of the 
disparate techniques currently in use. The book encompasses major and 
trace element, radiogenic and stable isotope geochemistry, with emphasis 
on explaining the potential of geochemical techniques and interpreting 

the results. 

Major them" includtt: 
A crltlc.l .n.lysi. of geochemical data .nd current geochemlc.l 
techniqun 
The Mlectlon of elements for dicPay on v.ri.tion dI .... ms 
Th. UN of geochemtcel data in problem IOlving .nd dI.crimlnaffng 
geotogat pr_ 

Final year undergraduates and researchers with a basic knowledge of 
petro logy and geochemistry will find this an excellent source ot 
information on the manipulation of geochemical data. In addition, 

professional geochemists looking for a broad overv iew of method. of 
evaluation and interpretation, and a review of current literature, will fi nd 
this a valuable reference. 

Hugh RoINn.on, having held the post of Associate Professor at the 
University of Zimbabwe for the past three years, has recentlV returned to 
hi. post of Senior Lecturer in Geology at Cheltenham and Gloucester 

College of Higher Education. 

The lOHOMAN GEOCH!...-ntY ~ comprises books on key areas of topical 

interest In the rapldlv expanding field of geochemistry. The bo~!.!l"~-;;-
been written for undergraduate students and postgraduate 
studying earth sciences, envi ronmental science ood ""~h'OO';\ 

I SBN 0-582-06701 - 4 


	Naslovna
	Contents
	Preface
	Acknowledgements
	Glossary
	Ch. 1 Geochemical data
	1.1 Introduction
	1.2 Geological processes and their geochemical signatures
	Processes which control the chemical composition of igneous rocks
	Processes which control the chemical composition of sedimentary rocks
	Processes which control the chemical composition of metamorphic rocks

	1.3 Geological controls on geochemical data
	1.4 Analytical methods in geochemistry
	X-ray fluorescence (XRF)
	Neutron activation analysis (INAA and RNAA)
	Inductively coupled plasma emission spectrometry (ICP)
	Atomic absorption spectrophotometry (AAS)
	Mass spectrometry
	Electron microprobe analysis
	The ion microprobe

	1.5 Selecting an appropriate analytical technique
	1.6 Sources of error in geochemical analysis
	Contamination
	Calibration
	Peak overlap
	Detecting errors in geochemical data


	Ch. 2 Analysing geochemical data
	2.1 Introduction
	2.2 Averages
	2.3 Correlation
	The correlation coefficient
	The significance of the correlation coefficient (r)
	Assumptions in the calculation of the product-moment coefficient of correlation
	Spearman rank correlation
	Correlation matrices
	Correlation coefficient patterns

	2.4 Regression
	Ordinary least squares regression
	Reduced major axis regression
	Weighted least squares regression
	Robust regression
	Some problems with traditional approaches to correlation and regression

	2.5 Ratio correlation
	An example of the improper use of ratio correlation - Pearce element ratio diagrams
	Application to trace element diagrams
	Ratio correlation in isotope geology

	2.6 The constant sum problem
	The consequences of closure
	Aitchison's solution to the constant sum effect

	2.7 The interpretation of trends on triangular diagrams
	2.8 Principal component analysis
	2.9 Discriminant analysis
	An example from igneous petrology
	Other applications of discriminant analysis

	2.10 Whither geochemical data analysis?

	Ch. 3 Using major element data
	3.1 Introduction
	3.2 Rock classification
	Classifying igneous rocks using oxide-oxide plots
	Classifying igneous rocks using the norm
	Classifying igneous rocks using cations
	The chemical classification of sedimentary rocks
	Discussion

	3.3 Variation diagrams
	Recognizing geochemical processes on a major element variation diagram
	Selecting a variation diagram
	Modelling major element processes in igneous rocks
	Discussion

	3.4 Diagrams on which rock chemistry can be plotted together with experimentally determined phase boundaries
	The normative albite-orthoclase-quartz diagram - the 'granite system'
	The silica-undersaturated portion of the normative nepheline-kalsilite-silica diagram - the 'nepheline syenite system'
	Basaltic experimental systems
	Experimental systems for calc-alkaline rocks
	Discussion


	Ch. 4 Using trace element data
	4.1 Introduction
	Classification of trace elements according to their geochemical behaviour

	4.2 Controls on trace element distribution
	Partition coefficients
	Geological controls on the distribution of trace elements

	4.3 Rare earth elements (REE)
	The chemistry of the REE
	Presenting REE data
	Interpreting REE patterns

	4.4 Normalized multi-element diagrams or incompatible element diagrams (spider diagrams)
	Multi-element diagrams for igneous rocks
	Multi-element diagrams for sediments

	4.5 Platinum metal group element (PGE) plots
	Presenting PGE data
	Interpreting PGE patterns

	4.6 Transition metal plots
	4.7 Bivariate trace element plots
	The selection of trace elements in igneous rocks for plotting on bivariate graphs
	Bivariate plots in sedimentary rocks

	4.8 Enrichment-depletion diagrams
	4.9 Modelling trace element processes in igneous rocks
	Vector diagrams
	Modelling on multivariate diagrams
	Petrogenetic modelling - examples
	Inversion techniques using trace elements
	A final comment on geochemical modelling


	Ch. 5 Discriminating between tectonic environments using geochemical data
	5.1 Introduction
	Discriminant analysis
	Immobile trace elements
	Tectonic environments
	Using discrimination diagrams

	5.2 Discrimination diagrams for rocks of basaltic to andesitic composition
	Trace element discrimination diagrams
	Discrimination diagrams for basalts based upon major elements
	Discrimination diagrams for basalts based upon minor elements
	Discrimination diagrams for basalts based upon clinopyroxene composition

	5.3 Discrimination diagrams for rocks of granitic composition
	Discrimination diagrams for granites based upon Rb-Y-Nb and Rb-Yb-Ta variations (Pearce et al., 1984)
	Discrimation diagrams for granites based upon Hf-Rb-Ta variations
	A measure of arc maturity for volcanic-arc granites
	Discussion

	5.4 Discrimination diagrams for clastic sediments
	Discrimination diagrams for clastic sediments using major elements
	Discrimination diagrams for clastic sediments using trace elements
	Discussion

	5.5 Tectonic controls on magmatic and sedimentary geochemistry
	An expert system for identifying the tectonic environment of ancient volcanic rocks (Pearce, 1987)
	Do tectonic discrimination diagrams still have a function?


	Ch. 6 Using radiogenic isotope data
	6.1 Introduction
	6.2 Radiogenic isotopes in geochronology
	Isochron calculations
	Model ages
	Interpreting geochronological data

	6.3 Radiogenic isotopes in petrogenesis
	The role of different isotopic systems in identifying reservoirs and processes
	Recognizing isotopic reservoirs
	The evolution of mantle reservoirs with time - mantle evolution diagrams
	The epsilon notation
	Isotope correlation diagrams
	Mantle-crust geodynamics


	Ch. 7 Using stable isotope data
	7.1 Introduction
	Notation
	Isotope fractionation
	Physical and chemical controls on stable isotope fractionation

	7.2 Using oxygen isotopes
	Variations of d18O in nature
	Oxygen isotope thermometry
	Oxygen isotope-radiogenic isotope correlation diagrams

	7.3 Fingerprinting hydrothermal solutions using oxygen and hydrogen isotopes - water-rock interaction
	Hydrogen isotopes
	Calculating the isotopic composition of water from mineral compositions
	The isotopic composition of natural waters 
	Quantifying water/rock ratios
	Examples of water-rock interaction

	7.4 Using carbon isotopes
	The distribution of carbon isotopes in nature
	Combined oxygen and carbon isotope studies of carbonates - d18O vs d13C plots
	The d13C composition of seawater
	Biogeochemical evolution
	Carbon isotopes in CO2
	Carbon isotope thermometry

	7.5 Using sulphur isotopes
	The distribution of sulphur isotopes in nature
	Controls on the fractionation of sulphur isotopes
	Using sulphur isotopes in igneous petrogenesis
	Using sulphur isotopes to understand the genesis of hydrothermal ore deposits


	References
	Index

