* " Using Geochemical Data:

=] - . . -
w = Evaluation, Presentation, Interpretation
o iy
¥, Hugh R. Rollinson
» R | LONgman
e m Scientific &
L] :
wew | ToCchnical
Copubslisher in the United States with

Jahn Wiley & Sans, Inc., New York




Longman Scicntifie & Technieal

Longman Groop UK Limired

l.ongman House, Burne Ml Harlow

LEssex CM2Z0 21, England

and Assaziated Compunies thronghont the seorld.

Copublished in tie Unired Sratoy with

Fohn Wiley & Sous, fue., 0UF Thivd Avenne, Nem Yark, NY 10034

@ Longnan Group UK Led 1993

All rights reserved: no part of this publication may be reproduced, stored in
a retrieval svstem, or transmitted i oany form or by any means, clectronic,
mechanical, photocopying, recording, or otherwise without either the prior
written permission af the Publishers or o Heenee permitting restricted
copviny in the United Kingdom issued Ly the Copyright Licensing Agency Lid,
9 Torenhasn Cowrr Road, Tondon WIT 913E,

First published 1993
British Library Cataloguing-in-Publicacion Duata
A catalogue record for this book is available from the British Library

ISBN 0 382 06701 +

Library ol Congress Caraloging-in-Publication Data
A catalugue record for (his bonk is available from the Library of Congress

[SEN 0470 221542 (US5A only)

Set by RRI mn 10712 pt Phrhardr,
Produeed by Tongman Singapore Publishers (Pre) Tl
Printegd in Singapore



66

3258

33

3.31

Using rmajar element data

which they plot the ficlds of Archaean greenstone belt shales and Phanerozoic
shales. Bjorlykke (1974) plotted the (ALO;+K,0)/{MgO+Na,00) content of shales
and used it ag an indicator of volcanic-arc provenance.

Discussion

For voleanic igneous rocks there is a variety of chemical classification schemes
which work and which are simple to use, the best of which s the TAS diagram.
Plutonic rocks are more problematic. An adequate classification scheme exists for
granitic rocks in the O’Connor diagram but there is no simple and widely accepted
classification for all plutonic rocks. Probably, the most comprehensive is the R1-R2
diagram of De la Roche er of. {(1980) although this diagram is difficult both to
understand and to apply.

Variation diagrams

A tmble of geochemical data from a particular igncous provinee, metamorphic
terrain or sedimentary succession may at first sight show an almost incomprehen-
sible variation in the concentration of individual elements, Given that the samples
are likely to be geologically related, o major task (or the geochemist is to devise a
way in which the variation between individual rocks may be simplificd and
condensed 50 that relationships between the individual recks may be wdentificd. The
device which is most commonly used and has proved mvaluable in the examination
of geochemical data is the variation diagram. This is a bivariate graph or
scattergram on which two selected variables are plotted. Diagrams ol this type were
popularized as long age as 1909 by Alfred arker in his Nawral history of igneons
rocks, and one particular rype of variation diagram, in which $i0; is plotied along
the y-axis, has become known as the ‘Harker diagram’,

An illustration of the usefulness of vanation diagrams can be seen 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 cxcelient corrclation (cither positive or negative) berween cach of the
major elements displayed and S10,. Traditionally this strong geochemcal coherence
between the major elements has been vsed to suggest thar there is an underlying
process which will explain the relationships between the major elements,

Recognizing geochemical processes on a major element variation
diagram

Most trends on variation diagrams are the result of mixing. In igneous rocks the
mixing may be that of twe magmas, the addidon and/or subtraction of solid phases
dwring contamination or fractionat crystatlization, or mixing due to the addidon of
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i . melt increments during partial melting. In sedimentary rocks trends on a variation

diagram will also resulr from mixing, but in this case the mixing of chemically
distinet compenents which contribute to the composition of the sediment. In
metamorphic racks, trends on a variation diagram will wsually reflect the processes
in the gneous or sedimentary precursor, masked to some degree by specific
i ; metamorphic  processes such as metasomatism. In some  instances, however,
' deformation may ‘smear’ together more than one rock type, giving rise to 4 mixing
line of metamorphic origin.
Below we vonsider some of the more important mixing processes.

Fractional  I'ractional crystallization is a major process in the evolution of many igneous rocks,
crystaflization and is frequently the cause of trends scen on variation diagrams for igneous rocks.
The fractionating mineral assemblage 1s normally indicated by the phenocrysty
present, A test of erystal fractionation may be made by accurately determining the
[ composition of the phenocrysts using the electron miceaprnbe and then plotting the
compositions on the same graph as the rock analyses. If wends on o vanation
dingram are comtralled by phenocryst compositions then it may be possible to infer
thut the rock chemistry 15 controlled by crystal fractionation, Tt should be noted,
however, that fractional crystallizanon may also take place at depth and in this case
the fractionating phascs may not be represented in the phenocryst assemblage.
The importance of fractional cryvstallization was expounded ar length by Bowen
(1928) in his book The ecvolution of the ignevas rocks; he argued that geochemical
trends for voleanic rocks represent a fliquid line of descent’. This is the path taken
by residual liquids as they evolve through the differential withdrawal of minerals
from the magma. The ideas of Bowen now need to be gualified in the hght of
modern findings in the following ways: (1) trends idenrical to those produced by
' crystal fractionation can also Lo produced by partinl melting; (2) only phenocryst-

ey

% poor or aphyric velcanic rocks will give a true mdication of the liguid path; (3)
rarely does a suite of volcanic rocks showing 2 progressive chemical change erupt as
a tme sequence. Thus even a highly correlated trend for phenocrysi-free voleanie




(51} Using mgjor element data

22

16

her oxides

g

entage of or

Perc
G
T

46 47

80 (Wt %)

Frgere 314 Bivariate plots of the exides AlQ,, Cat), Mg, Ti0;, Na;,O ve 5i0)y in basalric lavas from
Kilzuea ki lava Jake from the 1959-196¢ cruption of Kilauea voleano, Hawaii (from Richter
and Moore, 1968). The data are given in Table 3.3,

rocks on a vanation diagram for a single voleano is unlikely to represent a liquid
line of descent. Rather it is an approximation e a liquid line of descent of 2 bundle
of similar, overlapping, subparallel lings of descent, Such lavas are not related w a
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single parental magma but rather tw a series of similar and related magmas (Cox et
al., 1979},

If phenouryst compositions cannot cxplain trends in @ rock series and a fraceional
crysrallization model does not appear o work, 1 6 mstructve o consider the
possibility of simultancous assimilation of the counrry rock and  f(ractional
crystallization. This process, often abreviated to AFC, was fivst proposed by Bowen
(1928), who argucd thae the latent heat of crystallization during fractional
crystallization can provide sufficient thermal energy to consume the wall-rock.
Anderson and Cullers {1987) argued for an AFC model to explain the major
clement chemistry of a Proterozoie tonalite—trondhjemite suite hosted by Archean
gncisses, The suite showed marked chemical varability but trends on Harker
diagrams were not compatible with any simple fractionation scheme based upon the
chemistry of minerals present, or onee present, in the original melt, Ther
calculations showed, however, that if in addition o crystal fractionation the mel:
was contaminated with a small amount (ce 7 %) of the enclosing Archean gneiss,
the observed trends were duplicated.

O’Hara (1980) has argued that contaminarion can resulr in the ‘decoupling’ of
the major and trace clement or sotope chemistry and 1s not always demonstrable
from the major element data. Yor example, contamination of a basalt precipirating
vlivine, clinopyroxene and plagioclase will result in increased precipitation of
fractionating minerals but may cavse only a minor change in composition of the
liquid as measured, for example, in its silica content. Trace element levels and
isorope ratios, however, will be changed and provide a betcer means of recognizing
agsimilation.

Progressive fractional melting will show a trend on a vardarion diagram which is
controlicd by the chemistry of the solid phases being added to the mele. However,
this can be very difficult to distinguish from a fractional crystallizadon wend on a
najor element variation diagram, for both processes represent  crystal-ligquid
equilibria involving almost identical liquids and identical crystals. One situation m
which progressive partial melting and fractional erysrallization may be differentiated
ig if the two processes ke place under different physical conditions. For example,
i partial meling takes place at great depth o the mantle and  fractional
erystallization 1s a crustal phenomenon, then some of the phases involved in partial
melting will be different from those involved in fractional crysallization.

Trends on vapation diagrams for scdimentary rocks may result from the mixing of
the different ingredients which constitute the sediment. There are a number of
examples of this effect in the heerature. Bhatia (1983), in a study of rurbidire
sandstones from castern Australia, shows Iarker diagrams in which there 15 2
change in mineralogical maturity, i.c. an increase in quartz coupled with a decrcase
in the praportions of lithic fragments and feldspar (Figure 3.15), Argast and
Donnelly (1987} show how strongly correlated tremds may result from two-
compongnl (quartz—illite, quartz/ feldspar—illite) mixing and curvilinear or scattered
trends result from three-component mixng (quartz—illite—calcite).

J—



70

Figure 3.15

The identifi-
cation of former
weathering
conditions from
sedimentary
rocks

Using major element data

1.2 TiO, 20 - ALO,
|O-—' :. ;.- 151 R _-‘-:
0.8 .. fer
%) . . T .
(- Yo g {Op SUL
O 4 + ‘! "\.". -"- '":u "
AR g
0.2 v . - .

Feld . Na
:-'_ L}
hi— . "' EL * *' )
(n/n) 4 - . ::. . -"-'
2= Ll
- « T3 .
I— .
., N
1 i | | | | l |
3l ) S Lt Mg
. B )
61— o ' A .
SO N ks = Nt
L A
] IR 1 L
B Y . 7 "'
] LI S [T R . Sialall R
60 0 RO 90 -0 /0 3¢ 90
i), (we %) 505 (wt %)

Harker variation diagrams for guartz-rich sandstone suites from castern Auostralia (after
£ 4

Bhatia, 1983). The ingrease in 5i0); reflects an inereased mineralogical maturity, 1.e. a greater

quartz content and a smaller propartion of detriral graing,

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

CIA = [ALO;/(ALO; + Ca0* + NayQ + K;0)]

In addition, weathering trends can be displayed on a (CaO® + Na,O) -
AlO; = K50 priangular plot (Nesbitt and Yeoung, 1984, 1989). On a diagram of this
type the initial  siages of weathering form a  mend  parallel to  the
(CaO + N2,0O) — AlyO; side of the diagram, whereas advanced weathering shows a
matked loss in Ky0O ag compositions move towards the Al apex (Figure 3.16).
The trends follow mixing lines representing the removal of alkalis and Ca in
solution during the breakdown of first plagioclase and then potassium feldspar and
ferromagnesian silicates,

The CIA and rrends on criangular plots have been used in two different ways.
Firstly, chemical changes in a recent weathering profile such as that tdlustrated in
Figure 3.16 are used as a template against which the chermical history of an ancicnt
profile can be read. Deviations from such trends can be used (o infer chemical
changes resulting from <diagenesis or metasomatism (Nesbitt and Young, 1984,
1989). The second application 15 o mudstones. The major and trace clement
chemistry of modern muds reflects the degree of weathering in their sotree (Nesbin
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Fignre 316 The (Nay O + CaQ) — Al — K70 diagram of Nesbitt and Young (1984, 1989) showing the
weathering trends for average granite and average gabbro. The advanced weathering trend
for granite is also shown, Compnsitions are plotted as moelar proportions and the
compositions of plagioclase, K-feldspay, muscovite and kaolinite are shown. CaO* represents
the CaQ associated with the silicate fraction of the sample.

el al., 1990); thus the chemical composition of ancient muds may be used i a
similar way to make inferences sbout past weathering conditions.

Mixing tn Banded gneisses from the Archaean Lewisian complex of northwest Scotland show
metamorphtic  linear trends on major element variation diagrams. There are two possible
recks  cxplanations of such trends. On the one hand the banded gnelsses may be the
product of the tectonic mixing of mafic and felsic end-members in the gneiss suite,
in which case trends on the variation diagrams also refleer this mixing (Tarney,
1976). Alternatively, the trend could be pre-metamorphic and magmatic in origin

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 flmd. Most commonly, clement
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 seale of several centimetres or more. The mobihty of major clemenrs s
controlled by three main factors — the stability and composition of the minerals in
the unaltered rock, the stability and composition of the minerals in the alteration
product and the composition, temperature and volume of the fluid phase.

LElement mobility may be detected from mineralogica] phase and compositional
changes that have taken place in a rock as a2 result of metwmorphism or
hydrothermal activity and from the mineral assemblages present in associared veins.
Seartered trends on variation diagrams are also a useful indicator, although chemical
alteration can somcetimes produce systemaric changes which may mimic other
mixing processes such as crystal fractionation. These apparent trends may result
from velume changes arising from the ramoval or addition of a single component of
the rock. Variation diagrams which can be used to identfy element maobility are
discussed in Scetien 49,3,

Table 34 summarizes the main mobile clements in a range of common rock

Maujor clement mability in common rock types under 2 varviery of hydrothermal condirions

Rock tvpe SP T Al Fe M | Mg | Ca [ Na | K I | Keference
Komadie x " Holom Arndt (1983)
Rasalt Hydrothermal ahecation - - + - - i - Morttl (1983)
Hasalt Hydrothermal alweration o= R S MacGechan and
Macd.cun (1950)
Basait Submmrine wenthering - + - | - - |+ Pearce {1976)
Basalt Weathering - - -] - - Pearce (1976)
Basalr Cireenschist fcics X ® ® | = Pearce (1976},
metamarphism Gelinas e of.
{1982)
Hasale Amphibolite lacics % » | = Rallinsun (1983)
metamarphism
Granite Weast hering X ol x |- = Mashit and
Young (1984
Granite {lontact metamorphizm + - - - | = + Yernon ef wf.
(1957}
*Crranite” Granulite facics - b Allen e al.
metarmorphism (14983)
Calcarvouws sediments Medium grade metamor- -] - Ferry (1983}
phism
Caleareous sediments  Contacl metamorphism x x kS Burcher-Nurminen
(1981)
Sandstone clay Diagenesis * * P 5 Boles and Franks
{1979}

Key: x, clement mobile; —, element depleted; +, element enriched,
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types under a varicty of hydrothermal conditions, Basaltic rocks are  well
documented and most studies show that T, Al and P arc generally immobile
whereas Ca and Na are almost always mobilized. Similarly, in granites T4, Al and P
are generally immobile, Scediments are not so well studied although chemical
changes during the diagenesis of a sandstone—clay sequence are well deseribed and
reflect the breakdown, with progressive burial of orthoclase and plagioclage and the
conversion of smectite o illite. At higher metamorphic grades litde is known except
for a comsensus that Al is immobile (FFerry, 1983).

Sometimes trends on a variation dlagram are artificizlly prodoced by the numerical
processes used in plotung the dara 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 conswaint (see Section 2.6). The most helpful way to circumvent this
problem s to examine trends on variation diagrams in the light of 1 specific
hypothesis 1o be tested, The closeness of Gic between the model and the data can
then be used tw evaluare the hypothesis.

Selecting a variation diagram

The two main types of vamation diagram <urrently used by geochemists are
considered in thig section — bivariate plots and triangular variztion diagrams.

The principal aim of a bivariate plot, such 2 that llustrated m Figere 314, 15 o
show variation beoween samples and to identty trends. Henee the element ploted
along the y-axis of the diagram should be selected either to show the maximum
varlability between samples or o llustrate @ particular geochemical  process,
Normally the oxide which shows the greatest range in the dat-set would be
selected; in many cases this would be 504, but in basic igneous rocks it might be
MgQ and i clay-bearing sediments Al 05,

In a reconnaisance geochemical study of a problem it might be necessary to
prepare 2 very large number of variation disgrams in order to delimit the possible
genlogical processes operating, In this case the mital sereeming of the data 15 best
donc by computer {(sce for example Barnes, 1988), It a correlation matrix is used, it
ig important to remember that good correlations may arise through a eluster of dara
points and a single outhier. Similarly, poor correlations can arise 1f the data-see
containg several populations, cach with a different rend.

More normally, and more fraitfully, however, most geochentical investigarions
are designed to solve a particular problem and 1o test a hypothesis - usually
formulated fromy geological or other geochemical data, In this case the ploting
parameter for o varation diagram should be selected as far as possible with the
process to be tested in mind. For example, 6 in the case of igneous rocks a crystal
fractionation mechanism is envisaged, then an element should be selected which is
conained in the fractionating minecal and which will be enriched or depleted in the
melt.

(a) Harker diagrams — bvariate plots wsing 5105 along the x-axis Variation
diagrams in which oxides are ploteed aganst 510, arc often called Harker
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diagrams. They ave the oldest form of varation diagram and are one of the most
frequently used means of displaying msjor element dara (see Figures 3,14, 3.13).
5i0; is commonly chosen as the plotting pacamcter for many igncous rock serics
and for suites of sedimentary rocks with a variable quartz content because it is the
major constituent of the rock and shows greater variability than any of the other
oxides. However, the very fact that 5i0; is the most abundant oxide means that
there are a number of inherent problems of which the user must be awarc. These
arc: (1) a negative endency (see Figure 3.15), (2} spurious correlarions and (3) a
reduced scatter of values as Si0; increases (sec the Al;Oq-510; plot in Figure 3.13).
These problems are fully discussed in Section 2.6,

(6} Bivariate plots whick use MgQ on the x-axis One of the most commonly used
alternatives to the Harker diagram 15 the MgO plot. This is most appropriate for
rock serics which include abundant mafic members, for in this case the range of
510, concentrations may be small. Mg(Q, on the other hand, 15 an important
compement of the selid phases in cquilibrium with mafic meles and shows a great
deal of variation either as a conseguence of the breakdown of magnesian phases
during partial melting or their yemoval during fractional crystallization.

(c) Bivariate plors weinp cations It is sometimes simpler to display mineral
compasitions on a variation diagram if major element chemical data are plotted as
cation %, that is the wo % oxide value divided by the molecular weight and
multiphicd by the number of cations in the oxide formula and then recast to 100 %
(see Table 3.2, columns 1-4 and 6); see for example Ifrancis (1985), An identical
calculation with the result expressed a4s mol % cations instead of cation 9% is used
by Hanson and Langmuir (1978) in their MpO-Fe(} cation diagram (sce Scction
3.3.4). Roedder and Emslie (1970) in a similar diagram use mol % of MgQ and
Fe() (see Table 3.2, column 7).

fd) Broariate plots using the magnesion monber "1he older geochemical literature
carries a large number of examples of complex, multi-element plotting parameters
which were used as a measure of fractionation during the evolution of an igneous
sequence. These are rather complicated to vse and difficult to interpret and so have
fallen into disuse. Towever, ane which is useful, and so survives, is the
magnesivim—iron ratio, or magnesivm number as it is somerimes called. The
magnesium—iron ratio is particularly useful as an mdex of crystal fractionation in
basaltic liquids {se¢ Oskarsson er of, 1982, Wilkinson, 1982) for here the Mg-Fe
ratio changes markedly in the early stapes of crystaltization as a resule of the higher
Mg-Fe ratio of the liquidus ferromagnesian mingrals than their host melts. The
magnesium—iron vatio is expressed cither i wi% form as 100[MgO/(MgO =+
FeO)} or 100[MgO/(MgO + FeO + Fe,0)] or as an atomic fraction as 100[Mg”*/
(Mg?" + Fe’*)]. The inverse of this ratio is also used as a measure of iron
enrichment.

Triangular variation diagrams are used when it 18 necessary to show simultaneous
change bepween three varables, However, this practice is not recommended ang
bivariate plots are to be preferred, since both the compuration of the plotting
parameters and the interpretation of the resultant trends ralse a2 number of
important problems (sce Section 2.7).
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The plotting procedure for triangular diagrams is illustrated in Figure 3.17, Thig
is most conveniently done by microcomputer and Topley and Burwell (1984) give
an example of # versatile interactive program written in BASIC.

(a) The 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 (NayO + K,0), Fe oxides (17¢0 + Fey0;) and MgO. The igneous ANM
diagram should not be confused with the metamorphic diagram of the same name
which is used to show changing mincral compositions in AlLO;-FeO-MgO space.
The plotting parameters are calculated by summing the oxides (NayO + K,Q) +
[(FeQ + Fe,05) recaleulated as FeO] + MgO and then recalculating each as a
percentage of the sum. There is some ambiguity over the way in which the Fe-
oxides should be treated and the following alternatives are In current gse:

------ 17.6% B

aG 10

\ ) L l L.k | 1 L.
A 0 7 30 30 70 % C

l)(I L:-

18.4% (.

Construction lines for plotting the point & = 54 %, B = 27.6% and € = 1849 on a
triangular diagram. The values are plotted as follows: variable B is 100 9% ar the wp of the
plotting triangle and © % along the base of the triangle and so, counting upwards {rum the
base (the concentrations are given on the vight-hand side of the telangle), the horizontal line
representing 27.6 % is Jocated. In 2 similar way the line represening 34 % A is located,
paraliel to the right-hand side of the riangle. The point at which the two lines intersect is
the plotting position, 1I'o check thaz it las been accurately located, the line for variable C
should pass through the intersection of the two other lines.
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F = (FeO + 0.8998ke,05), ic. all Fey Oy converted to 10
1% the same as

T = tofal (FeQ + Fe;Oq) expressed as FeO ie. FeOyp)
but different from

I = (FeQ + Fe,05) expressed as raw wt %

In addition some authors include MnQ wirh the Fe-oxides. Rickwood (1989) has
shown thar the differences are minor and are unlikely to result in serious
misplotting; nevertheless it is recommended that a standard procedure is adopred
and that F is calculated as toral Fe, i.e. (FeO + FeyOy) recast as FeO. This then
accommndates XRF analytical dara in which the separate oxidation states of won
cannot be determined,

Most authors use oxide wt % when plotting data on an AI'M diagram but in a
few cases atomic proportions are used and it is not always clear which method has
been adopted. The shape of the trend is similar in each case but the position of the
atomic proportions plot is shifted away from the l'e apex relative to the position of
the oxide plot for the same data (see Barker, 1978).

The AFM diagram is most commonly used to distinguish between tholeiitic and
cale—alkaline differentiation trends in the subalkaline magma series. Kano (1968)
and Irvine and Baragar (1971) present dividing lines scparating the rocks of the
cale—alkaline series and rocks of the thoeleiite series (Figure 3.18). Kuno’s boundary
line yields a smaller area for the tholeditic suite. Both authors use wt % plots in
which F is calewlated as {FeQ) -+ Fe,0y) expressed as Fe(). The courdinates for the
boundary lines are given in the caption to Figure 3.18 (Rickwood, 1987).

Examples of the trends characeristic of the tholeiitic and calc—alkahine rock
serics are also plotted in Figure 3.18. The tholeitic trend 15 illustrated by
Thingmuli volcano in Iceland and the cale-alkaline rend is for the average
compositions of the Caseades kavas (Carmichacl, 1964).

(b)) Problems in the use of the AFM diagram Tt is important to note that the AFM
diagram is limited in the extent to which petrogenetic information may be extracted
(Wright, 1974). This is chicfly a function of the trivariate 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 pxide weight percentages
and cannot thetefore fully represent the rack chemustry. In addition, when plotting
a rock series different proportions of each rock are normalized to 100 %. s
distorts the plotted values. TFor example, m a series of voleanic rocks with a
compositional range from basalt to dacice about 40 % of the basalt is used when
plotting onto an AFM diagram whercas only about 15 % of the dacite is used, A
further problem with the trivariate plotting procedure has been noted by Butler
(1979), who argues that not only do trends on an AFM plot lead to non-guantitative
expressions of mineralogical control but that the trends themselves could be an
artefact of ternary percentage formation (sec Section 2.7).

Barker (1978) advocated plotting mineral compositions on an AFM diagram in
addition to rock compositions to assess mineralogical control of magmatic processes,
However, this approach can oply be semiguantitative since the lever rule (sec
below), which warks well in bivarfate plots, cannot be applied because of the
disparate proportions of the compositions before projection. Thus AFM diagrams
cannot be used in petrogenctic studies Lo extract quanlieative miormarion about
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An AIPM diagram showing the boundary between the cale—alkaline field and the tholeiiric
field after Kuno (1968) and Irvine and Baragae (1971) (heavy lines). Also shown are lava
compositions and trends {fuint lines) for a typieal tholeiitic sequence (Thingniuli voleano,
leeland — shown as flled cireles — from Carmichacl, 1964) and a rypical cale alkaline trend
(the average compaosition of Caseades lavas - shown as open rings — from Carmichael,
1964). "T'he coordinates for points on the boundary lines of Kuno (1968) are ATM ¢
720,240,408 50.0,39.5,10.5; 34.5,50.0,15.5 21.557.0,21.5, 16.5,38.0,23.5; 12.5,53.5,32.0;
9.5 80.5,40.0; and for Irvine and Baragar (1971), AFM: 38836250, 47.042.4,1010,
20.6,52.6,17.8; 25.h,5H06,20.0; 214546240, 194528278, 18451.1,300; 16.6,43.440.0,
15.0,35.0,50.0 (from Rickweod, 1989).

processes. 1his muse be done using bivariate oxide diagrams. The main usefulness
of AFM diagrams, therefore, is to show trends which can be used 1o identify rock
gerics as illustrared above.

inally, however, it is worth noting that trends can be gencrated on an A'M
diagram which have no geological meaning at all. e Maitre (1976) plotted 26 000
samples of unrelated igneous rocks collected from around the world onte an AFM
diagram and showed that they defined o marked cale-alkabine trend. He concluded
that unrelated analyses taken at random can define trends on an AIPM diagram and
urged caution in interpreting such trends. A closer inspection of his data shows,
however, that the samples are not entirely random sinee about 83 % of the rocks
were collected {rom 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

It has been shawn above that there arc a vartety of processes which can produce
similar-looking trends on major clement variation diagrams. It is important
therefore o discover the extent to which these scveral processes might be
distinguished from one another and identified.

L Extract
calewdations

One approach is to try to caleulate the composition of the materials added to or
subtracted from a magma and to guantify the amount of material involved. This
may be done using an extract calculation, a device described in some detail by Cox
el al. (1979),

‘The methed is illustrated in Figure 3.1%a), in which the chemical compositions
{expressed in terms of variables A and B) of both minerals and rocks are plotied on
the same variation diagram. Mineral X crystallized {rom liquid L, and the residual
liquid foltows the path te L;. The distance from L, to I, will depend upon the
amount of crystallization of mineral X.

This may be quantificd as follows:

Fa : ‘The amount of 1.5 is proportional to the distance X-L,
' The amount of X is proportional to the distance 1.,-1,;

Thus:

, The percentage of L, = 100 x X1.,/XI.,
S Percentage of X = 100 x L1,/ XL,

This relationship Is known as the lever rule.

If there are two or more minerals crystallizing simultaneously from liquid L, in
such proportions that their average composition is C [Figure 3.19(b) and (c)], then
the liquid path will move from C towards L. The proportion of solid to liquid will
be given by the ratio 1. 1.,;: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 above, the
predicted trends are straight. However, this not always the case and minerals
showing solid solution may produce curved trends during fractionation. This is
more difficult to quantify.

.Lz - L!
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wt % A
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wt % A
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Figure 309 Bivariate plot showing extract calculations for crysral fractionation. (a) Mineral X is removed
from liguid Ly and the liquid composition moves from L, to Lo, (B) Mineral extraet C (made
up of minerals X and Y} is removed from liquid L; and drives the liquid composition to 1.,
{c) Mineral extract C (made up of the minerals X, Y and Z) is removed from liquid 1., and

i drives the resultant liquid compasition to L.
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Addition—subtraction diagram for rocks A and B. The back-projecrion of wends for AL,
Ca0), "Ti05, NayO and K0 are reduced o zero and converge 2t 5i0; 415 %, Mg and e
values at $i0), 41.5 % indicate the composition of the olivine removed from rock A to
produce composition B (after Cox o2 al, 1979).

An extract caletlation for a partial melting trend will nor resolve into cxact
mineralogical constituents, whereas one based on a fractional crystallization trend
should resolve exactly. Unfortunately these observations may not be as useful as
they first appear, for Cox g¢ af. (1979) point out that extract calcularions are inexact
whien the minerals plotted show complex selid solution and that there are statistical
uncertainfies in fitting a straight line to a trend on a variation diagram. Thus in
practive the differences between the effects of parrial melting and fractional
crystaflization will be difficult to obscrve because of the imprecision of the method.

An alternative approach to identifying the composition of the solid phase 15 10 use
an addition—subtraction diagram to calculate the composition of the phase(s). In this
cage, rather than just using two clements, the entire major element chemistry of two
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or more rocks is used. The method is illustrated Figurc 3.20, in which the oxide
concentrations of two rocks are plotred on a Harker diagram showing seven
superimposed oxides. Back-projection shows that five of the elements converge and
reduce to zera at $1.5 % Si0),, consistent with olivine control. The composition of
the olivine can be estimated from the diagram and a simple caleulation 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 Kilauca Tki lava lake in Figure 3.14.

in some volcamic rocks, particularly members of the calc-alkaline series, there
may be a very large number of phenocrysts (olivine—clinopyroxene-biotite-
plagioclase. K—feldspar—sphene—apatite- magnetite).  In this  case  graphical
methods may not easily produce a solution and the calculation 1s better handled by
a computer, It is important to note, however, that there may not be a unique
solution to more complex extract caleulations. In andesites, for example, there is the
ambiguity that the mineral assernblage  (plagivelase—olivine  or  orthopyr-
oxene—angite-magnetite) is chemically equivalent w hornblende (Gill, 1981).

Fxtract caleulations may also be limited in their use if (1) the liguid line of
descent is actually a mix of several lines; (2) solid solution changes the compositien
of the crystallizing phases duning fractionation; {(3) the phenocrysts present in
Magma are not represcntative of the fractionating phases.

Some variation diagrams show segmented trends. In this casc the infleetion is
senerally taken to indicare cither the entry of a new phase during crystal
fractionation or the loss of a phase during partial melting. Figure 3.2 shows a
a0 -MgO variation diagram for Hawailan lavas (Peterson and Moore, 1987).
Below about 7% MgQ, CaQ corrclates positively with MgO, indicating the
removal of CaQ and MgO from the liquid in the coprecipitation of plagioclise and
clinopyroxene. Above 7 % Mgl CaQ and MgO correlate negatively because this
part of the trend is controlled entirely by elivine. Inflecrions are not visible on all
variation diagrams of a rock serics and will only be apparent where the chemistry of
the extract is reflected in the plotting parameters. However, when inflections are
present they should be located at the same point in the rock series in each casc.
Inflections are most obvious where the number of fractionating minerals is small,
such as in basaltic melts. In cale-alkaling voleanic rocks, where the number of
fractionating minerals is large, the enmtry or exit of a single phase may not
sufficiently affeet the bulk chemistry of rhe melt to feature on a variation diagram.

Variation diagrams sometimes show a cloud of data points racher than a neat linear
wend. In the case of scdimentary rocks, this may be a function of the mixing
processes leading to the formation of the sediment. In igneous rocks, however,
where liquid—crystal cqunlibria 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 igncous o sedimentary
processes.

Some common reasons for seattered frends on yaration diagrams for igneous
rocks are:

(1) Not sampling liquid compositions. In highly porphyritic volcanic rocks much
of the noise’ in the data may be duc to the accumulation of phenoerysts, In
the case of many plutonic rocks it 1s very difficult to prove from field
observations that the samples collected represent Iiquid compositions and in
some cases it is highly improbable,
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Hivariate plot of CaQ) v MgQ for basalts and related rocks from Hawaii. The change in slope
at about MgQ) 7 % sugpests a change in the fractionating phases at this point (after Peterson
and Moore, 1987; courtesy of the US Geological Survey).

(2}

(5)

The samples are not from o single magma. This can be rrue even for lavas
from a single voleano.

A changing fractionation assemblage during fraceional crystallization.
Sampling procedures; parameters such as sample size relative to the grain size
of the rock, sample heterogeneity and the number of samples collected are all
relevant in different contexts. The problem of sampling bias is well illustrated
by Neilsen {1988), who cmphasizes the necessity for derailed sampling if the
process to be resobved takes place on a fine scale.

Uncertainty in the analytical measurements. This may be due to the fact that
analyses were made using different techniques or in different laboratories —
borh practices to be avoided if the data are to be plotted on the same diagram.

“Phere are a number of computer programs which can be used to interpret trends on
varfation diagrams and to selve mixing problems of the type described above.
Fractional erystallization, for instance, may be expressed as:

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

In this case a graphical solution witl not yield a precise result whercas o computer-
lased, iterative mathematical procedure can estimate the proportions of the relative
fractionating minerals. Sirpilar formulations for mixing resulting from assimilation
and partial melting may also be derived and these are equally amenable to computer
sofution.



."E L g2 Using major element data

i Mixing programs of this type have been described by Stormer and Nicholls
(1978) and Le Maitre (1981); these works include the computer source code in
FORTRAN IV. Their aim is 0 minimize the difference between a measured rock
composition and 4 composition calculated on the basis of a mixing hypothesis. The
success of any model is estimated from the residuals of the caleulation — rhe
differcnce berween 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 to be tested is whether the highly differentiated Umatilla *basalt is
derived from the less evolved Lolo basalt, The differences between the calculared
composition and the actual composition of the Lolo basalr, using the mixing
program of Wright and Doherty (1970}, suggest that the solution is acceptable.
Examination of the residuals (the ‘diffcrence’ in Table 3.5) confirms this, for they
are small and the sum of the squares of the residuals is also very small,

Before accepting the results of such a caleulation, however, they should be
evaluated petrologically and the postulated fractionating phases (their relative
proportions and their compositions) should be compared with the phenocrysts
present in the lava svite, Where the rock has a complex history the mixing may be
betrer formulated as a series of steps. Furthermore, it is important to stress that
x whilst 2 computer solution will produce & best-fit result, the result is not necessarily
unigue. Accordingly many workers seek to test mixing models initially proposed on
the basis of major element chemistry with trace clement data.

3.3.4  Modelling major element processes in igneous rocks

e An alternative to the deductive use of variation diagrams in explaining petrological
: processes is an inverse approach in which the major element chemistry of an
igneous suite 15 predicted from an initial starting composition. This type of major
clement modelling has been used chiefly to investigate fracrional crystallization,
although it also has other applications. The aim 18 to caleulate, in a given silicare

Tuble 3.5 Diifferentiation of Columbia River basalt {Wright, 1974)

Lalo basalt = Umatilla basalt + olivine + augite + plagioclase + Fe="Ti oxides + apatite
Praportion 5i0;  TiO; ALO; Fe® MnOQ MgO (a0 NypyO KO0 RO,

Bl

: . (%)
o doottt! Umatilla basalt 4476 % 5494 264 1387 1258 022 270 627 324 260 102
: Olivine 377% 3641 002 083 3052 025 3165 035 000 000  0.00
Augite 1873% 51.89 041 16l 1365 032 1473 1663 021 006 006
Plagioclase 2516% 5457 000 2895 000 000 000 1116 514 021 0.00
Fe-Tj oxides 695% 010 27.38 153 6883 D44 176 000 000 000  0.00
_ Apatite 067% 000 000 000 000 000 000 3600 000 000 44.00
| Calculated composition 4941 325 1301 1411 020 528 G911 278 122 076
18 Lo Lolo basalt 4934 324 1391 K10 026 528 912 281 125 076
i \
i Difference (Tolo — calculated) —0.07 001 —0.02 -0.01 006 000 001 003 003 000
Sum of squares 0.011
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liquid, the naturc of the first crystailizing 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
clements between mincral phases and a coexisting silicate melt may be calculated
from experimental phase equilibrium data using regression technigues. Secondly,
mineral-melt e¢quilibria can be determined from  minerab-melt  distribution
coefficients, A third, less empirical and more complex, approach is to use
equilibrium thermodynamic medels for magmatic systems. These require a
thermodynamically valid mixing model for the liquid and an internally consistent
ser of solid liquid thermocherical data.

The semi-empirical regression method was used by Nathan and Van Kirk (1978)
to relate liquidus temperature 1o melt composition. From this relationship they
were able to determine mineral compositions and the fractionating mineral
assermblage at 1 atm pressure in both mafic and felsic liquids. Hostetler and Drake
(1980) also used a regression technique but caleulated solid- Liquid distribution
cocfficients for eight major element oxides in the silicate melt. "I'his permitted the
caleulation of phase cquilibria for melts containing elivine, plagioclase and pyroxenc
from the melt composition but did not provide information on  liquidus
temperatures.

The alternative 1o the semi-empirical experimental approach to major element
modelling is the thermodynamic modeiling of silicate melts as described by Bottinga
et al. (19813, Ghiorso (1985) and Ghiorso and Carmichacl (19853). Ghiorso (1985)
hzs developed an algorithm for chemical mass transfer in magmatic systems which
predicts meft composition, mineral proportions and mineral compositions, and
Ghiorso and Carmichael {1985) have demonstrated its usefulness when apphed to
fractional crystallizarion 2nd 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 melung which can cope
with the multiphase, multicomponent naturc of the Earth’s crust and mantle ar a
range of pressures, Hanson and Langmuir (1978) and Langmuir and Hanson (1980)
modetled basaltic systems from single-cloment and single-component mineral-melt
distribution coefficients. These are combinged with mass balance considerations and
the stoichiometry of the mineral phases to caleulate phase equilibria. Particularly
interesting is their model for the partial melting of mantle pyrolite at 1 atmosphere
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
MgQ and FeQ in the resultant melts and residual solids. These results are
presented on an MgO-FeO cation % diagram which shows a field of melts and of
residual solids, both contoured for percentage partial melting and temperature
(Figure 3.22). Superimposed on the melr ficld are fractional crystallization trends
for olivine in mclts 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 ficld of permissible melts and for primary mele 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 erystailiza-
tion trends demonstrated (Langmuir and Hanson, 1980; Francis, 1985).
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Fields of partial melt and residue, calibrated in liguidus temperature and percentage melring,
for the partial melting of mantle pyrolite plotted on 2 FeO-MgO diagrum expressed in
cation mel % (calculated after the method of Hanson and Langmuir, 1978), The parent
compaosition is where the two fields meer. The curved lines with small ticks show the trend of
olivine fractional crystallizarion; the ucks are at 5% intervals (Fom Langmuir and Hanson,
1980).

Biscussion

Finally, it should be remembered that variation diagrams which utilize only the
major elemnents have their limitations. Rarely can geological processes be uniguely
identified from variation diagrams which use the major clements alone, and
diagrams incorporating either trace clements or isotopes, as discussed in succeeding
chapters, must also be employed.

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

A number of igneous systems have been sufficiently well determined in the
laboratory to allow the geochemist to interpret natural rock compositions in the
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The pertocic wble of the clements, showing ehree main groups of ace cluments, which are
often treated together m peochermistry beeause of their relative positions in the tzble. These
are the elements of the first transition series, the platinum group elements and the rare earth
clements. The elemenrs which are shaded are also important crace 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 ke advantage of subtle
chemical differences and fractionate ¢lemenes of a group one from the other. Thus
one of the tasks of trace clement geochemistry is to discover which peological
processes may have this effeer and to quantify the extent of a particular process,

When the Eareh’s mantle 1s melted, traee elements display a preference either for
the melt phase or the solid (mineral) phase. Trace elements whose preference 15 the
mineral phase are described as compatible, whercas clements whose prefercnce 1s
the melt are desceribed as incompatible

1.c. they are incompatible in the mineral
structure and will leave ar the first available opporrunity. Incomparible clements
have also been called hygromagmatophile, a torm first introduced by Treuil and
Varet (1973).

In detail there are degrees of compatibilty and incompartibility and trace clements
will vary in their behaviour in melts of a different composition. For example, P s
incompatible in o mantle minerzlogy and during partial melting will be quickly
concentrated in the melt. In granites, however, even though P is present as a trace
clement, it is comnpatible 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 clectrostatic charge per unit surface area of the cation. It s also
described as the ionic potential of an clement and is quantified as the ratio of the
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valence to the wme rading. Figure 4.2 shows a plot of ionic radius vs charge for
maost of the trace elements studied 10 geochemistry. Small highly charped cations
are known as high field strength (HES) cations (ionic potential > 2.0) and large
cations of small charge are known as low field strength cations {jonic potential <
2.0. Low field strength cations are also known as large ion lithophile elements
(LILE)., Elements with small jonic radius and a relatively low charge tend to be
; : compatible. These include a number of the major elements and the transition
metals, Figure 4.2 shows the main groupings of rrace elements and highlights the
siilarity in ionic size and charge between some clement groups, Elements with the
same 1omic charge ang size are expected o show very similar geochemical
behaviour.

High field strength cations mclude the kinthanides Se and Y, and Th, U, Pb, Zr,
Hf, Ti, Nb and Ta. The clcment pairs 11f and Zr, and Nb and Ta, are very similar

; i ; in size and charge and show very similar geochemical behaviour. Low field strength,
vl large ion lithophile cations mehude Cs, Bb, X and Ba. To these may be added 3Sr,
, i divalent Eu and divalent P — three elements with almost identical 1onie radit and
; | charge.
i

:

4.2 Controls on trace element distribution

Most modern quantitative trace element geochemistry assumes that trace clements
are present in a mineral in solid solution through substitution and that their
. concentrations can be deseribed in terns of cquilibrium thermodynamics. Trace
TR clements muy mix in either an ideal or 4 non-ideal way in their host mineral. Their
' very low concentrations, however, lead to relatively simple relationships berween
composition and activity, When mixing is ideal the relationship between activity
and composition s given by Raoult’s Law, ic.

i -
P ‘ & = Xi [.4-1‘]
i where «; is the activity of the trace clement in the host mineral and X, is irs
' cOmpasition.

If the trace element interacts with the major components of che host mineral, the
i 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 direct]ly proportional to its composition:

o] = kx| 4]
ak where & is the Henry’s Law constant — a proportionality constant (or activity
[ cacfficient) for trace element /7 in mincral ;. Henry's Faw seems to apply to a wide
' range of trace element concentrations (Drake and Holioway, 1981) although at very
low concentrations (< 10 ppm) there are deviations from Henry's Law behaviour
{Harrison and Wood, 1980). llenry’s Taw 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 scructural constituent of a minor phase, such as Zr
in zircon, Heney's Law behaviour does not strictly apply.
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Figure 4.2 Plot of fonic radiiug vs fomc charge for trace clements of geological interest. An ionic

: potential (churge/size rario) of 2.0 subdivides the ineompatible elements inte low field
! strength (LLI'S) elements, also known as lavge ion lithophile elements (1LILY and high field
8 - . .

i strengih clements (FIFS). Compatible elements are placed towards the bottorn, lefi-hand

corner af the dingram. The inaic radii are frum Shannon (1976) and are quoted far cight-fold
coordimation to allow a comparison between elements, Some of the first transition series
metals (transition clemenes) and the PGE elements, are quoted for six-fold coordination.

b
i The relatively simple mixing relationships between trace clements and major
-; elements in their host minerals giean that the diseribution of trace clements berween

minerals and melt can be quantified in a simple way, as outlined below.
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Partition coefficients

The distribution of trace elements between phases may be described hy a
distribution coefficient or partition coefficient (Mclntire, 1963). The Nernst
distribution coefficient is used extensively in trace clement geochemistry and
descnibes the equilibrium distribution of a (race element between a mineral and a
melt. The Nernst distribution coefficient is defined by:

Kid=(C gllé:::.gl':l”/c::lilﬂ[t“—!m [4%]
where Kd 15 the Nernst distribution cocflicient, and € 15 the concentration of the
trace element 7 1o ppm or wt %, An example would be 500 ppm Sr in a plagioclise
phenoeryst and 125 ppm Sr in the glassy matrix of the lava giving a plagioclase/
silicate melt Kd of 4 for Sr. The Nernst distribution cocfficient as defined above
includes the Henry's Law constants for trace element 7 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 coneentration of the trace element of intercst nor by the
concentration of other trace elements. Similar partition coefficients may be written
for mineral-fluid or mincral-mineral distributions. A mineral/melt  partition
cocfficient of 1.0 indicates that the clement i cqually distributed between the
mineral and the mele. A value of greater than 1.0 implies that the trace element has
a ‘preference’ for the mineral phase and in the mineral-melt svstem under
investigation is a compartible clement. A value of kess than 1.0 implics that the rrace
clement has a ‘preference’ for the melt and is an mcompatible clement,

An alternative mode of formulation of the particion cocfficiene {although not
commmonly used) 15 the two-component partition cocfficient. This may be used
when the trace clement is replacing an identified major element e the host mineral.
A good cxample would be Ni substitution for Mg in olivine, In this <ase the
partition coefficient (K, ) is defined by the expression

Kl‘) (‘/J') = I_){i/‘/‘(}JSUHL]/{_;X}/.X}]Liqum [44]

where /s the race element and 7 is the element in the host mineral which is
replaced by 4/, and X is concentration either in wt % or mol %,

Two-¢lement partition coefficients have the advantage that they do not vary as
extensively ag single~element partition coefficients with changes in melt composition,

A bulk partition cocfficient is a partition coefficient calculared for a rock for a
specific element from the Nevnst partition coefficients of the constituent rminerals
and weighted according to their proportions. It is defined by the expression

[_),- = .'(']Kffl + .\.‘de'g + .1’31{(!3 e H‘S}
where ;18 the bulk partition cocfficient for element /, and 1, and K4 ce. are the
pereentage proportion of mineral 1 in the rock and the Nernst partition cocfficient
for element 7 in mineral 1 respecrively.

In a rock containing 50 % ofiving, 30 % orthopyroxene and 20 % clinopyroxene,
the bulk particion coefficient (D) for the trace clemnent / would be

D= 0.5 K4 + 0.3 KdP™ + 0.2 K4

Partition coefficients can be determined in natural systems from the analysis of
minerals and their glassy matrix in rapidly cooled volcanic rocks. Provided sufficient
car¢ 18 given to obtaining a clean mincral separate from unzoned minerals and a
sufficiently sensitive analytical technique is used, mineral/mairix or phenocryst/
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matrix partition coefficients can be very reltable and are frequently used. Many of
the early mineral/melt partition coefficient measurements are of this type (e.g
Philpotts and Schnetzler, 1970).

An alternative to using natural systems is to use experimental dafa in which
synthetic or natural starting materials are doped with the clement of interese. This
approach has the advantage that variations in temperature and pressure can be more
carefully monitored than in natural svstems. Flowever, it is important to attempt to
establish Henry's Law  behaviour when  determining  trace  elernent  partition
cocficients, for this then allows the result to be extrapolated to other compositions
and use to be made of the result in petrogenetic modelling (see e.g. Dunn, 1987).
Trving (1978) gives an cxcellent review of experimental determinations of partition
cocfficients up until 1978,

Many geochemistry rexts contain compilations of mineral/melt partition coclficients
for use in trace clement modelling. Moweyer, great care must be taken in applying
these data, for experimental studies have shown that the Nernst partition coefticient
can vary exeensively according to the temperature, pressure, composition and
oxygen activity of the melt. Disentangling these separate effects in experimental
studies and then taking full account of them in petrogenetic modelling can be a
serious problem. In an clegant study based on a very large number of experiments,
Green and Pearson (1986) shaowed how the partition coefficients for the REL in
sphene vary according o tenperature, pressure and rock composition (Figure 4.3).
Their work illustrates how meaningliess a single mean value for a partition
cocfhoient can be, even when the melt composition has been specified. However, we
are not always i the {ortunate position of having as much information available as
this and it is often necessary to ‘make <o’ with the available data. Below we discuss
the extent to which different variables may affect partinion coefficients.

(et} Composition Withour doubt, mell composition s the most important single
factor controlling mineral/melt partition coefBeients. This was demonstrated in
studies by Watson (1976) and Ryerson and Hess (1978), who showed that elementy
partitioned berween immiscible acid and hasic melts show distinct preferences for
one¢ or other type of mele. It is for this reasun that the partition coefficients listed in
Tables 4.1 to 4.3 arc grouped aceording to rock type and the silica content of the
melt. The composition contro] of mineral/melt partition coefficients berween the
REE, and hornblende is ilustrated in Figure 4.4,

¢t} Temperarure A number of experimental studies show that partition coefficients
are . tunction of temperature (Figure 4.3). Tor example, 1unn (1937) found rhat
the partition coefficients for TLu berween olivine and basaly, and Lu and HE betwueen
clinopyroxene and basaly, all decrease with increasing temperature.

Sometimes uncavelling the separate offoets of temperature and compaosition can
be difficult, especially where the liquidus temperature of a melt s a function of
composition. Such is the problem with Nipartitioning berween olivine and a
basaltic melt, ‘Tweo experimental studies, published at the same time, seem o show
conflicting results, Leeman and Lindsteom (1978) showed that the prime control on
the olivine partition coefficient for Ni in a natural basaltie melt was temperature
whilst Hart and Dawvis {1978) showed that there iy clear inverse correlation between
the melt composition and partition coefficient. To resolve the apparent conlhic
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Table 4.1 Mineral/melt pactition coefticienrs for basaliic and hasaltic andesite liquids
Olivine {htho- | Clinopyrexene |1Torsblende Phlog- | Plagimtase Gurnet Mag- | Sphene
: pyTiNene opite netity
¥
Rb | 0.0098 ne22  |eodt 0. 06 (D47 0042
. ar [0.0140 0040 |DR0 0.4 0.081 1830 0012
Ha | 0.0099 0.3 |ene 0.42 1040 10,230 NEE}
b K |0.0068 0414|003 0.6 0170 0.013
I
: (Refy (6 {6 Mm@
- Y [o010 .18 0400 1.5 w3 [ooso 9,00 %
ﬁ} Ti |tz 010 0400 1.50 050|000 0.30 7.30
f ) “r [0z 0,138 0,118 (.50 15630 | D60 0048 aizi | tes 0,70
] | Hf 0013 0.263 0.50 1.5335 0.051 GO | o4s e 0.2%0] 2.0-40
i‘- | N | 0.010 015 0,005 0.5 Lop ool .02 D4 [+63
- Ta 013 0 1.0-10 (13
0l Th 0.030 0.50 0.0l
} li U ooz 0.040 010 0o
1
A
! l
{- Refh (| M Mmoo m mowm | @ W m m| @
! : la 00067 01.036 025 0542 I 01477 o4 0.026[1.5-20
§ l Co (00069 0.0060] 0.02 0I5 0092 (020 032 A0 00 0200 0111 ADRIFE 003 0007 0051[1.3-30
ﬁF J‘FI Pr
F }.; ~al {00060 0,0059] 0.03 n31 o 0.230 [0.33 1.3395 | 0.032 [0081 0090 0351 007 002 10 30
z 11‘ Sen | 00066 0.007] 0.05 030 OH3 (0520 1400 LADIR[ 0031 |00R7 007 03l 02e 0002 a6 1122
f [ Lu | 00068 0.0074 003 NG 0474 (04 1200 15365| 0030 [@30 043 11235 ] 049 0245 1000|06-1F
- Gl [ 0177 QL01en| one 061 0.556 (.63 20163 | 003|063 0071 003107 D97 Q680 20K
}' 1 : Th 0,570 L3 0,705 1.0-20
1 Dy [ 00096 0.0130] 035 068 0.382 [ned 20235[ 0030|0055 0063 00228 [ 107 1es 4000
s . i 1673 13200
‘ L‘! e [oinn onzsel o2 063 0383|033 L7400 0,034 [0063 0057 002 | 056 470
![ (& Tm 1.0-24
: Yhio00 G049| 0l 62 0342 (049 120 Led20]042 |0067 0056 90232 LA 6167 3560 0014
| I L | 00060 (0434] 0.42 056 0306 (043 LI RE625[0.046 |D0h 0033 00187 {1090 6550 HLOD
e
i
ql Ni | 5.0-29 8 1314 P4 20
' Ce | 660 2-4 0.5-2.0 2.00 0.7-1.8 0.955  0.640 74
j’ J;‘ v o6 06 1 340 260
J Cr i0.70 10 3+ 125 (6-29 1345 0060 | 1530
B¢ 17 12 1.7-3.2 2142 5500 2600
i Mnf 143 i 0.3-1.2
|
I

L3ata from compilation of Arth (1976); compilation of Pare and Morvy (1979, Green ef ol (1989); Schock (1979, Fujimaki of wl (1984); Dostal ef

wh (1983% compilation of Hendurson [1982); Leeman and Lindstrom (1978); Lindstrem md Weill (1978); Green and Pearson (1987), REE dara: (1)

vompilation of Arth (1976); (2) Fujimaki o al. (1984); (3} basalric compositions [Arth, 1976), Eu from Green and Pearson (19853} () basaltic

anlesite (Lyostal or ady 19833 (5) Sehack (1979 (8) mean of two basaltic andesites Si0; = 55 S and 57 26 from Fujimaki of «f. (19843 (7) men of
2 hasalis + | basanite + 1 alkali olivine basalt (Irving and Froy, 19783 (8) hawaiive (510, = 48.7 %) (Irving and Frey, 1978).
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Tuble 4.2 Mineral/melt partition coefficients for andesitic liquids
Clivine [Oethopyroxenc Clinopyrosene Flornblende | Plagioclase Ciarner | Magmaerine Sphene
(Rt} (8} (7} () [ERA)] (3) {8) {7 1y {7 €]
Rl 0022 0020 0013 DARD 0033 070 .0m Q.010
J Sr 032 0080 0033 2 04 252 .60 1500 2,010 naan
s 13 (013 0020 D040 0.1¢0 0.503 L1585 0100 BRI ]
1 [ NS G020 noll (L33 117 0110 anla (010
; l (Refl}] (0.7} () 7 {0} {7 {6,7) {H) &} 7 {2.6) 7 (#)
] Y DD [ (430 1301 25001 0.060 Q613 1100 0.501
; ‘T ILa3 | 0.250 RSt 00| 0.050 0}.500 PR
3 4T e faae oo 62 270 100 [ 0.0 [{RIITH] 13,300 0.200
[ 0 0.051 0,100 1173 0250 0.013 0.570
'. Nh (L0300 14.350 (3300 Lol | 0023 1500 .00
i Ta 17,000
T 3O 0050 1.4910 13,1300 {0110 (1100
(et} th )] (%} m 7) (% (€} (n (5) () {7 (2) {7) {1
La (k3L 0447 M0 [ 0302 0228 4.0%0 240
3 e DOZE 0050 003 | 0084 0230 NR03 0221 013 0080 0.200 1,200
i I*r
: Nl 0428 0047 | LIRS 0.643 0149 0115 {43
sm g Q00 nod2 | 0377 0750 04954 L2 ooz 0077 0017 0114 1,250 0.3a0 {sRVHi]
‘ It 0.028 0120 D06 0800 0.081 L2+ 0079 0376 0310 1.520 0.250
;. . Gel 0.039 0152 | 6583 1.350 0.067 0056 0.050 5200
Th 7100
| 1Y .070 0212 0774 14641 o3 0015 0126
4 o L3-30 73500 10000
Lr [REX] 0314 | 0708 1.3 0045 D00 0.034
'_‘ T
Yl 0,254 0460 0438 | D631 00000 L300 1.2.2.1 oo ong 0050 33000 0.250
Lu .33 0.646 | L6635 0039 0046 0.03) F7.000 A.000
{Ref ) N (7 {7 N (N (h 7
.. Ni BR.00N 8000 f,000 RIRYHI g (.600 10,000
:‘ o 6400 40U 13,000 0,010 1500 200
E"‘ v 0,081 1100 1.10¢ 32.000 0.010 8.000 30,000
3 1 Cr 34000 13,000 JLIH0 AN00 0410 2.0 32000
. b1 1,300 oo A0 11,000 0.0 3,000 2,000
(37 Fujikard o af, (TR stuple Mo, B
(3 leving and Frey (1978) andesite, 500,= 6079 wi ',
3 {3) Green and Prarsen {J9852): inrgepolatgd lrom Figure 3
’ (4 REL: Cireen and Pearson (983): at 7.5 kb; values inctease with pressure. NbUTw Green of of. {1989).
i (5] T3rake and Weill (1973 Fa value for Fa®,
! 1 (6) Pearce and Norry (19793 intermediate compositions,
b () Compilation of Gill {1951% Zr in Cpx: Witson and Ryerson (1936).

{8} Phitprcts and Sehneteler (19701 and Schnetzler and Philpeits (2970).




110 Using trace efament data \

: o Tuble 4.3 Mineral/melr partition coefficients for dacitic and rhyoline meles
Orthopyeosene Chaopyroxene Fuornblende | Biotte Cintn
1
: i (kef) (2} (3) {+ (7 {2) %)) IS (7 (N (2 4] (2) 13y ) ) (3)
i
;' Rk 0003 0032 0014 | L2600 2240 3200 -R200 | 0409
? Sr (.4009 0.al6 e | N (1447 a415
521 (.0083 (1.1 0,131 (1.4 0044 | 6360 9700 23333 3367 | {4017
[- HE K 0002 D405 nA37 LI 0,200
' Cs 3000 2300
E“ ! Pl 0.757
l,'
. ‘ ¥ L.ang <hl 1000 3100 ] 0030 1.233 as.uan
: T4 (.00 1700 7000 1200
‘ ir 0.200 0.033 | 0.600 0%s (D3 000 L1497 12
Hff 00 0n 0.0 0633 00y 0247 0703 0600 3300
Nb 300 .800 4.4000 6,307
X la 16y {(L1D 263 (075 1.367 L340
I 1 Th 130 {0.533) 0130 {399 0997 1.227
. L Q145 (DR {0.21; 0771 (o7
’ : La 0780 < 0015 LI DG 03 5713 3K 0,350
! ' Ce (150 0830 =04 00 | 0500 833 LBOG 0044 [O89Y LEZD | 0.037 03200 357 2803 [ B350 0.690
Hi r
i Nd o020 12500 <05 0016 | TAI0 R300 200 0066 | 2890 RZ60D | 0.034 0200 2560 2233 [ ;a0 0.603
E | Sm 0.270  LaO0  (FE7 0017 | Lo 5233 (1063) D4R 080 7790 | AR 0260 2417 LS00 | 260 2035
: Fu 0170 0825 {285 1360 4100 (3.00) 0411 (3440 3040 | 0145 0240 2020 0867 | L3O 0315
; Ga 0.340 0027 | 1850 D703 | 5480 10000 | 0082 0280 10,500 6475
: Th 1,850 {5.50) 7533 (4.2%) 1957 1053 11800
l Dy 0460 1AOD (185 004l | 1930 700 (£90) 0776 (6200 13000 [ 0097 0290 1720 0.82F [28.600

P Ho 050
‘ Fr 0.630 pazz | 18 po9r [5040 12000 | 062 0350 42,400

| Tm
g Yl DRG0 2200 (235 015 | LI G367 (RIF DG | 4500 8380 | DI70 0440 LATE 0537 30800 43475
! Lu DA00 D250 T 0034 | 1A40 5835 (30 RAST | 0530 5300 | DRS00 06T 0613 |30 39775

'n {140) D RRB.6G7 2623

Cr 19.650 5231 iamn
S L8000 (22.0 33000 (59.50) 130633 15,507 15,950
Mn 45300 (57} 32607 (28.35) 124330 10367

|
|
|
i i
|

{1} Bh--k and REE Arth {1976), dacites; HbI Ay value fram Watstin and Harrison (1981).

1) Rb-E and REE: Arth (1976), rhyolites. Y-Nb Fearee and Norry (1979), acid magmas.

(3} Mash and Crecrafe (1983}, rhyvelives — Si€), T1L9-76.2 wr h

{4} Mahood and Fhildreth (19833, high-silica vhyslites — 500, 73-77.3 wt9h. For pyroxencs, values i pamentheses (Mahond & Hildeeth,
1983); other values: Michael (1988).

{3 Teving and Frey (1978), dacites and chyelites — 5ild; 62.889-70.15 wit 3.

(6) Fujimaki (1980}, daciws -— 5i0; 63.21-64.86 wi %o,

{7 Fujimaki e of, {1984, davite No, 7 --- 510, HLE wi i,

(#) Wb, Ta: Gireen and Pearson (1987, tuchyie, REE interpoluted Trom Figure 3 o Groen er afl (19893

(9) Braoks & «f (1981,
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: ' Aage Hmenite Chrarne | Plagioclse K teledspar Apatitg Jirgon Sphene [ Allanite
Q‘ nente
EIN (3} Mmoo @@ o @ W m ) () (9] (Ref)
i 0400048 004 105 TOH LTE0 T Iy
z 2540 400 15043 [ 3870 5400 3560 Sr
‘ 0022 10560 D3OS 1313 | 6120 11450 4500 B
0,013 {5263 0,100 K
(.02 0105 n.19% (.032 313 [
A7 2475 i
i 2.0 9.400 0 0150 i Y
- 12,500 0.038 105t ol Ti
\ 0.300 0100 {155 Q.030 01 fad ar
_‘ ) 158} 300 {.030 0.148 A.083 D7 07331435 977,50 184 1%
i 2300 B.060 ni 0.3 Nb
3 3167 10000 0.008 0033 00l 0y 47,30 10,3 Al I
0405 7.500 0009 0.8 A RIN IS Fh B0 4540 16807 'Th
- 0517 3,200 0.025 0v3 DR (2] 30.50 135 =67 L
1.223 7.100 [T 0,380 ok 0.072 A0 1690 LR A 25045 ERLO| Ta
Lo 7.500 0004 10240 0270 0267 | 004 0037 0046 [ 347 Zian 1675 4.3} 22785 6350 Ce
e
2207 7.0 DO [ 0170 0,210 0.203 [ D023 00353 0038 | 370 380 1330 h2Y 162000 405.0[ Nd
T35 AA0G 001410130 D3 0165 [ 0018 (023 D023 [ 628 40000 144 494 | 210 8605 Z03.0] Sm
1013 2500 003 | 2110 2,050 5,417 [ L1300 4430 2,000 { 304 2530 1600 331 11140 §1.0| Fu
4 pony 00497 0.123 | 0011 363 4390 1200 639 1300 Cid
2267 6,500 M7 D023 0.033 A7.00 2730 L[ Th
1633 000 | 0015 (0080 0064 001120006 0035 0.052 [ 307 3H80[10L50 4740 L1in.5 I
19.0 Ho
0084 0,053 4.006 7.2 2270013500 9930 Er
T'm
J b7 4 1l0 D017 0077 0049 0Boo | 0.012 0030 0015 | 234 15A0(327.00 1910 kiR 8O Yb
L 1203 600 DOT4 | OUB2 D46 0092 (0006 0035 0.031 [ 202 13.80[641.50 2645 | 100 A i T
* Ni
0.240 16.00 42.5 Lo
v
; L0900 3,300 : 184,50 J30.0 Ce
- 0633 3000 | 0oL 0053 0.023 004 68.63 334 S
2000 115,000 0,039 0.345 0.022 1.52 18.1 Mun

T.eeman and Lindstrom {1978) formulated 2 complex partition cocfficient that
included the composition effect. They showed that Ni partitioning between olivine
. and basalt is temperature-dependent and concluded that, in rhis case, composition
' ' is less important than temperature in determining the partition coefficient.

(c) Pressure Ome of the most convincing demonstrations of the effect of pressure
on partition coefficients is the work of Green and Pearson (1983, 1986) on the




12

In B, clinopyroxene

In O3, sphene

Frowe 4.3

Using trace glement data

Q)

[300 1200 1100 1000 200
0.2 T T T I

el

0.6~
0.4

.2

In Dy, clinopyroxene
o
(=]
I

-0 -0.4
—1.1 —0.6! | [
f 7 8 g
10%/T(K) 1087 (K
{a) 30% SiO, {b) 60% Si0,
7{°C) T¢Q)
s, Ll00 10#)0 900 4, 1og 1000 Y00
T I 7 T ST
i 60%) 5%02
% {91
i m)
&
g 2
)
Q
£
1~ =
7.00 £.00 .00 7.00 8.00 9.00
10T (K 10T (K)
(e} 7.5 kb {d) 20 kb

The combined effects of pressure, temperature and vock composition on o partition
coefficient. (a) and (b) The partition ceefficient for the REE Ho in chinopyroxens as a
function of temperature, for pressures of 2.5, 7.5, 12, 16 and 20 kb in liquids with 50 wt %
Si; and 60 wt®% 50, (after Green and Pearson, 1985b). (o) and {d} The partition
cocfficient for Sm in sphene s a function of semperature for liquids with 50, 60 and 70 wt %
5i0; at 7.5 kb and 20 kb pressure (after Green and Pearson, 1986). Both these diagrams may-
he used to Interpalate a value for the partition cocfficient for any pressure, temperature and
compusition within the experimental range. These values may then be extrapolared to other
membirs of the REE series.

partitioning of REE between sphene and an intermediate silicic liquid. Within a
small compositional range (56-61 wt % Si0;) at 1000°C Green and Pearson showed
that there 1s a measurable increase in partition cocfficient 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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A plot of the partition cocflicients [or the rave earth clements between hornblende and meldt
{log scale) vs atomic number (nurmal seale) in basalr, basaltic andesite, dacite and rhyolite.
There is a clear inerease in partition coefticient with inereasing silica content of the melt,
amounting to an order of magnitude difference berween basaltic and rhyolitic melts. Lyata
from Tables 4.1 o 4.3,

high-level phenocryst/matrix pair partition coefficients may not be suitable for
geochemical modelling of deep crustal and mantle processes. However, the cfect of
increased pressure and increased temperature are generally in an opposite sense and
may 0 some extent cancel each other our

{d) Oxygen activity The most widely quoted example of the control of oxygen
activity on a partition coefficicnt is thar of the partitioning of Eu®" between
plagioclase and a basaltic melt (Drake and Waill, 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 curopium forms Eu* at low oxygen activities and Eu’* at
high oxygen activities. Eu’* and Fu® behave very differently in their partitioning
between plagioclase and a basaltic melt, for Eu?t is much mere compatible than
Eu®* in plagioclase. Thus at low oxygen activitics partition coefficients for Eu
between plagioclase and basaltic melts are high (generatly > 1.0} and anomalous
relative to the other REE (Figure 4.6), whereas at high oxygen activities partition
cocfficients for Eu are low and Fu behaves in a similar way to the other REE.

(¢) Crystal chemistry Onuma er al. (1968), Matsui ¢ ol (1977) and Philpotis
{1978) have shown that crystal structure exerts a major influence on trace element
partitioning. Using a plot of partition cocfficient (expressed as log to the base 10,
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| with increasing pressurc in the range 7.5 to 30 kb (after Green and Pearson, 1983},
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Figure 4.6 "I'he partition coefficient for Fu between plagivclase and a basaltic melt plotted as fungrion of
oxygen activity (/0,;) compared with other REL {after Drake and Weill, 1975)

Le. logy) vs ionic radius (in Angstroms; 1A = 107" m), they showed that the
partition cocfficients of clements carrying the same ienic charge m the same
mineral/melt system exhibit a smooth curve (Figure 4.7). Curves for different 1omc
charge tend to be parallel to cach other for the same mineral/melt system. Such
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A plot of partition cocflicient vs ionic radius {frem Shannon, 1976} on an Onwma diagram,
for the REY, between garnet and dacite (data {rom Arth, 1976). The trivalent REE and Y
(with the exception of Cc) define a smooth curve.

diagrams have become known as Onuma diagrams. Deviations from anticipated
patterns may reveal controls on trace element partitioning other than those of the
size and charge of the cation. Onuma diagrams can also be used to estimate the size
of a digrribution cocfficient when measurcments have been made for 2 similar

element.,

() Water content of the melt Few studies have been carried out to examine explicitly
the effects of the water content of 2 melt on trace ¢lement partitioning behaviour,
However, Green and Pearson (1986) showed that in the case of the partitioning of
the REE berween sphene and silicate liquids the water content of the melt (0.9-29
mol % water) has no significant effect on measured partition coefficients.

(z) Selecting o 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
bu used whose pressure and temperature conditions of determination most closely
match those of the system being investigated.
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Frgure 4.8 A plot of partition coefticient vs atomic number [or the REE in common minerals in basalvic
melts, Data from Table 4.1 {The hornblende data are for a basaltic andesite.)

Partition  In Table 4.1 partition coefficients are listed for trace elements in minerals in
cocfficients in equilibrium  with basaltic and  basaltic andesite liquids. Following the TAS
basalts and  classification these are liquids with silica contents in the range 45-57 wt % . A
basaltic andesites 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 15 based upon
a variety of published sources from cxperimental and phenocryst/matrix data.

Averages are arithmene means.
o The several sets of REE data shown arc generally in good agreement with cach
1 ather, “Uhere 15 however 2 strong compositional cffect on the K¢ for the REE in




1
Iy
:’.
4

Parteton
coefficients
I andesites

Parcitton
coefficrents m
deacites and
rhyolites

Controls on trace element distribution 117

harnblende (Green and Pearson, 1983a) and so the differences in published values
for basalts (Arth, 1976) and basaltic andesites (Dostal er af, 1983; Fujimaki er af,
1984) may reflect a real difference in the paetition cocficients, There may be 2
similar explanation {or the differences in partition cocfficient in garnet.

Colson et «l. (1988) in a detailed study of crace element partitioning hetween
olivine and silicic melt, and orthopyroxenc 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 comnposition dependence as a function of
these variables. On the basis of their equations it is possilble to predict partition
coctticients between olivine and melt, and orthapyroxene and melt, for a wide range
uf tri- and di-valent cations under a variety of magmatic conditions.

Table 4.2 lists partition coefficients for trace elements berween a range of rock-
forming minerals and andesitic liquids (57-63 wt % 5i0; in the TAS classification).
A summary of the REE values is given in Figure 4.%. Many published sources of
partition cocfficients treat andesites and basalis together and a comparison of
Figures 4.1 and 4.2 shows that the partition cocefficients for the REL are similar
in basaltic and andesitic liquids. Values for garnct, the pyroxencs and the value
for Eu in plagioclase, however, arc higher in andesites than in basalts. REE
partition cocfficients for hornblende are higher in andesites than basalts, but are
comparable between andesites and basaltic andesites. Values for the REE in the
pyroxenes vary berween published sources; this may in pari be due to compositional
effects.

The compilation in Table 4.3 compares partition coefficients from a number of
published sources for dacites, rhyodacites, rhyolites and high-silica rhyolites. These
arc vocks which have > 63 wt % Si0; in the TAS classification. A suminary of the
REL values is presented in Figure 4.10.

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

Partition cocticients for the REE in any one of the ferromagnesian minerals are
variable. This may in part be a function of changing melt composition although
there are a2 number of other possible explanarions. Firstly, the presence of mineral
inclusions gives rise to very high partition cocliicients in rhyolites with very high
silica contents (Si0y > 75 %). This may also account for some of the differences in
the sets of values for biotite. Secondly, ir is possible chat the changing iron/
magnesium ratio of ferromagnesian mincrals may also explain differences in
partition coefficients, although there are currently insufficient data with which to
evaluate this possibility. In the case of pyroxenes the light REE values of Mahood
and Hildreth (1983) are probably in error and the alternative values of Michacl
(1988) arc used here. Values for the feldspars are in reasonable agreement between
the diffcrent published results although the LIL. elements Sr, Ba, Rb, Eu and Phe
show very erratic results in the original date-sets and this is still apparent in the
mean values in this compilation. Vs may in part be a temperature effect (Irving,
1978; Long, 1978) but may also be compositionally controlled, for Long (1978)
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Figure 4.9 A plor of partitien cocfficient vs atomic number for the REF in common minerals in

noted that the partitioning of Sr between alkali feldspar and a granitic el is
sensitive to the concentration of Ba in the melt. Partition coefficients for Tu in
plagioclase increase with decreasing oxygen activity (Figure 4.6).

|
]I andesiric melts. Data from Table 4.2,
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Geological controls on the distribution of trace elements

Clearly, a geochemical study of trace elements is only of use if we have somg
understanding of the way 1n which geological processes control their distribution,
At present our koowledise is patchy, for some processes are well understood and
there are mathematical models available to describe them. In these arcas, principally
those involving mineral/melt equilibria, trice clement geochemistry has had a
profound impact on geological thinking, Other arcas, cqually 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 element distrbutions. Where there are appropriate mathematical models the
equations are given and the terms nsed are defined in Box 4.1,
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Refinition of terms used in equations for trace element partitioning between solid
and melt (Section 4.2.2}

o] Weight concentration of a {race element in the liguid

C*,_ Average weight concentration of a trace element in a rmixed melt

C, In partial melting, the weight concentration of a trace elerment in the original
unmelted solid; in fractional crystallization, the weight cancentration in the
parental liguid

Cr Weight concentration of a trace eiement in the residual solid during crystal
fractionation

Cy  Waight concentration of a trace element in the residual solid after melt
extraction

sxSg Weight cancentration of a trace element in a steady-state liquid after a
large number of RTF cycles

C, Concentration of a trace element in the wallrock being assimiated during
AFC processes

Dpe  Bulk distribution coefficient of the residual solids (see Eqn [4.5])

D,  Bulk distribution coefficient of the original solids (see Eqn [4.5])

D Bulk distribution cocfficient of the fractionating assermnblage during crystal
fractionation

F Weight fraction of melt produced in partial melting; in fractional
crystallization, the fraction of melt remaining

f Fraction of melt allocated to the solidification zane in Jn sity erystatlization

which is returned to the magma chamber
fr A function of F, the fraction of melt remaining in AFC processes
Kd  Mineral/melt partition coefficient
M, Mass of the liquid in in situ crystallization
M, Total mass of the magma chamber in situ crystallization

It Number of rock volumes processed during zone refining

P Bulk distribution coefficiertt of minerals which make up a melt {see Egn
[4.9]}

r Ratio of the assimilation rate to the fractionation rate in AFC processes

Miass fraction of the liquid crystaliized in each RTF cycle
¥ Masgs fraction of the liquid escaping in each RTF cycle

Any suite of rocks which has heen subjected to hydrothermal alteration or
metamorphism s likely to suffer element mobility. It 15 essental, therefore, inoany
trace clement study o demonstrate  first that element  concentrations  are
undisturbed and original before inferences can be made abour the petrogenesis of
the rock group.

Trace clement mobility is cenrrelled by the mineralogical changes which take
place during alteration and the nature of the flud phase. As a generalization,
incompatible elements which belong to the 1.65 group (Cs, Sr, K, Rb, Ba —-
Figure 4.2) arc mobile, whereas the IHFS elements are immobile. This later group
meludes the REE, Se, Y, Th, Zrv, HE, 11, Nb, Ta and P {Pearce, 1983). In addition
the transition metals Mn, Zn and Cu tend to be mobile, partcularly at high
temperatares (see Seewald and Seyfried, 1990), whilst Co, Ni, V and Cr are
immaobile. Such generalizations are normally valid, although many exceptions are
documented, This may be illustrated with reference 1o the traditionally immobile
REE. Humphries (1984) shows that there is no simple relationship hetween the
degrec 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 casily
released from a glassy basalt during alteration than from a rock with the same
composition but 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
he stable with respect to the movement of an agqueous fluid.

A special case of trace clement mobilization is in the dehydration of subducted
acean flour, a process thought to be pertinent to the generation of calc-alkali
magmas, Pearce (1983} has suggested that the elements Sr, K, Rb, Ba, 'Th, Ce¢, P
and Sm may be maobile in such circumstances.

Two types of partial meltng process are commaonly deseribed in the peological
literature and represent end-member models of naturat processes. Batch melting,
alsn known as equilibrivm fusion and equiltbrium partial melting, deseribes the
formation of a partial melt in which the melt is continually reacting and re-
equilibrating with the solid residue at the site of meling until mechanical
conditions allow it to escape as a single ‘batch’ of magma. In fractional melting,
also known ag Rayleigh melting, only a small amount of liquid 15 produced and
instantly isolated from the source. Equilibrium is therefore only achieved between
the melt and the surfaces of mineral grains in the source reglon,

Which partial melting process is appropriate in a particular sitvation depends
upon the ability of a magma to segregate from its source region, which in wrn
depends upon the permeability threshold of the source. The problem is discussed in
some detail by Wilson (198%). Tractional melting may be an appropriate model for
some basaltic melts, for reeent physical models of melr extraction from the mantle
indicate that very small melt fractions can be removed from their source region
(MeKenzie, 1985%; O’Nians and McKenuzie, 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
deseribe melr fractions in terms of their vofume whereas chemical models describe
mel; fractions in terms of their mass.

{a) Batch melitng  The concentration of a trace clement in the melt G s related to
its concentration in the unmelted source Gy by the expression

Cr/Cy = V[Dpg + F(1 — Dyg)] [4.6]

and the concentration of a trace element in the unmelted residue Cg relative o the
unmelted source (5, is

Co/ Cy = Dpe/(fpg + F(1 = Dyy)] [4.7]

where Dig is the bulk partition coefficient (see Eqn [4.5]) of the residnal solid and
F is the weight fraction of meir produced. It should be noted that the bulk partition
cocficient 15 calculated for the residual solids present at the instant the ligquid is
removed, so that solid phases that were present but are now melied out do not
miluence the trace element concentration in the liquid (Hanson, 1978). This
formulation of the batch melting cquation is very straightforward to use. If|
however, a more complex formulation is sought, then the batch melting equation is
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expressed i terms of the original mineralogy of the source and the relative
contributions each phase makes to the melt:

G /Cy = UV[Dy + Kl - P)] (48]

where Iy is the bulk distribution cocfficient at the onser of melting and P is the
bulk distribution coefficient of the minerals which make up the melt, 2 15 caleulated
from

F = 1 Kdl + f K{{-’g + M Kﬁl_q oL 14.9]

where g cte. 1s the normative weight fraction of mineral 1 in the melt and Kd, is
the mineral-melt distribution coefficient for a given trace clement for mineral 1.

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

/Gy = Dy + FAA =Dy ... [4.10]

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

Taking the simple case where D is caleulated for the unmelted residue LEgn [4.6],
the degree of enrichment or depletion reladve te the original liquid (Cr /) for
different values of F is lustrated in Figure 4.11(a) for seven different values of D,
the bulk distribuiion coefficient, When £ 15 small, expression [4.6] reduces to 1/F
and marks the limit 1o trace element enrichment for any given degree of batch
melting (see shaded arca on Figure 4.11a). When £ is small, Egn [4.6] reduees to 1/
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 valucs of 2 (0.01-0.0001} the discrimination is not possible.

Enrichment and depletion in the solid residue in equilibrium with the melt (Egqn
[4.7]) is shown in Figure 4.11(b} for different values of Fand ). Even small degrees
of melting will depletc the residue significantly in incompatible clements,
Compatible elements, however, at small degrees of melting remain very close to
their initial concentrations. Cox e /. (1979) used this relationship to estimate the
average content of compatible elements such as Ni and Cr in the upper mantle frorn
the compesition of ultramafic nodules from which a meit may have already been
exeracted.

(b) Fracutonal melting  There are two versions of the fractional melting equation.
One considers the formation 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 element in the liquid relative to the parent rock for a gven
melt tnerement is given by the expression

CLiC = éﬁ(l — o) [4.11]

where F1s the fraction of melt already removed from the souree and 7)) is the bulk
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{(a) The entichment of a trace clement in a partial melt pefative to its concentration m the
source (€ /Cy) during bateh partial melting with changing degrees of melling (F). The
numbered curves are for different values of the bulk partition coefficient 3. At small degrees
of meliing, comparible elements are greatly depleted relative 0 the source wherens
incompatible ¢lements are greatly enriched to a maximum of i/F. The shaded region is the
area in which enrvichment is impossible. (b) Enrichment and depletion of a trace element in
the residue relative to the oripmal source (C/C,) with changing degrees of meltng (#) for
different values of bulk partition cocfficient ().

partition coefficient for the original solid phases prior to the onset of melting. The
equation for the residual solid is
Cy/Cp = (1 — PP 14.12]

The pencral cxpressions for the more probable case where minerals do not enter the
melt in their modal proportiens are given by

Cr/Cy = Ll,“ql_ — PEy DY) [4.13]
and
" 1 7
Ce/Cy = m(l - PFI DY’ [4.14)

where P is the bulk distribution coefficient of the mincrals which make up the melt
and 1s caleulated from Eqn [4.9].

‘The variation in trace element concentrations relative to the original liquid (€ / Cp)
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 [4.11]) in Figuee
4.12(a). An cnlargement of the region of interest (F = 0-0.1} is given in Figure
4.12(c). In the range 0~10 % mcling, the changes i element concentrations
relative to the original sourec are more extreme than in batch melting, although the
limiting value of 1/D is the same,
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Trace element concentrations in the original solid, momentarily in cquilibrium
with the liquid (Eqn [4.12]) are shown for small melt fractions in Figure 4.12(d).
Incompatible elements are cven more strongly depleted rthan in batch melring
although compatible clement concentrations are unchanged relative (o the source.

Where several melt increntents have collected together the general expression is

- 1 >
CL/Cy = [1 - (1 — PP/DY)" "] 14.15]
F 0

where € is the averaged concentration of a trace element in a mixed melt. In the
case of modal meliing Egn [4.15} simplifics o

CL/Cy = 3 [1- (@ — PP [4.16)

The numerical consequences of fractional melting where the melt merements are
collected rogether in a common reservoir are illustrated in Figure 4.12(b). This type
of fractional melting is indistinguishable from batch meleing excepr for compatibic
elements at very large degrees of melting (cf. Figure 4.11a),

Three types of fractional orystallization arc considered here — equilibriom
crystallization, Raylegh fractionation and i siew crystallization.

() Equilibrium crystallization  The process of equilibrium crystallization describes
complete equilibrium bevween all solid phases and the melt during crystallization,
This is not thought to be a commoen 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 distwibution of trace clements during equilibrium
crystallization s the reverse of equilibrium melting (page 121), and the equation
therefore 15

C./Cy = 1D+ F(l = DY [4.17]

In this case Cj i1s redefined as the initdal concentration of a trace element in the
primary magma, ' is the fraction of melt remaining and ) is the bulk partition
coefficient of the fractionating assemblage. I'he enrichment and depletion of trace
elements relative to the orginal liquid may be deduced from Figure 4.11(2), the batch
melting diagram, but in this case the diagram should be read from right to left,

(b) Fractional crystalfization/ Rayleigh fractionation  More commonly crystals arc
thought to be removed from the site of formartion after erystallization and the
distribution of trace elements is not an equilibeium process. At best, surface
equilibrium may be attained. Thus, fractional crystallization is better described by
the Rayleigh Law. Rayleigh fractionation describes the axtieme case where crystals
are effectively removed from the melt the instant they have formed. The equation
for Rayleigh lractionation is

CL/Cy = FPD [4.18]

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

Cp/Cy = DFPU [4.19]
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The equation for the mean cnrichment of a trace clement in the cumulate relative to
the original liquid, lLe. the total residual solid Cg, 15

Cp/Cy = (1 = FYPD [4.20]

Rayleigh fractionation is dlustated in Figure 4.13(a), which shows the concentra-
tion of a trace element relative to its imitial concentration in the liquid at differing
valugs of F - the proportion of liquid remaining — for different values of 2. For
incompatible elements theee is fittle difference between Rayleigh fractionation and
cquilibrium  crystallization until more than about 73% of the magma has
erystallized, at which point the efficient separation of crystals and liquid becomes
physically difficult. 'The limiting case for incompatible elements 18 where D=0, 1
which case C; /Cp, = 1/F, the same as for equilibrium crystallization. It is therefore
impuossible to enrich a liquid beyond this point by fractional crystallization. Rayleigh
fractionation is less cffective than batch melting in changing the rato of two
incompatible elements, for the curves for 0.1 and 0.01 are very close together
(I'igure 4.13a). Compatible elements are removed from the melt more rapidly than
in the case of equilbrium crystallization.

The concentration of trace clements in the instanraneous solid residue of
Rayleigh fractionation is illustrated in Figure 4.13(b). More relevant, however, is
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(1) The enrichment of a trace element in a melt relative w its concentration in the parental
melt (CL/Cy) as a function of the fraction of remaining liquid (F) during Raylegh
fractionation for different values of bulk partirion coefficient (). The limiting value of Cf /
Cy is 1/F and the shaded area is the region of impassible values, (b) ‘The enrichment of a
trace element in the instantancous solid, i.e. the solid which is produced and then
immediately removed during crystal fractionation, relative o the parental hguid (Cp/Cyd as a
function of the fraction of remaining liquid and bulk parttion coefficient. (¢) ‘T'he envichment
of a trace element in the residue, i.e. the mean concentration in the cumulate, relative to the
parcrital fiquid (Cp/Cy) as a funciion of the fraction of remaining liquid and bulk partition
cocfficient (D). Diagrams {a) to {c) are read from right to lcft, as the value of F decreases
with fractiomal crystallization.
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Ligure 404 (a)-(d) "The enrichment of 2 trace element in a melt relative to the parent melt (€ /€y) as a
function of the fraction of remaining melt (M /M, « the ratio of the mass of the liquid to the
mass of the trugma chamber), bulk partition cocfficient (5 = 0,01, 0.1, 2, 10} and the fraction
of magma in the solidification zene which is returned to the magma chamber F=0102,
0.5, 0.8} during i site crystallization.

where 7 is the ratio of the assimilation rate to the fractional crystallization rate, Cy is
the concentration of the trace element in the assimilated wallrock and FARRT
described by the relation

fro= prlr Ve
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Fignre 4.16 (a)-{c) The enrichment of 4 trace clement in a medt relative o the parental melt (C; /0 ) as a
function of the fraction of the remaiming liquid (7)Y and the ratio of the concentration of the
trace element in the assimilated country rock to the concentration in the parental liquid (Cp/
Gy) and the bulk partition coefficient () during assimilation and fractional crystallization
(AI'C). ‘The calculated curves are for the case where the ratio of the rate of assimilation to
fractional crystallization () is (1.8,
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where £ s the fraction of magma remaining and D is the bulk distribution
cocfhicient.

Figures 4.15 and 4.16 depict the enrichment of a trace clement relarive o its
concentration in the parental magma with varying amounts of remaining melt for
two different rates of assimilation relative to fractional erystallization (r = 0.2 and
{.8) and three different concentrations of the trace element in the assimilane relarive
to the parental magma (C4/Cp), and different values of D,

Where the rate of assimilation to fractional cryseallization is small (r = 0.2)
mcompatible elements behave in o similar manner 1o Rayleigh  fractionarion.
Depletion tn compatible elements is less dramatic, particularly when  the
concentration of the trace element in the assimilant is higher than in the primary
magma (Figure 4.15¢), although for very compatible clements concentrarions level
oft after 2 amall degree of fractionation.

Where the rate of assimilation is high (+ = 0.8} and the concentration of the trace
element relative to the parental magma is small (Figure 4.16a), mcomparible
elements are cnriched and there is some separation berween incompatible and
stremgly incompatible elements. Compatible elements are strongly depeleted. As the
trace element concentration in the assimilant increases relative to the parental mels,
enrichment jnercases and even compatible elements are enniched {Figure 4.16¢),

{b) Zone refining  In the section above on pactial melting, 1t was suggested thar
batch melting and Rayleigh melting represent end-member models of nagural
melting processes. In reality it is likely that melts are neicher instantancously
removed from the source nor do they remain totally immabile in their source.
Rather they migrate at 4 finite rate and continuously react with the matrix through
which they pass (Richter, 1986). During its passage through unmelted maceix it is
pussible that a melt will become further enriched in trace clements.

One possihle mechanism for such a process is that of zone 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 clements. The equation for the enrichment of a trace
element by zone refining is

/G, = L_l_ e [4.23)]

. D D .
where w35 the number of equivalent vock volumes that have reacted with the liguid.
Where » is very large the right-hand side veduces wo 1/D. The extent to which zone
refining accurs in naturc is the subject of debate, however, for a continual supply of
superheated liquid is unlikely to ocour on a large scale.

The numerical effects of zone refining are illuswated in Figure 4.17, which
shows the enrichment of a trace element relative to irs original concentration for
the number of rock volumes consumed (#), For 4 compatble element with £ = 2.0
the maximum enrichment (1/0) 15 reached when #» is abour 200, bur for
incompatible clements (0.1-0.01} the maximum enrichment is not reached cven
after 1000 rock volunes.

(a) Dynauic melting To improve upon earlier ‘static” models of partial melting,
Langmuir er al. (1977) proposed a model of partial melting in which 1 number of
melting processes take place continuously and simultaneously. The main fearure of
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the madel is that there is incomplete melt extraction from the source which means
that the source, always contains a mixture of melt and residue, Langmuir e al.
(1977} used this approach to explain the vaviability of REE patterns from the
Famaous region of the Mid-Atdantic Ridge.

(b} The RTE maymwa chanber  Inan attempt to view magma chamber processes in
a mare dynamic way CHara {1977) and OPliara and Matthews (1981) proposed a
model o deseribe the behaviour of trace elements in a pertodically Repienished,
periodically Tapped, continuously Fractionated magma chamber (abbreviated to
RTTE). They proposed that the life of a magma chamber comprises a serics of cycles
cach of which has four stages — fractional crystallization, magma eruption, wallrock
contamination and replenishment. The concentration of a trace element in a steady-
state liquid praduced after a large number of cycles relative to the concentration in
the replenishing magma batch (goCy/Cy) 15 given by the expression
_ D=1
G/ Gy = I =Y [4.24]
I —(1—a—y¥I—-ux)

where v s the mass fraction of the liquid crystallized in each cycle, v is the mass
fraction of the liguid escaping in each cycle and /3 is the bulk distribution
coefficient, and where v, p and 2 do not vary in the life of the magma chamber,

The degree of enrichment 44Cy;/ Gy is plotted against « in Figure 4.18 for y =
0.1 and for several different values of D.
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eycles in a REF magma chamber. The curves shown heve are for the condition y = 0.1, 1e.
the mass fraction of the liquid escaping in each evele is (1. At higher values of ) the degrec
ot enrichment of incompatible glements is reduced.

In the special case where v + y = 1, Le. when the magma chamber is emptied

then
4G/ Cy = (1 — ! |4.25]

which is the Rayleigh fractionation equation.
When D = 0, i.e. in the case of a totally incompatible trace element,

o =1+ p
sl Gy = 1 ¥ [4.26]

and is a measurs of the maximum enrichment artainable,

Ifagen and Neumann (1990) proposed that RTE processes are continuous rather
than a series of eycles as suggested by O'Hava and Matthews (1981) and thor puper
usefully includes the FORTRAN 77 code to implement the two models,

Trace clement concentrations in sediments result from the competing influences of
the provenance, weathering, diagenesis, sedmment sorting and the aqueous
geochemistry of the individual elements. The highest concentrations of trace
clements are found in clay-rich sediments and most geochemical studlics have
concentrated on these lithologies. Selected trace elements may be used to identify
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particular peochemical processes and to identify the sedimentary provenance, The
mast important elements in this respeet are the RICE, T'h, S¢ and to a lesser excent
Croand Co. These elements have very low concentrations in sca and river waters,
low residence times m the ocean and ¢lement ratios which are unaffected by
diagenesis and metamorphism. Thus they are transported exclusively in the
terrigenous conipanent of a scdiment and reflect the chemistry of their source.

Other clements are meore soluble. For example, Fe, Mn, Ph and somerimes Cr
are mobile during diagenesis, Cs, Rb and Ba are fixed during weathening but Sris
leached. Immabile elements such as Zr, Hf and Sn may be mechanically distribured
aceording to grain size and may be controlled by the concentration of heavy
ninerals.

Rare earth elements (REE)

The rave earth elements (REE) are the most useful of all vace clements and REE
studics have important applications in igneous, sedimentary and metamorphic
petrelogy. The REE comprise the series of mictals with atomic numbers 57 ro 71 -
La to L' Cable 4.4). In addition, the element Y wich an jonic radius similar 1o that
of the REL Ho 15 someumes included. Typically the low-atomic-number members
of the series are termed the light rare earths (I.REL), these with the higher atomic

The rare carth clements

Aromic Name Symhol lomic radiug for eight-fold
number coordination ®
57 Fanthanum La la¥" 1.160
a8 Cerium Cu et 1.143
et 0.970
ay Pracsodymiim — Pr pri* 1126
6l) Nendymium Nd N 1,109
6l Pramethiom 'm Mot naturaliy oceurring
&2 Samarium Sm Syt 1.079
63 Furopium Liar Eu*t 1.066
tu* 1.250
64 Cradolinium Gid Ga* 1.053
65 Terbium Th Tt 1.040
Gh Dysprosium 1w v 1.027
67 Holmiem I He™ 1035
68 Lirbium Lr Frt 1004
64 Thulium Tm Tm' 0.9494
0 Yiterbium Yh e 0.985
71 Lutetiom L.u Lu'" 0.977
39 Ytrium Y Y L01g

# Yrom Shannon (1976), in Angstroms (107 my).
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' numbcers the heavy rarve earths (HREE) and less commonly the middle members of
! the group, Sm to Mo, are known as the middle REE (MREE).

4.3.1 The chemistry of the REE

| The REE all have very similar chemical and physical propertes. This arises trom
i 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 but steady decrease in
l ionic size with increasing acomic number. This s illustrated for wns i eight-fold

coordination state in Table 4.4, These small differences i sive and behaviowr are
exploited by a number of petrological processes causing the RELE serics 10 become
fractionated relative to each other. It is this phenomenon which 18 used 1n
geochemistry 10 probe o the genesis of rock suites and unravel petrological
processes.
E A small number of the REE also exist in oxidation states other than 3+ but the
only ions of geological importance are Ce't and Fu?*. These form a smaller and a
] larger ion respectively, relative to the 3+ oxidation state.
i . !
i Tiable 4.5 Chondrite values used in pormalizing REF (concentrations in ppm)
»"‘ Wakita Haskin Masuda Mukamura  Evensen Boynton T&M Primitive
ﬁ i Analytical mantle
11 metheod NAA NAA IHMS IDMS IDMS IDMS IDMS value
‘ Chondrite(s)
l analysed: Composite Composite  Leedey Composite  Avg.CI Avg.Cl Avg. CI
4 (Ret) (1 (2] (3) {#) (3) {6) (7) (8)
t Ta 0.340 ¢.330 0.3780 0.3290 D.244 60 0.3100 0.3670 07080
: & 0.910 (1LBBO 0.9760 0.8630 0.637 90 {.8050 0.95710) 1.8330
: o Pr 121 112 0.096 37 .1220 0.1370 0.2780
i Nd 0.640 1.600 N.7160 06300 0.473 80 (.6000 0.7110 1.3660
i Sm 0.1495 0181 N.2300 02030 (.154 Q0 0.1950 0.2310 0.4440
H Tiu 0.073 0.069 N.0866 00770 0.058 02 0.0735 (0.0870 0.1680
4 Gd 0.260 0.249 0.3110 0.2760 0.204 30 0.2590 0.3060 0.5950
: T 0.047 0.047 0.037 45 0.0474 0.0580 0.1080
Dy 0.300 0.3900 0.3430 0.254 10 0.3220 03810 0.7370
110 0.078 0.070 003670 00718 0.0851 0.1630
Er 0.021 0.200 1.2550 0.2250 0166 00 0.2100 0.249¢ 0.4791}
Tm 0.032 0.030 0.02561  0.0324 0.03568 0.0744)
Yb 0.220 0.200 0.2490 0.2200 0.016 5] 0.2000 0.2450 0.0480
HE T.u 0.034 0.034 0.0387 0.0339 0.023 39 0.0322 0.0331 0.0737
B " Y 2.1000
19
(1) Wakita e 2. (1971): composire of 12 chondrites.
(2) Flaskin ¢ af. (1968): composite of nine chondrites.

(3) Masuda et af. (1973): Leedey chondrite.

(5) Evensen er al (1978): averape of Cl chondrites.

(6) Boynton (1984).

(7) Taylor and Mcl.ennan (1985): 1.5 x valucs of Evensen [column (5)].
Ii' (8) McDonough 2 gl (1991).
&

)
)

E )

| (4) Nakamura (1974).
)

| )
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Presenting REE data

Rare earth element concentrations in rocks are usually normalized to 2 common
reference standird, which most commonly comprises the values for chondritic
meteorites. Chondritic meteorites were chosen because they are choughe 1o be
celatively unfractionated samples of the solar system dating {rom the original
mucleosynthesis, Lowever, the concentrations of the REE in the solar system are
very variable hecause of the different stabilitics of the atomic nuclei. REE with even
aromic 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 normalizarion therefore has two important  fuactions. Firstly it
climinates the abundance variacion berween odd and even atomic number clements
and secondly it allows any fractionaton of the REE group relative w chondritie
meteorites o be identificd. Normalized values and ratios of normalized values are
denoted with the subscript N — hence for example Cey, (La/Co)y,.

The REL are normally presented on a concentration vs atemic number diagram
on which comcentrations are normalized to the chondntic veference value, expressed
as the logarithm 1o rhe base 10 of the value. Concentrations ar individual points on
the graph are joined by straight lings (Figure 4.20). This i sometimes referred to as
the Masuda—Coryell diagram after the oniginal proponcents of the diagram {(Masuda,
1962; Coryell e a/., 1963). T'rends on REL diagrams arc usually referred to as REE
‘patterns’ and the shape of an REL pattern is of considerable petrological interest.

Mot infregquently the plotted position of Fu lics oft the general teend delined by
the other clements on an REE diagram (IMgrure 4.20) and may define a curopium
anomaly. If the plotted composition lics above the general trend then the anomaly
is described as positive and if it lies below the wrend then the anomaly is szid o be
negative. Buropium anomalies may be quantificd by comparing the measured
concentration {Eu) with an expected  concentration obtained by interpolating
berween the normalized values of Sm oand Gd (Eu®). Thus the ratio Fu/Eu® iz a
measure of the curopium anomaly and a value of greaeer than 1.0 indicates a
positive ancemaly whilst a value of less than 1.0 1% a nepative anomaly. Taylor and
Mcl.ennan {1985) recommend using the guometric mean; m this case T/Fu* =

Eu/VIGmOAGA) = € Jie, o
£ B .

! B

fa) Difficulties with chondrite normalization  Unfortunately it has become apparent
that chondritic meteorites are actually quite variable in composition and ‘chondrites
with ‘“chondritic® REE abundances are the exception rather than the rule’
{Boynton, 1984). This varizbility in chondritic composition has given rise to a large
number of sets of normalizing vales for the REE (Table 4.3) and to date no
standardized value has been adopted. The variabiliey may be reduced to two factors
- the analytical method and the precise type of chondrites analysed. Some authors
use ‘average chondrite’ whilst others selected Cl chondrites as the most
representative of the composition of the original solar nebula.

(6} Cheosing a set of normalizmy values Figure 420 shows flat rare carth patterns
typical of an Archacan tholciite normalized to the range of chondritic values listed
i Table 4.5, The patterns show both variety in shape and in concentration range.
The consensus seems to favour values based upon average chondrite rather than C1
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chondrites and cither the values of Boynton (1984) based upon FEvensen er af
(1978), or the values of Nakamura (1974), with additions from [laskin ez &l (1968),
seerm 1o be satisfactory. In fact the two sets of values are very similar and lic in the
middle of the range of values currently in use.

The degree of fractionation of a1 REE pattern can be expressed by the concentration
of a light REE (La or Ce) ratioed to the concentration of a heavy REE {Yb or Y).
Buth ¢lements are chondrite-normalized, The ratio (T.a/Yh)y is often plorred
against either Cepy or Yy, on a bivariate graph and 15 a measure of the degree of
REF fractionation with changing REE conrent. Similar diagrams may be
constructed to measure the degree of light REE fractionation {(La/Sm)y ve Smyyl,
heavy REE fractionation [(Gd/Yb)y vs Yby] and Eu anomaly [(La/Sm)y vs (Eu/
Eu*®)] in individual REL patterns.

It has been observed that the concentration of many clements in (ine-grained
sedimentary rocks in continental placforms around the world 15 similar as a
consequence of mixing through repeated cycles of erosion. This ‘average sediment’
is often used as the normalizing valuc for REE concentrations m sedimentiry rocks.
A freguently vsed composition is that of the North American Shale Composite
(NASC) and the recommended values of Gromer ¢7 al, (1984) are given in Table
4.6 {column 3). Alternatives to NASC in current use arce a composite Eurepean
shale (Haskin and Tlaskin, 1966) and the post Archacan average Austrahan
sedimentary rock (MeLennan, 1989). Some authors have taken the average
abundance of REL in sedimentary rocks as & measure of the REE content of the
upper continental crust. This assumes that sedimentary processes homogenize the
REE previously fracrionated during the formation of igneous rocks. Thus an
alternative to shale normabization 1s to use values for average upper contingntal
crust (Table 4.6, column 8).

Retative to chondritic meteorites, NASC has about 100 times the light REE and
about 10 times the heavy REE content and a small negative Lo anomaly (Figure
4.21). Normalizarion against NASC is a measure of how typical a sediment 15, and
may identify subtle enrichments and deficiencies in certain elements.

T.ess commanly some anthors normalize REL concentrations w a particular sample
i & rock suite as @ measure of relative change. Thiz is also useful when the REE
concentrations of the individual minerals in the rock have also been determined, for
rthen they can be expressed relative to the concentration m the whele rock, A similar
form of normaliation is to express the concentration in a mineral relative to the
composition of the groundmass; this is frequently used o display mineral/mel
partition coefficients (Section 4.2.1).

Interpreting REE patterns

The REE are regarded as amongst the least soluble trace clements and are relatively
immobile during low-grade metamorphism, weathering and hydrothermal altera-
tion. Michard (19893, for example, shows that hydrothermal solutions have between
5 x 107 and 10° fimes less REE than the reservoir rock through which they have
passed and therefore hydrothermal activity s not expected to have a major effect on
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!”112 Table 4.6 Standard sedimentary compositions uwsed for nermalizing the REE concentrations in
‘ sedimentary rocks {concentrations in ppm)

e NASC  NASC  NASC  NASC  NASC  ES PAAS  Upper  ‘I'ypical River
! : crast sepwalter water
48 (Ref) (1) (@) 3 5] {5 (6) (7) (8} % (1%
i (10 2 mul kg™
il la 39.000 0 32000 32000 3LEOG 31100 41100 38200 30.000 20800 4250
i Ce 76000 70000 73000 66.700 67033 81300 79600 64000  9.640 6010
1 Pr 10300 7900  7.900 [0.400 8430  7.100
Nd 37000 3LO00 33000 27400 30400 40300 33900 26000 21100 365.0
Sm 7000 5700 5700 5590 5980 7300 5550 4500 4320 80.4
Lu 2000 1240 1.0 LIS 1253 1520 1080 0880 0.823 20,7
; Gd 6100 5210 5200 5500 6030 4660 3800 5.200 83.5
i Th 1300 0850  0.850 0850 0830 1.050 D7 0,640
N Dy 5.540 4680 33500 5610 97.9
i Ho LA00 LO4D 1,040 1200 0991 0.800
| Fr 4000 3400 3.400 3275 3550 2850 2300 4.940 64.6
Tm 0.580  0.500  0.500 0560  0.405 0,330
Yb 34000 3100 3100 3060 3013 3200 2820 2200 4.660 517
Lu 0.600 0480 0480 0436 0456 0580  0.433 0320
Y 27.000 3L800 27.000  22.000

(1) North American shale composite (Flaskin and Frey, 1966).

(2) North American shale composite (IIagkin and Haskin, 1966).

(3) North American shale composite (Haskin a2 2/, 1968).

(4) North American shale compusite (Gromet e af., 19848 — INAA.

{3) North American shale composite (Gromer e «f , 1984) — recommended.
{6) Average European shale (Haskin and Haskin, 1966),

{7} Post-Archacan average Auvsmralian sedimentary rock (McLennan, 1989).
{8} Average upper contingneal crust (Taylor and Melennan, 1981).

(" Elderfield and Greaves (1982), "Table 1, 900 m sample.
{10) Hoyle e 2l (1984): River Luce, Scotland; 0.7 pm flier.

rock chemistry unless the water/rock rario is very high, However, the REE are not
totally immobile, as is emphasized in the review by Flumphries (1984), and the
reader should be cautious in interpreting the REF pacterns of heavily aleered or
highly metamorphosed rocks. Nevertheless REE patterns, even in slightly altered
rocks, can faithfully represent the original composition of the unaltered parvent and a
fair degree of confidence can be placed in the significance of peaks and troughs and
the slope of an REE pattern.

REE patterns in The REE pattern of an igneous rock is controlled by the REE chemistry of its
igneans 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 melting
in the source region or in subsequent crystal fractionation. In Scction 4.9 the
quantitative aspects of this approach arc considered and applied to trace clements in
general, The reasoning here is based wpon the partition coefficients tor the REL in
i the major reck-forming minerals listed in Tables 4.1 to 4.3 and depicted in Figures
i 4.8 o 4.10.
i Europivm anomalies are chicfly controlled by feldspars, particularly in felsic
] J ‘ magmas, for Eu {present in the divalent state} is compatible in plaglocase and
|
|
|
j
i
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Rare garth clement abundances in Nerth Ametican Shale Composite (NASC) and Furepean
shale, normalized to chondritic values. Diata from Table 4.7, columns 5 and 6; normalizing
values from Table 4.3, eolumn 4.

potassium feldspar, in contrast to the trivalent REF which are incompatible. Thus
the removal of feldspar from a felsic melt by crystal fractionation or the partial
mclting of a rock in which feldspar is retained in the source will give rise to a
negative Eu anomaly in the melt. Lo a lesser extent hornblende, sphene,
clinopyroxene, orthopyroxene and garnet may also contribute w a Eu anomaly in
fulsic 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 cocfficients plotted in
Figure 4.4. The REE are compatible in hornblende in felsic and intermediate
liguids 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 deminate the bulk partition coefficient for this range of elements and influcnce
the shape of the REE pattern. The same effect can also be observed with
clinopyroxene, aithough the partition coefficients are not so high. Sphene also may
also affect an REE pattern 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 che
presence of oliving, orthopyroxene and clinopyroxene, for the partition coctlicients
increase by an order of magnitude from La to T.u in these minerals. In basaltic and
andesitic liquids, however, the REL are all incompatible im cach of these minerals
add are only slightly fractionared.
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Extreme depletion of the heavy REF relative to the light s most likely to
indicate the presence of garnet in the source, for there 15 a large variadon in the
partition cocfficients of the REL. In basaltic liquids the partition coefficient for Lu
is more than 1000 times grearer than that for La. The effect is less exoreme,
although still large, m felsic lguds. Hornblende in felsic liquids may also account
for extreme envichment of light REE relative to heavy, although the range of
partition coctfients is not as great as in the case of garnct.

In felsic liquids accessory phases such as sphene, zireon, allaniee, apatite and
monazite may strongly influence an REE pattern for although they may be present
in only small quantities {often much less than 1% of the rock) their very high
partition coefficients mean that they have a disproportionate influence on the REL
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 refative to the light and
heavy, and monazite and allanite cause depledon in the light REE,

The agqueous geochemistry of the REE 15 a function of the type of complexcs that
the RIEL mayv form, the length of time the REL 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 Hroaking (1989). The REE contents of rivers 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), REFE
concentrations in scawater are between six and seven orders of magnitude smaller
that 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 acolian sources (Elderfield, 1988). On a shale-
normalized plot (Figure 4.22) seawater wends to show g gradual enrichment in REE
concentrations from the light to heavy REE and often shows a prominent negative
Ce znomaly (Flderficld and Greaves, 1932). This anomaly is expressed as Ce/Ce®
where Ce* s an interpolated value for Ce Tased npon the concentrations of La and
Pr or La and Nd. The Ce anomaly occurs in response to the oxidaoon of Ce'™ 1o
Ce*t and the precipitation of Ce™™ from solution as Ce0),. Eu anomalies in seawater
refleet cither acolian or hydrothermal input. River water also shows a small negacive
Ce anomaly and an increase in REE concentrations from the light to heavy RELR
(Foyle er af., 1984) similar to that observed in seawater (Figure 4.22),

REL concentrations in sedimentary rocks are usually normalized to a sedimenrary
standard such as NASC, although this practice is not universal and some authors
use chondritic pormalization.

(a) Clastic sediments The single most important factor contributing to the REE
content of a clastic sediment is its provenance (Fleet, 1984; Mcl.cnnan, 198%9). “Ihig
is because the REL are inscluble and present in very low concentrations in sca and
river water; thus the REE present in a sediment are chiefly transported as
particulate matter and refleer the chemistry of their source. In comparison, the
effects of weathering and diagencsis are minor. Studies such as those by Neshitt
(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 (Nesbict er /., 1990).
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Concentrations of rare earth elements in average seawater and average viver warer normalized
e NASC, The data ave given in Table 4.6, columns 9 and 10, Normalizing values are from
Table 4.6 column 5. Note that the concentrations in seawater and river water are guoted in
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= 107"

Diagenesis hag lictle influence on the redistribution of the REE, for very large
watcr/rock ratios are required 1o effect any change in sediment chemistry,

An important study by Cullers e ol (1987), on the effect of sedimentary
sorting on REE concentrations, found that the REL pattern 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. Ir is for
this reason that many authors have used the REE content of the clay portion of a
sediment or clay-rich sediments in order 1o establish the sedimentary processes and
to identify the provenance. The presence of quartz has a diluting effect on REE
concentrations, #s doces carbonate. The presence of beavy minerals, pardcularly
zircon, monazite and allanite, may have 2 significant but errauc effect on the REE
pattern of an individual sample,

(b) Chemical sedimenis Chemical sediments are most likely to veflect the
composition of the seawater from which they were precipitated. This is seen in
ferromangancse nodules which show REL patterns that ace the inverse of a typical
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seawater patiern, i.e. they are enriched in light relative to heavy REE and show a
positive Co anomaly. This is not 3 umiversal feature of erromanganese nodules,
however, for the composition of chemical sediments also reftects local redox
conditions and is strongly influenced by post-depositional changes (Elderfield and

Circaves, 1981).

4.4 Normalized multi-element diagrams or incompatible element
diagrams (spider diagrams)

E Normalized mulii-element diagrams are based uwpon a grouping of eclements

incompatible with respect to 4 typical mancle mineralogy, They are an extension of
% the more familiar chondrite-normalized REF diagrams in which orther trace
il elements are added to the traditional REL diagram. They are a particularly useful
E.[ way of depicting basalt chemistry although their use has been extended to all
! igneous and some sedimentary vocks, Mantle values or those of chondritic
: meteorites are used for normalization and they measure devianons from a primitive
composition. The terms ‘mantle (or chondrite}-normalized multi-element diagram’
or ‘incompatible clement diagram’ do not roll off the tongue with ecase and the more
colloguial ‘spider diagram’ (or ‘spidergram’ for an individual pattern) 15 used
here.

4.4.1  Multi-element diagrams for igneous rocks

There are three popular ways of normalizing trace element data for presentation as
a spider diagram, These include an estimated primitive mantle composition and
chondritic metcorites — two ‘views' of the primitive undifferentiated carch. Orhers
normalize their dara to primitive MORRB. Fach version of the spider diagram has a
slightly different array of elements with a slightly different order. In derail there are
H - innumerable variations on each particular theme, usually dictated by the number of
b trace clements and the quality of their determinations in a particular data-set. This
i statc of affairs is not satisfuctory and some standardization is desirable. First,
i however, we consider the present ‘state of the art’,

|

| Primordial  The primitive mantle is the composition of the mantle before the continental crust
HEE (primitive)  formed. One of the most frequencly used estimates of its composition is that of
mantle-  Wood eof al (1979a), who employed it as a means of comparing compositional
nermalized  wvaristions between basic lavas, Nineteen clements are arranged in order of
spidder divgrams increasing compatibility with respect to a small percentage melt of the mantle, The
values are given in Table 4.7, column 1. Element concentrations are plotted on a
N logarithmic seale (Figure 4.23) and average N-type MORDB plots as a relatively
o smooth curve, depleted at the most meompatible end (gure 4.23b).




Normalized multi-elemant diagrarms 141

i There are 4 number of variations in the list of clements plotted. The most
cammon  alternative 1% 2 13-clement plot reflecting those  clements whose
concentrations are relatively hiph in basic igneous rocks wad which are readily
analysed by X-ray fuorescence. Normalizing values currently in use are given in
1 Table 4.7, columns | o 5. OF these five sets of values, those of McDonough ef ol
1 (1992) (a slight revision of Sun and McDonough, 1989) — Table 4.7, column 4 —
' are becoming mereasingly popular,

Chondrite-  Thompson (1982) proposed that normalization to chondritic values may be
‘ narmalized  preferable to the primordial mantle composition since chondritic values are dircetly
[ spider diggrams measured rather than cstimated. The order of clements {Figure 4.24) 15 sliphtly

different from that of Wood ¢ 2l (197%) and 38 10 some extent arbitrary but was
chosen w gmive the smoothest overall fit ro data for leclandic lavas and North
Adantic ocean-flloor basalts; it approximates to one of increasing compatibility irom
left to right. As a rule of thumb, concentrations below about ten times chondrite

Tuble 4.7 Normalizing values (in ppm) uged in the caleulation of *spider diagrams’ and listed in their
plotung order

X Primordial mantle Chondritg ALCHLE normiahzaion
i (Ret) (1} (2 A1) + {5) {0} &3] (6] &3] (1 {1
| p—
i Cx o 0 {0.023 LR {5 DO 18R
®h DaaAh 660 O8I0 {633 350 Ha OO0 1Ky 185 Ph n1zZ0 2470 Sr 1200 Bb 1.an
"“. Ha 7568} BA00 RAYD Al R 0350 K Ralt Rb 0350 2320 R0 () 015 I 12.00
.j' Th 0096 0094 DO+ D06 CTh 0042 T 0.0 Ba JHB0 2410 Kb 00 K0 (M) 13
. | 0027 noze  0H21 N K 12 Ta (1022 TR 0030 002% Ba 200 Th 0.20
1 K 2320 2300 Ae0d 24h0 10 b 0330 Nbo 3o U L3 DAy Cth 020 T 017
_ Ta (.43 o 0.04 DA T (.02 1 600 T 02 D014 T 18 Sr 136
: b 0520 oaan - 0713 0560 1a [ER L I I D328 Nb 0330 D246 Nb 330 L 380
" In {1710 0630 0708 0551 O 0565 (e 086 K 120 5 (e 1o Ce 10,00
i (o 1.1 1833 1436 Sr LS00 S A0 Ra 0313 0237 LAY, ) 012 Nb 2150
Sr 23000 LR0000 2160 17800 Nd nady 11f g Ce 0811 0612 Zr a0 Nd 8.00
: : il 1.2 Lant 1e7 P 0000 aoet Sro 1L 72600 EBIF 240 10, () iz
" P OOHHY U210 Smo 0P 0 Ng O DAYT 0467 Sm 3.0 HP 2.50
‘ 1318 1,330 0230 0309 0,270 Fr 4840 T aly P 46000 1220 Tk (M) 1.30 Ar #8400
i 2 11000 FLOB 11,200 23000 M AN Bm 0203 Sm 192 03 30,00 ko 1.20
i w0383 L3800 04K DT Ol A Y 2000 Ar 5400 3B70 Yh o0 TGy (M) LAl
i T 1200 1300 L300 1250 9600 Th 02t 00k T G20 iy Se Huan T 0.71
h (L0499 0108 D087 Y 200 S 5210 Y 2000 1a70 O 213000y 3500
Y +.870 4600 45 B4 P DAY 9000 Yh 150
I'e (r071 ¥h 0220 Mn 1720 ™Ni 13
l'e 263000 o 290
1 Cr 2ani
i Lo 170
i i @500
. -
g (1) Wood e af (19792 10 frorn Wood ef f. (1951, et al, 1984) Rb K P fram primitive mante vabues of Sun (1980).
(2} Sun (1980 Cs 0.017-0.008, (7)) Wood e el (19700),
o (3) Jawouts ef af. (1979, {83 Sun (19800 chondrite and undepleted mantle data.
‘:‘ h MeDonowgh o af, (1992), 9 Sun aned MeDonough (1989): €1 chondrite,
_ (3} Taslor sl Melagnman (1983). (10} Pearce (1983); Se¢ and Cr from Pearce (1982).

:' {I) 'I‘hampsnn {1982); allernative valug for Ba=3.8% {Tinwkesworth (11} Beving of al. (1984).
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¢ g! Fignre 4.23 Trace element concentrations normalized to the compaosition of the prituordial mantle and

mantle. The normalizing values are those of McDonough ef of. (1992) — Table 4.7, column
4, () Upper and lower continental crust from Weaver and Tarney {(1984) — data in Tuble
4.8; (b} Average N-type MORRB from Saunders and Tarney (1984) and O113 from Sun (1950)

i plotted from left o right in order of increasing compatibility in 2 small fracton mele of the
'
. — data in Table 4.8,

!

t

11
T' ! Tuble 4.8  Trace element data used in spider diagramy {Ifigures 423, 424, 4.26)
‘ ! Upper Lower Average MORB OIB
il Crust crust Crust
| {Ref) (1) (2) (3) ) {3)
i Rb 110.00 100 61.00 1.00 22.00
: i Ba 700.00 757.00 707,00 12.00 380.00
, Th 10.50 0.42 5.70 0.20 340
HE U 2.50 0.05 1.30 0.10 1.10
K. 27393 8301 17430 830 9600
] Nb 25.00 5.00 13,00 2.50 53.00
i Ta 0.16 3.00
kot La 30.00 22.00 28.00 3400 35.00
i Ce 64.00 44.00 57.00 10.00 72.00
} ‘ Sr 350.00 569.00 503.00 136.00 800,00
il Nd 26.00 18.50 23.00 8,00 35.00
(s P 742,22 785,88 829.54 570.00 2760.00
! Hf 5.80 3.60 430 2.50
i l Lr 240.00 202.00 210.00 88.00 220.00
Sm 4.50 3.30 410 3.30 13.00
! Ti 3597.00 2997.50 3597.00 8400.00 2000000
Hy Thb 2.20 0.43 .24 0.71
i Y 22,00 7.00 14.00 35.00 30.00
il | Tm 0.33 0.19 .24
1 Yb 2.20 1.20 1.53

{1) Upper continental crust (Taylor and Mcl.ennan, 1981).

{2) Lower continentzl erust (Weaver and "Tarney, 1984),

{3) Average continental crust (Weaver and Tarney, 1984),

{4} Average N-type MORB (Saunders and Tarney, 1984 Sun, 1980).
{5) Averape OIB {(Sun, 1980).
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Figure 4.24

MORB-

normalized
spider diagrams

Trace clement concentratons normalized to the composition of chondritic meteorites and
plorted from left to right in order of increasing compatibility in a small {raction melt of the
mantle. The normalizing values are those of Thiompson (1982) — Table 4.7, column 6. {a)
Upper and lower continental crust from Weaver and Tarney (1984) — data in Table 4.8; ()
Average N-type MORB (rom Saunders and Tarney (1984) and QI fram Sun ([980) — data
in Table 4.8.

approach the detection limit for most techniques and so should be treated with
caution (Thompsan et af., 1983). Thompsen e a/ (1983) puint out that when
basalts of varving MgO contents ar¢ 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 recaleulation of the
normalized data to make (Yh)y = 10.0. This slight oversimplification of the data ig
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 sct of patterns. Normalization
values are given in Table 4.7, columns 6 to 9. The more obvious discrépancics
berween values in this list arise because some authors have used a mixture of
chondritic and primordial mantle values.

MORB-normalized spidergrams are most appropriate for evolved basalts, andesites
and crustal rocks — rocks to which MORI3 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). Ifirstly, ionic potential (lonic charge for the

element in its normal oxidation state, divided by lonic rading) is used ag 4 measure |

of the mobility of an element in aqueous fluids. Elements with low (<3) and high
(»>12) ionic potentials arc mobile and thosc with intermediate values are generally

5
[
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immobile. Secondly, the bulk distribution coefficient for the clement between
garnet lherzalite and melt is used as a measure of the incompatibility of an element
in small-degree pardal melts, The elements are ordered so thar the most mobile
. clements (Sr, K, Rb and Ba) are placed at the left of the diagram and in order of
¢ increasing incompatibilicy. The immobile ¢lements are arranged from right to left in
i order of increasing incompatibility (Figures 4.25 and 4.26). A slightly different
- version of this diagram is used by Saunders and Tarney (1984), who arrange the

i clements into a LIL-group (Rb, Ba, K, Th, Sr, La, Ce), followed by an HFS-group
‘E {Nb, T'a, Nd, P, Hf, Zr, Fu, 11, Th, Y, Yb), followed by the transition metals Ni
and Cr. These authors proposed that data should be normalized to Zr = 10.0 in
order to climinate concentration diffcrences arising from low-pressure crystal
fractionation.

The normalizing values wsed by Pearce (1983) are taken from the average
: MORD of Pearce ¢t al. (1981) and ar¢ given in Table 4,7, column 10. A longer list
i of elements arranged in a slighdy different order 15 used by Bevins es af. (1984)

! ESEI
i B
H aQ
' e
H g
; ‘E’ Bulk partition coefficient
| E 10
=]
1 g
i = -0
¥ : — I
B g
il £ ak
H E B S
: ! E — 2
% E Generally mokile in water gk
* S A p o - 3 Aromic no. &1
I £ \ CGenerally immobile Y | lonicradius
’ 3 °r 1 v
{ o \\ foy I’! N
i - .
; 2 Lonic potential § [ r.,._.J \,/ -5
; & \ / /
iy B \ / -l
i = \ ‘
=
i N SRS S N T S S E TR S B SR T R
i 3r K Rb Ba Th Ta Nb C P Zr Hf Sm Ti ¥ Yb
: Mobile Immmobile
i Increasing o Increasing incomparibility

incompatibility

g Figwre 4,25 The petrogenetic variables that determine the order of elements in the MORB-normalized
l ” spider diagram of Pearee (1983). The jonic potential (broken [ine and right-hand scale) is the
! ratio of the atomic number 1o fonie radius and is 3 measure of the mobility of an clement in
aqueous fluids. Elements with a low ionic potential (<3, ic. sbove the dotted line) are
generally mabile in water whereas those with a higher ionic potential are gencrally immobile.
WE (Note that P has an jonic potential which plots off-scale.) The bulk partition coefficient for
| an clement between garnet lherzolite and a small percentape melt is a measure of

J‘ incompatibility (left-hund scale). The immobile clements are ploted in rank order starning

i with the most compatible element (en the right). The mobile clements are ordered in a
i similar way so that element incompatibility increases from the edpe to the centre of the
il diagram,
fi )
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Trace clernent concentrations normalized to the composition of average MORHE and plotied
as in Figure 425, The normalizing values are those of Saunders and Tarney (1984) with
additions from Sun (1980) - Table 4.7, column 11. (8) Upper and lower continental crust
from Weaver and LTarney (1984) — data in Table 4.8; (b} Average N-type MORE from
Saunders and Tarney {1984) and OIB from Sun (1980) — data in Table 4.8,

using values from Pearce ef o/ (1981) and Saunders and Tarney (1984) (Table 4.7,
column 11}

There is a pressing need for the standardization of multi-clement diagrams. Current
practice is chaotic, some authors not even quoting the source of their normalizing
values. This has led to a sicuation where it is impuossible to compare ene spidergram
with another. Rock (1987b) has argued for a set of standard multi-element diagrams
with a universal set of consistent normalizing values — not necessarily ‘perfect
values’, but oncs 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-clement dizgram. For igneous rocks two muldi-
element diagrams are sufficient: one to compare rock chemistry with a ‘mantle
source’ and another to compare rock chemisiry with ‘the most abundant volcanic
rock” — MORB. To maintain consistency with REF plots and to avoid 2 measure
of subjectivity implicit in models of the primordial mantle, the chondrite model is
recommended and the element order and normalizing values of Thompson (1982)
{Table 4.7, column 6) should be adopted. These values utilize the REE dara of
Nakamura (1974} and thus provide some consistency with REE plots. A condensed
version of the diagram is permissible if the full range of trace clements have not
been determined, although the reader should be aware of the possibility of induced
anomalies resulting from missing clements. The standard diagram and normalizing
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Using trace element data

values for the MORB source should be those of Pearce (1983) (Table 4.7, column
10), since this s the most widely used and the most objectively based (Rock,

1987h).

Multi-clement diagrams ¢ontain a more heterogencous mix of trace elements than
do REE diagrams. Consequently they often show a greater number of peaks and
troughs reflecting the different behaviour of different groups of trace clements, For
example, contrast the behaviour of the more mobile LIL clements {Cs, Rb, K, Ba,
Sr, Eu) with the less mobile FIFS elements (Y, Hf, Zr, Ti, Nb, Ta). On the one
hand the 111, element concentrations may be a function of the behaviour of a flurd
phase, whilst the HFFS clement concentravons are controlled by the chemisoy of
the source and the crystal/melt processes which have taken place during the
cvolution of the rock, Partition cocfficients for the HES clements in the major rock-
forming minerals in a range of melt cormpasivons are summarized in Tables 4.1 o
4.3.

OF the less mobile clements, mineralogical controls on the distributon of the
REE have already been discussed. Other elements are ofwen strongly contralled by
individual minerals. For example, Zr concentrations may be controlled by zircon, P
by apatite, Sr by plagioclase, 11, Nb and Ta by ilmenite, rutile or sphene, Negative
Nb anomalies are also characteristie of the continental crust and may be an indicaror
of crustal involvement in magma processes.

More mobile LIL clement concentrations may be comtrolled by aqueous fluids
burt these elements are concenirated in the contineneal crust and can also be used as
an indicator of crustal contamination of magmas.

Multi-element diagrams for sediments

The processes controlling the trace clement composition of sedimentary rocks may
be investipated using normalization diagrams similar o those for spidergrams
discussed above, although they are not as widely used as their cquivalenes in
igneous petrology. Different normalization values are employed for different types
of sediment, each representing average Phancrozeic values for the particular
sediment (see Fable 4.9). The most commonly used normalizing values are those
for average shale such as average post-Archaean shale and the North American shale
compositc (NASC), representing ‘average crustal matertal’, although average upper
continental crust s also used, Wronkiewicz and Condie (1987), in 2 study of
Archaean shales, plot 15 elements representing the LIL, FIFS and cransition metals,
normalized o NASC. Tn clays which contain a vartable amount of carbonate
matcrial, samples are better normalized against the most clay-rich, carbonate-free
sample in the suite in order to emphasize the difference in trace element chemistey
between the clay and carbonate-rich components (Norman and e Deckker, 1990).

The average trace element concentration in a Phanerozoie quartzite is given by
Boryta and Condie (1990) for 1§ elements; these values may be used in quartate
nornalization (Table 4.9), Trace elements in marbles and cale-silicate rocks were
normalized to average Phanerozoic limestone (Condie e af, 1991). The normalizing
values are listed in Table 4.9 To minimize the effect of varying amounts of
carbomate, Condic ¢ «f (1991) also normalized ther clemental concentrations o
ALO,,
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Normalizing values for multi-clement disgrams for sedimentary rocks {values in ppmy)

NASC Average Averape Average
upper Ccrust Phanerozoic Phanerazoic
limestone quartz areniie
(12el) {1 2 iy (4
Na 7474 28200
Al 89471 84700 5294 2047
K 31546 27400
Ca 24303 23000
B¢ 14.40 10.00 1.00
Ti 4676 3600 1199 1499
v 40.00 14.00
Cr 124,50 3500 15.00 30.00
Mn 1640 600 631
I'e 39565 35000 LYyl 377
Co 2570 10.00 1.50
Ni 38.00 20.00 15.00 .00
Ag 28.4)
Br 0.69
Eb 125,00 110.00 20,00
&r 142,00 350100 400,00 40,00
Y 22,00 5.00 5.00
Zr 200.00 240.00 20.00 200.00
Nb 25.00 150 20,00
5h 209
Cy i lo 370
Bz 636.00 700,00 85.00 330.00
Ta L 30.00 5.00 4.00
Ce 667 64.00 10.00
N 27.40 26.00
Sm 5.54 4,50
Y 1.18 (.88 0.20
Th 0.85 .64
Yb 3.06 2.20 0.50
Tu (.46 0.32
I 0.30 380 3.50
Ta 1.12 2.00
W 2.10
3 15.40 7.00
Th 12.30 10.50 3.00
9] 2.66 2.50

{1} Grome er af. (1984).

(2) Taylor and Mcl.ennan (1981).
(3) Condie et «f. (1991).

(4) Boryta and Condie (1990).

Cullers (1988) showed that the silt fraction of a sediment most closely reflects the
provenance of the scdiment. The feldspars and sphene control concentrations of Ba,
Na, Rb and Cs; ferromagnesian minerals control the concentrations of Ta, Fe, Co,
Sc and Cr; [If is controlled by zircon; and the REE and Th are controlled by
sphene. The ratios La/Sc, Th/Sc, La/Co, Th/Co, Fu/5m and La/Lu are also
good indicators of provenance,

The effects of the extent of weathering and its influence on sediment
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composttion were assessed by Wronkiewicz and Condie (1987) using the alkali and
alkaline carth element content of sediments. They showed that farge cations (Cs, Rb
and Ba) are fixed in a weathering profile whilst smaller cations (Na, Ca and Sr) are
more readily leached. In clay-bearing rocks with a carbonate content, the elements
Mn, Pb and Sr are chiefly contained in the carbonate component and anomalous
values of these elements may provide a signal for the presence of carbonate.

p L
il
i 45 Platinum metal group element {PGE) plots
i 1)
i
H
i The platinum groups elements (PGEs) consist of Ru, Rh, Bd, Os, Ir and Pt {"l'able
‘ l 4.10). The noble metal Au and the base metals Cu and Ni are often included on
'i PGE plots. The PGEs can be divided on the basis of their associations into rwo
sub-groups — the Ir-group (IPGEs — Os, Ir and Ru) and the Pd-group (PPGEs
3 ]i — Rh, Pt and Pd). Gold 15 often associnted with the latter ETOUp.
| ‘The platinum group clements are very strongly fractionated into a sulphide
! phase and arc useful as a measure of sulphur saturation in a melt. They ar¢ also
11 LA potentially useful as an indicator of partial melting in (he mantle, although at
}" " present the appropriate partition coefficients are not sufficiently well known. PGFs
b»“"'\ L oceur at the ppb level (1 part in 10%) in basic and ulirabasic igneous rocks but may
i hEEE : be concentrated in coexisting chromitites and sulphides, The IPGFEs arc often
! &k assoviated with chromite as alloys or sulphides in dunites whilst the PPGEs and Ay
‘ i - are often agsociated with the sulphides of Fe, Ni and Cu and are found in norites,
i gabbros and dunites (Barnes e of., 1983),
]
ii‘ Table 4.10 The platinum group elemueus (PG1s)*
1
! Element Symbuol Aramic Charge [onic radins)  Melting
¥ £
1 nao, (A) puint
J ) (°C)
{; Ruthenium  Ru 44 2+ .74 2340
.‘| 3+ (.68
il 4+ 0.62
&l ' Rhodium  Rh 45 24+ 0.72 1966
} 3+ 0.66
| 4+ 0.60
o Palladium Pd 46 2+ 0.80 1552
i;i 3+ 0.76
3 4+ 0.615
Osmium Os 7% 2+ 0.74 3043
ik 4+ 0.63
| j Tridium Ir 77 2+ 0.74 2410
L 3+ (.68
i Plattnum Pt 74 2+ (.80 1722
1 4+ 0.625
|
v * From compilation of Barnes e al. (1985).
4 1 After Shannon (1976) (1A = 179 m),
i
i
1' !
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PGLE concentrations are normally determined by instrumental newtron activation
although the sensitvity of the merthod decreases in the order I Aus Rha» Pds
Pr= Qs> Ru, In recks such ag occan-floor hasalts PGE concentrations are so low
that some elements are below the limir of deteetion. In this case analysis nay he
limited to the clements Au, Pd and [r,

Presenting PGE data

The platinum group elements may be presented in the same way as are the REE
and incompatible clements and normalized to either chondrite meteorites or to the
primitive mantle,

Naldrett ot /. (1979) showed that if PG and Au concentrations are chondrire-
normalized and plotted in ordur of decreasing melting point (see Table -41.10) they
define smooth curves rather like REE patterns (Figure 4.27). Normalizing values
currently in use are given in Table 4,11, columns 1 to 3. The analogy with the REE
is not close, however, because the PGEs are not ordered from light to heavy in
keeping with their order in the periodic rable, Further, the two groups of PGEs, the
[e-group and the Pd-group, behave differently; the It_;;.mup tc.nd o h(, ‘compatible
during mantle melting whereas the Pd-group are incompatible. Tn ra¢ ks with very
low coficentrations of PGEs only Au, Pd and Ir may be measurable, This allows the
slope of the chondrite-normalized PGE pattern to be determined from the 1r/Pd
ratio, although of course the detail of the pattern is unknown. Au is not used in this
mstance because it s much more maobile than Pd and is not o relighle indicator of
the PGE slope,

Using the terminology developed for REE patterns, depletion and enrichment

Nurmalizing values for PGEs, noble metals and associated transition meials (in pph)

Chondrite vailues Primitive mantle Fertile  Archacan
mantle mantle

(Rel} (1} {2) (3) h (%) (6] {7
Ni 21TUM0 2110006
Cu 28000 28006 25000
Os 510 514 700 3.3 {(+.0-5.6)

IPGEs  Ir 310 540 500 .6 3.5 + 34
Ru 690 1000 4.3
Rl 200

PPGlis Pt 1360 1020 1300 (740 7 7.5
Pd 5l 345 1200 4.0 4 5
Au 160 152 170) 1.0 0.5 1 0.75.-1.5
Re 13 0.1

(1) Sun (1982); C1 chondrites,
) Compilation of Naldrett and Duke (1980) CF chondrires,
) Cocherie er wf. (1989).

5) Jagouts er af {1979): average of six primitive mantle nodules.

(2
(3
(4) Compilation of Brugmann er ol (1987); primitive mantle.
{
{

6) Compilution of Sun o /. (1991} fertile mantle,
{7) Sun (1982} Archaean mantle based upon komatiites.
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L()a m]r Ruj ‘\Rh Ml T Au}

Ir-group Pd-group

Order of decreasing melting poin

Chondrite-normalized platinum group element plor. The dara are for kematiie-massive
sulphide ores from Alexo Mine, northen Ontario (from Harstes and Naldrety, 1986). The
chondrite-normalizing values are given in Table 4,11, column 2 and are taken from Naldren
and Duke (1980).

relative to the chondrite-normalized curve may be described as anomalous, although
in this case there is no p prigri reagon why these vanations do constitute anomalies.
This is illustrated m the ultramafic and basaltic rocks described by Barnes e al,
{1985) which show positive Pd anomalies and negative Pt and Au anomalies,

Brugmaunn ¢¢ ¢/. (1987) present a primitive mantle-normalized PGE (Pd, Ru, Os, Ir)
— Au - Cu — Ni plot (Figure 4.28). The elements are broadly arvanged in order of
increasing compatibility in the primitive mantle from left o right across the
diagram. Primitive mantle values are listed in Table 4,11, Also shown arc estimated
values for the Archasan mantle (Sun, 1982) and the fertile mantle (Sun, et af,, 1991)
to illustrate the obscrvation of Brugpmann ezl (1987) that the estimated
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Primitive upper mantle-normalized platinwm group element (plus Ni, Cu and Au) plot {aiter
Brogmann ¢ a/., 1987). The data are for Gorpona Island komatistes from Brugmann er af.
{1987). The normaliang values ore also taken from the compilapon of Brugmano er ol (1987)
and arc given in Table 4.11, column 4.

concentrations of PGEs in the upper mantle have not changed since the late
Archaean. There 15 some debate over the significance of the mantle concentrations
of PGEs. They range between 0,005 and .01 times chondrite, indicating thar the
mantle may never have had chondritic abundances of POEs, Garnet and spinel
lkerzolite xenoliths, on the other hand, show flat chondritic PGE patterns,
indicating that the mantle does ar least have chondritic PGE razies.

Interpreting PGE patterns

The fractionation of the PGEs is principally governed by their partitioning between
solid and mele phases. Unfortunarely, partition coetficient data are not available for
many minerals for the PGEs. One dominant control is that of a sulphide liquid, for
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1 whilst gulphide mele/silicate melt partiion  cocflicients are not well koown
experimentally, they are thought to be very large. Campbell er @l (1983) suggest
that K4 values for Pt and Pd between a sulphide melt and a silicate melt may be as
high as 160000 and 120 000 respectively, Barnes et al. (1985) state that sulphide/

ihicate melt Kd values for the PGEs are in the order Os> Ir» Ruz Rh> P> Pd.
Thus PGE fractionation may be used as a measure of the level of sulphur-saturation
of mele, The extreme fracticnation of sulphur undersaturated basaltic melts may be
duc 10 the compatibility of the IPGLs in olivine (Brugmann e af., 1987}, indicating

i that they are retained in mantle melting or during fractional crystallization. Barnes

et al. (1985) investigated the cxtent to which PGE patturns may be maodified by

iy alteration and concluded that, whilst Pt and Au may be mobilized, this is not the

1 dominant process.

E 4.6 Transition metal plots

L IS The clements of the irst transition series (Sc, Th, V, Cr, Mn, Fe, Co, Ni, Cu and
1 Zn) vary in valence state and in geochemical behaviour. Quadrivalent T s 4 high
field strength, incomparible element whilst divalent Mn, Co, Ni, Cu and Zn and
trivalent V and Cr are compatible clements (sce Figures 4.1 and 4.2). Transition
clement plots have been mainly used with basalts as a means of exploring the
recchemical hehaviour of the first rransition series. There 18 no geochemnical reason

Tabfe 4.2 Normalizing values used for rransition metals (ppm)

il Chondrite concentrations Primitive mantle eoncentrations
1] (Rel') (N () (3 (4) {5) (6} (7 %) ] {10}
1
it sc 5.8 5.21 17 17
Tt 410 720 440 660 ol 1300 1308} 1230 1300
. Vv 49 04 42 50 49 82 87 54 47 77
i Cr 2300 3460 2430 2700 2300 340 000 1020 3140

! g'| Mn 1720 2590 1700 2500 1724} [010 1100 1000 100
i Fe 2190046 171000 250700 265000 61000 63000 67000 60800
5 Co 475 550 430 §00 470 110 110 )5 105
Nij 9501} 12100 9900 13400 9500 2110 2000 2440 2110 ]
it Cu 115 140 110 100 28 30 6 28 i

z . Zn 350 460 300 50 50 a6 53 50

B
\,1 ) (1) Langmuir e af. (1977).

:‘1 {2) Kay and Hubbard (1978} from Mason (1971 choadrites, with Cu and Zn from carbonaccous chondrite,
4 {(3) Sun (1982); 1 chondrites,
; {4) Bougaule ¢ af. (1980).

HE (5) Wood &r al. (1979%).

] ” {6) Sun (1Y82): primitive mantle {nodules). |
4 {7) Sun (1982): primitive mante {partial melting model). |
i {8y Kay and [ubbard (1978): model mantle. i
|1 ' (9) Sun and Nesbitt (1977) Archaean mantle. i
i (10} Fagouts er el (1979): average of six primitive ultramafic nodules. i
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Transition metal concentrations in MORB (from Langmwuir e «f, 1977) normalized to
chondritic values, “The normalizing values ave taken from Langmuir ef ol (1977) with the
exception of I'e, which was taken frem Wood et af. {1979b) — Tuable 4.12.

for them behaving as a coherent group nor is there any reason why they should
have been present in the primitive earth in chondritic concentrations,

Mid-ocean ridge basalts frem the Famous area of the Atlantic show consistent
trends on chondrite-normalized plots (Table 4.12, Figure 4.29). They show
progressive depletion from T4 to Ni, and have a positive Ti anomaly and a negative
Cr anomaly. Cu and Zn are omitted because they are more variable and their
cancentrations may not refleet the original igneous values (Langmuir & af, 1977).
An alternative normalization scheme is to usc estimated primitive mantle
concentrations, {Figure 4.30), These values are given in Table 4.12, columns §
o 10.

In summary, the elements Cu and £ may be quite mobile during
metamorphism  and  alteration and  concentrations may diverge from  expected
smooth patterns, Anomalies in Ni and Cr concentrations may reflect the role of
elivine (Ni} and clinopyroxene ar spinel (Cr). Ni and Cu can also be concentrated
into sulphide melts. Ti anomalies indicate the role of Fe—"Ti oxides.
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Frigure 4.30
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Rock/primitive mantle
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Transinon meta] concentrations in MORB (from Langmuir ¢ of, 1977) normalized to
primitive mantle values. The normalizing values are taken from Sun {(1982) — Table 4.12,
column 6. - e

Bivariate trace element plots

So far in this chapter we have concentrated on the display of trace element data on
multi-element plots. This approach has the advantage of utilizing a large number of
clements and allowing broad conclusions to be drawn on their geochemical
behaviour. Mulii-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 10 a multivariate
plot when a large number of samples are plotted and in particular when
geochemical trends are soughe. Variation diagrams are discussed in detail in Section
3.3 and many of the principles outlined there and applied to major clements are
equally valid for race element plots.

The selection of trace elements in igneous racks for plotting on
bivariate graphs

Many igncous 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 interacted with fluids during or after their solidification. The task for the
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igneous geochemist, therefore, 18 10 work ouwt which trace elements are indicative of
which processes in this complex history. The clues come from a knowledge of
mineral/mele (and the lesser known mineral/fluid) partition cocfficients and the
physical laws which govern the concentrations of trace ¢lements 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
ingpection of multi-clement plots, for this allows the dentification of element. pairs
ot ratios which can be used in trace clement modelling and in subdividing rocks
into similar suites,

Incompatible element concentrations are particularly sensitive to partial melting
processes (see for example Tigures 4.11a and 4.12a). The more highly incompatible

“an element 15, the more sensitive it is 1o degrees of partial melting, This is true for

both batch melting and fractional melting but is most extreme in fractional melung,
Incompatible clement concentrations also vary during fractional crystallization,
although the effect is most strongly marked in AFC processes,

{(a} Idemiificavion of fgneons source characteristics from ncompatible element plors The
ratic of a pair of highly incompatible elements whose bulk partition coefficients are
very similar will not vary in the course of fractional crystallizaton and will vary
little during batch partial melting. Thus the slope of a correlation line on a bivariate
plot of two such highly incompatible elements gives the rato of the concentration of
the elements in the source. In the case of mantle meliing, the following groups of
clements have almaost jdentical bulk partition coefficients during roantle melting:
Cs Rb-Ba, U-Nb-Ta-K, Ce-Pb, Pr-Sr, P-Nd, Zr-H{ Sm, Eu-Ti, Ho-Y.

« Bivariate plots of element paivs taken {rom within these groups can be expected to
" show to a first approximation the ratio of the elements in the source (Sun and

~ Mclonough, 1989). In addition the elemental pairs Y--I'h, La ‘Ta, La-Nb, Ta-Th,

Ti—Zr and Ti-Y are also often assumed to have very similar bulk partition
cocfficients and are used in a similar way., Any variation in the ratio reflects
heterogencity in the source (Bougaule ez 7., 1980} resulting from source mixing or
contamination.

This approach has been very fruitful in some areas of igneous petrology but is
not universally applicable. Firstly, the relationship decs not held for very small
degrees of melting for there is divergence between the enrichment parhs of highly
incompatible and moderately incompatible trace elements — see Figures 4.12(1)
and (¢). If a small degree of melting {5 suspected it may be recognized from the
approximation £ /Cy = 1/F derived from the batch melting equarion for the s
when /2 s very small (Section 4.2.2). Secondly, this method is difficult to apply w
gramitic rocks, This is because few trace elements are haghly incompatible in
granitic melts, chiefly because of the large number of possible minor phases
incorporating many of the trace elements traditionally regarded as incompatible,
The source repgion of granitic rocks is more casily characterized by the study of
radiogenic izsatopes (sce Chapter 6),

(6} fdentification of tgneons souree charactevisiics from incompatible element ratio—ratio
ploes Ratio—ratio plots of highly incompatible clements minimize the effects of
fractionation and allow us to examine the character of the mantle source. Different
mantle seurces plot on different correlation lines (Figure 4.31). This approach was
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Figure 431

Compatible
element plots
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Thi'Ta

1 . —
1 2
Th/Th

Bivariate ratio plot of Th/Ta vs Th/Tb for basales from the Red Sea Rift {data from Eissen
et al,, 1989y, The shree trends showing (Th/'Th)/(Th/ Ta) ratios of approximately (.23, 0.3
and 0.8 are thought to indicate three different mantle sourcus.

used by Saunders ¢/ al. (1988) who used the highly incompatible ¢lements Th,U,
Ph, K, Ba, Ce and Nb and the clement pairs Th-Ce, K-Ce, U-Pb and Ba—Ce cach
raticed to Nb, in order to explore the ratios Th/Ce, K/Ce 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 inherent problems and the reader should take note of possible spurious
corrclations arising from the common denominator effect discussed in Section 2.3.

(c) Calenlation of pariition coefficienis from reciprocal concenlration trace element
plots Minster and Allegre (1978) showed that, from a rearrangement of the barch
melting equation, a bivariate plot of the reeiproeals of mcompatible clements can be
used to obtain information about partition cocfficients during melting. Provided the
inass fractions of the minerals in the melt remain constant, a linear trend on such a
diagram characterizes the batch mefting process. Further, the slope and intercept of
the trend can provide informarion about the difference in bulk partition cocfiicient
between the two clements, 1f the samples are first normalized to the most enriched
sample, elements with the same bulk partition coefhcient will have a slope of 1 and
an intercept of zero, If the bulk partition coefficients for the two clements change at
different rates during melting then a curvilinear trend will be produced (Bender ¢/
al., 1984).

Compatible trace clement concentrations change dramatically 1 an igneous liquid
during fractional crystailization (Figure 4.13). Thus bivariate plots of compatible
clements, plotted against an index of fractionation {e.g. mg number) can be used o
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test for fractional cryseallization. The effect is not so marked in i it erystallization
except when a large melt fraction 15 returned to the magma chamber (Figure 4.14d).
In AFC processes when the rate of assimilation is high and the wace element
concentration in the wallrock is less than in the melt, compatible clements are
sorongly depleted (Figure 4.16a and b)

During partial melting, however, highly compatible clements are buffered by the
solid phase with respect te solid—melt equilibria during partial melting (Figures
4.11b, 4.12d). This means that their concentration in the source, cven if it has
undergone some partial melting, is largely unchanged.

Bivariate plots in sedimentary rocks

Bivariate trace element plots in sedimentary rocks ave mostly used to derect mixing
processes in sediments. Norman and De 1deckker (1990) suggest that linear
corrclations amongst a diverse group of elements over a broad range of
concentrations may  be taken as indicative of mixing of two scdimentary
components. Condie and Wronkiewicz (1990) and Mclennan and Taylor (1991)
have exploited the geochemical differences between elements such as Th and La
(indicative of a felsic igneous source} and 5S¢ and Cr (indicative of a mafic source)
and have used plots such as Th/Sc vs S¢ and Cr/Th vs 5¢/Th as indicators of
contrasting felsic and mafic provenance. Floyd ef af. (1989) quantfied such mmxing
pracesses with the general mixing equation of Langmuir ef @f. {1978) - sce Seetion

49.3,

Enrichment-depletion diagrams

Enrichment - depletion  diagrams are a convenient way of showing relative
enrichment and depletion in trace {and major) elements, They can be useful, for
example, in demonstrating the extent of elemental enrichment and depletion in an
icneous suite by comparing the chemistries of carly and late members of a series.
Hildreth (1981) compares the relative concentrations of the carly and late members
of the Bishop's tuff (Figure 4.32). The r-axis of the graph shows the cletments
arranged by atomic number and the y-axis the coneentration of an clement in the
latcst crupted cjecta ratioed to that for the earliest erupted cjecta, Alternatively the
values on the y-axis may be recorded on 2 logarithmic scale.
Enrichment--depletion diagrams are also useful as a way of displaying element
mobility; this has been used particularly in alteration zones associated with
hydrothermal mineralization. For example, Faylor and Fryer (1980) show the
relative mobilities of tracc and major clements 1 the zones of potassic and
propylitic alteration associated with a porphyry copper deposit. In this case the

enrichment/ depietion is measured relative to the unaltered country rock.
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Enrichment—depletion diagram showing the enrichment factors for selected major and trace
clements from the Bishop's wff, arranged in order of increasing aremic number. The
diagram compares the relative concenerations of the early and late members of the Bishop's
tuff and is thought to be n measure of the zonation of the magma chamber. 1¥ata from
Hildreth (1981).

Modelling trace element processes in igneous rocks

One of the most important uses of trace elements in modern igneous peirology is in
the modelling of geochemical processes. Trace element modelling depends upon the
mathematical cxpressions which describe the equilibrium  partitioning of trace
clements between minerals and melt during igneous processes (Scetion 4.2.2) and a
precise knowledge of trace ¢lement partition coefiicients (sce Tables 4.1 to 4.3). For
successful geochemical medelling, three conditions should be fulfilled. Firstly, trace
clement concentrations must be determined with greae aceuracy; otherwise it is
impossible to discriminate between competing hyporheses (Arth, 1976). Secondly,
partition cocfficients must be known accurarely for the conditions under whicl the
process is being modelled and, thirdly, the starting composition must be known.
This latter condition is not always fulfilled; and sometimes a reasonable assumption
of the starting composition must be made which 1s later refined as the model is
developed.

Calculated compesitions 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 caleutated composition compared with a measured
compasition. Below we deseribe these two modes of presentation in some derail.




Modelling trace element processes in igneous rocks 161

49.1 Vector diagrams

Changes in trace element concentrations may be modelled on a bivariate plot using
vectors to show the amount and direction of change which will rake place a5 a
consequence of o particular process. Mineral vectors show the trend of a
; fractionating mincral phase or mineral asscinblage. These ace illustrated in Figure
4,33 for the fractionation of plagioclase, clinopyroxene, orthopyroxene, hernblende,
biotite and orchoclase from a granitic melt. Partial melting vectors are used o
j show changing melt and source compesitions during the partial melting of a given
source composition and mineralogy. The effecty of different melting models, source
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Fogrre 4,33 WMineral vector disgram showing {ractional  erystallizetion trends in oo granitic source
comtaining 200 ppm Sroand 100 ppm Ba. Fracuonation trends are shown for 10, 30, 50 and

k_ 70 % fracuional erystallization of the minerals chnopyroxene (Cpx), orthopyroxene (Opx),
1 hornblende (1Ibl), brotite (Bi), orthoclase (Kspar) and plagioclase (Plag). The direction of the
f lines shows ehe compositional change w the residual hiquid when the speaified phese is

progressively removed during fractional ceystallization. The partition cocfficients for Ba and
Sr are taken from Table 4.3 and the vecrors caleulated from che Ravleigh fractionation
cquation (Egn [4.18]). Details of che caleulation are given in Table 4.13. The logarithmic
scale is used to produce a straight-line trend.
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Table .13

49.2

Using trace element data

Diata used in the caleulation of mineral vectors shown in Tigure 4.33

Partition cogfficients for riyeiitic liguids (fram Table 4.3)

Opx Cpx 11bl Bi Plag Ksp
Ba 0.003 0.131 0.044 £.360 0.360 6.120
Sr 0.009 0.516 0.022 0.120 2.540 3.870
Initinl composition
Ba 106
Se 200

Cualenlaivd compasitions (from Egn [4.18])

Opx Cpx bt Bi Plag Ksp
10 Y% fracrional erystallization
Ba 1.1 1¥.6 110.6 56.49 107.0 58.3
Sr 2220 2105 2173 219.4 164.8 I47.8
30 9% fractional crysallization
I3a 142.7 136.3 140.6 14.8 125.6 16.1
Sr 284.4 2377 283.3 2737 103.8 719
50 % fractional erysiallization
Ba 1996 182.6 194.0 24 1558 249
Sr 397.5 2797 kLR 368.] 354 7.4
70 % fractional erysrallization
Ba 3321 2847 361 0.2 216.1 n.z
Sr 6595 3382 6492 5770 218 6.3

compositions and mineralogies may all be explored in this way. Ifigure 4.34, for
example, illustrates the differing melting pachs during fractional and barch melting
and the different degrees of enrichment caused by the two processes. Whilst veetor
diagrams select only two out of a vast array of possible clements, 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 dara. Hence both mineral and partial melting
vectors are compared with observed trends on bivariate plots in order o test the
validity of a particular model.

Modelling on mulivariate 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 case the same operation s
performed on cach clement in the plot and the resultant data array is compared
with a measured rock composition. The process 1y illustrated in Figures 4.35 and
4.36 which show respectively the effect of olivine fractionation on a kematiite hquid
and the partial melting of a primitive mantle source. Repetitive catculations such as
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Figure .34 Veetor dingram showing the change in normalized {Ce/Sm) vs Ce concentrations during the
partial melting of a prmitive mantde source with  the mineralogy: olivine 55 %,
orthopyroxene 25 %, clinopyrosene 11 % and garnet 9%, The initial normalized

_ concentrations of Ce and Sm in the primitive mantle were taken ag 2,12 and 2,19

. respectively. The vector for modal batch melting berween 0.1 % and 20 % melting was 9‘.'

caleulated from Egn [4.10]. The vector Far single melr increments formed during m()(l:llJ :

fractional melring between (L1 and 5 % melting was caleutated from Eqn [4.11]. The
parttion coefficients were taken from Table 4.1, [Details of the caleulation are given in Table

4.14 and the same duta are alsg illusrrated in Figure 4,36,

Table 404 Daa uvsed in the ealeulation of partial melting veewr dingram (Pigure 4.34) and REFR
diagram (Figure 4.36)
Primitive mantle eompusition Basalue A4 values from Table +.1 Weighted mean of
bulk partitien

: covff.

. Conen. Makamura  Normalbizel ol Oy Cpx Gt {055 %, Opx 2359,
j (ppm) valuey values Cpx 1140, G 9 49m)
i La 0,78 0.32% 215 0.007 1020 0.036 001 0013
X Ce 1.833 (1.862 2.12 0,000 0.020 0.042 0.007  0.019

Pl 1.366 0.430 217 0.006 0.030 0.230 0026 0038
Smo Oa 0.203 214 0.007 1.050 0445 002 0074

3 Fu 1.164 L077% 214 0,007 0,030 0.474 (0.243 0041
f, Gd  0.5685 0,276 2.16 n.ou 1.0910 0,336 (0.680 Q130
. [ 0.737 1343 213 0.013 1150 (1382 1940 0283
3 br 0479 0.223 213 0.0Z4 0.230 .583 4700 05339
Y D481 0,2X) 2.10 00049 1,340 (1542 6167 0727
i Lu 0074 0.03+ 2.17 0045 120 (L3086 64930 08l

i (Continued)
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Table .14 (Continued )

Assumed mantle composition Batch modal partial melting — Fyn [4.10]
| {rormalized)
| Source  Caleulated bulk partition
! cocff, for mineral
: assemblage
i {001 55 %, Opx 25 %, 1% 05% 1% 2% 3 % 0%  20%

; Cpx 11 %, Gt 9 %)

La 215 0.5 13517 108.36  86.82 6213 3353 1897 1015
l Ce 212 0.019 10579  83.46 7343 5480 3LI2 1809 043
| Nd 217 0.038 5511 5020 4517 3763 2508 1612 040
L Sm 219 0.074 2901 27.65 2612 2352 1811 1309 843
Fu 214 0.091 2385 2204 2180 2006 1604 1202 8.01
| Gd 218 0.150 1426 1394 13357 1288 1118 916 673
] Dy 215 0.283 757 749 740 722 6.73 6.05 5.04
‘ Er 213 0.55% 3.81 380 378 375 367 353 329
Yb 219 0.727 k() 300 3.00 200 205 290 28D
l Lu 2.17 0.511 2,68 .64 2.67 1ET 2,05 262 2.36
i
H Ce 212 10570 8846 7343 5480 3L12 0 1809 9.85
’: Ce/Sm 097 365 320 28 2.33 1.72 1.38 1.47
1
l' Assumed mantle composition Caleulated composition assuming {ractional mocdal
ik (normalized) mehing — Lgn [4.11]
[i !! ‘ Source  Caleulated bulk partition
! coeft. fur mineral
;3 " agsemblage
i e (OF 55 %), Opx 25 B, 0.1% 0.5% 1% 2 % 59%
]-i Cpx 11 %, Gt 9 %)
% 1.a 2.15 0.015 134,89 103.53 7426 3801 4.89
il Ce 212 0.019 105.65 8593 6630 3930 793
e Nd 217 0.038 55.09 4982 4391 05 1563
oy Sm o 219 0,074 000 2759 2592 2285 1352
f Eu 218 0.091 2IM5 2280 278 1067 1439
i Gd 216 0150 1426 1394 1335 1279 1073
i Dy 215 0.283 7.57 7.49 739 7.2l 6.66
! Er 2.13 0.559 181 380 378 0 375 366
f Yo oo 219 0727 301 300 308 299 295
! lu 237 081 268 268 267 6T 265
! Ce 2.12 105.65 8593 6630 39.31 7.43
i Ce/Sm 0,97 364 AL 2.56 1L72  0.5]
i
bii
i
i
1
i1l
] ;\ m
il
’+§
i |
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Flewre 435 Chondrite-normalized REE pacterns caleulared for olivine fractionation from a kemariite melr
‘ (kamatiite=336) at 309, 0%, 70% and 90 % fmcuonal ceystallization. The partition
1 coefficients were taken from Table 4.1, The detuls of the calewlations made for each of the
ten REE shown wsing Egn [4.18] are given in "able 4.15.

b Tuble .15 Daw used in the caleulation of the REE diagrams shown in Pigure 4.35

f : Starring composition of Caleulated values (from Eqgn [4.18])

! Sula Mountains komatite 336 ar a given % fracrional erystalltzation

3 Conen Nakamura  Normalized Kd fur 10 % 30 % 50 % 70 %% 90 4

: (ppm) values values alivine

- (Table 4.1)

; la 274 (1.3290 848 0.0067 9.4 2.1 16.9 28.0 835

# Ce 793 0.8650 9.17 0.0060 10.2 131 18.3 33 90.4

F Nd o 473 0.6300 7.51 00039 8.3 10.7 15.0 24.8 74.1

- Sm L40 0.2030 6,90 a.0070 7.7 9.8 13.7 22.8 67.4

1 Fu 003 0.0770 8.18 (0074 9.1 1.7 16.3 270 40.4

9 Gd 2.0 0.2760 7.28 0.0100 8.1 104 14.5 240 71.2

3 Dy 240 0.3430 717 ¢.0130 8.0 10.2 14.2 23.5 69.06

Er 1.61 0.2250 7.16 (.0256 7.9 10.1 14.1 231 67.5

i Yh  14] 0.2200 6.41 0.0491 7.1 4.0 124 20.1 37.2
Ta 024 0.0339 7.08 0.0454 78 10.0 137 223 [
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these are done most casily by computer and the resulis displayed, ideally, on a
graphics screen, Holm {1990) describes such a method using a spreadsheer.

Petrogenetic modelling — examples

In this section we illustrate the way in which trace element mudelling has been used
to identify differing petrogenctic processes in igneous rocks.

A numerical example showing the cffects of between 0.1 % and 20 % partial
melting on the REE concentrations of a primitive mantie source is given in Tahle
4.14. The results are displayed graphically on a vector diagram {I'igurc 4.34) and on
a mulrivariate plot {Figure 4.36). Both diagrams show the extreme enrichment of
the light REE rclative to the heavy REFE in the partial mels — a preperty which
increases as the percentage of melting decreases. T'his type of modelling hag been
used extensively 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 ¢ a/. (1984) caleulared chondrite-normalized
spidergrams for the dynamic melting of mantle lherrolite for comparison with
measured oceanic baszit compositions.

The modelling of fractional ¢rystallization on vector diagrams and REE plots is
described above in Sections 4.9.1 and 4.9.2 respectively and s illustrated in Figures
4.33 and 4.35. Details of the caleulations are given in Tables 4.13 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 erend
which could have been produced by crystal fractionation, then the slope of the
trend can be compared with a mineral vector 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 tange in the two clements, to make
an estimate of the amount of fractional crystallization that has taken place, When
there 1s more than one fractionating phase Present a composite vector must be
calcelared, zlthough when this is the case it is not always possible to find a unique
composition for the fractionating mineral assemblage.

Multivariate diagrams are used to compare calculared and measured rock
compositions, Provided the compoesition of a parental meltr is known, the
composition of derivative liguids can be calculated and cornpared with the
composition of liquids which are thought to have been derived from the parental
melt. This iy the approach used by Arth (1981}, who modelled the REE chemistry
of andesites and dacites in New Britain by fractional erystallization 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 cxeellent agreement with the observed REE patterns in the rocks.

Komatiitic magmas arc thought to have had exceptionally high liquidus
temperatures and (o have been frequently contaminated with continental crust.
Trace element data in support of this hypothesis are illustrated gualitatively by
Arnde and Jenner (1986) on a REE diagram. Similarly, Condie and Crow {19940)
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Chendrite-normalized REL paterns caleulated for modal batch partial melting of a primitive
mantle source with ce 2.15 chondritic concentration of REE and with the mincralopy —
wlivine 535 %, arthopyroxene 25 9%, clinopyroxene 11 % and garner 9 %, Curves are shown
for (L1 10 10 % partial melting. The calculations were made for the ten REE shown using
Eqn [4.10] — see Table 4.14 for the detils.

proposed that Archacan and ecarly Proteroroic basalts erupted on the Kaapvaal
craton in southern Africa were komartiitic in origin bur conraminated  with,
continental crust. They support this hypothesis by showing that AFC vecrors,
calculated from the equations of DePaclo (1981b) (see Section 4.2.2), coincide with
observed trends on bivariate Zr-INi and Hf-Th diagrams. They also use MORB-
normalized spidergrams to show conformity between measured basaltic composi-
tons and calculated spidergrams for varying degrees of asstmilation and fractional
¢rystallization from a komatiitic ligquid.

The behaviowr of the REE in o periodically replemished, peniodically tapped,
continuously fractionated (RTF) magma chamber (Sccon 4.2.2) is deseribed by
OrHara and Mawthews (1981). Using chondrite-normalized values of Ce/Yb to
represent the slope of the REE diagram, and Sm values as a measure of REE
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concentratigns, they show on a bivarate plot of normalized Ce/Yh vs Sm the
effects of the RTT process on partial melts of a variety of mantle sources coupled
with crystal fractionation,

Recognizing R'TF processes in a lava sequence requires a very derailed and
complete geochemical seetion. Norman and Leeman (1990), in a study of Oligocene
andesites and basalts from southwest Idaho, USA recognized a cyclicity in the trace
and major element chermistry up the stratigraphic section. On bivariate Ba—Sc and
Th-Sc plots they show that the scatter in the data cannot be accommodated within
caleulated fractional erystallization 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.

A set of general mixing equations is given by Langmuir e &/, (1978) which may be
used to identify magma mixing and mixing in an igneous source region. The
equations of Langmuir er el (1978) predic that mixing berween two elements
produces a straight line whereas mixing between an element and a clement ratio or
berween two ratios produces an asympratic curve.

The two types of mixing, magma mixing and source miving, can be
differentiated by using  differences in behaviour between  compatible and
incompatible clements. For example, since highly incompatible etement ratios dao
not change during partial melring or [ractional crystallization, a mixing curve based
upon incompatible clement ratios is ambiguous and can indicate either magma
mixing or source mixing. Compatible ¢lement rating, on the other hand, are
strongly fractipnated during pareial melting and will not reflect the ratios of the
source region. Thus, if mixing is in the source region a compatible element plot will
show a scattered (rend whereas the mixing of two melts will produce a simple
mixing line.

Two types of truce clement plot lend themselves to the investigation of ¢lement
mobility. Firstly, the MORB-normalized multi-clement diagram of Pearec (1983)
{FMigure 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
{198Y) found that this diagram successfully differentiated between the behavionr of
mobile clements such as Sr, K, Rb and Ba and the immobile ¢lements Nb, Ce, P,
Zr, 'l and Y during the greenschist facies metamorphism of basalts. A second
approach 35 to use the enrichment—depletion diagram described in Scetion 4.8
(Figure 4.32), although this type of diagram can ouly be used when the composition
of the unaltered rock is known,

inversion techniques using trace elements

Trace element inversion methods make use of the variability in clemental
concentrations in 4 suite of cogenetic igneous rocks to determine unknowns such s
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 inverse method,
with its emphasis on constraining the madel from the trace clememt data, offers a
much greater possibility of a unique solution to 4 geochemical problem. Inverse
methods van in principle be applied o all petrological processes, although only
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fractional crystalhization and partial melting are illustrated here. The methods
outlined here are discussed in detail by Allegre and Minster (1978),

The first step i using the wmverse approach to the study of trace elements is to
wlentify the hikely physical process which accounts for the variation in the data.
This may bhe done by plotting selected trace elements on bivamate plots. For
example, clements which are compatible will vary drastically in concentration
during fractional crystallizsation, whilst highly incompatible elements will vary most
in abundance during parrial melring (Minster and Allegre, 1978).

A worked cxample of the inverse approach to fractional crystallization s given by
Minster er ol (1977) for a suite of basaltic lavas from the Azores. In this case the
unknowns are (1) the initial concenrration of the trace clements in the parent
magma, (2} the bulk partitton coeflicients for the clements and (3) the degree of
crystallization corresponding to each sample. The initial concenrrations of trace
elements in the melt were csrimared using Ni, The likely Ni concentration in a
parcntal melt was caleulated by melting a model mantle. On this basts a parcntal
melt from the lava suite was thus identified. Bulk partition coefficients were
caleulared using the method of Allegre er o/, (1977) as follows. Tt can Be shown from
the Ravleigh Fractionation Law (Fgn [4.18]) that the slope of a log-log plot of a
highly incompatble trace element against any other race element is proportional to
the bulk partition coefficient D {sce Figure 4.37). Where D < 1 the slope 15 (1 — )
and where £ = 1 the slope 1s (72— 1), Minster e &f. (1977) cateulated bulk partition
coefficients by assuming thar rhe highly incompatible element Ta had a bulk
partition coefficient of zer. The slopes of log-log plots of the data againgt 1 were
used to estimate bulk partiten vocfficients Tor other elements. The degree of
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Loglog trace element plots showing the calealation of the bulk partition cocfficient 2 during
crystal fracrionation, after the merhod of Allegre er 2l (1977). (a) Plor of maoderarely
incompatible element Zr against highly incompatible element Ta. The slepe of the
togarithmic plot is 0.9 hence the bulk partition coefficient £2 = 0.1, (b)Y Plot of compatible
clement N1 against highly incompatible ¢lement “1I'a, The slope of the logarichmic plot s e
—+0, hence the bulk partidon cocfficient D is ce 5.
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crystalfization for each sample was caleulated from a knowledge of the composition
of the primary melt and the bulk partition cocfficient.

In the case of partial melting the unknowns are (1) the chemistry of the source, (2)
the bulk partition 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 s0 1 number of inital assumptions have to be made.

Bender e al (1984), in a study of ocean-floor basalts, used the modal batch
melting equation (Eqn [4.10]} and made two initial assumptions. [lirstly, they
sclected a reference element (in this case the most incompatible element) and
assigned it 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 () may be calculated for the reference clement:
this is usually done for the most enriched sample. From the values obeained for £
and C, for the reference element, values for the percentage melting (F) can be
calculated for all the other samples. The batch melting eguation now has two
known parameters for each element — the concentration in the melt (€} and the
percentage melting (F) — and two unknowns, Cj and D. These unknowns may be
found by solving simultancous equations for pairs of parental magmas and by
assuming that in each case a pair of magmas has values of Cy and D which are
constant.

The results of a preliminary calculation are inspected and refined as necessary. A
comparison of calculated £ values for each pair of parental magmas gives a test of
the assumed batch melting modcl for these rocks. The caleulated inverted partition
coctticients may be compared with experimentatly determined values to see if they
arc geologically plausible. The relative values of the inverted distribution
coefficients are a robust feature of this inversion method over a range I3 and F
values, Values for the composition of the source are more scositive to values of D
and £ but solutions are restricted to a small rvange of geologically plausible
possibilities.

A final comment on geochemical medelling

The development of trace clement modelling in petrology represents a major
advance in geochemistry. However, this approach must be used with some caution
for two reasons.

(1) Most of the models developed in Scction 4.2.2 of this chapter are idealized
and do not always conform to the actusl physical conditions ol the process
being modelled.

{(2) Rarely can petrological modelling produce a unique solution. Ofien problems
of this type contain teo many unknowns,

For this reason, trace clement modelling must be regarded as a means of
hypothesis testing and should be used to verify an already constrained meodel.
Wherever possible, trace element studies should be part of a broader approach to a
geochemical problem which includes the constraints of the major clement and
isotopic chemisiry.




