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What is a granite?

A granite is a massive crystalline rock exposed at the Earth’s surface by weathering; it
derives from the cooling of granitic magma at depth a long time ago. It has millimetre- to
centimetre-sized grains, which are usually white to grey in colour reflecting its chemical
composition, i.e. rich in silica and poor in iron. Its mineral composition is principally
made of quartz, alkali feldspar, plagioclase and sometimes white mica for light-coloured
minerals, as well as biotite and occasionally amphibole, clinopyroxene or orthopyroxene
for the dark-coloured minerals. Other minerals occur in minor amounts, hence are called
‘accessories’. These may include tourmaline, garnet, apatite, zircon, monazite, ilmenite,
magnetite, topaz and occasionally rare earths and metal ore minerals.

1.1 Classification of granites

The QAP Streckeisen modal diagram (Fig. 1.1) provides a simple nomenclature based
on the percentage of light-coloured minerals. Granites in their broadest sense (granitoides
in French) are composed of 20-60% quartz (Q) as well as variable proportions of alkali
feldspar (A) and plagioclase (P). In the QAP diagram, the A end-member naturally re-
fers to potassic feldspar (orthoclase or microcline) but also to sodic feldspar (perthitic
alkali feldspar and albite). The relative proportions of A and I help to define four distinct
granite domains. From left to right (A to P) in Fig. 1.1 are: (1) alkali-feldspar granite, in
which K-Na feldspar is dominant; (2) granite sensu stricto; (3) granodiorite; and finally
(4) tonalite in which plagioclase is dominant. The largest granite domain may be sub-
divided into syenogranite (the alkali side of the diagram) and monzogranite. From A to
P the rocks darken in colour, reflecting the increasing content in dark minerals (biotite,
amphibole, pyroxene) along with increasing concentrations of Fe + Mg (Fig. 1.2). At the
same time, plagioclase becomes more calcic, namely closer to the anorthite end-member
(as its Ca/Ca + Na ratio increases).

This classification, based on quartz—alkali feldspar and plagioclase proportions, ig-
nores the petrographic and geochemical subtleties which will be revealed later. To use
this classification we must know the modal composition of the rock. It can be pre-
cisely determined from thin sections observed under the petrological microscope using

Granites. First Edition. Anne Nédélec and Jean-Luc Bouchez. © Oxford University Press 2015.
English edition published in 2015 by Oxford University Press.



2 Whatis a granite?
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Figure 1.1 Modal classification of plutonic rocks, after Streckeisen (1976). In
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polarized light. Traditionally, the mode is performed using a point-counting device by
attributing Q, A or P at each node of a square grid. A modern way of determining the
mode consists of using an analysis technique of digitized thin-section images (for exam-
ple by scanning) with the help of computer software. However, since in many labora-
tories a chemical analysis may be easier to obtain (at least for the major elements) than
modal estimations of thin sections, the relationship between the mode of a granite and its
percentage of oxides (weight %) can be established through calculating the virtual min-
eralogical composition of the rock, called a ‘norm’. The corresponding normative data
may then be plotted into the Streckeisen and Lemaitre normative diagram (1979, see
Fig. 1.3), which presents the same subdivisions as in the Streckeisen’s modal QAP plot.

In order to better understand the geochemical diversity of granites, the simplest and
most fruitful classification is based on the saturation in alumina, through calculation of
the A/CNK (Al,05/Ca0O + Na,O + K,0) and A/NK (Al,03/Na,O + K,0) molar ra-
tios from weight percentages in oxides obtained by chemical analyses (Shand, 1943).
Be careful: the A of the A/CNK is different from the A of the QAP diagram. A/CNK
equals 1 for the haplogranites, a (virtual) rock exclusively composed of quartz and feld-
spar (orthoclase and/or albite). Introduction of minerals having different Al contents will
modify the A/CNK value of the whole rock accordingly. For example, the addition of
hornblende (A/CNK = 0.7) will decrease this ratio (A/CNK < 1), while the introduction
of garnet (A/CNK = ) or other Al-rich minerals (for example, muscovite) will increase
it (A/CNK > 1).

On such a basis (Fig. 1.4), peraluminous granites are characterized by A/CNK > 1.
For the metaluminous granites (A/CNK < 1), an additional distinction is made, accord-
ing to the A/NK value, between metaluminous granites sensu stricto, also called calc-
alkaline granites (A/NK > 1), and peralkaline granites (A/NK < 1).The latter approach
provides no more than a classification of granites as a function of their principal minerals,

50 © ‘l T T T T T T T 50
.
.\ GRANITE
g g\ 40
§ 5 \e
2 5l B\ 430
o <.E = “q';, \, (monzo- . .
[ s\ B N . granodiorite tonalite
@) % ZSIN granite)
& 20 o\ = 20
n
o 10 alkali |\ svenite \ monzonite \ monzodiorite diorite gabbro g
feldspar
syenite
0 1 1 1 1 1 1 1
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ANOR =100 x —A8
Or+An

Figure 1.3 Normative classification after Streckeisen and Le Maitre (1979).



4 What is a granite?

Box 1.1 Granite and granit

Granite has a Latin origin, granum for grain. A granite is a magmatic rock which contains
mineral grains. Although all geologists spell the word ‘granite’ with an ‘e’ at the end, a com-
mon practice in the French literature is to write granit (without an ‘e’). For example, Victor
Hugo wrote in Contemplations: ‘the Earth is of granit, rivers of marble ...”. The word granit has
been used since the seventeenth century. Buffon, in his first volume of Histoire Naturelle des
Minéraux (1783), noticed that ‘at present granits cover most parts of the globe’, a fact difficult
to argue against. In France, granit is improperly used by rock dealers who propose granite
counter tops made of ‘black granit’ (sic), actually of gabbro. In fact marble workers call ‘granit’
any rock surface whose grains are distinct when polished and ‘marble’ a rock whose grains
are indiscernible. The word ‘marble’ is restricted to metamorphosed limestones by geologists.

or major chemical element composition. No genetic implication concerning the source
(origin), or the extraction mechanism, can be derived from these classifications, even
though, for example, granites derived from the melting of pelites are well-known to be
peraluminous (see Chapter 2).

A genetic meaning has been given by the letters S and I first introduced by Chappell
and White (1974) to signify the granitic source or protolith. S stands for ‘supracrustal’,
indicating partial melting of metasediments, and I for ‘infracrustal’ or ‘igneous’, sug-
gesting partial melting of an igneous protolith. Chemically, S-type granites are approxi-
mately equivalent to peraluminous granites of Shand, and I-type granites are equivalent
to metaluminous and Al-poor granites, A/CNK = 1.1 being the limit between these two
groups (Fig. 1.4).This alphabetical classification was further complemented by Loiselle
and Wones (1979) who defined another group of granites, known as A-type, namely
‘alkaline’ or ‘anorogenic’. The A-type granite group is larger than the peralkaline group

1.8 :
< I >< S—— >
1.4 - metaluminous H peraluminous
v ’ granites E granites
Z B .
< E
1.0
B peralkaline granites
0‘6 T T T T T T T

T
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
A/CNK

Figure 1.4 Shand’s (1943) classification with superimposed I- and S-type
domains.
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Figure 1.5 Classification diagram of Whalen et al. (1987) applied
to the stratoid granites of Madagascar (after Nédélec et al., 1995).

of Shand. A-type granites are always rich in silica, have high Fe/Mg ratios as well as
high contents of high field strength elements (HFSE), i.e. elements having high charge/
ionic radius ratios, such as Zr, Ce, Nb, Hf, Ta, etc. This is why Whalen et al. (1987) use
the contents of Zr, Ce and Nb (normalized to Ga/Al) in order to distinguish the A-type
granites from the S- and I-type granites (Fig. 1.5).Table 1.1 gives the average chemical
compositions of I-, S- and A-type granites.

Table 1.1 Representative compositions of the main granite types, after Cox et al. (1979) and Whalen
etal. (1987).

Type I S A
Oxides (wt %) Tonalite Granodiorite Granite I Granite S Granite A
SiO, 61.52 66.09 67.89 69.08 73.81
TiO, 0.73 0.54 0.45 0.55 0.26
AL O, 16.48 15.73 14.49 14.30 12.40
FeO (total Fe) 5.47 3.97 3.72 3.89 2.43
MnO 0.08 0.08 0.08 0.06 0.06
MgO 2.80 1.74 1.75 1.82 0.20
CaO 5.42 3.83 3.78 2.49 0.75
Na,0 3.63 3.75 2.95 2.20 4.07
K,0 2.07 2.73 3.05 3.63 4.65

P,O5 0.25 0.18 0.11 0.13 0.04




6 Whatis a granite?

Whoever would like to unravel the multiple classifications proposed so far will find
the well-documented synthesis by Barbarin (1999) a useful reference. Barbarin does
not refrain from proposing another classification aimed at best integrating this multi-
parameter problem.

In this chapter and elsewhere we shall refer to the I, S, A granite classification, which
has the advantage of simplicity. However, we shall try to avoid any systematic deductions
about the nature of the source which essentially can be interpreted from isotopic data.
Similarly, any deductions concerning the geodynamic environment, which should arise
mainly from discussions of structural and tectonic studies, will be avoided initially.

1.2 Petrography

1.2.1 Texture

The texture (sometimes also called ‘structure’) describes the shapes and sizes of the
grains that compose the granite as well as the relationships between them. Such a de-
scription provides useful information about the order of crystallization and, eventually,
about the conditions of crystallization of the constituent minerals and their subsequent
history such as deformation or disequilibrium reactions. If a texture is rather easy to de-
scribe, its interpretation with confidence is rather difficult. In contrast to most volcanic
rocks, granitic rocks are entirely crystallized, and the grains are always perceptible to the
naked eye. The grain size is characterized as follows: fine-grained (< 1 mm), also quali-
fied as ‘aplitic’ if the rock is light-coloured, hence dominated by quartz and feldspars;
medium-grained (1-5 mm); coarse-grained (5-20 mm) and pegmatitic (> 20 mm).
Then, one can examine whether the grains have all the same size (equigranular texture)
or not (heterogranular texture). In the latter case, the texture is seriate if a full range of
sizes is present, or porphyritic if a given mineral species, with generally idiomorphic to
sub-idiomorphic shapes, largely surpasses the size of the matrix minerals.

The relationships between grains are examined through the eventual shape or lat-
tice preferred orientation (also called fabric, see Chapter 9). Grain intergrowths are also
examined, such as graphic texture in which the sharp-edged interpenetration of quartz
and alkali feldspar resembles Sumerian cuneiform writing. In granophyric texture, homo-
geneous phenocrysts of quartz and feldspars can be observed inside the graphic assem-
blage. These phenocrysts were more-or-less isolated in the melt at the beginning of magma
crystallization, and this was followed at the end of crystallization by rapid co-precipitation
of quartz and feldspar. Less common textures are also examined, such as overgrowths
of plagioclase around alkali feldspars, observed in rapakivi granites (rapakivi is a Finish
word, because rapakivi granites are common in southern Finland: see Chapter 13).

1.2.2 Mineralogy

A granite commonly contains quartz, feldspars and biotite. Such a simple miner-
alogy does not help in identifying to which category (I, S or A) the granite belongs.
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The presence of additional aluminous mineral species should be mentioned since they
participate in defining the chemical signature of the rock. For example, two-mica gran-
ites, containing biotite and muscovite, or granites containing only muscovite, and/or
cordierite, garnet, tourmaline or aluminosilicates (andalusite or sillimanite), belong to
the S-type granites (Clarke, 1981). By contrast, the I-type granites are characterized by
the presence of calcium-bearing ferromagnesian minerals such as hornblende, clinopy-
roxene (augite or diopside) or epidote (provided it is magmatic, i.e. grown from a melt).
Finally, sodic ferromagnesian minerals, such as Na-bearing clinopyroxene (aegirine, or
aegirine-augite) or Na-bearing amphibole (arfvedsonite or riebeckite), are typical in
A-types, and more precisely in peralkaline A-type granites. If these sodic ferromagnesian
minerals have crystallized after quartz and feldspars, and hence occupy interstitial sites
with xenomorphic shapes, an agpaitic texture can be concluded.

A leucocratic granite, light- to very light-coloured due to its paucity in ferromagne-
sian minerals, is also called a ‘leucogranite’. It is rich in silica and alkaline minerals, hence
is highly differentiated, but one cannot conclude that its composition is constant in every
element. I-, A- and S-type leucogranites do exist, contrary to the common thought that
a leucogranite always belongs to the S-type. I- and S-type leucogranites have convergent
characters which make them difficult to distinguish. Presence or absence of primary
(magmatic) muscovite is a distinctive feature in identifying the respective S- or I-type
nature, as well as the contents in some minor and trace elements (Fig. 1.6).
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65 70 75 % SiO,

Figure 1.6 Discrimination between S- and I-type
granites as a function of their content in phosphorus.
Apatite (calctum phosphate), a common accessory
mineral, is more soluble in peraluminous magmas
(S-type) than in metaluminous magmas (I-type).
The first ones become richer in P with increasing
differentiation indicating that saturation in apatite
is not reached, hence apatite does not crystallize
(Chappell, 1999).
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Iron oxides (ilmenite and magnetite) are accessories revealing the oxygen fugacity
that characterizes the magma. It has been recognized for a long time that two categories
of granites exist: one the ilmenite-bearing and the other the magnetite-bearing granites
(see Fig. 12.5) with few representatives in between. The S-types always belong to the
first category, reflecting their formation from pelitic metasediments more-or-less associ-
ated with organic matter, thus explaining the reduced conditions during partial melting.
I- and A-type granites may belong to either categories.

1.3 Granites: rocks representative of the continental crust

1.3.1 Structure of the continental crust

Except in a few places, such as in the Ivrea and Strona-Ceneri zones of the Italian Alps
(Fig. 1.7a), it is not possible to observe a section of the whole continental crust. Due to
the Alpine orogeny, the continental crust has been tilted by up to about 90° and offers
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|:| Metapelites
(amphibolite facies) 970

E Granulitic metapelites

. Granulitic metabasites

Strona-Ceneri zone
. Gneisses and schists

Granites
(a) [[] Sediments (b)

10 km

Figure 1.7 (a) The Ivrea zone, a model of lower continental crust metamorphosed under amphibolite to
granulite facies due to voluminous gabbroic intrusions; associated with the Strona-Cineri zone, the Ivrea
zone offers a complete section of the continental crust. (b) Interpretative vertical section showing that, whatever
their sources, the granitic intrusions occupy mostly the upper part of the crust. After Wedepohl (1991).
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a complete section typical of the crust (Fig. 1.7b) down to the Moho that is the base of
the crust. In this section, some granitic rocks, although derived from anatexis (i.e. par-
tial melting) of the lower part of the crust, are observed to have crystallized in the upper
crust. The lower crust is highly metamorphic (it has reached granulite facies condi-
tions) and is rich in mafic components derived from partial melting of the mantle. This
structure was formed as a consequence of extensional tectonics characterized by both
crustal and lithospheric thinning at the end of the Hercynian (also called ‘Variscan’)
orogeny (see Chapter 12), but may not be typical of continental crust worldwide.

Wedepohl (1995) used the European GeoTraverse (EGT seismic profile) to build
a representative section of the European continental crust. The 3000 km-long north-
south profile, running from the Baltic Shield to the Alpine chain, cuts across about
60% of Precambrian basement rocks and 40% of more recent formations (Hercynian
belt, Alpine belt and respective associated basins). Integration of the data over the pro-
file together with the addition of geological information, help to locate granitic rocks
within the upper part of the crust where seismic velocities range between 6 and 6.5 km/s
(Fig. 1.8). These granitic rocks represent in volume 50% of the upper crust and 26.5%
of the whole continental crust (Fig. 1.9).

1.3.2 Composition of the continental crust

The approach of Wedepohl (1995), essentially based on seismic profiles, leads one to
define a tonalitic composition for the bulk continental crust (62 wt % of silica). Using a
different approach based on the composition of sediments from North America, Taylor
and McLellan (1985) concluded that the continental crust has an average dioritic com-
position (57 wt % of silica). Both approaches, however, define a granodioritic composi-
tion for the middle part of the continental crust.
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(Vp < 6-6.5 km/s)
[ ] Felsic granulites
(Vp = 6.5-6.9 km/s)

Figure 1.8 Interpretative seismic section of Middle Europe (European GeoTraverse—EGT profile).
After Wedepohl (1995).
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Figure 1.9 Average composition of the European crust,
reconstructed after the EGT seismic profile. After Wedepohl
(1995).

1.4 Granites and related rocks

1.4.1 Concept of magmatic series

As for volcanic rocks, plutonic rocks often form associations that appear as contempora-
neous and cogenetic in the field. A few simple diagrams help to identify the main types
of associations, also called ‘magmatic series’. They are interpreted as resulting from the
evolution of a parental magma subjected to increasing degrees of magmatic differen-
tiation. The TAS diagram (total alkalis versus silica: Na,O + K,O = f(8i0,)) devised
by MacDonald and Katsura (1964) has been used to distinguish between alkaline and
subalkaline series, the whole series being then subdivided into three series: alkaline, calc-
alkaline and tholeiitic (Fig. 1.10). The calc-alkaline series are themselves subdivided ac-
cording to the Na,O/K,O ratio. In the diagram representing K,O as a function of SiO,
(see Fig. 12.6) one can make the distinction between calc-alkaline series poor in potas-
sium (in fact of tholeiitic character), from series with intermediate contents in potas-
sium defining the classical calc-alkaline series, and then from high-K calc-alkaline series.
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Figure 1.10 TAS diagram: total alkalis (Na,O + K,0)
versus stlica (S10,) in wt %.

1.4.2 Granite types and magmatic series

The most evolved plutons (i.e. the richest in silica) belonging to the principal magmatic
series, correspond mainly to granites sensu stricto (see Fig. 12.19). Potassium-poor calc-
alcaline series, or tholeiitic series, constitute an exception since their magmatic differ-
entiation leads to trondhjemites or plagiogranites, which are equivalent to leucocratic
tonalites, as rich in silica as granites but with a high Na/K ratio preventing K-feldspar
from crystallizing. The majority of I-type granites are classified as monzo- or syeno-
granites resulting from the differentiation of either classical calc-alkaline series or high K
calc-alkaline series (sometimes called monzonitic series). In the first case, I-type granites
are associated with tonalites and granodiorites, while in the second case they are associ-
ated with monzonites. A-type granites, either syenogranites or alkali feldspar granites,
are often associated with syenites. Finally, S-type granites form a distinct group; they do
not correspond to a real magmatic series although such granites span compositions from
granodiorite to granite (see Fig. 12.19).

1.5 Conclusions

The very first observations collected in the field about the mineralogy and the nature of
the rocks associated with granite provide precious information about the type of granitic
rock under study. A structural study must be undertaken before considering geochemis-
try. Only then will it be time to propose a model of magma genesis, the origin of granite
and to define the tectonic context of its emplacement into the crust.



2

Origin of granitic magmas

The origin of granites has been a matter of controversy for more than a century. The
main steps of this debate are presented briefly in Box 2.1. First, let’s go to into the field!

2.1 Field data: migmatites and granites

The word ‘migmatite’ (from the Greek migma, mixture) was coined by Sederholm
(1907), a Finnish geologist who first used it in 1907 to describe ice-polished outcrops
along the coast of the Gulf of Finland. A migmatite is a rock that was partially molten
and that is presently made of a gneissic part and a granitic part.

In the field, migmatites appear as the end of prograde metamorphism and often make
the transition towards a so-called anatectic granite (‘anatexis’ is a word created by Seder-
holm to define the process of regional melting).

Box 2.1 From neptunism to modern magmatism

Towards the end of the eighteenth century, Abraham Gottlob Werner (1750-1817) founded
and popularized the idea of Neptunism, meaning that the geological strata were deposited or
precipitated at the bottom of a primordial ocean covering all the surface of the Earth. The
same century, this theory was contradicted by James Hutton, the father of modern geology.
Two points were debated: are granites magmatic rocks and do they have any link with basaltic
rocks? Hutton (1794) asserted the magmatic origin of granite after his own observations in
Scotland. Lyell (1830), another Scotsman, continued to popularize Hutton’s ideas that gran-
ite originates at great depths by melting due to high temperature and pressure. These con-
ditions are responsible for the formation of both metamorphic and granitic rocks, together
called ‘plutonic’ rocks (an adjective now used only for magmatic rocks). At the same time,
French authors, influenced by their observations in the French Massif central, emphasized
the differences between basaltic and granitic rocks. Durocher (1857) suggested the existence
of two different magmas: one granitic, formed at relatively shallower levels, and the other bas-
altic of deeper origin. Unfortunately, this proposal received little attention. Until 1950, most

continued
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Box 2.1 continued

people opposed volcanic rocks, as being undoubtedly magmatic, mainly mafic in composition
and formed in non-orogenic settings, to plutonic rocks, mainly granitic (or granodioritic) and
formed in orogenic settings by poorly understood and still debated processes. Read (1948)
summarized this controversy in a successful book. At that time, supporters of the magmatic
origin of granite were still struggling with proponents of solid-state origin by a transform-
ation called ‘granitization’. In the magmatist faction, two opinions were discussed: is the gran-
itic magma primary or secondary, i.e. derived from the fractional crystallization of basaltic
magma? A few years later, the results of the first melting experiments by Tuttle and Bowen
(1958) quietly terminated the idea of ‘granitization’ and crustal melting was then accepted as
the main origin for the formation of granites.

Johannes Mehnert
(1983) (1968)

mesosome = palesome

melanosome
neosome leucosome
melanosome

Figure 2.1 Dufferent types of migmatites after Mehnert (1968). (a) Layered or stromatic metatexite (from
the Greek stroma, carpet). (b) Folded or prygmatitic metatexite. (c) Diatexite with schlieren (elongate and
frayed concentration of dark minerals). (d) Rafts of gneisses in diatexite. () Nebulitic diatexite.

Mehnert (1968) proposes a detailed classification of migmatites, using specific ter-
minology corresponding to the increased degree of partial melting: metatexites, fol-
lowed by diatexites. Other specific terminology refers to characteristic structures (Fig.
2.1). Mehnert’s classical description of migmatites calls ‘leucosome’ (from the Greek
leucos: white) the quartzo-feldspathic domains, that resemble granite, and paleosome
the other gneissic and foliated domains. The leucosome always displays a larger grain
size than the paleosome (see Fig. 2.2b). This feature, together with an irregular shape
and a centimetre-scale rather than a millimetre-scale thickness, helps to distinguish
leucosomes due to i situ partial melting from quartz-feldspathic layers due to meta-
morphic solid-state mineral segregation in gneissic rocks.
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B lﬁm

Figure 2.2 Migmatite structures. (a) Migmatite from Eseka (Cameroon) with a spotted neosome
characterized by new hornblende megacrysts, after Nédélec et al. (1993). (b) Detail of another mig-
matite after Mehnert (1968).

In layered metatexites, the leucosomes may be edged by dark melanosomes (from the
Greek melanos: black). A melanosome is often biotite-rich and called ‘restite’, referring
to its refractory (not molten) nature. The word ‘restite’ may not be appropriate for two
reasons. Firstly, all light minerals in the gneiss may not have been molten, hence may be
also part of the actual restite; secondly, some of the mafic mineral components in the
melanosome may be newly formed minerals, crystallized in equilibrium with the melt
(this is the case with incongruent melting). The melanosome may not be easy to deline-
ate; it can form mineral aggregates more or less scattered in the leucosome (Fig. 2.2a).
This is the reason why Johannes (1983) used the word ‘neosome’ to refer to both the
leucosome and the melanosome.

The use of ‘mesosome’ instead of ‘paleosome’ is also recommended by Johannes
(1983) to avoid any genetic implication. Indeed, the observed mesosome may be dif-
ferent in composition from the melted gneissic protolith, i.e. the paleosome sensu
stricto. It is possible that the observed mesosome did not melt, because its composition
was not appropriate! Another hypothesis considers the local introduction of a hydrous
fluid, that might have favoured local partial melting, leaving the other gneissic layers
unchanged (Weber and Barbey, 1986). Finally, the so-called ‘injection migmatites’
result from the introduction of an elsewhere-formed granitic melt into the gneiss.

Melting reactions and their pressure—temperature (P-7) conditions can be deter-
mined in migmatites deriving from iz sizu partial melting. In the Eseka migmatites
(Fig. 2.2b), the incongruent melting reaction:

biotite + plagioclase + quartz (£ H,0O) = granodioritic melt + hornblende

. @.1)
+ garnet * clinopyroxene

occurred at 7' > 750 °C and P = 900 MPa. The protolith is an Archaean orthogneiss
of tonalitic to trondhjemitic composition. Such migmatites portray the formation of an
I-type granitic melt (where I indeed indicates an igneous protolith).
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Migmatites offer the opportunity of a field test for melting experiments. However,
their leucosomes are not proper granites. Indeed, granites derive from higher degrees of
melting, that favoured melt segregation and transfer to shallower crustal levels. The mig-
matites often do not represent a thermodynamically closed system: a small percentage
of melt may have migrated (hence the origin of the word mobilisat in French), leaving
a leucosome, whose composition may not truly represent the initial melt (Cuney and
Barbey, 1982).

2.2 Experimental data

2.2.1 Early experiments

The first experiments were always performed in water-saturated conditions (PH20 =
total P). They used either quartz—feldspar mixtures or natural gneissic samples.

Tuttle and Bowen (1958) showed that melting of a ternary mixture of quartz, albite
and orthoclase, a sort of simple granitic mixture (the so-called ‘haplogranitic’ system,
from the Greek haplos: simple), starts at temperatures consistent with conditions pre-
vailing in the lower continental crust. For instance, at a water-saturated pressure (PHZO)
of 200 MPa, melting begins at ca. 700 °C (Fig. 2.3). The composition of this first melt
always plots on the cotectic line that connects the binary eutectics E1 (for a mixture of
quartz and orthoclase) and E2 (quartz—albite mixture). The position of this first melt
on the cotectic line depends on the starting proportions of the quartz—albite—orthoclase
(Q-Ab-Or) mixture. The lowest point of the cotectic line (M, the cotectic minimum)
corresponds to the composition of the most easily molten mixture. At 200 MPa, the
composition of the minimum melt is: Q:Ab:Or = 35:40:25, and the melting temperature
(Tyyp) is 680 °C. Notice that this composition only refers to the quartz—feldspar propor-
tions if water is also present.

At higher pressures (PHZO > 300 MPa), a ternary cutectic E3 replaces the M mini-
mum on the cotectic line. This eutectic corresponds to the composition of the first melt,
whatever the proportions of the starting Q—-Ab—Or mixture. By contrast, the volume
of this first melt depends on the composition of the starting mixture. A mixture with
eutectic composition would melt completely at E3 and, in this case, the solidus and the
liquidus would be identical. At higher pressures, E3 moves towards more Ab-rich com-
positions and its temperature is only 635 °C at 1 GPa (Fig. 2.4).

If albite is replaced by a slightly calcic plagioclase in the starting mixture, the cotectic
minimum M is replaced by a ternary eutectic, even at low pressure (Fig. 2.5). In this
case, melting begins at a slightly higher temperature and the composition of the eutectic
melt moves towards the Q—Or line.

Figure 2.6 shows that the compositions of the natural granitic rocks cluster near the
experimental eutectic compositions. This observation, already highlighted by Tuttle and
Bowen (1958), is a convincing piece of evidence for an origin of granites by partial melt-
ing of quartz-feldspathic material in the continental crust.
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Figure 2.3 Meltung of a water-saturated haplogranitic mixture, after Tuttle and Bowen (1958). (@) 3D
phase diagram; E1 and E2: binary eutectic for Q—Or and Q—Ab maxtures; m: minimum melt in the Ab—
Or binary system; M: cotectic minimum of the Q—Ab—Or ternary system; the liquidus surface corresponds
to complete melting. (b) Projection of the cotectic line and liquidus isotherms on the triangular base of the
diagram. (c) Application: melting of mixture A (composition Q:Ab:Or = 62:17:25) in a vertical section of
the ternary diagram. Melting begins at 700 °C and yields the melt B (composition Q:Ab:Or = 37:27:36).
The volume of melt increases with temperature and the melt composition becomes more quartz-rich fol-
lowing the BA' curve; melting will be complete at 930 °C.

Wyart and Sabatier (1959) and Winkler and von Platen (1961) performed water-
saturated melting experiments with natural samples (pelites and various gneisses)
as well. Melting occurs at temperatures very similar to the above experiments (i.e.
T = 650-700 °C). The resulting melt is granitic to granodioritic in composition, even
if the starting material does not contain any potassic feldspar. These authors concluded
that micas were likely involved in the melting reaction. The volume of melt is generally
abundant, but depends on the starting composition. In some runs, Wyart and Sabatier
(1959) observed that new crystals (cordierite or hercynite) formed in equilibrium with
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Figure 2.4 Melting of a haplogranitic mixture at PHZO =
1 GPa, after Luth et al. (1964); E3: ternary eutectic. Ap-
plication: melting of mixture C (composition Q-Ab—Or =
15:40:55) yields a first melt E3 (Q—-Ab—Or = 23:56:21) at
635 °C. Melt volume increases with temperature and melt
composition follows the cotectic line up to D, and then the DC'
curve; melting is complete in C’at 760 °C.
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Figure 2.5 Effect of an additional calcic compo-
nent at PHZO = 200 MPa, after von Platen (1965):
plots of eutectic points and cotectic lines on basal
plane O—-Ab—Or for different plagioclase composi-
tions; M: cotectic minimum; E: eutectic. Notice that
the actual mixture s quaternary (Q-Ab—Or—An)
and would require a tetrahedral representation.
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Figure 2.6 Composition of 1190 granitic rocks
after Winkler and von Platen (1961); half of them
are enclosed within the solid line.

the melt. Unfortunately, too many different factors controlled these experiments and no
general conclusion could be drawn at that time.

2.2.2 The importance of water

All previous experiments were performed in water-saturated conditions (water activ-
ity agpo = 1), meaning that a free hydrous fluid phase was always present. However,
this situation is unlikely to exist in the lower crust, the potential site of partial melting,
where conditions are either water-undersaturated (am,o < 1) or dry (aHzO = 0). Impli-
cations for the beginning of melting are spectacular (Fig. 2.7). Temperatures as high as
800-1000 °C are required for the beginning of melting of a haplogranitic mixture in
these fluid-absent conditions, an unrealistic situation in most natural conditions.

The water content necessary to get water-saturation does not refer to a specific
water activity, because water solubility in the melt is strongly dependent on pres-
sure, hence on depth (Fig. 2.8a), and very slightly on temperature (Fig. 2.8b). When
solid phases coexist with a silicate melt, the available water dissolves in the melt,
until the melt reaches saturation. At that very moment, a free hydrous fluid phase
appears in equilibrium with the water-saturated silicate melt. If saturation is not
reached, the melt is called ‘water-undersaturated’ and there is no free hydrous fluid
phase (Fig. 2.9a).

The water content influences not only the temperature of the solidus, but also the
gap between solidus and liquidus temperatures, hence the volume of melt produced
in near solidus conditions. This result is very important for the origin of granite. It has
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Figure 2.7 Influence of water activity on the haplogra-
nitic solidus after Ebadi and Fohannes (1991): in the
experiments, the starting materials have minimal or eu-
tectic compositions and the different water activities are
obtained using mixed H,O—-CO, fluids (with variable
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Figure 2.8 Water solubility in a haplogranitic melt. (a) Effect of pressure. (b) Effect of temperature;
dotted curves correspond to the water contents necessary for water saturation of the melt. After
Holtz et al. (1995).
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Figure 2.9 Influence of water content on melting of haplogranitic mixtures of minimum or eutectic
composition. (a) General case: solidus (solid curve), iquidus (dashed line) and water-saturation curve
(dotted line); solidus and liquidus are identical in case of water saturation, i.e. melting is complete from the
beginning. (b) Liquidus for different water contents in water-undersaturated conditions. After Fohannes
and Holtz (1996).

implications even for the so-called ‘eutectic’ compositions, which are regarded as the
most easy to melt. In water-saturated conditions, these compositions melt completely
(solidus and liquidus are identical). In other cases, melting is incomplete and the tem-
perature difference between solidus and liquidus is always larger when conditions are far
from water-saturation. The effect of water content on melting of haplogranitic mixtures
of minimal or eutectic composition is summarized in Fig. 2.9b. Obviously, it is difficult
to form large volumes of granitic melt in the water-undersaturated lower crust, if only
quartz-feldspar compositions are considered.

2.2.3 Melting experiments with hydrous phases

Brown and Fyfe (1970) performed the first experiments that demonstrated the role of
hydrous minerals in partial melting. Their experiments were done with no water added,
hence in fluid-absent conditions. Water is present only in the crystalline network of the
hydrous minerals. The starting mixtures are made of minerals picked from crushed nat-
ural samples. In each experimental run including a hydrous mineral, melting begins at
a temperature intermediate between the temperatures of the respective water-saturated
and dry haplogranitic solidus. Figure 2.10 shows that melting is possible near the base of
the continental crust if muscovite is present. If only biotite is present, the solidus is not
reached, unless the continental crust is thicker than usual (>30-35 km) or the geother-
mal gradient is higher than the common value of 20 °C/km.
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Figure 2.10 Solidus for quartz—feldspar plus hydrated mineral
mixtures, after Brown and Fyfe (1970).

Such melting reactions with hydrous minerals, but without water added, are called
‘dehydration-melting’ reactions, an ambiguous expression, because it suggests a two-
step process: dehydration first, followed by melting. Actually, there is only one melt-
forming reaction and no hydrous fluid phase is released in the system during melting.
Breakdown of the hydrous mineral is part of the melting reaction.

The following experiments investigated melting at higher pressures (P > 1.5 GPa),
focussing on the amount of melt produced and the nature of the mineral phases in
equilibrium with the melt. Reaching equilibrium is difficult in experimental petrology.
Indeed, at temperatures close to the solidus, the reaction rate may not be fast enough to
assert equilibrium conditions despite run durations as long as a few weeks. Incidentally,
the volume of melt may be small and the new minerals tiny and somewhat difficult to
identify. Nevertheless, technical improvements in the past 20 years have made experi-
mental studies much easier (Fig. 2.11).

The volume of melt depends on the amount of water contained in the hydrous min-
erals of the protolith. It increases with temperature, but not linearly (Fig. 2.12). Experi-
ments used starting materials corresponding to the different crustal protoliths, which are
of interest for the origin of granitic magmas. Such protoliths can be derived from either
metasediments or former igneous rocks, namely:

e metapelites, i.e. micaschists and gneisses resulting from the prograde metamorph-
ism of clays (pelites);

e metagreywackes, i.e. rocks resulting from the prograde metamorphism of mica-
and plagioclase-bearing sandstones (sediments less rich in alumina than pelites);

e biotite (= hornblende)-bearing tonalites or tonalitic orthogneisses; such rocks are
common in the Archaean (>2.5 Ga old) terranes.

The following reactions were calibrated using pelitic mixtures:

muscovite + quartz (+ plag) = granitic melt + aluminium silicate (sillimanite) (2.2)
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Figure 2.11 Experimental melting of a
quartz—plagioclase—biotite—muscovite mixture
at 825 °C, 1 GPa and run duration of 8 days
(backscattered electron image). Muscovite disap-
peared; newly formed minerals are sillimanite
(Sill, fine needles) and garnet; garnet crystals
display well developed faces, indicating that
they grew freely in the melt; quartz, plagioclase
and biotite are still recognizable in the melt (now
glass). In Gardien et al. (1995).

biotite + quartz + sillimanite (+ plag) = granitic melt + garnet (P > 500 MPa) (2.3)

biotite + quartz + sillimanite (+ plag) = granitic melt + cordierite (P < 500 MPa) 2.4)

In these three reactions, melting occurs even in the absence of plagioclase, but the par-
ticipation of plagioclase increases the volume of melt. Such reactions are often observed
in migmatites and can explain the origin of peraluminous (S-type) granites. At high tem-
perature, i.e. when all biotite has been consumed (7' >850 °C), hercynite-rich (FeAl,O,)
green spinel may crystallize. Figure 2.13 displays the stability domains of the main min-
erals, that may form in equilibrium with the melt in the biotite dehydration-melting
reactions.
The following reaction is observed with mixtures richer in silica:

biotite + quartz (+ plag) = granitic melt + orthopyroxene (2.5)

This reaction occurs at temperatures slightly higher than reaction (2.4). It can ex-
plain the origin of orthopyroxene-bearing granites or ‘charnockites’ (named after Lord
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Figure 2.12 Melt volume versus water content in the
silicates of a metapelite (after Clemens and Vielzeuf,
1987). Given that the mica water content is 4 wt %, a
protolith with 10 (30)% micas contains 0.4 (1.2)% water.
With 0.4% water in the protolith, the melt volume is 7%
at 750 °C, 10% at 800 °C and 18% at 850 °C.With
1.2% water in the protolith, the respective melt volumes
are 23, 34 and 50% at the same temperatures.
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Figure 2.13 Stability fields of minerals crystallized
during incongruent melting of mixtures of metapelite
or metagreywacke compositions, after Vielzeuf and
Montel (1994); opx in: appearance of orthopyroxene
(hypersthene); bi out: disappearance of biotite. The field
limits depend on P and T, but also on Fe/Mg, fOz (cf-
Fig. 2.14) and minor components, such as Zn in spinel,
that stabilizes the spinel (hercynite—gahnite solid solu-
tion) at T < 850 °C.
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Charnock, who founded Calcutta, and whose tombstone in Madras is made of a rock
type subsequently called charnockite).

Greywacke-type mixtures give rise to many incongruent melting reactions with the
involvement of biotite, such as:

biotite + quartz + plagioclase = granitic melt + orthopyroxene + garnet, (2.6)

a reaction that produces more garnet when pressure is higher, because of an increased
contribution of plagioclase.

Many factors control the solidus temperature, especially the Xy, ratio (i.e. the atomic
Mg/Mg+Fe ratio) in biotite and the oxygen fugacity (fO,). Strictly speaking, the Xy,
values of all ferromagnesian minerals should be indicated in all reactions, and therefore PP
and 7 given here are only indicative. The composition of Fe—Mg minerals change during
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Figure 2.14 Effect of pressure, biotite composition (Xy,) and oxygen
Jfugacity on the products of incongruent melting of different mixtures
at the temperature of biotite destabilization; oxygen fugacity is buffered
with Ni—=N1O for a high fugacity, or with quartz, fayalite and magnetite,
the QFM buffer, for a lower fugacity. Cpx: clinopyroxene; Grt: garnet;
Opx: orthopyroxene; Plag: plagioclase. After Patifio Douce and Beard
(1996).
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melting reactions, for instance biotite becomes richer in magnesium, because phlogopite
is more stable than biotite at higher temperatures.

At high oxygen fugacity, formation of Fe—T1i oxides is favoured, and especially the
formation of magnetite, instead of Fe—Mg silicates (Fig. 2.14). The corresponding reac-
tion is:

biotite (annite) + plagioclase + quartz = granitic liquid + magnetite + ilmenite 2.7)

On the other hand, at lower fO, with magnesium-rich biotite, orthopyroxene is formed
rather than garnet.

Tonalitic starting materials contain the same minerals than greywacke-type mixtures,
but in different proportions (less biotite, more plagioclase). Consequently, they produce
less melt at the same temperatures. The newly formed minerals are the same (garnet,
orthopyroxene, oxides).

It is worth noting that none of the previous reactions produced hornblende, whereas
this mineral is common in some migmatite neosomes (Figs 2.2a and 3.14c). Hornblende
crystallizes in water-present (but not necessarily water-saturated) experimental reac-
tions (Gardien et al., 2000), such as:

biotite + plagioclase + quartz (i H 2O) = granitic melt + hornblende + garnet (2.8)

In this reaction, formation of garnet and evolution of the melt towards a granodioritic
composition are favoured at high pressure. This is very similar to reaction (2.1), which
was recognized in the Eseka migmatites. As a general rule, crystallization of hornblende
in natural cases would indicate at least a small water activity.

2.3 Fertility of crustal protoliths and melt compositions

In water-absent conditions, metapelites melt first, but the amount of melt produced
remains small and this melt may not easily leave its source (see the segregation prob-
lem in Chapter 4). At temperatures <750 °C, migmatites will form and not granites. A
minimum temperature of 850 °C is required to obtain the volumes of melt necessary to
form granitic plutons (Fig. 2.15). At such high temperatures, metagreywackes represent
a more fertile protolith, because of their large content of plagioclase, that will contribute
to the melting reaction, at least for its albitic fraction.

Whereas melting of metapelites always yields peraluminous (S-type) granitic liquids,
melting of greywackes yields peraluminous or metaluminous (S- or I-type) liquids, de-
pending on the starting mineral compositions. Similar results are obtained with tonalitic
protoliths. Finally, experiments produce more aluminous and peraluminous melts than
metaluminous ones, partly because of the nature of the starting mixtures. Therefore, these
experiments are not perfect representatives of the formation of large batholiths composed
of calc-alkaline metaluminous granitic rocks. The fact, that these granitoids have a hybrid
origin and are not derived exclusively by crustal melting (as will be discussed in Chapter
12), contributes to the discrepancy between experimental and natural melts.
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Figure 2.15 Compared fertilities of a few crustal proto-
liths after Fohannes and Holtz (1996).

The lower fertility of magmatic protoliths of tonalitic to granodioritic compositions,
with respect to metasedimentary protoliths, has already been noted. Indeed, the igneous
protoliths display lower contents of hydrous minerals (biotite and hornblende). In addi-
tion, water-absent melting reactions involving hornblende require a higher temperature
than melting reactions involving biotite. At 7" > 900 °C, the disappearance of biotite
produces large volumes of melt. As biotite usually contains fluorine, the resulting melt
will also be halogen-rich, a typical feature of A-type granites (Skjerlie and Johnston,
1993). Another feature of A-type granites is their high content of high field strength
elements (HFSE), which are elements with a large ratio of charge vs. ionic radius, such
as Zr, Hf, Ce, T1 or Nb (see Fig. 1.5). These elements are usually contained in refrac-
tory accessory minerals (zircon, monazite, . . .), whose dissolution is only efficient at
high temperature. These pieces of evidence suggest that A-type granites may form by
melting of a magmatic protolith in the continental crust. However, an origin by extreme
fractional crystallization of a mantle-derived melt may be argued in other cases on the
basis of isotopic data.

2.4 Tracing the sources with isotopes

2.4.1 The Rb-Sr pair and the ¥Sr/**Sr isotopic tracer

Rubidium (Rb) and strontium (Sr) are lithophilic elements abundant in the outer sili-
cate envelope of the Earth. Rb belongs to the first column of the Periodic Table (see Fig.
14.3): 1t is an alkaline element, like potassium (K), that it replaces easily in some minerals
(micas, alkali feldspars). Its ionic radius (1.68 or 1.81 A depending on the coordination
number) is larger than the ionic radius of K* (1.59-1.68 A). These large ions have a
very incompatible behaviour, i.e. they do not fit easily into the crystal lattices, hence they
prefer to remain in the melt.
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Sr belongs to the second column of the Periodic Table of the elements. It is an alkaline
earth like Ca, that it can replace in some minerals (plagioclase, apatite). Sr** and Ca?*
have smaller ionic radii than Rb* and K*; hence, they are less incompatible.

Rubidium has two natural isotopes: %°Rb (the more abundant) and ®Rb, and
strontium has four: 3Sr, #Sr, #Sr and *Sr (the most abundant). The radioactive
decay of Rb produces the so-called ‘radiogenic’ 3’Sr isotope. The period (or half-
life) of 37Rb is very long (ca 50 Gyrs), corresponding to a radioactive decay constant
Aof 1.42 x 107" yr'.

When a rock becomes partially molten, the resulting melt is always enriched in Rb
with respect to Sr, because of the very incompatible nature of Rb with respect to Sr.
Partial melting is therefore responsible for elemental fractionation of the Rb—Sr pair.
Conversely, when no isotopic fractionation occurs, the isotopic proportions of each ele-
ment remain unchanged. Note however that it is not the rule for all phase transitions.
For instance, ocean evaporation fractionates oxygen isotopes for Kinetic reasons, because
the lightest '°O isotope is extracted faster from seawater than the heavier isotopes. Water
vapour is diluted in the atmosphere, thus the phase transition can be regarded as unidir-
ectional, with no way to reach equilibrium. Returning to the geological processes and to
the isotopes of interest, that are much heavier than oxygen, the mass difference between
these isotopes is smaller, and solid and melt remain in contact for long enough periods
to ensure isotopic equilibrium.

Any magmatic rock crystallized from a rubidium-enriched melt will become enriched
in 8’Sr due to the decay of the radioactive *’Rb isotope. By contrast, the refractory restite
in the parental protolith is depleted in the incompatible Rb element and will contain less
87Sr with respect to the derived magmatic rock. For analytical purposes, the 8’Sr/¢Sr ra-
tios can be measured precisely with the mass spectrometer.

The same argument can be applied to bulk silicate Earth, comprising crust and man-
tle (the core is not worthwhile considering, because it is mainly made of iron and can
be regarded as an isolated reservoir, devoid of Rb and Sr). The continental crust can be
considered as mantle-derived through partial melting events in the mantle. Therefore, it
is an enriched reservoir, i.e. enriched in incompatible elements such as Rb, when com-
pared to the upper mantle, that was its source and that constitutes a depleted reservoir.
The lower mantle is regarded as primitive (neither enriched nor depleted) as a first
approximation.

Now, the ultimate question is to know the isotopic composition of the bulk silicate
Earth at the beginning, i.e. to know the so-called ‘primordial’ 8’Sr/%¢Sr ratio at 4.5 Ga.
By convention, we use the lowest ratio so far determined in specific meteorites, namely
the basaltic achondrites. This ratio, called BABI (basaltic achondrite best initial) is equal
to 0.699 (Papanastassiou and Wasserburg, 1969). From this moment, the silicate Earth,
regarded as a uniform reservoir (UR), will become richer and richer in radiogenic *’Sr,
ending at a present day #’Sr/**Sr ratio of 0.7046 (Fig. 2.16).This value is typical of some
basalts from oceanic hot spot volcanoes, likely derived from the melting of primitive
mantle material ascended from the depth. By contrast, basalts from mid-oceanic ridges
(MORBS) are characterized by a 3’Sr/*Sr ratio of only 0.702, in agreement with their
origin by partial melting of the depleted upper mantle.
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Figure 2.16 Evolution of the ¥Sr/**Sr ratio in the main res-
ervoirs of the bulk silicate Earth, after Fourcade (1998). UR
(uniform reservorr) is equivalent to the primitive lower mantle.
Formation of continental crust (CC) is supposed to occur at
2.5 Ga. DM 1s the residual upper mantle depleted in incom-
patible elements. Compare the istotopic compositions of rock
R1, derived from the anatexis of a crustal protolith (CC) of
late-Archaean age, and rock R2, derived from partial melting
of the depleted mantle (DM). Although coeval (600 Ma old),
these rocks have not the same initial isotopic ratios.

The continental crust is characterized by a 8’Sr/%Sr ratio >0.705, with variable values
depending on the age and composition of the constituent rocks. It is not a homogeneous
reservoir. The 8’Sr/%¢Sr ratios are all the higher as the rocks are older and as their respect-
ive Rb/Sr elemental ratios are also high (Figs 2.16 and 2.17).This is the reason why it is
necessary to compare the so-called ‘initial ratio’, Sr(i), i.e. the ratio that would have been
measured at the time of crystallization, with the Sr(i) ratio in the upper depleted mantle
at this very stage. A high Sr(i) ratio (with respect to the mantle value) points to a domin-
antly crustal origin. A low Sr(i) ratio is indicative either of a mantle origin (the magmatic
rock is then called ‘juvenile’) or of a crustal origin by melting of young juvenile protolith,
i.e. a protolith that was extracted from the mantle less than 0.2 Gyr ago. Finally, hybrid
rocks may have intermediate Sr(i) values. Where possible, such ambiguous answers jus-
tify the use of several other isotopic tracers.

2.4.2 The Sm-Nd pair and the '*Nd/'*Nd isotopic tracer

Samarium (Sm) and neodymium (Nd) are two rare earth elements or lanthanides.
Their geochemical behaviour is very similar, but Nd is slightly more incompatible
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Figure 2.17 Evolution of the ¥Sr/*Sr ratio of three
coeval rocks derived from the same source, but charac-
terized by different Rb/Sr ratios, after Faure (2001). Rb/
Sr ratios of granites are generally > 1, whereas interme-
diate granitoids have ratios <1I.

than Sm. Samarium has seven isotopes, and one of them, '¥’Sm, is radioactive and
yields radiogenic '*Nd. The periodicity of this isotope is extremely long (around 106
Gyrs), corresponding to a decay constant A of 0.654 x 107!'! yr~'. Neodymium has
seven isotopes. The *Nd/"Nd ratio is used as an isotopic tracer. Compared to the
previous isotopic pair, this radioactive isotope is slightly less incompatible than its
daughter isotope, explaining the inverse positions of the CC and DM reservoirs in
Fig. 2.18, compared to Fig. 2.16.

For the undifferentiated silicate Earth, regarded as equivalent to the lower mantle, the
evolution model is supposed to have been identical to the evolution of chondrites (mete-
orites with silicate nodules). The **Nd/"**Nd ratio corresponding to this reservoir, called
CHUR (chondritic uniform reservoir), displays the present value CHUR, = 0.512638.
The range of variations of the *Nd/"**Nd ratio is much smaller than those of the 8’Sr/36Sr
ratio, because Sm and Nd have rather similar behaviour and because the radioactive
decay of '¥7Sm is extremely slow. Therefore, it is better to use a particuliar indicator, &,
introduced by DePaolo and Wasserburg (1976), resulting in a larger variation range:

exa =10°[("*Nd/"Nd)_ /(CHUR-1)]

The &5y can be calculated for the present: exq(0) or, more useful, at the time ¢ of crystal-
lization of the rock eyy(?).

Rocks formed by partial melting of the continental crust are characterized by negative
values of &g, Whereas rocks formed by partial melting of the depleted mantle (DM) are
characterized by positive ey values.
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main reservoirs of bulk silicate Earth. Here is the case
of a continental crust extracted from the mantle at 2.5
Ga. CHUR: chondpritic reservoir; DM: depleted mantle;
CC: continental crust.

2.4.3 Coupling Sr and Nd tracers

The contrasting variations of Sr and Nd isotopic ratios found in the complementary
reservoirs CC (continental crust) and DM (depleted upper mantle) can be combined in
the so-called ‘quadrant diagram’ (Fig. 2.19). Using the &yq indicator and the &g, calcu-
lated in the same way, the following quadrants can be defined:
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Figure 2.19 The quadrant diagram. The values of the isotopic ra-
tios are those characterizing the present times. The axes must be trans-
lated following the changing ratios of the ‘bulk Earth’reservoir (UR or
CHUR) according to time. After Fourcade (1998).
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e quadrant I: &g > 0 and &g, < 0; magmatic rocks of mantle origin plot roughly along
the line connecting the DM point to the origin (UR or CHUR); this line is called
the ‘mantle array’ and represents all possible mixtures of magmas from a source
resembling the depleted upper mantle (DM) to a source resembling the lower
primitive mantle (origin);

e quadrant II: &5q > 0 and &5, > 0; magmatic rocks plotting in this quadrant were
influenced by oceanic hydrothermal alteration, that modified the Sr isotopic ratio
toward the seawater ratio (today 0.709), whereas the Nd isotopic ratio, much less
sensitive to alteration, remained unchanged;

e quadrant III: eyq < 0 and ¢g, > 0; this is the field of the continental crust divided
into two domains respectively corresponding to the lower and upper crust; the
former often contains less Rb than the latter, especially if it has a restitic compo-
nent, hence lower g, values;

e quadrant IV: ey4 < 0 and &g, < 0; no rock plots in this field.

2.4.4 The ¥0/'°0 ratio

This tracer uses stable, non-radiogenic isotopes. Theoretically, these light isotopes can
fractionate during partial melting, unlike the heavier isotopes discussed above. This frac-
tionation is an inverse function of temperature, and therefore can be neglected at high
temperatures of magma formation, implying that the '¥0Q/'°O ratio of a magmatic rock is
similar to the ratio of its source.

Practically, the isotopic ratio of the sample is compared to the isotopic ratio of sea-
water or standard mean ocean water (SMOW). The deviation is calculated as:
1-1]

8'0 sample (%0) =10°[[(**0/**O) _ /(**0/**O)

sample SMOW

The mantle is characterized by low §'%0 values: +5 to +6%o0. By contrast, sedimen-
tary rocks, formed in water at low temperatures, registered variable fractionation of
the 80/'°0O ratio, hence the corresponding §'®0 values ranging from +8 to +32%o
(Fig. 2.20). The continental crust has higher §'®0O values than the mantle, because it
contains a large amount of recycled sediments. Thus, the use of oxygen tracers helps
to discriminate between mantle or crustal sources for granitic rocks (Fig. 2.20). This
figure shows that crustal sources have more variable signatures than mantle sources.
Moreover, §'80 values more than +10%o (S-type granites) always correspond to a sed-
imentary crustal protolith, whereas values ranging from +8 to +10%o (I-type granites)
may correspond to a sedimentary or an igneous crustal protolith (Fig. 2.21).
Fluid—rock interactions at low to medium temperatures can modify the granite iso-
tope signatures in a significant way. Indeed, hydrothermal fluids (either magmatic or
metamorphic) are characterized by 680 values ranging from +5 to +8%., whereas me-
teoritic waters are characterized by negative values. Therefore, using oxygen isotopes as
tracers of the granite sources requires collecting samples devoid of any hydrothermal
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Figure 2.21 (Sr, O) isotopic compositions of granites from New England. The New England
batholith is located in eastern Australia and straddles the boundary between Queensland (Q)
and New South Wales (NSW). It is made of 80% of I- and S-type monzogranites. Both types
can be discriminated by their oxygen isotopic composition. Higher 6’30 in the S-types than in
the I-types witness to a greater amount of sedimentary component in their source. After Shaw

and Flood (1981).

alteration or weathering. In addition, it is also possible to trace the pathway of magmatic
fluids in the country rocks using oxygen isotopes (see Fig. 7.11).

2.4.5 Hfisotopes in zircon

Hafnium (Hf) is an element that chemically resembles zirconium (Zr). Owing to
technological analytical progress, a new isotopic tracer has been introduced recently:
the '°Hf/'"Hf ratio measured in situ in single zircon grains using LA-ICP-MS.
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Box 2.2 Oxygen isotope palaecothermometry

Application of oxygen isotopes as a thermometer is a common tool in palacoclimatology, for
instance using 6'%0 variations measured in ice cores or in tests (shells) of marine foraminifera
(unicellulars). These applications are detailed in the book Isotopic Geology (Allégre, 2005).
Thermometry is also possible in the metamorphic and igneous domains. In this case, it is
necessary to consider mineral pairs and not the whole rock (as in tracing the sources of mag-
mas). The difference between §'®*O of each mineral is denoted as A®O and is an inverse func-
tion of the squared equilibrium temperature (as a first approximation). As an example, here
is the relation yielding 7, using the quartz—muscovite pair:

A¥O(quartz — muscovite ) = (2.2 x 10°/ Tz) - 0.6 with7'in K (kelvin)

If the rock is in isotopic equilibrium, the temperatures calculated from A®O of dif-
ferent mineral pairs (quartz—magnetite, quartz—biotite, quartz—alkali feldspar, etc.)
must be identical. Indeed, there should be no isotope fractionation between minerals
during cooling of a magmatic rock, because solid-state diffusion is extremely slow,
thus preserving high-temperature isotopic fractionation. Actually, high-temperature
fractionation is very small and, because of the slow cooling of granitic rocks, the
inferred temperature may not be the crystallization temperature, but a lower one.
Conversely, the calculated §'®0 may indicate an isotopic disequilibrium due to inter-
action betwen the rock and a late fluid, whose origin and temperature remain to be
determined by the method.

Radiogenic '7°Hf results from the decay of 7L.u, a radioactive isotope of the rare
earth element lutetium, whose half-life is around 35 Gyrs. During magma genera-
tion, fractionation of LLu from Hf occurs, as Hf is the more incompatible element.
The chondritic initial Lu/Hf ratio of the Earth has been progressively modified by
episodes of partial melting in the upper mantle. The Hf isotopic compositions of the
depleted mantle and of the enriched crust diverge from unfractionated (chondritic)
material in the same way as their Nd isotope composition (Fig. 2.22, to be compared
with Fig. 2.18). As in the Nd isotope system, deviations of Hf isotopic composition
from chondritic values at time ¢ are expressed in epsilon units (parts per ten thou-
sand) as given by the formula:

i = [(176Hf /177 Hf) (176Hf /177 Hf)

t chondrites

- 1]><104

Zircon hosts Hf at the % level, but has Lu/Hf very low, typically 0.002, hence 7°Lu/!""Hf
is usually less than 0.0005, meaning that changes due to in-situ decay of 7L.u proceed
at a negligible rate. Hence, zircons preserve the initial "Hf/!"”’Hf ratios acquired at the
time of their magmatic crystallization (Fig. 2.22).



34  Origin of granitic magmas

hybrid rocks :
m,; : mantle input > crustal input
m, : mantle input < crustal input

176Hf
1TTHf range of Hf ratios in
magmatic zircons from

hybrid rocks