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PREFACE

“We are never devoid of some hope that we shall eventually know everything. It may often
be salutary, nevertheless, to recognize the remoteness of that time and to take stock of our
ignorance”.

N.L. Bowen—

1947 Presidential address to the Geological Society of America

There is a vast amount of published research on granite and we cannot claim to be
familiar with it all. However, we are aware of the recent developments with respect
to attempts at reaching a consensus on the problem of granite origin. With the con-
cept of granitisation apparently dormant, if not dead, a paradigm of granite mag-
matism, i.e. melting, segregation, ascent and emplacement, has strengthened over
the last 15 years. The combined research presented in this book describes a viable
alternative mechanism of granite formation to this widely accepted intrusion
model, namely, in-situ melting—intracrustal convection.

The core idea of the in situ melting origin of granite was formulated by GC,
who worked as a member of one of the geological teams engaged in mineral
prospecting and regional mapping in SE China between 1971 and 1977. It started
from being unable to obtain satisfactory answers to the questions; if ore-miner-
als of hydrothermal deposits are not derived from granite magma, why are they
found in their host rocks? If the ore-minerals are from granite magma, why are
large granite masses barren of ore deposits? During seven year’s of study at Sun
Yat-sen University since 1977, GC spent most of his spare time in the university
library trying to find an acceptable solution, but failed. GC gradually realised
that perhaps what was generally believed about the origin of granite needed revi-
sion. So began an intensive 20-year study from which GC came to the conclusion
that granite is produced and remains within the region of crustal melting.
Collaboration on this idea began with RG in 2002 who was then at Freiburg
University, Germany, and has been at Sun Yat-sen University since October 2005.

In the following pages, we demonstrate that thermal convection within a mid-
upper crustal partial melting zone is essential for the formation of granite magma
and that without convection partial melting of crustal rocks generates
migmatites, not granite batholiths. Granite is layer-like on a crustal scale and the

iX



X PREFACE

shape and size of individual granite bodies merely reflects the geometric rela-
tionship between the irregular upper part of a granite layer and the erosion sur-
face, rather than the volume of intruded magma. Chemical and isotopic
compositions of granites are considered to reflect processes operating within the
magma system rather than unknown deep sources. Formation and crystallisation
of a crustal magma layer results in reorganization and redistribution of elements
within the crust, to form both granite and their related hydrothermal mineral
deposits. The in situ melting—intracrustal convection model of granite origin
integrates the two-knowledge systems related to continental geology and plate
tectonics and explains related geological, geochemical and geophysical observa-
tions. The geochemical fields of elements established on the basis of both the in situ
melting-intracrustal convection model and periodic table illustrates the harmony
and unity between the microcosm and macrocosm of the natural world.

While the views advanced in this book differ from a number of traditional ideas
in geology, the same evidence used to support these ideas is also adopted to
strengthen our hypothesis. Our main aim is to offer another way of not only look-
ing at granite but the Earth in the hope that this will stimulate further thought and
study. As such, we hope that the book will be of interest to both professional
and student Earth scientists.

Guo-Neng Chen and Rodney Grapes
Sun Yat-sen University

Guangzhou (Canton)

China

December 2006
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CHAPTER 1
INTRODUCTION

1.1. ROCK GENESIS AND ITS RELATIONSHIP
TO GEOSYSTEMS

Rocks that form the outer part of the Earth, the crust, provide a record of con-
stant change in the Earth’s environment with time in relation to the movement
and/or reaction of rock material during their formation. Thus, understanding the
genesis of rocks is the foundation of the geological knowledge system. The
nature, size, shape, properties and arrangement of constituent minerals gives rise
to the diversity of rocks and their origin so that the challenge of geology is in
determining their material source and mechanism of formation. Among the
three kinds of rocks, igneous, sedimentary and metamorphic, the material source
of metamorphic rocks need not be considered because its predecessor is also
rock. Igneous rocks derived by crystallisation of liquids can be divided into mafic
and felsic end members represented by gabbro/basalt and granite/rhyolite, respec-
tively, with different sources.

1.1.1. Sedimentary Rocks and Continental Geology

The genesis of sedimentary rocks that form the outermost part of the solid earth
was early clarified by Lyell (between 1830 and 1833; 1868) in his Principles of
Geology and by the geosynclinal hypothesis of Dana (1873), i.e. sediments in
basins are derived from weathering and erosion of rocks in mountains or other
uplifted areas, lithification of the sediments during burial, return of the new sed-
imentary rocks to the Earth’s surface by tectonic processes, their subjection to
renewed weathering and erosion, and so on as shown in Fig. 1.1. The relation-
ship of endogenic/exogenic forces of the Earth, and the sedimentary rock cycle,
demonstrate environmental variation and related material transportation in
terms of two different tectonic settings, areas of uplift and subsidence. Without
knowledge of this relationship, most theories of continental geology would not
exist, and it is the main reason why the geosynclinal hypothesis remained funda-
mental in geology for over a century.
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1.1.2. Basaltic Rocks and Plate Tectonics

Basaltic rocks constitute the oceanic crust, and probably a significant part of
the lower continental crust (Sima). From the work of Holmes who put for-
ward the mantle convection hypothesis in the 1920’s to that of Dietz (1961)
and Hess (1962) who advanced the idea of ocean-floor spreading, the genesis
of oceanic basalt and the corresponding material cycling of the mantle were
successfully explained by geology, i.e. mafic magma from the mantle erupts
from mid-ocean ridges to form the basaltic rocks of the ocean crust which
moves away from the ridge axes, and is returned to the mantle by subduction
(Fig. 1.2). Without this model, the plate tectonics hypothesis would not exist
and it was probably the main reason why Wegener’s hypothesis of continental
drift was eventually accepted because it provided a mechanism for large-scale
crustal movement.

1.1.3. “Whence the Granites’

The genetic models of sedimentary and basaltic rocks explain environmental
variables and material transport of the continents in relation to endo—exogenic
forces, and energy/material flow in the Earth’s interior in relation to tectonic plate
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Figure 1.3. Cartoon showing spatial distribution of granite in the continental crust and relationship
of the two material cycling processes known from geology.

movement. These models form the core theories of the two knowledge systems,
i.e. Continental Geology and Plate Tectonics. However, as shown in Fig. 1.3,
neither the formation process of sedimentary rock nor that of basalt produces
granite that is considered to be distributed between the shallow crustal metased-
imentary rocks and the lower continental crust.

Granite that belongs to the continent composes the fundamental part of the
upper crust and is closely related to tectonism, metamorphism and mineralisa-
tion of the continental crust. The origin of granite, however, has been the subject
of much debate since the eighteenth century when the science of geology was
in its infancy. Accounts of the ‘granite controversy’ and the origin of granite
can be found in Gilluly (1948), Pitcher (1993) and Young (2003) and will not
be addressed here except to say that since the advent of plate tectonics in the
1960’s, a framework has been provided in which the different interpretations
of granite genesis can be re-explored and in many cases reconciled, although
debate still continues. A misleading idea related to the basalt magma fractional
crystallisation-differentiation scheme of Bowen (1914, 1922, 1948) is to combine
the order of mineral crystallisation to the formation of basic to acid series igneous
rocks. Only a small amount of residual granite liquid is generated by this process
and this experimental evidence is clearly at odds with field evidence for the
abundance of granite (Holmes 1926; Read 1957). While the mineral reaction
series can be applied to the crystallisation of different magma compositions as
recorded by their mineral textures, the first rocks formed are not necessarily
mafic, and the last are not always felsic, because the rock crystallised from a
melt depends on the composition of the melt and not the order of mineral
crystallisation (Kennedy 1933). In this respect, the comment on Bowen’s idea by
Walton (1960) is relevant,

“Not that there was anything wrong with Bowen’s chemistry or his application of
it to the fractionation of basaltic magma; it was and will still remain a keystone
of petrology. But there was a crucial tacit assumption involved in tying igneous
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theory so rigidly to a single model in which the evolution of most igneous rocks
is dependent on the upward intrusion of basaltic magma into a level of the crust
where it cools, crystallizes, and fractionates. The same chemistry can be applied
to other models”.

The granite controversy that raged between granitisers such as H.H. Read and
magmatists such as N.L. Bowen in the late 1940’s (Gilluly 1948) has effectively
ended and most earth scientists would now agree that granites are of magmatic
origin. In answering the question, how does granite form? or in Bowen’s words
‘Whence the granites?’ the overwhelming opinion of most earth scientists is that
granite is derived by partial melting of crustal rocks of various compositions. This
idea essentially brings together the earlier competing explanations of granite gen-
esis; magmatic (granites are igneous rocks resulting from the crystallisation of
magma) and metamorphic (granites are the result of a dry or wet granitisation
process that transformed sialic sedimentary rocks into granite), because granites
are the result of ultra-metamorphism involving melting (anatexis) of crustal rocks.
This explanation has important implications for the origin and chemical differen-
tiation of the Earth’s crust in relation to the source and evolution of thermal
regimes, protolith composition, how much granite can be produced, over what
time and at what temperature, the amount and source of available water needed,
tectonic processes and plate tectonic settings—a truly holistic association.

1.2. GRANITES, MIGMATITES AND GRANITE PROBLEMS
1.2.1. Definitions
1.2.1.1. Granite

The maxim ‘there are granites and granites’ originally coined by H. H. Read
remains just as true today as it did in 1933. In fact the number of ‘granite types’
has proliferated from at least 20 schemes that have been proposed to classify them
(see Barbarin 1990, 1999 for summary, and Frost et al. 2001 for an appraisal of
the more commonly used classification schemes). The most widely used classifi-
cation schemes are geochemical and/or generic-alphabetical, i.e. S-, I-, M-, A-,
and C-type granites (S = sedimentary source; I = igneous source; M = mantle
source; A = anorogenic; C = charnockitic); calc-alkaline, alkaline, peralkaline,
peraluminous, metaluminous granites; or are related to tectonic setting: ‘orogenic’
(oceanic and continental volcanic arc; continental collision), ‘transitional’ (post-
orogenic uplift/collapse), and ‘anorogenic’ (continental rifting, hot spot, mid-ocean
ridge, oceanic island) granites.

In this book the broad terms ‘granitoid’, ‘granitic rocks’ or simply ‘granite’ are
used to mean quartz-bearing (>60 wt % SiO,) plutonic igneous rocks in general.
We adopt (or return to) where necessary a non-genetic classification of granitic
rocks based on field and petrographic observation in that we use well-established
rock names, e.g. granite, adamellite, granodiorite, tonalite, monzonite, diorite,
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together with qualifiers such as mineral (e.g. biotite-, muscovite-, two mica- etc.;
quartz- in the case of syenite, monzonite and diorite), grain size (e.g. fine, coarse,
medium, aplite, pegmatite), texture (e.g. porphyritic, granophyric, orbicular, etc), and
colour (e.g. leuco-, meso-, melanocratic). Other textural/compositional terms,
such as rapakivi granite, are in common usage and are retained because they are
non-generic.

As quartz and feldspars (alkali feldspar and plagioclase) make up nearly 90
modal % of granitic rocks, the non-genetic IUGC classification scheme of
Streckeisen (1976) can best be adopted to ‘pigeonhole’ them (Fig. 1.4A) . The clas-
sification scheme is, as with any such scheme, not without its faults, e.g. it does not
include the mafic mineral component of granitic rocks, and the rock divisions may
not always clearly distinguish natural populations, but it is straightforward and it
is based on what can be seen. Our only modification is to retain the name ‘adamel-
lite’ because it is entrenched in the literature. In the Streckeisen scheme the
adamellite field forms part of a larger granite field. Minerals other than quartz
and feldspars that may be easily distinguished in outcrop and which are used to
identify variation in granitic rocks such as biotite, muscovite and hornblende
(also fayalite, orthopyroxene, cordierite, garnet, tourmaline, topaz, ilmenite, mag-
netite-bearing varieties), can simply be attached to the Streckeisen classification
name. In this way the granite name remains even if ideas on its origin and paleo-
tectonic setting change and it is informative, e.g. porphyritic biotite granite or
leucogranite. “Trondhjemite’ is another term in common usage, especially with
respect to the trondjhemite-tonalite-granodiorite (TTG) association characteristic
of Archean terranes. It is not represented in the Streckeisen scheme, but can be
regarded as the leucocratic variety of tonalite, consisting of essentially plagioclase
(oligoclase—andesine) and quartz with minor biotite and accessory Fe-Ti oxide.
The relationship between modal mineralogy, including the common mafic miner-
als and muscovite, granitic rock type and colour index is shown in Fig. 1.4B.

We adopt a normative quartz, alkali-feldspar, plagioclase classification scheme
because there are many more chemical analyses of granites than there are modal
analyses and the normative scheme also allows characterisation of experimental
melt (glass) compositions. The normative classification is approximated using the
orthogonal plot of Streckeisen and Le Maitre (1979) (Fig. 1.5A) , where modal
quartz is analogous to 100 Qz/(Qz + Or + Ab + An) and modal plagioclase/(alkali-
feldspar + plagioclase) is analogous to 100 An/(Or + An) with normative Ab being
ignored. Normative feldspar (An-Ab-Or) composition is also a convenient classi-
fication scheme for granitic rocks in that it allows distinction of the trondhjemitic
variety (Fig. 1.5B).

1.2.1.2.  Migmatite: terminology and classification

Migmatites, or mixed rocks, preserve a multitude of structures, mineral textures
and compositions that reveal the process of rock melting (anatexis) that leads to
the production of granite magma. In his classic work, Mehnert (1968) defines a
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migmatite as “a megascopically composite rock consisting of two or more pet-
rographically different parts, one of which is the country rock generally in a
more or less metamorphic stage, the other is of a pegmatitic, aplitic, granitic or
generally plutonic appearance.” Mehnert’s definition is the basis for the latest
nomenclature on migmatites proposed by the sub-commission for the nomen-
clature of metamorphic rocks (SCMR), (Wimmenauer and Bryhni 2002), who
provide a revised definition of migmatite: “A composite silicate rock, pervasively
heterogeneous on a meso- to megascopic scale. It typically consists of darker
and lighter parts. The darker parts usually exhibit features of metamorphic
rocks, while the lighter parts are of plutonic appearance. Whenever minerals
other than silicates and quartz are substantially involved, it should be explicitly
mentioned”. Both definitions attempt to be non-genetic although use of the
words metamorphic and plutonic underscores the common understanding that
high grade (i.e. high-7) metamorphism and anatexis are prerequisites for
migmatite formation.

The main distinction of a migmatite is the heterogeneous distribution of the
light (leucosome) and dark (melanosome) parts relative to the unchanged por-
tion. These are ‘new’ components of the rock, and are collectively termed the
‘neosome’. The ‘unmigmatised’ parent rock (protolith) is called the ‘paleosome’.
Another dark-coloured component of a migmatite is the ‘restite’ from which a
substantial amount of the more mobile components appear to have been
extracted (Wimmenauer and Bryhni 2001). Additional terms that directly relate
to migmatites are metatexis and diatexis.

1. Metatexis refers to the initial stage of anatexis where the paleosome is partly
segregated into a more mobile part (metatect), and a non-mobilized
(depleted) restite. If the migmatisation process has created a rock with obvi-
ous and discrete leucosomes, melanosomes, and intermediate coloured meso-
somes, the migmatite can be called a ‘metatexite’.

2. ‘Diatexis’ refers to an advanced stage of anatexis where the darker-coloured
minerals are also involved in melting and the melt is not removed from its place
of origin. The metamorphic paleosome has been largely disrupted, and the leu-
cosomes and melanosomes are intimately combined in a nebulitic or schlieren
texture. In such cases the migmatite can be termed a ‘diatexite’ (Ashworth
1985; Wimmenauer and Bryhni 2002). Clearly, flow has occurred and the dia-
texite could also be regarded as a ‘dirty’ or proto-granite magma.

In addition to quartz, feldspars, muscovite and biotite, migmatites derived from
the partial melting of mica-bearing quartzofeldspathic rocks (the most common
type of migmatite) contain cordierite, garnet, * sillimanite, andalusite and kyanite
and may be classified on this basis after evaluation of prograde and retrograde
mineral textures. A P-T pseudosection for an average metapelite composition
containing excess quartz and plagioclase in the MnNCKFMASH system is given in
Fig. 1.6. The diagram shows stable assemblages coexisting with in situ—derived liquid
(granitic melt) over a temperature range of 650-740°C that represent conditions of
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Figure 1.6. Suprasolidus P-T" pseudosection in the MnNCKMASH system for the average pelite
composition (normalised anhydrous mol % 73.64 SiO,; 11.94 Al,O;; 7.23 FeO; 0.10 MnO; 3.95
MgO, 0.35 CaO; 1.41 Na,O; 3.07 K,0). Dashed lines at temperatures higher than the solidus and
labelled 1 through to 25 indicate melt proportions in mol %. Dark grey area = Cd-only; light grey
area = Cd + Gt; unshaded area = Gt-only. Linear geotherms 30, 40, 50°C/km are also shown. For
chemical system and mineral abbreviations see Table 2.1 (after Fig. 4a of Johnson et al. 2003).

cordierite and garnet-bearing migmatite formation in the range 10-25 km depth.
The areas of cordierite-only, cordierite + garnet and garnet-only depicted in
Fig. 1.6 delineate fields in P-T space that reflect the formation of compositionally
different migmatite terranes or of compositional variation in a single migmatite
terrane. A field of low-temperature muscovite-bearing migmatite characterised by
very low-melt fractions of ~1 mol % is also shown as part of the cordierite-garnet
migmatite field. Temperature gradients >40°C/km will produce cordierite and
cordierite— garnet-bearing migmatites while gradients <40°C/km will generate
garnet-bearing migmatites at deeper crustal levels.

1.2.2. Granite Magma Intrusion and Its Problems

Geological studies of ancient orogens show that they contain large volumes of
granite and geophysical studies of active orogenic zones suggest that part of
the crust could be partially molten. Although common and often of similar
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appearance, granites reflect a complicated history of formation that has led to
a diversity of opinions about their formation and continues to be a hotly debated
topic in geology. Being at one time liquid, granite has become synonymous with
intrusion, a genetic connection repeatedly reinforced by the phrases ‘intrusive
granites’ or ‘granite intrusions’ so common in the scientific literature. The
current paradigm of granite formation is one of crustal melting and melt seg-
regation in the lower crust followed by ascent (continuous or episodic) via
dykes with emplacement in the upper crust along structural/rheological ‘traps’, or
rising through the crust as large globular diapirs that eventually freeze at some
level to form a pluton, or intruding along fault zones to fill extensional
openings. There is growing acceptance that the ascent and emplacement of
granite magma, e.g. as dykes, is not as sluggish as previously thought and that
provided flow is continuous, it may occur at timescales of less than 100,000 years,
(Petford et al. 2000), with large bodies of granite (batholiths) for example of
1000 km?, being formed in 1200 years from a 3 m wide, 1 km long (in plan)
dyke, provided there was a continuous supply of magma from below (Clemens
2005). This is indeed a geologically catastrophic event! The age-old ‘room problem’
created by the idea that granite batholiths extended to unknown depths is
explained by the notion that such bodies in fact have tabular sheet-like geome-
tries (Chamberlin and Link 1927; McCaffey and Petford 1997; Crunden 1998)
with thicknesses of only a few kilometres so that their ‘emplacement’ can more
easily be explained by a combination of initially lateral (fault opening) and
subsequent vertical (inflation by roof uplift and/or floor subsidence) move-
ment. Diapirism as an alternative end member magma transport process is sug-
gested by the roughly circular sections of many granite bodies from a few
kilometers to one hundred kilometers in diameter and from analogy with the
shape and finite strain field of salt diapiric intrusions (Bateman 1985). In the
diapiric model, granite ascent from a ductile lower crust is much slower
(10°-10° years; Marsh 1982; Weinberg and Podladchikov 1994; Miller and
Paterson 1999) than in dykes and there are more thermal and mechanical diffi-
culties to overcome with transporting very large volumes of magma, especially
into brittle upper crustal rocks. These ideas form the basis of the intrusion
model of granite genesis (segregation, ascent, emplacement) (Fig. 1.7) and a
vast array of field, geochemical, geophysical and experimental evidence com-
bined with theoretical modelling has been used to support the model. Although
theoretical models neither rule out diapirism nor fully support dyking as mech-
anisms to move granite magma upwards from its lower crustal source, the fact
remains that the intrusion model requires that granite magmas be transported
upward through progressively cooler crust to their emplacement site at a suffi-
ciently fast rate to prevent them freezing.

Perhaps the weakest part of the intrusion hypothesis is in identifying a focus-
ing site that enables granite melt to escape from its source area either by way of
a conduit or in the form of a diapir. It has to be assumed that beneath every gran-
ite body there must be a deeper crustal source region. For example, Brown (2001)
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Figure 1.7. Schematic diagram to illustrate the intrusion model of granite genesis.

calculates that a horizontal semicircular half cone-shaped granite body with
a diameter of ~30 km and a half height of 5 km could be formed by ~20 vol %
fractional crystallisation of ~20 vol % melt segregated from an underlying ~15 km
thick source! with a horizontal diameter of ~30 km, i.e. a lower crustal source
volume for this one pluton of ~11,000 km?3. As pointed out by Brown, an impli-
cation is that granite bodies of this size might be spaced ~30 km apart. As many
exposures of granite typically consist of more than one isolated occurrence, it
also implies the existence of an extensive source region that must be related to
a regional geotherm that enables crustal anatexis to occur.

Field evidence of dyke-like feeders for granite batholiths is rare, because their
floors are seldom exposed. Obviously, if feeder dykes extend vertically for many
kilometres as they are supposed to, a continuous link between granite batholiths
and their source is unlikely ever to be found. Nevertheless, dykes are a require-
ment as well as a contention for the granite intrusion hypothesis. There are also
problems with a rootless diapiric origin of granite where the surrounding rocks
deform by viscous flow to allow the buoyant rise of a magma body. Although
there is evidence from internal structures in granite bodies that suggest a diapiric
origin (Pons et al. 1995) and modelling supports the possibility (Weinberg and
Podladchikov 1994), the paucity of evidence such as rim synclines, near vertical
cylindrical shear zones and strong thermal effects (Clemens 1988; Clemens and
Mawer 1992) associated with granite bodies has raised doubts on the viability of
such an ascent mechanism. There is no known structural/thermal evidence of an
ascent trail for postulated diapiric granite bodies, so that diapirism, if it occurs,
is probably restricted to deep crustal levels because of the exponential increase
in crustal viscosity with decreasing depth that would be expected to halt diapiric
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ascent at about mid crustal levels (Clemens and Mawer 1992; although see
Weinberg and Podladchikov 1994 for the possibility of granite diapirs reaching
depths as shallow as 6 km).

‘Ballooning’ (Ramsey 1989) has been considered one way of solving the room
problem for granite emplacement, and it predicts that the volume for pluton
accommodation can be supplied by deformation of the thermal aureole during
in situ radial inflation of a ‘magma intrusion’. Inflation can occur by continuous
feeding via dykes, or by way of the hotter ‘tail’ of a diapir continuing to rise
whereas the main upper part has ceased its upward ascent. Structural patterns
attributed to a ballooning pluton include a circular or elliptical shape in hori-
zontal sections, planar fabric parallel to the contacts and more intensely developed
at the border zones where it appears as a gneissic solid-state foliation, concentric
zoning of rock facies, the central facies generally being more acidic in composition
and later with respect to the marginal facies; a planar fabric parallel to the
contacts in the host rocks due to pure shear increasing towards the igneous con-
tact. However, all of these features can also be produced as a result of upward
doming of part of an in situ melt layer as described below.

In a large number of cases where granite bodies show a discordant relationship
with their host rocks (Fig. 1.8A), the space problem remains. If the granite is
allochthonous, where is the pre-existing rock that formally occupied the area now
occupied by the granite? Has it been passively engulfed (melted) or stoped by the
granite magma? (Fig. 1.8B, C). Has the granite magma been tectonically
emplaced along a fault and simply forced apart the country rocks? The stoping
mechanism of magma ascent and emplacement first proposed by Daly (1914) has
been invoked to explain the first possibility and implies thermal shattering of the
host rocks induced by magma, invasion of fractures by the magma and sinking of
the disrupted blocks. Sinking of largely unmelted host rocks in the magma could
contribute to a more rapid rate of cooling so that the magma body would suffer
an early thermal death and if so, one would expect to find abundant fragments of
largely unmelted country rock frozen into the marginal areas of the granite.

Migration of granite magma along fault zones has been suggested for some
orogenic settings e.g. Hutton et al. (1990); D’Lemos et al. (1992); Davison et al.
(1995). This mechanism necessitates the formation of crustal scale fault/shear
systems within which extensional jogs can be passively or forcibly filled with
granite magma. Also, these active shear zones need to be situated above or per-
haps within the zone of magma generation and extend for significant vertical
distances through the crust. In many cases, however, granite bodies aligned
along faults systems exhibit marginal shearing and truncation indicating that
faulting was post-granite ‘emplacement’ or that the faults have been reactivated
subsequent to granite emplacement. In other cases discordant granite contacts
show no evidence of being faulted and in such cases it has been assumed that
shear/fault zone avenues have been obscured by the effects of stoping and bal-
looning of the granite magma (D’Lemos et al. 1992). Statistical analysis of spa-
tial relationships between faults and granite in the Armorican Massif, France
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Figure 1.8. A. Simplified geologic map of the Dadongshan batholith, Guangdong Province, SE
China, showing discordant contact relationship between batholith and structural trend of the coun-
try rocks. B. Cross section of the Gangdise batholith from the Yaluzhangbu River to Mingzhong,
Tibet, showing crosscutting relationship between the granite contact and steeply-dipping metasedi-
ments with the suggestion that they have been melted (modified after SEGCA 1981). C. A 40 km
long section of the Striegau granite, Silesia, Poland, showing variously orientated blocks of country
rock within the granite (redrawn after Fig. 3 of Cloos 1923).

and southern Appalachians, USA, indicates a tendency for granite to occur
away from faults, indicating that faults in these areas, and presumably in others,
do not preferentially channel magma in general (Paterson and Schmidt 1999).
Magma transport is a mass transfer process where upward movement of
magma is balanced and accommodated by movement of the country rocks. Thus,
the prerequisites of granite intrusion are structural control and a suitable mecha-
nism of episodic or continuous injection of magma. With these requirements and
other exposure-related questions, it may be pertinent to ask whether it is neces-
sary to separate granite melt from its source area at all. It is a question that also
seems to have occupied the mind of James Hutton when he contemplated the
magmatic origin of granite in 1790, asking “...whether it were not rather a body
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which had been originally stratified ... and afterwards consolidated by the fusion
of these materials, or whether it were not rather a body transferred from
sub-terraneous regions, and made to break and invade the strata.” If granite
magmas are not intruded by whatever means from a lower crustal metamorphic
source, what is exposed must be granite together with the rocks of, or in the imme-
diate vicinity of its source region, the relationships between them modified more
often than not, by subsequent tectonic activity. This is the essence of ‘in situ melting
model’ of granite genesis proposed here—that granite magma essentially remains
within or close to its source area. The common association of granite and
migmatite, e.g. in gneiss domes, and also granulite, provides unequivocal evidence
of this, although granite bodies not associated with migmatite and surrounded by
narrow metamorphic aureoles imposed upon relatively low-grade rocks, also
require explanation. It is also clear that while low-melt (leucogranite) fractions
can be efficiently transferred from migmatite to crystallise and sills, dykes and
laccoliths in rocks immediately overlying the melting zone (e.g. Himalayas), this is
not the case for the much larger volumes of granite, adamellite, granodiorite,
tonalite, i.e. the ‘stuff” of batholiths. In the following pages, we explore the alter-
native idea that granites have an in situ melting origin using the field, geochemical,
geophysical, experimental and modelling evidence that has been marshalled in
support of an intrusion origin.



CHAPTER 2
CRUSTAL MELTING: EXPERIMENTS AND CONDITIONS

2.1. INTRODUCTION

The formation of granite magma by a combination of lower 7 fluid-present
melting and higher T fluid-absent dehydration melting of micas and amphibole
in the Earth’s crust largely depends on source rock composition, particularly
whether the components necessary to produce a granite ‘minimum-melt’ com-
position (K,O, Na,O, Al,O,, SiO,, H,0) are available, the pressure at which
melting occurs, temperature, type and amount of hydrous minerals present,
and the presence or absence of free water. Water is continuously evolved during
metamorphism from dehydration reactions. Whether this H,O remains in the
rock or not depends on its porosity, which in turn, is dependent on depth
(lithostatic pressure). If the porosity of the rock is small, nearly all H,O evolved
by dehydration leaves the rock. Dihedral angle measurements for hydrous flu-
ids in contact with silicates suggest that it might be difficult to completely
remove a fluid phase from a rock undergoing progressive dehydration on meta-
morphism (Watson and Brenan 1987; Holness 1993; Laporte et al. 1997).
Although deformation will enhance fluid escape, it seems possible that at the
end of the dehydration event, some fluid will remain in the source rock along
grain boundaries, as isolated pockets at grain corners or along grain edges as
well as in fluid inclusions. Initial granite melts will be fluid-saturated but the
amount of melt maybe small because the proportion of fluid phase present is
also small. Therefore, unless there is an external source of fluid, fluid-absent
melting will be the predominate mechanism for significant volumes of granite
melt to form.

All granitic magmas contain dissolved water, e.g. up to ~6 wt % at 2 kb and
~10 wt % at 10 kb (Holtz and Johannes 1991). This water is derived from;

1. free water occurring along mineral grain boundaries, pores, fractures, fluid
inclusions in minerals

2. structurally bound OH ions in phyllosilicates (as wt % H,O") such as chlorite
(10-12%), muscovite (~4%), biotite (3-4%), amphibole (~2%), or other less
hydrous minerals such as epidote (1.5-2%), staurolite (~1%), cordierite (~1%).

15
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The two sources of water give rise to two kinds of melting reaction;

1. water or fluid/vapour-present melting, H,O-saturated melting (¢H,O = 1.0),
or wet melting, where free water is available, e.g. anhydrous minerals + aque-
ous fluid/vapour = liquid anhydrous minerals + hydrous mineral + aqueous
fluid/vapour = liquid

2. fluid/vapour-absent melting, H,O-undersaturated (¢H,O = <1.0), or dehy-
dration (incongruent) melting, where no free water is available, e.g. anhydrous
minerals + hydrous mineral = liquid + anhydrous minerals.

2.2. MINERAL MELTING

(Mineral notations used below are listed in Table 2.1 together with nomencla-
ture and composition).

Table 2.1. Mineral, composition, notation and oxide system notation

Andalusite ALSiO; And
Anorthite CaAlLSi,Oq An
Albite NaAlSi,O, Ab
Apatite Ca (PO,),(OH) Ap
Al-silicate (unspecified) ALSiO; AS
Biotite K(FeMg),AlSi,0, (OH), Bt
Calcite CaCoO, Ce
Chlorite (MgFeAl),,(SiAl),0,,(OH) Ch
Clinopyroxene (unspecified) Ca(MgFe)Si, O Cpx
Cordierite (FeMg),Al,Si,O,,.nH,0 Cd
Corundum ALO, Co
Epidote Ca,(Fe*Al),Si;0,,(OH) Ep
Garnet (unspecified) (CaMgFeMn),(AlFe*Cr),Si,0,, Gt
Hematite Fe,O, Hm
Hercynite FeAl,O, Hce
Hornblende (unspecified) (NaK), ,Ca,(MgFeAl),(SiAl),O,,(OH), Hb
Ilmenite FeTiO, Ilm
K-feldspar (unspecified) KAISi, O Ksp
Kyanite ALSiO; Ky
Quartz () SiO, Qz
Magnetite FeFe*,0, Mt
Muscovite K,Al,Si0,,(OH), Ms
Monazite (CeLaTh)PO, Mz
Olivine (unspecified) (MgFe),SiO, Ol
Orthopyroxene (unspecified) (MgFe),Si,0 Opx
Orthoamphibole (unspecified) (MgFe),Si 0,,(OH), Oam
Osumulite (KNa)(FeMg),(AlFe),(SiAl),,0,, Os
Plagioclase (unspecified) Solid solution between Ab and An Pl
Prehnite Ca,ALSi,O,(OH), Pr
Pumpellyite Ca,(MgFeAl),Si 0,,(0H),2H,0 Pu
Pyrite FeS, Py
Pyrrhotite Fe,S, Po
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Table 2.1. Mineral, composition, notation and oxide system notation—Cont’d.

Rutile TiO, Rt
Spinel (unspecified) FeMgAlLO, Sp
Staurolite (MgFe),AlSi0,(OH), St
Stilpnomelane (KNaCa), , ,(MgFeAl),, ¢,Si;0,,(OH), Stp
(0,0H,H,0)54 55
Sillimanite ALSiO; Sil
Titanite CaTiSiO,(OH,F) Tn
Tourmaline (unspecified) Na(MgFeAl),AlSi0,,(BO,),(OH), Tm
Zircon ZrSio, Zr
(All Fe is Fe** unless otherwise indicated)
Liquid granitic L
Vapour H,0 \%

Oxide system notation

A ALO, Mn MnO
C CaO N Na,O
F FeO S Sio,
H HO Ti TO,
K K0

M MgO

2.2.1. Topology of Melting

Topological relationships between subsolidus dehydration, vapour-saturated
melting and dehydration melting of a rock containing a hydrous mineral such as
muscovite, biotite and/or hornblende are shown in Fig. 2.1. Curve 1 represents a
subsolidus dehydration reaction where a hydrous mineral-bearing assemblage
reacts to form an anhydrous mineral assemblage + H,O vapour. Curves 2 and 4
represent the H,O-saturated solidus of the rock on the higher temperature side of
which an H,O-saturated melt (M) is formed. At pressures greater than the invari-
ant point (I), curve 3 represents the vapour-absent solidus of the rock. This curve
corresponds to a dehydration melting curve where a hydrous mineral (H) melts to
form an anhydrous mineral assemblage (A) + H,O-undersaturated melt (M ). The
line P, intersects invariant point (I) and represents the minimum pressure at which
a hydrous mineral in a rock can coexist stably with melt. In the common case
where a rock contains two or more hydrous minerals, these minerals react together
with dehydration melting taking place over a multivariant 7P interval.

2.2.2. Muscovite Dehydration Melting

The most important muscovite dehydration melting reaction in sialic rocks is,
Ms+Qz+Ab=Ksp+AS+L

(Fig. 2.2) with addition of Ca (anorthite component in plagioclase) shifting the
reaction to higher temperatures, ¢.g. from ~625 to 700°C at 5 kb (Thompson and
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Figure 2.1. P-T diagram showing schematic relations between subsolidus dehydration, H,O-
saturated and dehydration melting reactions. H = hydrous mineral; A = anhydrous mineral; V =
vapour (H,0); M = melt with M_ and M, = H,O-saturated and H,O-undersaturated, respectively;
I = invariant point.
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Figure 2.2. P-T diagram showing various subsolidus and suprasolidus muscovite breakdown reac-
tions in the systems KASH, KNASH, and CKNASH (after Thompson and Algor 1977; Thompson
and Tracy 1979). PWS = wet pelitic solidus after Thompson (1982). Labelled 20-80°C/km linear geo-
thermal gradients are shown for reference. For chemical system and mineral abbreviations see Table 2.1.
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Algor 1977). If muscovite contains some Fe, Mg and Ti, which is usually the case,
then additional reaction products such as Fe-Mg spinel, cordierite and biotite
may form (Brearley 1986; Grapes 1986; Rubie and Brearley 1987; Vielzeuf and
Holloway 1988; Brearley and Rubie 1990; Patifio-Douce and Harris 1998). In
general, however, muscovite dehydration melting occurs abruptly by a near
univariant reaction because of its restricted compositional range.

2.2.3. Biotite Dehydration Melting

In the presence of quartz, plagioclase, = Al-silicate, biotite will breakdown at
higher temperatures than muscovite as shown from experimental studies sum-
marised in Fig. 2.3. Model biotite breakdown reactions involve the formation of
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Figure 2.3. P-T diagram showing various biotite-bearing assemblage dehydration melting reactions.
Reaction curves labelled 23 (Patiio-Douce and Beard 1995), 44 (Vielzeuf and Montel 1994), 50
(Singh and Johannes 1996) and 55 (Patifio-Douce and Beard 1995) = Xmg content of biotite. Shaded
area = range of biotite-out curves in greenschist-amphibolite grade greywacke compositions after
Kifle (1992). Curves 1 after Luth et al. (1964), Piwinskii (1968) Johannes (1984), and 2 after Piwinskii
(1968). PWS = wet pelitic solidus after Thompson (1982). Labelled 20-80°C/km linear geothermal
gradients are shown for reference. For mineral abbreviations see Table 2.1.
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one or more peritectic mafic minerals + liquid depending on protolith composi-
tion and pressure, e.g. the reactions,

Bt+Qz+Pl+ AS=Ksp+ Cd+ Gt+L
Bt+Qz+Pl=Ksp+Opx+Cd+Gt+L

Additional breakdown products may include Fe-Mg spinel, Ti-magnetite and
ilmenite, possible rutile, as well as new (more Ti-, Mg- and Al-rich) biotite (Grapes
1986; Brearley 1987a, b; Patino-Douce and Johnston 1991) and orthoamphi-
bole/subcalcic hornblende (Conrad et al. 1988; Kifle 1992). The position of the
above reactions and other biotite-dehydration reaction curves in P-T space
depends on the Mg/(Mg + Fe) (= Xmg) and Ti-content of the biotite and XmMg and
TiO, of the host rock, with higher XmMg and Ti shifting biotite-out reactions to
higher temperatures (Vielzeuf and Montel 1994; Patifio-Douce and Beard 1995,
1996; Stephens et al. 1997; Pickering and Johnston 1998). In the case of biotite Ti,
deprotonation (dehydrogenisation) resulting in loss of H by way of the substitu-
tion TiO,R_(OH)_, will reduce the amount of hydroxyl in biotite (Henry et al.
2005), thereby extending its stability to higher temperatures. In addition, fluorine
will also enhance biotite stability to higher temperature. Thus, in comparison to
muscovite, dehydration melting of biotite can occur over a significantly greater
range of temperature because of its compositional variation.

2.2.4. Hornblende Dehydration Melting
Dehydration melting reactions involving hornblende together with quartz and

plagioclase, * garnet, are shown in Fig. 2.4 and can be characterised as,

Hb + Qz = Gt = Opx + Cpx = Pl + L below 10 kb

Hb + Pl + Qz = Gt + Cpx + L above 10 kb

IImenite, titanite and spinel are possible additional phases where quartz is
absent in the amphibolite protolith, e.g.

Hb+Pl=Cpx+Opx+Ca—-Pl+Ilm+TnxSp+L

(Rushmer 1991) and hornblende is stabilised to higher temperatures. As with
biotite, higher XMg, Ti-content and the presence of F and Cl will also stabilise
amphibole to higher temperatures (Gilbert et al. 1982).

2.2.5. Biotite and Hornblende Melting In Granitic Rocks

Biotite- and hornblende-out curves determined for wet melting of granitic com-
positions are shown in Fig. 2.5. Biotite disappears over a wider 7-range than
hornblende (i.e. ~690-820°C verses 920-970°C, respectively, at 5 kb) reflecting
its more variable composition.
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Figure 2.4. P-T—depth diagram showing hornblende dehydration melting reactions. Various low-P
Hb + Qz and Hb with no Qz reaction curves from Choudhuri and Winkler (1967); Binns (1969);
Spear (1981); 1. Piwinskii (1968; tonalite 101); 2. Conrad et al. (1988); 3. Winther and Newton
(1991); 4. Rushmer (1991); 5. Patino-Douce and Beard (1995); 6. Beard and Lofgren (1991).
Al-Silicate stability fields after Pattison (1992). Labelled 20-50°C/km linear geothermal gradients
are shown for comparison. For mineral abbreviations see Table 2.1.

2.2.6. Other Hydrous Minerals

Other hydrous silicates such as chlorite, staurolite and epidote (Fig. 2.6), could
be important in generating granite melts. Although a large amount of water is
released from the breakdown of chlorite, e.g.

Ch+St+Ms=Bt+AS+V

the reaction occurs at 7-P conditions below the pelitic solidus in the
NaKFMASH system (Spear et al. 1999). Only a dehydration reaction involving
Mg-rich chlorite (clinochlore) to Fo + Cd + Sp + V in the absence of quartz or
other minerals occurs at temperatures above the pelitic solidus (Cho and
Fawcett 1986; Jenkins and Chernosky 1986). As this reaction is unlikely to occur
in normal crustal rocks without the involvement of other minerals, chlorite
dehydration probably does not directly contribute H,O during melting.
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Figure 2.5. P-T diagram showing biotite- and hornblende-out reaction curves for various granitic
compositions. 1. Tonalite (101) (Stern and Wyllie 1975); 2. Tonalite (101) (Piwinskii 1973a);
3. Granodiorite (103) (Piwinskii 1973a); 4. Granodiorite (102) (Piwinskii 1973a); 5. Granite (104)
(Piwinskii 1973a); 6. Quartz diorite (DR510) (Piwinskii 1973b); 7. Quartz diorite (DR 126) (Piwinskii
1973b); 8. Quartz diorite (CP2-1) (Piwinskii 1973b); 9. Granodiorite (JSP6-2) (Piwinskii 1973b);
10. Monzodiorite (MO-18) (Piwinskii 1973b).
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Staurolite is typically found in aluminous Fe-rich rocks and dehydration melting
by way of the reaction,

St+Pl+Ms+Qz=Gt+Bt+AS+L

(Spear et al. 1999; Garcia-Casco et al. 2003) would produce a small amount of
melt at temperatures below that of muscovite dehydration melting. In the NKF-
MASH system, the above reaction occurs between ~660 and 690°C and 6-10 kb
(Garcia-Casco et al. 2003) (Fig. 2.6).

Epidote is the first hydrous mineral responsible for fluid-absent melting
(= solidus) above 10 kb in basaltic and andesitic bulk compositions (Vielzeuf
and Schmidt 2001). Within the range of 5-15 wt % epidote in metabasaltic rocks,
the amount of melt produced is small (typically < 10%) in comparison to that
produced by hornblende decomposition (Schmidt and Poli 2004). The melting
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Figure 2.6. Stability curves for staurolite (after Garcia-Casco et al. 2003) and epidote (in tonalite)
(after Schmidt and Thompson 1996). PWS = Pelite wet solidus; Ms and Bt — muscovite and biotite-
dehydration melting curves, respectively. Al-silicate stability fields after Pattison (1992). Labelled
20-80°C/km linear geothermal gradients are shown for reference.

curve of epidote in a tonalite composition is shown in Fig. 2.6. In volcanogenic
metasedimentary protoliths, epidote is probably involved in a dehydration melting
reaction at 10 kb such as,

Bt+Qz+Ep=Hb+Gt+Ksp+Pl+L
(Skjerlie and Johnston 1996).

2.2.7. Suprasolidus Decompression—Dehydration Reactions

Thompson (2001a, b) has drawn attention to the fact that during crustal decom-
pression, e.g. of migmatite rocks, any hydrous minerals remaining after a deeper
episode of dehydration melting may react with hydrous melt to release free H,O
and generate anhydrous restite assemblages. Such reactions are termed supra-
solidus decompression dehydration reactions. They cause freezing of hydrous
granitic melts and the release of H,O. Examples of SDD reactions involving
muscovite and biotite are shown in Fig. 2.7. The reactions have low dP/dT



24 CHAPTER 2

Temperature (°C)

600 700 800

0 1 1 1 1 | Il | 1 1 1 | 1 | 0

e
Qz -~ XCa k.
AS. -1 Qz ’,r' A

2 Vs Ab -7 L
g £
o 4 X
5 =
w7 °
@ Q
® 64 a
o.

B_

10

Figure 2.7. P-T-depth plot of suprasolidus decompression-dehydration reactions (SDDR) for
muscovite and biotite (solid black lines with labelled reactions with invariant points shown by filled
circles at temperatures above the solidus and filled squares on the solidus) that indicate freezing
of hydrous melts and release of H,O that may initiate a phase of renewed melting (after Fig. 1 of
Thompson 2001b). For mineral abbreviations see Table 2.1.

slopes with hydrous mineral + hydrous melt on the high-pressure side so that
dehydration to an anhydrous mineral assemblage + free H,O will occur with
decompression. The release of H,O may induce a renewed episode of melting,
e.g. in associated mica/amphibole-poor lithologies, older granites, that had not
undergone melting at deeper levels due to lack of free H,O.

Hypothetical decompression paths superimposed on Fig. 2.7 intersect several
suprasolidus decompression—dehydration reactions (SDDR) curves (four mus-
covite and one biotite) between ~25 and 10 km depth and ~795-695°C producing
vapour for additional melting to occur + anhydrous granulite assemblages of
Ksp £ AS + Ab * Co (for muscovite) and Cd Gt Ksp (for biotite).

2.3. ROCK MELTING-EXPERIMENTAL EVIDENCE

2.3.1. Melt Compositions

Melt (glass) compositions have been determined from experimental melting of
a wide range of rock types; ‘mica-bearing metasedimentary’ (peltic—psammitic
phyllite/schist/gneiss/hornfels; artificial rock and artificial mineral mixes),
‘intermediate’ (dacite; volcanoclastic metasediment, artificial rock mixes), ‘mafic’
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(greenschist, amphibolite, granulite; artificial mineral/oxide mixes), and ‘granitoids’
(tonalite, granodiorite, artificial mineral mixes). Experimental conditions, crys-
talline products and melt compositions relating to products of partial melting of
the various starting rock compositions are given in Appendix 2 and glass com-
positions are plotted in terms of normative Qz-Or-Ab-An ratio and, for mafic
compositions, Or-Ab-An granite classification schemes in Appendix 2 as Figs.
A2a—d; B2a; C2a-c; and D2a. Analyses of bulk starting compositions are num-
bered according to the descriptions of compositions and are listed in tables
included in Figs. A2a-d; B2a; C2a-d; and D2a. In the descriptions and tables,
experimental rock compositions in the four main composition groups mentioned
above are listed in order of decreasing silica.

The experimental results indicate that granite melt compositions of mica-bearing
quartzofeldspathic rocks, mixed mica-bearing quartzofeldspathic and mafic
rocks, dacite, quartz amphibolite and mafic rocks are controlled by 7, P, fO,,
H,O-present and H,O-absent conditions. Melt compositions extend over nearly
the entire compositional space of alkali-feldspar granite, granite, adamellite,
granodiorite, tonalite, trondhjemite and quartz monzodiorite or monzodiorite
with extensions into the quartz diorite, diorite and quartz monzonite fields as
summarised in Fig. 2.8. Notably absent from all protoliths are melts representing
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Figure 2.8. Summary diagram showing normative Qz, Or, Ab, An ratio composition fields of granite
melts derived from melting of mica-bearing metasediments (grey-tone field); intermediate composi-
tions (diagonal hatched field), mafic compositions (unshaded field enclosed by solid line; field enclosed
by dashed line = K-rich mafic rocks). See Appendix 2 for details.
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syenite. The experimental evidence indicates that it is possible to produce virtually
the entire spectrum of granitic rock compositions by crystallisation of these melts
(= magma) ignoring compositional variation resulting from in situ magmatic
differentiation/fractionation.

Composition fields for granitic melts derived from mica-bearing quart-
zofeldspathic rocks (Samples A.1 to 21 in Appendix 2) mainly cluster in the
fields of granite, adamellite, granodiorite with extension into the K-feldspar
granite field (e.g. pelite rocks from Morton Pass; No.A.16) (Figs. A2a-d;
Fig. 2.8). Compositions become granodioritic with increasing temperature
reflecting progressive dissolution of plagioclase. With increasing temperature,
melt SiO,, Na,O typically decrease and TiO,, Al,O,, FeO (as total iron), MgO,
CaO and K,O generally increase.

Volcaniclastic metasediments composed of magmatic arc and continental
detritus are typical of continental margins and form the protolith of granite
magmas (adamellite, granodiorite, tonalite/trondhjemite with increasing tem-
perature in Fig. B2a; Fig. 2.8) during orogenesis. In particular, the vapour-
absent experimental results of Patifio-Douce (1995) indicate that fusion of equal
amounts of biotite-bearing quartzofeldspathic rock and high-Al olivine tholei-
ite produces ~33 wt % H,O-undersaturated granitic (adamellite) magma and
mafic granulite residue ranging from noritic gabbro to pyroxene-garnet granulite.
Melting of Al-rich pelitic and high Al-basalt compositions can generate adamel-
lite with spinel or garnet norite restite.

Melt compositions from mafic protoliths (Samples C.1-20 in Appendix 2) are
mainly tonalite, trondhjemite, and granodiorite (the TTG association), with
extensions to quartz diorite, quartz monzodiorite and diorite (Fig. C2a-c;
Fig. 2.8). High-K mafic rocks are exceptions in that they produce adamellite,
quartz monzonite, quartz monzodiorite and monzodiorite melts. Again, with
increasing temperature, melt compositions contain less SiO,, Na,O and are
enriched in ALLO,, MgO, FeO (as total iron), MnO, TiO,, and CaO.

Remelting of tonalite and granodiorite or their metamorphosed equivalents
produces granodiorite-adamellite and adamellite-granite-alkali-feldspar granite
melts, respectively (Samples D.1-4 in Appendix 2; Fig. D2a). In particular, the
4 kb melting experiments of Patifio-Douce (1997) on tonalite (quartz diorite in
the normative classification scheme used here) and granodiorite produce high
silica, low Ca, high Fe/Mg, K/Na and Ti/Mg melts that equate to so-called
anorogenic-type (and rapakivi) granite.

Given the expected heterogeneous composition of protoliths undergoing ana-
texis in the crust, and ignoring the possibility of mafic magma mixing, variable
granitic melt compositions could be produced within the region of anatexis,
each with different geochemical/isotopic signatures. The granite or granite asso-
ciation end-product will therefore depend on the degree of homogenisation of
the various ‘magmas’ due to mixing (convective) and also to subsequent in situ
differentiation/fractionation on cooling.
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2.3.2. Restite Compositions

Experimental generation of granitic melt compositions also involves production of
comparable volumes of refractory solid residual assemblages. These can be char-
acterised as aluminous granulite (Pl, Gt, Opx, Ilm and/or Pl, Cd, Bt, Sil, Sp, Ilm
+ Co, * Os, £ Sp, £ Sap) from metapsammitic-pelitic protoliths, intermediate
granulite (Opx, PI, = Gt, £ Bt, + Ksp, Ilm), and mafic granulite (Opx, Cpx and/or
Hb, PI, + Oamp, £ Gt, + Bt, + Ksp) from intermediate igneous (tonalite, dacite)—
mixed igneous/sedimentary, and mafic amphibolite protoliths, respectively. In
many restite assemblages Qz may be present (unmelted, reconstituted relics) and
accessories are typically Ap, Mz, = Aln, = Tn, Zr and sulphides. Rapakivi granites
are commonly associated with anorthosite-norite-mangerite—charnockite com-
plexes (Anderson 1983; Haapala and Ramo 1992) that could represent the restite
(mainly Opx + Ca-Pl) of low-pressure melting of granodiorite—tonalite.

2.3.3. Rock Solidi

Wet and dry rock solidi for mica-bearing quartzofeldspathic metasedimentary,
mixed sialic/mafic and dacite, basaltic, and granitic compositions are plotted in
terms of 7-P in Figs. 2.9-2.12. Wet mica-bearing quartzofeldspathic metasedi-
mentary solidi vary over a temperature range of 610-670°C at 4 kb, and higher
temperature dry solidi range ~740-860°C at 6 kb (Fig. 2.9). Wet and dry solidi of
mafic amphibolite compositions occur over a greater temperature range, e.g.
690-780°C/6 kb for wet solidi and 820-1025°C/6 kb for dry solidi (Fig. 2.11). Wet
solidi of granitic rocks range between 615 and 720°C/6 kb (Fig. 2.12).

2.3.4. Melt Fraction

Water-saturated melting typically results in only a small volume of melt unless
an external fluid flux is substantial, and melting will stop once available free
water is consumed. For example, if 10 wt % H,O is required to saturate a gran-
ite melt generated at 5 kb, and if the rock being melted has a porosity of 0.1 vol %,
then only <0.1% melt generation would be predicted (Clemens and Vielzeuf
1987). As long as free water is available melting will continue until one of the
reactant phases is consumed. In the case of the granitic assemblage Qz Ksp Ab,
melting is at the eutectic and Ksp will be the first phase to be consumed. Heating
beyond this will continue to produce a small amount of melt (<2 mol %) as long
as some water is available until the temperature of the muscovite dehydration
reaction is reached.

With dehydration melting involving water supplied by the incongruent break-
down of OH-bearing minerals, the volume of melt produced reflects modal
amounts of these minerals in the protolith undergoing melting. In general, mus-
covite breakdown will yield only small quantities of melt (unless the rocks are
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Figure 2.9. Wet and dry solidi for mica-bearing quartzofeldspathic rocks. Numbers refer to bulk
compositions described in A of Appendix 2. M = metatexite (Qz Pl, Bt, Hb); D = diatexite (Qz, PI,
Bt) wet solidi from Biisch et al. (1974). PWS = pelite wet solidus after Thompson (1982). Dashed
lines labelled 20-80°C/km = simplified linear geothermal gradients.

particularly muscovite-rich) and melt is produced over a very narrow tempera-
ture interval of only a few degrees. This is the main reaction responsible for the
production of metatexite migmatites and leucogranite melts. For a muscovite-
rich schist and melting between Qz Ms Na-Plag, muscovite and a large portion
of the sodic plagioclase are first consumed. According to Harris and Inger
(1992), for each wt % of muscovite consumed about two units of melt are
formed, i.e. 20 vol % muscovite can provide a melt fraction of ~0.4. Biotite
breakdown occurs at a higher temperature range than that of the muscovite
dehydration reaction because of solid solution in the biotite as described above
and produces significantly greater amounts of granitic melt. Because many
amphibolite-grade quartzofeldspathic lithologies are biotite-rich, up to ~50 vol
% granitic melt may form a diatexite. The effect of bulk rock composition on
biotite melting in terms of Ti and Mg content is illustrated in Fig. 2.13 which
shows that the upper limit of biotite stability in a TiO,-bearing metagreywacke
composition is up to ~80°C higher than in Ti-free compositions. A large pulse
of melt production occurs over a narrow temperature range of as little as 15°C
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Figure 2.10. Wet and dry solidi for dacite (1), volcanoclastic greywacke (2,3) and quartz-rich amphi-
bolite (4). Numbers refer to bulk compositions described in B of Appendix 2. Dashed lines labelled
20-80°C/km = simplified linear geothermal gradients.

between 800 and 860°C depending on bulk rock Mg content in the latter,
whereas in the former, temperatures of ~950°C must be attained to produce melt
fractions ~60%. At higher temperatures, hornblende-rich mafic rocks are also
potentially highly fertile granitic magma sources and melt volume is correlated
with the breakdown of hornblende. For example, Rushmer (1991) reports that
the vol % melt increases from 3—-5% near the solidus (800°C) of an amphibolite
of island arc tholeiite affinity, to ~10-15% when hornblende starts to melt at
825°C, and up to ~40% when hornblende finally disappears at 950°C.
Amounts of granite melt produced by vapour-present and vapour-absent
dehydration reactions with increasing temperature at different pressures in dif-
ferent rock types are shown in Figs. 2.14-2.17. In vapour-absent mica-bearing
quartzofeldspathic metasedimentary rocks at between 820 and 900°C over a wide
range of P, the amount of melt produced can reach a range of 60-70% as a
result of biotite breakdown (Fig. 2.14A, B). Contours of melt fraction (mol %)
in the model pelite composition, show that 50% melting occurs at ~800°C/2kb
and at ~900°C/8kb and at temperatures below 800°C at pressures >4kb the
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Figure 2.11. Wet (dashed lines) and dry (solid lines) solidi for mafic amphibolite. Numbers refer to
bulk compositions described in C of Appendix 2. LW = H,O-saturated gabbro solidus of Lambert
and Wyllie (1972). Dashed lines labelled 20-80°C/km = simplified linear geothermal gradients.

maximum degree of melting is a little more than 30% (Fig. 2.15). In vapour-
absent melting of mafic amphibolite compositions < 10-50% melt is generated at
850°C/3-10 kb and at 950°C/1-6.5 kb between 20 and 60% melting occurs
(Fig. 2.16). With H,O-saturated melting of granite compositions, significant
amounts of melt of up to ~80% can be produced between 690 and 850°C with
melt volume increasing with increasing P at any given 7 (Fig. 2.17).

2.3.5. Conclusion

Given the expected heterogencous composition of protoliths undergoing ana-
texis in the crust, and ignoring the possibility of mafic magma mixing, variable
granitic melt compositions could be produced within the region of anatexis.
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Figure 2.12. Wet solidi for granitic rocks. Bracketed numbers refer to granodiorite 1,2,3, after
Robertson and Wyllie (1971), Piwinskii (1968), Piwinskii and Wyllie (1968), respectively; 4 and 5,6
after Piwinskii (1968) and Piwinskii and Wyllie (1968), respectively. Unbracketed number 3 refer to
bulk composition described in Appendix 2.D. HW = muscovite granite after Huang and Wyllie (1973,
1981); SW = Tonalite after Stern and Wyllie (1975); CW = peraluminous granite after Clemens and
Wall (1981). Dashed lines labelled 20-80°C/km = simplified linear geothermal gradients.
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Figure 2.14. Melt vol % verses T plot for dry melting of various mica-bearing quartzofeldspathic
compositions. A. At 10 kb; Numbers refer to rock compositions described in A of Appendix 2.
V & H = Vielzeuf and Holloway 1988. B. At different P (labelled) for metagreywacke No.A.6 in
Appendix 2. Vertical lines (P-labelled) = Bt-out temperature (redrawn from Fig. 5 of Montel and
Vielzeuf 1997).

The granite or granite association end-product will therefore depend on a mul-
titude of interrelated variables such as P, maximum 7 reached during anatexis
and how long the rocks were able to remain at temperatures substantially above
the solidus, fO,, the amount of H,O available and its source, the degree of
homogenisation of the various ‘magmas’ produced from mixed protoliths due to
mixing (convective), and to subsequent in situ differentiation/fractionation on
cooling. Similarly, residual granulite assemblages of melting will also vary
depending on protolith composition at similar 7, P, etc.
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Figure 2.15. P-T pseudosection of model pelite composition in the system NCKFASH with excess
Qz and just enough H,O to saturate immediate subsolidus mineral assemblage, showing mol % melt
contours (after Powell and White 2001). See Table 2.1 for chemical system nomenclature.

2.4. STRUCTURE AND COMPOSITION OF THE CRUST

The thickness of the Earth’s crust, i.e. from the surface to the Mohorovicic
(Moho) discontinuity, varies with tectonic setting, being thinner (~27 km) in rift
and forearc environments and thicker (>50 km) for Mesozoic—Cenozoic orogenic
belts (e.g. Andes, Himalayas and Tibet, European Alps), with an average conti-
nental crust thickness of ~40 km (Rudnick and Fountain 1995). Relative thick-
nesses of seismically-defined upper, middle and lower crustal sections from
different tectonic settings are shown in Fig. 2.18. Studies of deep crustal xenoliths,
remote sensing and surface heat flow indicates that in general the crust becomes
more mafic with depth and that there is a rapid decrease in heat-producing ele-
ments downwards from the surface (Fig. 2.18) that reflects a decrease in average
heat production from 1.65 to 0.19 uW/m? (Rudnick and Gao 2003).

Normative ratios of bulk upper, middle and lower crustal compositions from
data compiled by Rudnick and Gao (2003) are plotted in Fig. 2.19 and indicate
that they range from granodiorite—quartz monzodiorite (upper and middle
crust) to quartz diorite and diorite (lower crust) with an average continental
crust composition of quartz diorite. Direct evidence of the composition of the
middle-lower crust is from exposures of high-grade amphibolite-granulite facies
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lite compositions. A. At different P (labelled), amphibolite composition No.D.4 in Appendix 2
(Beard and Lofgren 1991). R = amphibolite composition No.D.5 in Appendix 2 (Rushmer 1991).
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with average wt % K,O, ppm Th and U values for upper, middle and lower crust (data from Rudnick
and Gao 2003).
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Figure 2.19. Normative Qz-Or-Ab-An ratio plot showing composition fields and recommended
compositions (open and filled symbols) for upper, middle and lower crust. Data from Tables 1, 3, 5,
7,8,9, 10 and 11 of Rudnick and Gao (2005). Note that two proposed lower crustal compositions,
L (Liu et al. 2001) and V (Villaseca et al. 1999) are anomalous in that they plot well away from the
composition field of other lower crustal estimates.

metamorphic terranes of ‘cratonic areas’, e.g. Vredefort dome (South Africa),
Kapuskasing Uplift (Canadian Shield), Wutai-Jining Zone (North China);
Musgrave (Central Australia), Ivrea-Verbano zone (western Alps, Italy); ‘conti-
nental arcs’, e.g. Sierra Nevada (California), and ‘oceanic arcs’, e.g. Kohistan
(Pakistan), Talkeetna (Alaska), where maximum depths of exposure range from
13 to 45 km. In these examples, mid-crustal lithologies are represented by a wide
spectrum of igneous and gneissic granitic rocks (tonolite, trondhjemite, diorite,
granodiorite, granite), pelitic-psammitic, metabasic and calc-silicate schist/gneiss/
granulite, marble, quartzite, and also anorthosite and gabbro. Lower crustal
lithologies contain similar felsic-mafic gneiss/granulite lithologies but usually
with a greater abundance of mafic and ultramafic rocks, especially in oceanic
arc sections. There is still debate on whether the exposed lower crustal sections
are typical or not and whether the granulitic rocks can be regarded as a true
residue (restite) of crustal melting or represent exhumed metamorphosed mafic
underplate material (Clemens 1990; Zandt and Ammon 1995) or both. The pro-
posed diorite—quartz diorite lower crust bulk composition (Fig. 2.19) suggests
the possibilities of hybridisation of mafic magma during assimilation of the
crust (Patifio-Douce 1995) or large scale imperfect segregation of granite melt
and granulite restite (Rudnick and Presper 1990).

2.5. WATER IN THE CRUST

In addition to fertile protoliths described above, the two most important
requirements for crustal melting are water and heat. The presence of water in
excess of that in rock-forming hydrous silicates exerts a profound influence on
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the melting of crustal rocks because it controls the degree of melting to be
expected at a given temperature. Also the hydrous nature of granite magmas
implies that partial melting which gives rise to these magmas must involve trans-
fer of H,O from the protolith * fluid to the melt. It appears inescapable that
initiation of melting in rocks, i.e. the formation of granitic melt (minimum melt)
by fusion of anhydrous quartz and feldspars, must also involve a free fluid
phase. If all the available free water at the melting site is dissolved in the
melt, melting stops and it requires a temperature increase to release additional,
internally-derived water from the breakdown of any hydrous minerals present.

“Water is the dominant low-density fluid, the dominant solvent, the dominant
chemical transport agent, the dominant silicate-reaction catalyst and the domi-
nant catalyst of rock deformation in the crust” (Fyfe et al. 1978). Free water
occurs in fractures, pores and as films, perhaps only a monolayer thick, along
mineral grain boundaries (free, absorbed or non-hydroxyl water) and in fluid
inclusions in minerals. It can occur as a liquid, vapour or supercritical fluid
depending on temperature and pressure. In continental crystalline crust at 4-5
km depth the temperature of these deep fluids ranges between 100 and 200°C
(Stober and Bucher 1999) and deeper, e.g. 9.1 km (KTB, Germany; Méller et al.
1997) and 12.5 km (Kola, Russia; Kolzlovsky 1984) temperatures are 240 and
270°C respectively. At greater depths there is a gradual transition to so-called
higher temperature hydrothermal fluids (Barnes 1995).

The structural water-content (H,0") of rocks, i.e. that held in hydrous silicates,
generally decreases with depth as a result of dehydration reactions during pro-
grade metamorphism. An example of structural water (H,O") contents of mica-
ceous metasedimentary rocks representing a transition from metagreywacke
sandstone/siltstone to their schistose equivalents representing a depth interval of
about 25 km is illustrated in Fig. 2.20. The plot mainly reflects the modal variation
of muscovite and biotite (increasing biotite with respect to muscovite with increas-
ing depth = increasing metamorphic grade, although chlorite also occurs in the
lowest grade rocks) and indicates the amount of water available if temperatures
were high enough to cause dehydration melting of muscovite and biotite at any
particular depth. A similar downward decrease in bulk H,O-content of various
lithologies is indicated from the superdeep Kola hole (GR-3) bottoming at 12 km
depth, Russia (Kremenetsky 1991) (Fig. 2.21). Open (fractures) and closed (within
mineral) porosity increase with depth to values of >2%, but with open porosity
values decreasing to <0.5% in the lower 1000 m of the borehole (Fig. 2.21).

Petrological (Rubie 1986; Frost and Bucher 1994; Yardley and Valley 1994,
1997) and geophysical (Wannamaker 1994; Warner 2004) arguments suggest
that the lower crust probably contains little or no pervasive free water and there-
fore is effectively dry or at least contains ~0.1% or less free water. However,
water could be present in the lower crust as scattered domains each composed
of an interconnected network of fluid-filled fractures (Connolly and Podladchikov
2004). Alternative models in terms of variation of fluid pressure with depth
within the crust are illustrated in Fig. 2.22 and may be applicable to areas of
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Figure 2.20. Plot of structural water (wt % H,O") in mica-bearing quartzofeldspathic rocks verses
structural distance above the Alpine Fault, central part of the Southern Alps, New Zealand (Grapes,
unpublished data). Positions of the biotite-in and garnet-in isograds after Grapes (1995). Position
of brittle-ductile transition interval from Little et al. (2002). The crustal section has been exposed
by uplift on the Alpine Fault to form the Southern Alps.
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Figure 2.21. Plot of wt % H,0", % closed and open porosity versus depth in the 12 km superdeep
Kola borehole (SG-3), Russia (data from Kremenetsky 1991).
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Figure 2.22. Models for variation of fluid pressure with crustal depth. A. Fluid-saturated crust
where fluid pressures increase from hydrostatic values in the upper crust to lithostatic values with
increasing depth. B. Dry crust in which fluid occurs at hydrostatic pressure in the upper crust and is
absent due to reaction in the lower crust, where fluid pressures are buffered to very low values by
mineral equilibria (redrawn from Fig. 1 of Yardley and Valley 1994).
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active subsidence and metamorphism (fluid-saturated lower crust, A), and essen-
tially dry lower crust of stable continental areas consisting of old, high-grade
rocks (B). As pointed out by Yardley and Valley (1997), in (A) the lower crust will
be a high-pressure fluid source while in (B) it is a fluid sink. Downward propa-
gation of the brittle-ductile transition during compression with crustal thicken-
ing could effectively carry upper crustal fluids into the middle and lower crust on
a timescale that allows compaction to pressurize the fluids. This idea is supported
by evidence of progressive pressurization of fluid inclusions inferred to represent
originally shallow fluids (Gleeson et al. 2000), and by evidence of the involve-
ment of meteoric fluids in the metamorphism of lower crustal rocks (Wickham
and Taylor 1985; Upton et al. 1995).

In contrast to the lower crust, there is an abundance of free water in the upper
crust that is a reflection of a fracture network connected with the surface and
which decreases with depth (Fig. 2.23). The ultimate depth extent of fracture
permeability in the crust is not known, but in stable continental areas earth-
quake focal depths that are thought to mark the lower limit of the brittle zone
that can reach 40 km (Smith et al. 1989; Slemmons et al. 1991). Deep drilling
results from Russia (Kremenetsky and Ovchinnikov 1986; Borevsky et al. 1995)
and the German KTB (Emmermann and Lauterjung 1997, and companion
papers) have shown frequent fluid entries under nearly hydrostatic pressure over
the entire drilling depth (up to 12 km). In the case of the Saatly deep borehole,
Russia, large scale downward fluid flow in fractures continuing beyond borehole
depth (8.3 km) caused loss of circulation that stopped further drilling (Borevsky
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Figure 2.23. Diagram showing fracture system within the SW German (Black Forest) continental
crust (redrawn from Fig. 1 of Stober and Bucher 2004). The brittle upper crust is characterised by an
interconnected fracture/pore space (aquifer) and the ductile lower crust is characterised by isolated
fractures and pores (aquiclude).
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et al. 1995). These data support the idea of an overall drawdown of fluid into
basement rocks. Eventually, such gravity-driven fluid flow will reach depths
(>12 km) where temperatures, e.g. >300°C, will be high enough for hydration
reactions to form phyllosilicate minerals (with ~4-12 wt % H,0). This will effec-
tively use up much of the free water and result in a ‘drying out of the rocks.” At
greater depth, rocks undergoing metamorphism involving dehydration reactions
will release large amounts of water (Fyfe et al. 1978; Baumgartner and Ferry
1991), but on cooling any free water remaining in the rocks will be largely con-
sumed during retrograde reactions so that the metamorphosed rocks will also
effectively become dry (Yardley 1981).

The very different hydrological regimes of the upper and lower crust reflect dif-
ferent rock strengths. In the upper crust, the rocks have sufficient strength to
maintain a network of fractures through which fluids can circulate independently
of the stress state of the rocks (Etheridge et al. 1984). Consequently, fluid pres-
sure in the upper crust will follow a hydrostatic gradient that is independent of
lithostatic pressure (Fig. 2.22A). The hydrostatic pressure regime continues down
to a critical depth representing a percolation threshold that is determined by
rock composition and structure, temperature and stress that can be approximated
by the brittle-ductile transition (Gavrilenko and Gueguen 1989). For rocks
below the brittle-ductile transition that behave plastically on relative short
timescales, porosity will only be maintained if the pores are filled with fluid at or
close to lithostatic pressure. The anomaly posed by the conditions required to
maintain high-fluid pressure simultaneously with lower rock strength of the duc-
tile region can be explained by a model proposed by Connolly and Podladchikov
(2004) whereby fluids are concentrated in self-propagating hydraulic domains
which behave as weak zones within stronger adjacent fluid-poor rocks. Because
the mean stress gradient in a weak inclusion depends on its orientation with
respect to far-field stress, the direction of fluid flow in such domains is sensitive
to tectonic forcing. Under a lithostatic pressure gradient, fluids will tend to
migrate upwards so that, in contrast to the upper crust, lower crustal fluids can
be regarded as ephemeral ‘one-pass systems’ (Walther and Orville 1982; Wood
and Walther 1986).

In compressive tectonic settings, an inverted pressure gradient below the brittle—
ductile transition may develop by relaxation of the yield stress developed in
the brittle portion of the crust (Stiiwe et al. 1993; Stiiwe and Sandiford 1994;
Petrini and Podladchikov 2000). At depths where this inverted pressure gradient
is less than the hydrostatic gradient of the interstitial fluid, and if the fluid is sub-
ject to rock confining pressure, it will migrate downward to a depth at which the
rock pressure gradient is equal to the hydrostatic gradient of the fluid. This
defines a level of tectonically-induced neutral buoyancy that also acts as a bar-
rier to upward fluid flow within vertically oriented structural features that are
the most favorable for facilitating fluid expulsion. Elementary analysis based on
the depth of the seismogenic zone and experimental rheological constraints indi-
cates that tectonically-induced buoyancy would cause fluids to accumulate into
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a long-term horizontal, stagnant, although overpressured, ~1 km-thick horizon
2-4 km below the brittle-ductile transition. Because the crust is heterogeneous
there could be multiple depth levels at which tectonically-induced fluid accumu-
lation and stagnation might occur. The possibility of ponded water below the
brittle-ductile transition may explain anomalous mid-crustal reflectivity and it
has important implications for the wet melting of crustal rocks. It may be no
coincidence that thermal modelling (see below) often predicts anatexis occurring
at mid-crustal depths in the vicinity of the brittle-ductile transition.

2.6. CRUSTAL HEAT AND PARTIAL MELTING
2.6.1. Introduction

The geotherm in average continental crust is inferred to be no higher than about
500°C at a Moho depth of 35 km implying a gradient of ~15°C/km, and as such
the wet solidus temperatures for any ‘fertile’ rock composition over the entire
thickness of continental crust will not be attained (Fig. 2.24). The wet solidus of
the model pelitic composition (PWS) is about 10°C lower than that of the wet
granite solidus (Tuttle and Bowen 1958), and for melting to occur at 20 km
depth it would require a geotherm of about 30°C/km. For crustal anatexis to
occur at shallower levels, an anomalously high-thermal gradient in excess of
about 40°C/km is required. In addition, as shown above, temperatures need to
be high enough to significantly overstep crustal rock solidi in order for a significant
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Figure 2.24. Simplified linear geothermal gradients (labelled 10-50°C/km) and location of wet
pelite (PWS), basalt (BWS) solidi, and muscovite (Ms), biotite (Bt), hornblende (Hb) dehydration
melting curves in a 35 km thick crust. PWS after Thompson (1982); BWS after Wyllie (1977);
Burnham (1997); Ms after Huang and Wyllie (1981); Bt extrapolated from Le Breton and
Thompson (1988) and Vielzeuf and Holloway (1988); Hb after Rushmer (1991). Al-silicate stability
fields after Pattison (1992). Grey shaded area = field of high-7/low-P metamorphism.
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melt fraction, i.e. >25%, to form. For example, at 20 km depth, Fig. 2.24 shows
that dehydration melting would begin at 630°C for muscovite, 740°C for biotite
and 900°C for hornblende, and depending on the shape of the melt fraction
verses temperature curve, it would take an additional temperature increase in the
range of 20-60°C for the melt fraction to reach ~25 vol %. With the probability of
very low porosity in the lower crust, at 35 km depth the dry solidus for basaltic rock
at ~1100°C would only be intersected by linear geotherms > 30°C. Clearly, with
such geotherms, most of the lower crust would be largely molten, although only if
it consisted of ‘fertile’ mica-bearing metasedimentary and/or granitic rocks. As
there is no geophysical evidence for the lower crust being molten, it implies that
either suitably fertile rocks do not occur in the lower crust, e.g. they are composed
of refractory granulite, or that the geotherm is cooler at such depths.

In post-Archean orogenic terranes the thermal structure is a product of inter-
nal heat production, advection, and basal crustal heat flux. Normal orogenic
evolution is driven by subduction followed by collision leading to crustal thick-
ening and decreased convergence rate, resulting in self-heating of the thickened
orogen. In continental arcs such as the North and South American Cordillera,
heat advected with mantle-derived magmas is also potentially important. The
physical causes of ‘higher than normal’ geothermal gradients that are associated
with high-7/low-medium-P metamorphism and anatexis have received consid-
erable attention over the last 20 years. Modelling, both general and in relation
to specific areas, has shown that a combination of several, typically interrelated
processes can strongly perturb the geothermal gradient by displacing isotherms
toward the surface to create a thermal antiform generating temperatures that
exceed the wet solidi of various rock compositions and induce dehydration melt-
ing of micas and amphibole (Gerbi et al. 20006).

1. Thickening of radiogenic heat-producing rocks (England and Thompson
1984, 1986; Thompson and England 1984; Chamberlain and Sonder 1990;
Patifio Douce et al. 1990; De Yoreo et al. 1991; Thompson and Connolly
1995; Huerta et al. 1998; Jamieson et al. 1998; Sandiford and Hand 1998;
Sandiford et al. 1998; Gerdes et al. 2000).

2. Intracrustal shear heating (Harrison et al. 1997; Leloup et al. 1999; Nabelek
and Liu 1999, 2004).

3. Lithospheric extension due to rifting and gravitational collapse (Wickham
and Oxburgh 1985; Dewey 1988).

4. Delamination and convective removal of thickened mantle lithosphere and
thermal boundary layer, respectively (England 1993), and slab breakoff
(Davies and von Blanckenburg 1995).

5. Ascent of a mantle plume (Watson and McKenzie 1991), a mantle-related
transient heat pulse (Bodorkos et al. 2002), and injection of mafic magma
into the continental crust (Shaw 1980; Spera 1980; Lux et al. 1986; Huppert
and Sparks 1988a, b; Fountain et al. 1989).

6. Near isothermal decompression at elevated temperature (Teyssier and
Whitney 2002).
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2.6.2. Thickened Crust

Subduction followed by collision leads to crustal thickening and decreased con-
vergence rate allowing self heating of the thickened orogen in which anticlock-
wise T—-P paths (pressure increasing downward) are characteristic. Generalised
thermal modelling of crustal thickening has been addressed by England and
Thompson (1984, 1986), Thompson and England (1984), and Zen (1988) and
indicates that partial melting of the crust can occur in response to thermal relax-
ation of overthickened crust. In the case of crustal thickening by ‘instantaneous’
overthrusting during collision the normal geotherm is transformed into a saw-
tooth pattern as shown in Fig. 2.25A for a hypothetical (although unlikely) wet
mica-bearing quartzofeldspathic (pelitic) crust end member composition as
modelled in one dimension (vertical) by Thompson and Connolly (1995) that
maximizes the importance of melting. Greenschist to amphibolite facies sub-
solidus dehydration reactions are indicated by steep positive d7/d P lines labelled
R1-4 with R1 and R2 releasing 1 wt % H,O and R3 and R4 releasing 0.5 wt %
H,O at higher temperatures. Higher temperature (granulite facies) suprasolidus
muscovite, biotite and hornblende dehydration melting reactions are labelled
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Figure 2.25. Model temperature, depth/pressure, time relationships and uplift paths of thickened
crust of average pelitic composition in a continental collision setting. Geotherms labelled in Ma. In
B, incorporation of latent heat of melting (solid curves) results in a 20-40°C lowering of P-T-¢
paths. For other symbols/curves refer to Fig. 2.24. See text. (A. Combined from Figs. la, b of
Thompson and Connolly 1995; B. after Fig. 3 of Thompson and Connolly 1995).
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R6, 7 and 8 respectively. In the case considered, an initially 35 km thick crust is
doubled during continental collision and it takes 120 Ma after the thickening
event for a maximum temperature geotherm to be attained by upward migration
of the wet pelitic solidus temperature isotherm at a rate of ~70 m/Ma and the
800°C isotherm at ~130 m/Ma. Assuming an incubation period of 20 Ma after
thickening followed by linear uplift that removes the 35 km thick upper slab in
100 Ma, P-T-t uplift paths of lower slab rocks from depths of 40, 50, 60 and 70 km
are shown in Fig. 2.25B. The uplift paths of rocks initially at depths of 40 and
50 km just intersect the wet pelitic solidus (~30 km/50 Ma), muscovite (~35
km/60 Ma) and biotite (~40 km/80 Ma) dehydration melting curves at low
angles and thus will generate only the small amounts of melt in each case. Only
rocks from depths >60 km will undergo extensive melting as they attain tem-
peratures significantly above that of the biotite-dehydration melting curve. At
120 Ma, the deepest rocks (70 km) reach a final depth of 35 km where they are
still ~50°C above the biotite melting curve. With melt remaining in situ, the
uplifted crustal section will largely comprise a migmatite to granite/granulite
restite sequence. Migmatite with ~1 vol % leucogranite will occur between 5 and
14 km depth underlain by migmatite with ~7 vol % leucogranite down to a depth
of ~24.5 km. Between 24.5 and 35 km, the hypothetical pelitic crust will contain
~18 vol % biotite granite and granulite restite (Fig. 2.26). Figure 2.26 also indi-
cates that melt will be retained for up ~30 Ma following cessation of uplift at 120
Ma so that there should be sufficient time to grow a tabular-like layer of granite
magma (see Chapter 3). For ‘hotter’ initial geotherms obviously larger amounts
of melt would be produced.

2.6.3. Burial of High-Radiogenic Rocks

Crustal thickening is invariably associated with radiogenic heat production
that can result in geothermal gradients of >30°C and raise temperatures high
enough to cause anatexis at mid—upper crustal levels. Internal heat production
depends on the concentration of heat-producing radioactive isotopes of K, Th
and U in crustal rocks and is typically in the range of 0.5-3 uW/m? but can be
significantly higher for rocks that contain localised concentrations of heat-
producing elements (Sandiford et al. 1998). A number of researchers have proposed
that crustal rocks enriched in heat-producing elements can elevate geotherms to
temperatures high enough for anatexis to occur, e.g. the Arcadean thermal high
of New England, USA, that consists of thousands of square kilometres of high-
temperature (sillimanite-bearing), low-pressure metamorphic rocks and associ-
ated synmetamorphic granite (Chamberlain and Sonder 1990). Calculations by
Chamberlain and Sonder (1990) indicate that temperatures could have been
high enough (>700°C) to produce abundant granitic melt at relatively shallow
depth. Similarly, Sandiford and Hand (1998) have shown that distributions of
heat production and measured surface heat flow production in several Proterozoic
terranes in Australia can generate conditions for anatectic conditions at 10-20 km
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Figure 2.26. Depth/time evolution of the model pelitic anatexis-uplift depicted in Fig. 32B for stan-
dard geotherm conditions (thermal conductivity [K] = 2.25 W/m/K; mantle (reduced) heat flow [Q, ]
= 30 mW/m?; radiogeanic heat production [4 ] = 2.33 uW/m?). The 35 km thick upper slab is
thinned by linear erosion over 100 Ma. Wt % in situ granite melts are shown by dashed contours at
5, 10, 15 and 20%. Zero % melt line = wet pelitic solidus. The thick grey lines along the 5 and 10%
contours represent the muscovite and biotite-dehydration melting reactions that are ‘smeared’
because their reaction rates are controlled by heat flow and fluid flow. Solid circles represent maxi-
mum height of the partially melted rock column. They occur as tangents to the melt contours and
therefore at greater depths than the shallowest level reached by the contour lines because the crust
is thinning. Thus, the 0% solid circle will end up 5 km below the surface at 120 Ma when uplift stops.
Those for muscovite and biotite-dehydration melting will finish at 14 and 24.5 km below the surface,
respectively, resulting in the migmatite—granite crustal section shown on the right (after Fig. 4 of
Thompson and Connolly 1995 and Fig. 2 of Thompson 1999).

depth. As the conditions for melting come from within the crust, it is therefore
possible to produce a ‘perched’ granitic magma layer at relatively shallow crustal
depths by subsidence and burial of rocks containing suitably high concentra-
tions of K, Th and U. Granites produced by this process might be expected to
occur as extensive ‘blobs’ rather than as the linear belts typically associated with
subduction zones or crustal extension.

Patino-Douce et al. (1990) have demonstrated the possibility of melting
at mid-crustal depths in regions with normal heat flow and with thickening
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Figure 2.27. Modelled burial-7-¢ relationships of partial melt layer formation in radiogenic shale-
schist-gneiss rocks, Seiver Hinterland, western USA (after Patifio-Douce et al. 1990). Original
crustal section together with radiogenic heat production values (W/m?) given on right. Radiogenic
rocks originally at a depth of between ~12 and 25 km (original geotherm A) are buried by crustal
thickening to 25-38 km depth (grey-shaded zone) where they undergo partial melting (geotherm B
at 45 Ma after thickening). For other symbols and curves see Fig. 2.24. See text.

ratios <<2.0 using the Seiver hinterland of the North American Cordillera as an
example, where crustal thickening to ~60 km is estimated to have occurred in the
late Mesozoic. Their one dimensional 7-P-¢ model for mid-crustal melting is
illustrated in Fig. 2.27 and involves crustal thickening over a period of 30 Ma by
thrust sheet stacking from an initial 36 km to 54.5 km due to ~100 km of short-
ening. The lower crust accommodates this deformation by ductile contraction
and the lithospheric mantle is undeformed with the Moho behaving as a
detatchment zone. Erosion starts at the same time as deformation and occurs at
a rate of 0.5 km/Ma. Melting begins ~25 Ma after the beginning of deformation
within a mid-crustal fertile interval initially at a depth between 12 and 26 km
comprised of shale overlying metapelitic-greywacke schist and gneiss that have
a heat production rate of 16.8 and 25.0 mW/m?, respectively. Although the sur-
face heat flow is 60 mW/m?, the high heat-production layer results in higher tem-
peratures in the middle crust that would be the case, if heat production occurs
in a near-surface layer or is homogeneously distributed throughout the entire
crust. By the end of the orogenic event at 30 Ma, only a small amount of melt
(~5%) is generated by muscovite dehydration melting involving 7 km of crust
resulting in the formation of migmatite. Higher granitic melt fractions of 30-40%
are only generated ~10 Ma after the end of deformation over a vertical interval of
~2 km when the rising geotherm attains temperatures of biotite-dehydration melt-
ing near the base of the fertile layer at the depth of ~37 km and a temperature
of ~820°C. Figure 2.27 shows thermal conditions at 45 Ma after the beginning of
deformation (curve B) and 15 Ma after its cessation during which time 7.5 km of
uplift has occurred. With reference to the muscovite/biotite-dehydration melting
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curves and the 45 Ma geotherm (B), the 14 km thick layer of partly melted rock
consists of an upper 3 km of migmatite (essentially metatexite) overlying a 9 km
layer of diatexite/granite magma occurring over a depth interval of 25-36 km.
Another example combining crustal thickening and a layer of high radiogenic
heat-producing rocks resulting in anatexis is the formation of the ~10,000 km?
South Bohemian batholith, central Europe that consists of biotite and two-
mica granite. The batholith is part of the Variscan Orogen, a well-studied Late
Devonian—Early Carboniferous collision zone between the Armorican terrane
(Bohemia, Saxo-Thuringia) and North Gondwana (Moldanubia) that is char-
acterised by large volumes of granite and associated high-7/low-P metamorphic
rocks. Results of a two-dimensional thermal-kinematic model of crustal ana-
texis to form the South Bohemian batholith by Gerdes et al. (2000) are shown
in Fig. 2.28 at 10 Ma intervals from 350 Ma (10 Ma after onset of collision
involving 220 km of overthrusting at a rate of 8§ mm/year). The diagrams show
the development of a migmatite layer in radiogenic metapsammitic—pelitic
rocks followed by increased melt production at temperatures >850°C involving
biotite-dehydration melting to form an extensive perched partial melt layer with
between 35 and 55% granite melt in the middle crust (30-25 km depth). The
model predictions are in agreement with the dated time lag between an amphi-
bolite facies temperature maxima at ~335 Ma and, although not shown in the
model, inferred development of granite magma layer up to a depth of ~19 km that
crystallised between ~330 and 320 Ma. At this stage, the modelling indicates
that about 1618 km of exhumation (at an assumed erosion rate of 0.5 mm/year)
would have occurred. Further thinning of the crust from a thickness of 40-45
km to ~32 km was completed before the Permian at which time the top of the
granite/migmatite would have reached depths of between 11and 6 km.

2.6.4. Shear Heating

Crustal scale shear heating is a plausible mechanism to induce anatexis at tem-
peratures up to and above those of muscovite and biotite-dehydration melting
from mid to upper crustal levels (i.e. ~25-15 km depth). Shear (or strain) heat-
ing requires that rocks retain sufficient strength to heat up while deforming at
geologically slow rates. Although this is not the case for granitic rocks that
become weak below the brittle—ductile transition, foliated rocks such as mica
schist retain their strength (~35 MPa for a strain rate of 10715 s~!; ~65 MPa for
a strain rate of 1077/s) at high temperatures near to and beyond the solidus
(Fig. 10 of Nabelek and Liu 2004). A problem with shear heating is the time
over which it can be maintained. Once melting begins, it is expected that the con-
tribution of shear heating to raising the geotherm would drop as shear stress
within the shear zone becomes negligible and in so doing limit the amount of
melting. However, within the volume of deforming rocks, variable rates of
movement on individual thrust planes within the shear zone and variable shear
strengths of interlayered rocks of different compositions (e.g. metaquartzite,
pelite, psammite, amphibolite etc.), implies that melting will occur at different
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Figure 2.28. Modelled burial-7-7 relationships of partial melt layer and granite formation in radi-
ogenic gneissic pelite—greywacke rocks, Bohemian massif, central Europe, shown at 20, 30, 40 and
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ogenic heat values (WW/m?) shown at bottom. See text.
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times and in different areas within the shear zone. As the active part of the shear
zone weakens, shear stress becomes amplified in other areas of the deforming
zone where melting has not occurred. This means that the amount and rate of
melting will vary both vertically and horizontally within the shear zone as it
evolves to form a partial melt layer. Therefore, the overall positive heat contri-
bution to the geotherm within the shear zone will either be maintained at a cer-
tain level for a finite time depending on the proportion of heterogeneous
protolith that has melted, or it will increase in unmelted parts of the zone with
continuous shearing.

A number of shear heating models for generating melting conditions in thick-
ened continental crust for different rates of thrusting, depth of shear zone and
radiogenic heat-production profiles have been proposed by Nabelek and Liu
(2004). One of these models that show maximum overlap of evolving geot-
herms, pelitic solidus and mica dehydration melting curves is given in Fig. 2.29.
In this case, the duration of thrusting within a 4 km thick shear zone centred at
25 km depth is assumed to be 50 Ma at a rate of 4 cm/yr. Modelled evolving
geotherms at 10 Ma intervals indicates that for the shallowest depths of partial
melting, the wet pelitic solidus is intersected at ~20 km depth (2 km above the
top of the shear zone), muscovite in rocks at the top of the shear zone start to
melt at 20 Ma, and at 30 Ma the beginning of biotite-dehydration melting
occurs in rocks below the shear zone at ~29 km depth. At 50 Ma the biotite
melting curve is intersected at 25 km within the shear zone.
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Figure 2.29. P-T-depth diagram illustrating evolving geotherms (at 10-50 Ma) in thickened crust
with shear heating along a 4 km thick shear zone centred at 25 km depth in the upper, overthrust
plate, with thrusting at 4 cm/year (after Fig. 11b of Nabelek and Liu 2004). For other symbols and
curves see Fig. 2.24. See text.



CRUSTAL MELTING: EXPERIMENTS AND CONDITIONS 51

It can also be noted from Fig. 2.29 that at 20 Ma after thrusting the top of the
partial melted crust, i.e. rocks at temperatures > the wet pelite solidus, lies at ~32
km depth. After 60 Ma of thrusting, the top of the partial melt zone has thick-
ened upward to a depth of ~17 km and would consist of an upper 15 km of
migmatite (largely metatexite + leucogranite) underlain by diatexite + biotite
granite that would extend down to the lower boundary of suitably fertile litholo-
gies that may be present.

Recent collision orogens, e.g. the Himalayas (Le Fort et al. 1987; Zhu and Shi
1990; Harrison et al. 1997, 1998; Nabelek and Liu 2004), and ancient orogenic
belts, e.g. the Black Hills, South Dakota, USA (Nabelek and Liu 1999; Nabelek
et al. 2001) and Maine, USA (Brown and Solar 1998a, b; Solar et al. 1998), are
examples where the association between major shear zones and leucogranite
has been proposed.

2.6.5. Extension and Removal of Lithospheric Mantle

Extension of the lithospheric mantle is associated with thinning/rifting of the
continental crust and has been proposed as a mechanism for generating condi-
tions of high-7/low-medium-P metamorphism (Lachenbruch and Sass 1978;
Wickham and Oxburgh 1985; Sandiford and Powell 1986). With the lithosphere—
asthenosphere boundary represented by the 1200°C isotherm, a steepening
of the lithosphere geotherm is an inevitable consequence of replacement of
lithosphere by asthenosphere. Primary mechanisms invoked for the replacement
of all or part of the lithospheric mantle by asthenosphere involve convective thin-
ning (Houseman et al 1981; Molnar et al. 1998) and mantle delamination that
results in the crust being directly underlain by hot asthenospheric mantle (Bird
1979; Loosveld and Etheridge 1990). The process is predicted to cause significant
heating of the lower crust with the thermal anomaly propagating upwards into
the middle and upper crust. The resultant high heat flow associated with regions
of crustal extension, e.g. large areas such as the Basin and Range Province, USA
(1.3 x10° km?), or narrower rift/graben features such as the Pyrenees, France,
the Lachlan Fold Belt, SE Australia, or the present day Taupo Volcanic Zone,
New Zealand, can produce temperatures of 700-900°C at ~30 km depth or
shallower, resulting in granulite facies metamorphism with biotite and hornblende
dehydration melting reactions giving rise to granite melts.

Examples of lithospheric thinning are shown in Fig. 2.30, involving a 40 km
thick crust and a mantle lithosphere/asthenosphere boundary at 120 km depth
where the temperature is 1200°C. In (A), the temperature at the base of the crust
is ~500°C and no melting occurs. In (B) with ~50% crustal thinning (i.e. to a
thickness of 20 km) due to axially symmetrical extension of mantle lithosphere
by pure shear, the base of the crust remains at ~500°C indicating decompression
without convective heating. In (C), crustal thinning to ~30 km results from axi-
ally symmetrical extension of mantle lithosphere through non-uniform shear
resulting in basal crustal temperatures of ~600-700°C indicating that melting of
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Figure 2.30. Lithospheric thinning and its effect on the crustal geotherm below positions A, and B
in relation to crustal melting where PWS = pelite wet solidus; Ms and Bt = muscovite and biotite-
dehydration melting, respectively. Al-silicate stability fields after Pattison (1992). Modified after
Fig. 1 of Sandiford and Powell (1986). See text.
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suitable lithologies could occur. In this case, as the mantle lithosphere thins more
rapidly than the crust, the geotherm is the result of both decompression and heat-
ing. In (D), asymmetric extension is accommodated in the crust by simple shear
along a detachment zone, below which extensional strain is distributed in a duc-
tile region of pure shear. The most perturbed geotherm occurs where the mantle
lithosphere is thinnest (below position B), rather than where the crust is thinnest,
and melting of crustal rocks will occur within the 20-30 km depth interval.
Clearly, in all the above cases, and particularly (B) and (C), mantle melting and
underplating of the crust by basaltic magma is also required to further perturb
geotherms in order for extensive anatexis to occur at mid—upper crustal depths.
In the case of complete delamination of the lithospheric mantle, Fig. 2.31
depicts an example where delamination is associated with asthenospheric con-
vection continuing for a period of 20 Ma. This results in partial melting of

Time (Ma)
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Figure 2.31. Depth/time plot of three isotherms (700, 800, 900°C) representing steps of melting in
35 km thick crust by ‘hot mode’ delamination of mantle lithosphere and where asthenosphere con-
vection continues for 20 Ma (7, = 1300°C) (after Fig. 3b of Thompson 1999).
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appropriate lithologies at minimum depths of ~25 km (900°C = amphibole
dehydration melting) at 11 Ma, ~21 km (800°C = biotite-dehydration melting)
at 13 Ma, and 18 km (700°C = muscovite dehydration melting) at 17 Ma fol-
lowing delamination, respectively. After 55 Ma the temperature at the base of
the crust cools to 700°C.

Perhaps the most important geophysical feature below active rifts zones is
anomalously low seismic velocities and the anomalous attenuation of seismic
waves that suggest very high temperatures and partial melting. This is mani-
fested by high heat flow and in many cases with magmatic and geothermal
activity, e.g. East African Rift; Salton Sea area, southern California; Rio Grande
Rift, New Mexico; Central Volcanic Region, New Zealand; Larderello, Italy.

The central volcanic region (CVR) of the North Island of New Zealand, represents a
back-arc basin formed within continental lithosphere related to NW subduction of the
Pacific Plate off the east coast of the North Island (Stern 1985, 1987; Cole 1990)
(Fig. 2.32). The region is one of active extension, volcanism and abnormally high heat
flow estimated at 4000-5000 MW (Bibby et al. 1995). The currently active part of the
CVR is the Taupo volcanic zone (TVZ) that is characterised by abundant rhyolitic
volcanism including thick sequences of ignimbrites erupted from calderas within the
last 1.6 Ma (Wilson et al. 1995), with present day andesitic volcanism occurring from
Mt. Ruapehu in the South to White Island in the North (Fig. 2.32). The area contains more
than 20 high-7 geothermal systems that together discharge more than 4000 MW of heat
(Bibby et al. 1995). Mesozoic greywacke crops out to the East (Axial Ranges) and West
of the CVR and TVZ (Fig. 2.32), and forms the downfaulted basement of the TVZ,
being overlain by > 2 km of volcanic and volcaniclastic rocks. Magnetotelluric (Ogawa et al.
1999; Ingham 2005) and shear wave velocity (Sherburn et al. 2003; Bannister et al. 2004)
data indicate the presence of high-conductivity/low-velocity zones at depths of 10-15 km
consistent with the presence of partially melted rock with lateral extents of ~10-20 km.
Long wavelength magnetic anomalies parallel to the NE-SW trend of the TVZ underlie
nearly all of the < 0.7 Ma ignimbrite eruption calderas at between ~4 and 7 km depth sug-
gest the existence of granite magma that has cooled to below its Curie temperature of
575°C (Soengkono 1995) (Fig. 2.33). We interpret this data to indicate the downward
cooling of an regionally extensive granite magma layer developed from partial melting of
the basement greywacke in response to an originally very high-thermal gradient due to
mantle lithospheric thinning resulting in a shallow Moho depth of 15-25 km and possibly
mantle melting beneath the TVZ (Stern and Davey 1987; Bannister et al. 2004) (Fig. 2.32).
The occurrence of vitrified schistose (migmatite) (Steiner 1958) and granulite xenoliths
(with Qz, P1, Ksp, Cpx, Opx, Omp, Gt, Cd, Ti-Bt, Sil, Sp, Ilm) in andesite lavas (Steiner
1958; Graham 1987) and voluminous eruption of rhyolite provide direct
evidence of partial melting of greywacke basement rocks. If this occurred up to shallow
depth, i.e. ~5 km as indicated by the presence of solidified, but still hot granitic rock
(Soengkono 1995), experimental data for wet melting of greywacke compositions East and
West of the TVZ (Kifle 1992) indicates that their solidi would have been intersected by a
geotherm of between 134 and 120°C/km, respectively (Fig. 2.34). In Fig. 2.34, glass com-
position fields from experimental melting of eastern and western greywacke (Conrad et al.
1988; Kifle 1992) are shown in comparison with TVZ rhyolites in terms of normative
ratios. Ignoring the possibility of in situ crystal fractionation, it is evident from this plot
that the rhyolites (and granite) could have been derived from partial melting of a mixture
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Figure 2.32. Simplified geological map of the central volcanic region and currently active Taupo
volcanic zone, central North Island of New Zealand. The zone of rifting (indicated by NE-SW-
trending normal faults) separates western (volcanogenic) and eastern (granitogenic) greywacke base-
ment that underlies the Taupo volcanic zone. Inset shows crust-mantle—asthenosphere section
across the central part of the central volcanic region, westward subduction of Pacific oceanic plate,
thinned mantle lithosphere and inferred zone of greywacke melting beneath the rift zone.

of both greywacke compositions with a greater volume of western greywacke which con-
tains a large volcaniclastic component. Restite phases (newly-formed and relic) from
experimental melting of these greywackes are as follows: Qz, Pl, Bt, Opx, Cpx, Omp, Hb,
Gt, Ilm, Ap (western greywacke) and Qz, Pl, Cd, Os, Opx, Oamp, Sil, Sp, Mt (eastern
greywacke), i.e. the mineral phases present in granulite xenoliths, and the rhyolites contain
1->50 vol % phenocrysts of Pl, Opx, Cpx, Hb, Omp, Ti-Bt, Ilm, Mt, together with
resorbed Qz.

Another example, the Larderello geothermal field, Italy (Fig. 2.35), occurs in
an area that has been undergoing post-collisional extension since the early
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Figure 2.33. Map showing distribution of crustal magnetic highs, main geothermal areas and out-
lines of caldera eruption centres between Lakes Taupo and Rotorua, Taupo volcanic zone, central
North Island of New Zealand (modified after Fig. 8 of Soengkono 1995). For location see Fig. 2.32.
Below: Interpretive E-W crustal section across the Taupo Volcanic Zone.
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Figure 2.34. Above. P-T-depth diagram showing wet solidus curves for eastern (Nos.A.4 and18 in
Appendix 2) and western (No.B.3 in Appendix 2) greywacke compositions bordering the central vol-
canic region, central North Island, New Zealand (see Fig. 32). Biotite-out curves refer to composi-
tions A.4 and 18. See text. Below. Normative Qz, Ab, Or, An ratio diagram of granite nomenclature
showing field of experimental glass compositions for eastern (Nos.A.4,18) and western (No.B.2)
greywacke compositions in comparison to field of rhyolite compositions from Taupo volcanic zone
(after Steiner 1958). Arrows indicate increasing 7. See text.
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Figure 2.35. Sketch map of the southern Tuscany region, Italy, showing the structure and location
of the Larderello geothermal area and heat flow contours (after Figs. 1 and 2 of Cameli et al. 1993).

Miocene resulting in uplift and a shallowing of the Moho to ~25 km. The area
is characterised by a positive heat flow anomaly with a geothermal gradient of
~100°C/km, a Bouguer gravity minima, a marked negative magnetic anomaly
together with slow cooling rates of basement metamorphic minerals, that
implies the presence of cooling granite at shallow depth (Fig. 2.35) (Puxeddu
1984: Cameli et al. 1993). Exploration wells have confirmed the presence of
hydrothermally altered, fractured granite, and contact metamorphism (And,
Cd) has affected overlying Hercynian basement gneiss, schist and phyllite
(Gianelli and Ruggieri 2000). A seismic reflector (known as the K-horizon) at
between 4 and 8 km depth is considered to represent the change from brittle to
ductile behaviour and the presence of hydrothermal fluids at temperatures in the
range of 400-450°C (Barielli et al. 2000) (Fig. 2.36). Near the Larderello thermal
high, the reflector horizon appears to coincide with the top of the granite; fur-
ther away it lies below the granite contact (Cameli et al. 1993; Barielli et al. 2000).
The extensive negative gravity anomaly over the region suggests that at depths
of between 8 and 12 km the temperature of the granite should be ~800°C, and
therefore partly molten. The granite is part of a regionally extensive layer
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tion after Barielli et al. (2000; section No.2). See text.

beneath SW Tuscany, including the Tyrrhenian Sea, resulting from anatexis (up
to 10 km depth) of Hercynian gneiss—schist basement rocks that overlie granite
beneath the Larderello area. Volcanic rocks of the Tuscan magmatic province
contain abundant xenoliths with Pl, Ksp, Qz, Cd, Sil, Gt and Zr that are con-
sidered to be relics of partial melting and are the same as the main and accessory
constituents of gneiss and schist of the Hercynian basement.
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2.6.6. Intrusion of Mafic Magma

As the amount of fertile crust needed to produce granite magmas is extremely
small in comparison to the volume of the mantle, the mantle and derivative
basalt magma may well be an important source of heat for crustal melting.
Lithospheric thinning and upwelling of hot asthenosphere as described above
are also conducive to mantle melting and intrusion of mafic magma to increase
crustal temperatures (Fig. 2.37). Intrusion of mafic magma at ~1200°C into
crustal rocks can cause rapid (10>-10° years) melting (Huppert and Sparks
1988a, b; Bergantz 1989) compared to the timescales and length scales of an
orogenic event e.g. 10-10° years (Thompson and Connolly 1995). Huppert and
Sparks (1988a) point out that if emplacement of basaltic magma adds heat to
the crust at a faster rate than heat can be extracted by conduction along the
geotherm, then the crust will heat up resulting in a steepening of the geotherm.
However, according to Thompson (1999), in order to raise temperatures to
800°C (biotite dehydration melting) at 20 km depth, it would need enormous
intrusion thicknesses of 10, 25 and 60 km to be emplaced at depths of 25, 30 and
35 km, respectively, of which there is no geological or geophysical evidence. Indeed,
intrusion of large bodies of basaltic magma into the crust typically evidenced by
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Figure 2.37. Temperature profiles calculated from measured heat flow for average Battle Mountain
High conditions (after Fig. 11 of De Yoreo et al. 1991). In the table, STA = static; UPL = malfic
magma underplating; STR = stretching; INT = mafic magma intrusion. Q = mantle (reduced) heat
flow; 1 HFU = 41.8 mW/m?; s = strain rate in %/Ma. For other symbols/curves refer to Fig. 2.24.
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peridotite—gabbroic diorite plutons, e.g. Ivrea, Italy, have only a limited thermal
effect on the country rocks (Barboza et al. 2000) and there is little evidence of
substantial crustal melting associated with such intrusions, that may have been
fairly rapid. On the other hand, the intrusion of swarms of basaltic dykes or
sills, overlapping in space and time, could be a more effective way to cause
crustal melting (Petford and Gallagher 2001).

The effects of mafic sills intruded into fusible protoliths have been discussed by
Huppert and Sparks (1988a) and Fountain et al. (1989) with the general conclu-
sion that heat from the intrusion can rapidly produce a melt layer with a thick-
ness of about two-thirds the thickness of the intrusion in crustal rocks already at
elevated temperature, i.e. 500°C or greater. As stated above, the melting process
would be enhanced if mafic magma was sequentially intruded instead of at one
time. Thickness/time relationships for crustal melting by basaltic sills are shown
in Fig. 2.38. The diagram indicates that 500 m thickness of basalt at 1200°C
intruded as multiple sills into fertile crustal rocks at 500°C will, at the time the
basalt is 60% crystallized and convection has stopped, produce a 294 m thick
granitic melt layer at 934°C that will have undergone 50% crystallisation in only
about 210 years after intrusion. If the country rock temperature is 500°C, e.g. at
~15 km and 20 km depths for hot and warm geotherms respectively, then contact
temperatures of a 1200°C sill will be ~850°C, i.e. above biotite-dehydration melt-
ing, and significant melting can occur. Once a partial melt layer has been formed,
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Figure 2.38. Thickness/time relations for melting of crustal rocks (initially at 500°C) by basaltic sills
(initially at 1200°C), (after Fig. 5 of Thompson 1999). See text.
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Huppert and Sparks (1988a) suggest that it would be difficult or impossible for
subsequent basalt (ascending as dykes) to intrude through it and magma would
pond beneath and within the original sill to extend or even increase the intensity
of the heating event of the already hot crustal rocks.

A present day example of crustal melting by mafic magma intrusion may be
the area beneath Soccoro in the Rio Grande Rift, USA, where a strong seismic
reflector with a characteristic horizontal dimension of ~70 km is located at a
mid-crustal depth of about 19 km. This has been interpreted as indicating the
presence of basalt magma with a current volume of ~104 km?. It is suggested by
Fialko et al. (2001) that uplift of a few millimeter per year over the last ~90 years
could be mainly due to a volume increase at a rate of 0.1 km?3/year caused by
in situ melting of quartzofeldspathic crustal rocks above the basalt. An ancient
example of crustal melting cause by intrusion of mafic magma is the well-
known high-7/low-P metamorphic Buchan area of NE Scotland. Droop et al.
(2003) demonstrate syn-metamorphic intrusion of mafic magma into warm
(~550°C) pelitic—semi-pelitic rocks at depths of 15-18 km resulted in peak-
metamorphic temperatures of ~900°C and extensive (~60%) fusion via biotite
dehydration melting. It is considered that gravity-driven segregation of granitic
melt from a quartz-free restite of Ksp, Cd, Opx and Sp in the migmatite host
rocks occurred in the absence of regional tectonic deformation giving rise to
contemporaneous two-mica granite.

A potentially important mechanism of crustal melting in a continental mar-
gin setting involves channelised upward intrusion of mafic magma into the crust
below a volcanic arc, e.g. the Andes (Laube and Springer 1998). The mafic con-
duits thermally equilibrate with the surrounding crust and water released from
cooling magma enhances crustal anatexis to form a region of partial melting as
illustrated in Fig. 2.39 within the confines of the conduit zone. Seismic investi-
gation of the northern Izu-Bonin-Mariana (IBM) arc suggests the existence of
such a mid-crustal layer of felsic igneous rocks between ~7 and 12 km overlying
a mafic lower crust (Suyehiro et al. 1996). In the Tanzawa Mountains of central
Honshu, Japan, an exposure of Miocene tonalite with subordinate gabbro is
considered to represent the mid-crust of the ~22 km thick intraoceanic IBM arc
that collided with central Honshu in mid-Miocene time (Kawate and Arima
1998). It seems likely that the tonalite and a pyroxenitic restite is the result of
in situ melting (~45%) of prehnite—pumpellyite basaltic-high Mg-andesitic vol-
canic and volcaniclastic arc rocks that occur at a depth of ~6 km.

2.6.7. Crustal Thinning and ‘Diapiric’ Decompression

Exhumation of deep crustal rocks by near-isothermal decompression may result
from partial melting that weakens the crust facilitating orogenic collapse and
crustal thinning, or from erosion or tectonic processes that trigger anatexis
(Zeitler et al. 2001). Many high-grade kyanite-bearing rocks (e.g. gneiss domes)
show evidence of near isothermal decompression of >12 km at high temperature
(>700°C) coupled with dehydration melting. Decompression mechanisms that
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Figure 2.39. Arc (andesitic) magma intrusion and perturbation of isotherms in conduit zone
beneath the active (e.g. Andean) arc (adapted from Fig. 4 of Laube and Springer 1998). See text.

involve removal of upper crust by erosion, crustal thinning and diapirism have
been proposed by Teyssier and Whitney (2002) to explain the presence of large
volumes of granite in migmatite terranes as shown in Fig. 4.40A, B. The initial
condition for the conceptual models of Teyssier and Whitney (2002) is an orogen
after crustal thickening with a rigid upper crust and a deep crust that had
reached high temperature due to thermal relaxation (Fig. 2.40A). A horizontally
laminated lower crust implies that lateral flow causing crustal thinning occurs
by bulk pure shear resulting in collapse and therefore decompression. This will
be relatively slow if restricted to the lower crust (Fig. 2.40B) and faster if the
upper crust is extended, thinned or rapidly eroded (Fig. 2.40C). For a given rate
of lateral flow in a 50 km thick crust and average displacement rates based on
plate velocities of 10-100 km/Ma, thinning is substantially faster (50-5 km/Ma)
in a narrow (100 km-wide) orogen than in a wide (1000 km-wide) orogen (5-0.5
km/Ma). However, decompression results in minimal melting as the uplift curve
only just intersects the biotite-dehydration melting curve.

Figure 2.40D shows the example of thick, hot, dominantly solid crust that
rises buoyantly and decompresses in the case where lower density rocks under-
lie higher density rocks. This would be the situation if a partial melt layer was
formed, e.g. Andes, Tibet, and could trigger diapirism. The magnitude of
diapiric decompression would be significant (>12 km) because the material
motion is essentially vertical (Fig. 2.40D) and self-sustaining because of partial
melting causing a decrease in viscosity enhancing upward flow and essentially
isothermal decompression. Sinking regions marginal to the rising diapiric areas
undergo a pressure increase with the result that the end product could be a series
of migmatite—granite-cored domes (the deformed partial melt layer) at mid to
upper crustal depths and higher pressure granulitic rocks residing at deeper
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Figure 2.41. P-T paths for migmatite-cored gneiss domes. 1. Thor-Odin dome, British Columbia,
Canada (Norlander et al. 2002); 2. South Brittany, France (Audren and Triboulet 1993); 3. Velay
dome, Massif Central, France (Montel et al. 1992); 4. Tormes dome, Iberia, Spain (Escuder et al.
2000). PWS = pelitic wet solidus; Ms and Bt = muscovite and biotite-dehydration melting curves,
respectively (modified after Fig. 1C of Teyssier and Whitney 2002).
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levels. The granite melt is retained in situ except for small scale leucogranite seg-
regations. Bouyancy-driven diapirism (Fig. 2.40D) may be coupled with thin-
ning of the thickened crust (Fig. 2.40E), and would be more important if the
upper crust is removed by erosion, tectonic denudation or extension
(Fig. 2.40F). These cases involving diapirism produce maximum amounts of
melting during decompression because significant temperature overstepping of
the biotite-dehydration melting curve occurs.

Examples of T-P decompression paths of migmatite—granite-cored gneiss
domes are shown in Fig. 2.41. Decompression is probably explained in terms of
diapiric uprise of rheologically unstable zones of anatexis in orogens, and could
be an important process in the thermal, mechanical and chemical evolution of
some continental areas (Brun et al. 1994; Vanderhaeghe et al. 1999; Teyssier and
Whitney 2002) (Fig. 2.42). Exhumation (relative vertical motion of rocks with
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Figure 2.42. Generalised diagrams illustrating the mechanism of diapiric exhumation (after Fig. 10 of
Vanderhaeghe et al. 1999). Two examples that could be explained by diapiric exhumation are the
migmatite core complexes of the Velay Dome, French Variscides and the Thor-Odin dome area,
Canadian Cordillera, described in Chapter 4 where thermobarometric, geochronological, structural and
sedimentological data imply that 15-20 km of exhumation has occurred (Vanderhaeghe et al. (1999)).
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respect to the Earth’s surface) of these granite-migmatite rocks involves removal
of the upper crust by erosion and tectonic processes. Erosion can account for
rapid unroofing such as proposed for the Nanga Parbat syntaxis, western
Himalayas (Zeitler et al. 2001), and it requires evidence of rapid uplift and
related deposition. In most cases, however, erosion probably plays a secondary
role to tectonic processes of exhumation.



CHAPTER 3

IN SITU MELTING AND INTRACRUSTAL CONVECTION:
GRANITE MAGMA LAYERS

3.1. INTRODUCTION

With respect to the origin of granite, two models, i.e. the traditional intrusion
model, and the in situ melting model presented in this book, emphasise that gran-
ite magma is predominantly the result of partial melting of crustal rocks. The
magma intrusion model requires magma to escape from a deep source (area of
anatexis) and be emplaced within upper crustal rocks. The in situ melting model
regards the formation of granite as a result of entropy variation within the system
from order (protolith) to disorder (magma) to new order (granite). The areal extent
of a partial melting region in the crust depends on the geometry of the isotherms
and its thickness depends on the duration of heating. Although temperatures
increase with depth, the lower boundary of a crustal-scale partial melt layer is con-
sidered to be determined by the deepest level of the fertile protolith undergoing
melting so that they can be characterised as ‘rootless’ or perched layers.

3.1.1. Geophysical Evidence for Crustal Melting

Intracrustal low velocity layers in young and old orogenic belts strongly suggest
that extensive partial melt layers within the mid-upper crust are a reality, e.g.
Himalayas, (see below), Andes (see below), Basin and Range Province of western
USA (Eaton 1980), North (Liu 1985) and SE China (Ma 2006), mid-European
Variscan orogen (Prodehl and Giese 1990), the area south of the North German
Basin in the European Geotraverse (Wedepohl 1996 in Johannes and Holz 1996)
(Fig. 3.1). Examples of extensive partial melt layers beneath the two highest
plateaus on Earth, the Himalayas-Tibet and the Andes, are described below.

3.1.1.1. Himalayas and Tibetan Plateau

The Tibetan plateau is associated with a pronounced satellite magnetic low that
coincides closely with the topographic edges of the plateau and suggests that the
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Figure 3.1. Part of a seismic—geological section of the continental crust along the European
Geotraverse (EGT) from Hannover (Germany) to the Insubric Line of the southern Alps (Switzerland)
(after Fig. 1 of Johannes and Holz 1996 from Fig. 1a of Wedepohl 1996, unpublished data).
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Figure 3.2. N-S cross section showing crustal velocity structure of the Tibet plateau and location of
intra-crustal low-velocity zone (after Xiao et al. 1988). The lower ‘transition zone’ is interpreted to
be cooling mafic magma.

crust is hot with the Curie isotherm (~575°C) residing in the upper crust at a
depth of ~15 km (Alsdorf and Nelson 1999). A low-velocity zone occurs beneath
Tibet at a depth of 20-30 km as shown in Fig. 3.2, and crustal melting at tem-
peratures in the range of ~600-650°C is likely to have occurred across the plateau
at depths between ~16 and 18 km under an upper crustal geotherm of ~37°C
(Kind et al. 1996; Nelson et al. 1996; Owens and Zandt 1997). Geophysical inves-
tigations have also revealed structural analogies between the High Himalayan
range and the northern Tibetan crust. In particular, seismic bright spots imaged
by the INDEPTH project at 15-18 km depth have generally been interpreted as
the culmination of melting to form a partial melt layer (Liu 1984; Xiao et al.
1988; Brown et al. 1996; Chen et al. 1996; Kind et al. 1996; Nelson et al. 1996;
Li et al. 2003; Xie et al. 2004; Unsworth et al. 2005).
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3.1.1.2. The Andes

The Andes is the largest subduction-controlled mountain belt on Earth with a
length of about 7,500 km and in the central part between 16° and 25°S is 800
km wide with elevations greater than 6,000 m. Compressive deformation and
uplift of the central Andes occurred in the Miocene and Pliocene and overlaps
with a major dacitic ignimbrite eruption phase from caldera complexes,
the largest of which is the Altiplano-Puna volcanic complex with a volume of
10* km? of ignimbrite. The onset of volcanic activity in the Late Miocene
(ignimbrite flare-up) reflects a marked change in the thermal state of the crust
that is thought to persist today in the form of an anomalously hot, partially molten
crust beneath the Altiplano-Puna plateau and Western Cordillera as indicated
from wide angle seismic, gravity and electromagnetic data (Schmitz et al. 1997,
Chmielowski et al. 1999), and high surface heat flow (Springer and Forster 1998;
Springer 1999) (Fig. 3.3). This planar feature is (15-30 km thick and is referred
to as the Andean low velocity zone (ALVZ), possibly the largest body of par-
tially molten crustal rock known. The top of the ALVZ occurs at a depth of
~15-25 km and may represent the upper limit of compaction-porous vertical
migration of fluids and granite melt that marks the present brittle—ductile tran-
sition (Schilling et al. 1997; Schmitz et al. 1997). The bottom of the zone occurs
at ~38—46 km depth and may represent the upper boundary of dry, refractory
lower crust (Yuan et al. 2000). The average percentage of granitic melt within
the ALVZ is estimated to be ~20 vol % (Schilling and Partzsch 2001) giving a
minimum volume of melt of some 18,000 km?.
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Figure 3.3. Section showing thermal structure across the central Andes of South America (after
Springer 1999 and Fig. 9 of Brasse et al. 2002). Superimposed is the Andean low-velocity zone
(ALVZ) (after Fig. 2c of Yuan et al. 2000).
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3.1.2. P-T Conditions of Granite, Migmatite and Granulite Formation

The close association of amphibolite—granulite facies rocks, migmatite and
granite that are commonly exposed in ancient orogenic areas strongly suggests
that they are related through the process of in situ melting and granite magma
retention. Thermobarometry of migmatites and granites worldwide indicates
final equilibration conditions mainly within the sillimanite stability field of
between 620 and 860°C and 5-28 km. Application of geobarometry to a number
of granites and their aureole rocks indicates depths of crystallisation of between
4 and 20 km (Anderson 1996). The P-T conditions for migmatites and granites
shown in Fig. 3.4A are bounded by 25-100°C/km linear geotherms.

Nair and Chacko (2002) and Pattison et al. (2003) have drawn attention to
the probability that 7 estimates of granulite formation and the amphibolite—
granulite transition defined by the appearance of orthopyroxene need to be
revised upward by over 100°C on the basis of garnet-orthopyroxene thermo-
barometry that takes into account Al-solubility in Opx, corrected for late
Fe-Mg exchange. However, the revised estimates for aluminous, intermediate
and mafic granulite compositions given by Pattison et al. (2003), shifts their
stability conditions out of the granite-migmatite field shown in Fig. 3.4B. This
contrasts with earlier P-T fields of granulite equilibration given by Bohlen
(1987) and Harley (1989) derived from conventional thermobarometry and the
widely used amphibolite—granulite transition that occurs within the higher
T part of the granite-migmatite field that should be expected if there is a
genetic relationship between them. This discrepancy is clearly important and
requires issues of reliability of thermodynamic data and its application (e.g. Al-
solubility in orthopyroxene-based thermobarometry), whether fluid infiltration
was involved, and details of mineral zonation and analyses (e.g. positioning of
EPMA analysing points on coexisting minerals used in P-7 thermobarometry
computations) etc., to be addressed. For our purposes, we adopt the earlier esti-
mates of granulite formation because they overlap the P-T fields of granite and
migmatite genesis and because temperatures of 650-820°C are predicted at
depths between ~20-30 km in thermal modelling caused by thickening and
associated internal heating in collisional orogens (Chapter 2). The slightly
higher pressure estimates from these granulite stability fields is compatible with
a restite origin in the basal parts of partial melt layers that evolved to form
granite magma layers that may be up to 15 km thick. If temperatures of gran-
ulite formation were higher, i.e. ~850 and above, much higher heat flow, melt
generation and internal radioactive heat-producing rocks are required and
available estimates of temperatures of migmatite and granite formation associ-
ated with granulites may need to be re-examined.
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Figure 3.4. T—-P-depth plots showing stability fields of granites, migmatites and granulites. In A, P-T
estimates of various labelled and numbered migmatite terranes with, 1 = Mt.Stafford (Greenfield
et al. 1996, 1998); 2 = Pyrenees (Wickham 1987); 3 = Maine (De Yoreo et al. (1989a,b); 4 = St. Malo,
Brittany (Brown 1979); 5 = South Brittany (Jones and Brown 1989); 6 = West-central Massachusetts
(Tracy 1978); 7 = Seiver hinterland (Patifio-Douce et al. 1990); 8. Broken Hill (White et al. 2005);
9. Calabria (Graessner and Schenk 2001). Fine stippled area = P-T field of granites. PWS = pelite
wet solidus; Ms and Bt = muscovite and biotite dehydration melting curves, respectively. Al-silicate
stability fields after Pattison (1992). High-77low-P metamorphic field enclosed by dashed line. In B,
stability fields of granite and migmatite enclosed by bold solid line and bold dashed line, respectively,
compared with P-T estimates of granulites; diagonally lined area = granulite field (Harley 1989); grey
shaded area = granulite field (Bohlen 1987); Open (uncorrected Fe Mg estimate) and shaded
(corrected Fe Mg Al estimate) circles with tie lines = aluminous (A), intermediate (I) and mafic (M)
granulites (Pattison et al. 2003). Shaded strips = granulite facies limiting melt-producing reactions;
1. Ms+QzxPl=AS+Ksp+L;2. Bt+Sil+Qz+ Pl=Gt+Cd=* Ksp+L; 3. Bt + Qz = Pl = Opx
+ Gt £ Cd £ Ksp + L and Hb + Qz = Gt = Opx + Cpx * Pl + L. Other symbols as in A. See text.
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3.2. CRUSTAL MELTING I: INITIAL MELTING
AND PARTIAL MELT LAYER

3.2.1. Formation of a Partial Melt Layer

As stated in Chapter 2, conditions for the production of optimum amounts of
granitic melt are controlled by the ambient temperature, protolith fertility, i.e.
how close the rock composition is to the granite minimum melt composition
and the amount of free water available. The volume of melt produced is mainly
determined by the duration and magnitude of the heat supply and by the length
of time the rocks remain above their solidus.

Figure 3.5 shows the initial conditions of a partial melting system, in which
the thickness of the upper crust is designated as 25 km with a thermal gradient
of 30-33°C/km. Rock melting typically begins along grain boundaries of quartz
and feldspars. Experimental work by Mehnert et al. (1973) clearly demonstrates
rapid development of melt rims up to ~100 um in thickness around contacting
quartz and feldspars within a few days under hydrous conditions (Fig. 3.6). This
initial stage of melting involves free water and occurs within the temperature
interval between the protolith solidus and dehydration melting of muscovite, or
biotite if muscovite is not present, or hornblende if both micas are absent.
Under static conditions, the melt will largely remain at the site of melting and
movement (flow) is predicted to be very low, as the creep rate of the unmelted
matrix is large compared with the flow rate of the melt (Ribe 1987). However,
deviatoric stresses would facilitate ‘squeezing’ the melt from its matrix towards
regions of lower stress that are either orientated at a high angle to o, or parallel
to o, towards areas of extensional stretching, e.g. as evidenced by cm- to
dc-scale leucocratic segregations (leucosomes) in low-melt volume metatexites
of migmatite terranes.

During this initial stage of crustal melting, the dominant mechanism of melt-
solid separation is probably compaction. A possible corollary of this process is
given from liquid phase sintering where it has been observed that after the estab-
lishment of a continuous, self-supporting skeleton of solid grains, a cylindrical
sample of 1-2 cm in length will, over a period of hours to days at constant tem-
perature, lead to an accumulation of its melt fraction at the top (Niemi and
Courtney 1983). For this to occur, the solid skeleton must undergo compaction
by a process of surface energy minimization whereby large grains tend to grow
at the expense of smaller ones. As coarsening proceeds in the interconnected
solid network of a partially molten material, some grains separate and settle a
short distance through the intervening liquid. Over time this process leads to
densification at the bottom and segregation of liquid in the top of the sample.
In addition, coarsening of larger grains at the expense of smaller grains may
allow melt to migrate upwards and crystals to settle (Miller et al. 1988).

When temperatures rise to intersect a hydrous mineral dehydration curve, a sig-
nificant increase in the melt fraction occurs. Experimental melting of mica-bearing
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Figure 3.5. Initial stage of partial melting in the lower part of a 25-km-thick upper crust with a
geotherm of 29-33°C/km. The lower crust is assumed to have a refractory mafic granulite com-
position and undergoes little or no melting due to steepening of the geotherm as shown. PWS =
Pelite wet solidus. Mica-bearing metasedimentary wet solidi would be intersected at depths of
~21 km/620°C, with muscovite and biotite dehydration melting beginning at ~—22 km/670°C
and ~23.5 km/760°C, respectively. Significant melting (>40%) takes place in rocks at the base of the
partial melt layer at a temperature of ~800°C.

rocks indicates that there is a much larger volume change associated with dehy-
dration melting of muscovite compared to biotite (Holyoke and Rushmer 2002),
so that low volume granitic melt is able to migrate from reaction sites by way of
an interconnected network of cataclastic zones and melt-induced fractures. In
contrast, the biotite dehydration melting reaction is not associated with a large
dilational strain and pore pressure increases more slowly with the melt migrating
along grain boundaries causing grain disaggregation. The biotite-dehydration
reaction also produces granite melt at a slower rate because of the effect of solid
solution (it melts over a greater temperature interval; see Chapter 2) in comparison



74 CHAPTER 3

Quartz K-feldspar  Plagioclase Granite
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Figure 3.6. Drawing from a photomicrograph showing wet melting of quartz and feldspars in a fel-
sic granulite at 760°C/2 kb/3 days (after Fig. 6 of Mehnert et al. 1973). The amount of melting is
advancing into the rock by consuming H,O from below (the edge of the sample).

to muscovite dehydration melting where a significant amount of melt can be
produced rapidly just above the solidus as there is no (or only a very small) solid
solution effect.

In a situation where isotherms have stabilised, a partial melt layer with an over-
all melt volume stratigraphy, such as that shown in Fig. 3.7 will be established.
Because of the temperature difference between the top and base of a partial melt
layer, a greater melt volume, i.e. >40%, of granite—adamellite—granodiorite com-
position (from biotite melting) will be generated in the lower part compared to
the upper part with perhaps ~10% of leucogranite composition melt produced
from muscovite melting, although this will depend on the modal amount of mus-
covite present.

In Fig. 3.8, T—depth sections constructed from Fig. 3.3 through the inferred
partial melt layer beneath the Altiplano (A), the Altiplano-Puna volcanic com-
plex (B) where the melt layer is thickest, and the Western Cordillera (C), Andes,
are shown in relation to geotherms, a wet mica-bearing quartzofeldspathic
solidi, muscovite and biotite dehydration melting curves. In A and B, the wet



IN SITU MELTING AND INTRACRUSTAL CONVECTION 75

Temperature (°C)
400 600 800 1000

E 20 ~10% melting

E Partial Metatexite 10 Km
o Ky melt layer partial
o

Bt 7404 melt
_ layer
~40-50% melting

40 Diatexite/magma

825

Figure 3.7. Ideal ‘stratigraphy’ of a partial melt layer developed in a 15-km-thick layer of mid-upper
crustal mica-bearing metasedimentary rocks prior to the development of a magma layer, as deter-
mined from the relationship between 7-depth, pelitic wet solidus (PWS), muscovite (Ms), biotite
(Bt) dehydration melting and a crustal geotherm of ~28-31°C/km. Al-silicate stability fields after
Pattison (1992). See text.

solidi do not correspond with top of the low-velocity zone implying that the
upper part may have cooled with exsolution of fluids and the solidus is now at
depths of approximately 32 and 25 km, respectively. In B, directly below the
Altiplano-Puna volcanic complex, cooling may have started after cessation of
dacitic ignimbrite eruptions. Only in C does the top of the partial melt layer cor-
respond to the temperature of the wet solidi. We suggest that this is the youngest
part of the partial melt layer that has propagated westwards across the Andean
collision zone in response to shifting isotherms related to trenchward migration
of mantle melting by asthenospheric upwelling due to steepening of the sub-
duction angle.

3.2.2. Development of a Partial Melt Layer in Heterogeneous Crust

The upper crust is an anisotropic system caused by composition variation and
structures of the rocks. It is clear from the experimental evidence presented in
Chapter 2 that interlayered rocks of different compositions within areas under-
going partial melting are capable of generating variable amounts of granite melt
at the same 7-P (Figs. 2.14 and 2.16) with local rheologies exerting a strong con-
trol on the effectiveness of melts to separate and accumulate. In Fig. 3.9A, B,
combined P-T-depth—distance—structure sections are used to illustrate melting
relationships in a sequence of deformed rocks of different compositions with a
linear thermal gradient of 40°C/km. In the depth—distance—temperature cross
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Figure 3.8. Interpretations of the partial melt layer ‘stratigraphy’ of the Andean low-velocity zone
(ALVZ) based on geotherm structure below positions A, B, C in Fig. 3.3, and position of wet solidi
of mica-bearing metasedimentary rocks (thick grey line with pelite wet solidus [PWS] curve shown
as black line), muscovite (Ms) and Bt (Bt) dehydration melting curves. Different thicknesses and
depth of the inferred partial melt layer are those of the ALVZ shown in Fig. 3.3. See text.
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Figure 3.9. A. Combined plot of P-T-depth and 7(40°C/km)-depth—distance (cross section) show-
ing wet solidus curves for folded inter-layered lithologies, their intersection positions with respect to
60 and 40°C/km linear thermal gradients and cross-section form combined solidus surfaces for
conditions of 60°C/km (dashed line) and 40°C/km (solid line). Solidus curve numbers refer to exper-
imental rock compositions listed in Appendix 2A—C. Ms, Bt, Hb = positions of muscovite, biotite,
hornblende dehydration melting temperature isotherms, respectively, for 40°C/km thermal gradient.
Shaded areas denote regions where muscovite, biotite and hornblende melting occur in relation to
rock composition and structure. 2, 5 and 30% lines indicate melt volumes in basaltic amphibolite.
Lithologies of the folded metamorphic sequence are: QS = Quartz—plagioclase-rich layer of amphi-
bolite grade schist; P = Pelitic muscovite-rich layer of amphibolite grade schist; Gw = greywacke
metasandstone; VG = Volcanogenic greywacke; Am = Amphibolite; B = Basalt (metagabbro)
(Lambert & Wyllie 1972). Note that with the linear thermal gradient of 40°C/km used in the con-
struction rocks, at ~27 km depth the temperature would be 1,000°C, which is unlikely. See text.

section, isotherms are assumed to be horizontal and distance and depth scales
are the same. In Fig. 3.9A, the protoliths are represented by five wet solidi and
one H,O-absent melting curve, and in Fig. 3.9B by seven H,O-absent melting
curves. Intersection of the solidus/reaction curves and the 40°C/km geotherm
determines the depth—temperature position of the respective rock composition
melting. The solidus surface marks the top of an extensive partial melt layer and
is highly irregular with maximum amplitudes up to 3.5 km in A and up to 6 km
in B with a skewed ‘wave pattern’ that reflects the inclined fold axes of the rocks.
For comparison, the form of the combined solidi is also shown for a higher ther-
mal gradient of 60°C/km in A. The base of the partial melt layer is not repre-
sented but can be assumed to be the depth limit of the folded sequence of
‘fertile’ lithologies shown.



78

Pressure (kb)/Depth(km)

CHAPTER 3

Temperature (°C)
500 600 700 800 900

| [ <20 voi% mett
2 [ 20 vol.% meit

10 Isolated melt

== — MS— —

600
20 ; ; j 700
200

—900

~
~—
-
~

[—1000

wy/, 0% 40} (D.)ainjesadwal

Distance (km)

Figure 3.9. (Continued) B. Combined plot of P-T—depth and 7(40°C/km)—depth—distance (cross sec-
tion) showing dry solidus curves for folded inter-layered lithologies, their intersection positions with
respect to a 40°C/km linear thermal gradient and cross-section form combined solidus surfaces
(solid line). Numbered horizontal lines = vol. % melt in different lithologies. Horizontal dashed
line = P-T—depth position of andalusite-sillimanite transition. In descending order the lithologies

of

the folded metamorphic sequence are: MBS = muscovite-biotite schist; MS = muscovite schist;

Am = amphibolite; G = greywacke schist; QAm = quartz amphibolite; Am = amphibolite; BG = biotite
gneiss. Sample numbers refer to bulk compositions described in Appendix 2A and C. Note that with
the linear thermal gradient of 40°C/km used in the construction, rocks at ~27-km depth would be
at 1,000°C, which is considered unlikely. See text.

1.

Several important features illustrated by the diagrams are described below:

In contrast to the irregular form of the solidus, isotherm surfaces for dehy-
dration melting of muscovite, biotite and hornblende (= dry amphibolite
solidus) located at depths of ~15, 17.5 and 19.5 km, respectively, are hori-
zontal in A, but not in B where these dehydration melting reactions represent
the dry solidus of the various rock compositions.

. Rocks in the T—depth interval between the muscovite and biotite dehydration

isotherms in A can be regarded as metatexites and those below the biotite
dehydration isotherm as diatexites. Maximum melt production (40-60%) in
biotite-bearing lithologies would be expected to occur between ~850 and
950°C (Fig. 2.14) at ~20.5-23 km depth. Hornblende dehydration melting
begins at ~825°C with 2, 5 and 30% melting at the 850, 900 and ~960°C
isotherm depths, respectively.

. Two ‘rootless’ areas of rock (greywacke and muscovite-biotite + muscovite

schist) with only a small amount of melt (<5%) occur above the solidus sur-
face in B and are an artefact of the fold pattern.
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4. Variable mineral mode, grain size, texture, melt volume and H,O content will
result in significant rheological differences between adjoining rock units.

5. Melts in adjacent rock layers will be compositionally different and if they
remain in situ will evolve differently due to variation in mineral mode and
composition, H,O-content and fO, at the same P and 7. Compositions of
experimental melts corresponding to the solidi and melting reactions used in
the construction of Fig. 3.9B are plotted in Fig. 3.10 to illustrate the range of
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Figure 3.10. Normative Qz, Or, Ab An ratio plot of experimental melt compositions produced from
partially melted lithologies in Fig. 3.9B. Sample numbers refer to rock compositions described in
Appendix 2A and C.
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melt compositions that could be expected in nature from partial melting of
such a heterogeneous protolith. Clearly, this has important implications for
inferences of magma origin based on chemical composition and isotopic char-
acterisation. In this respect, it is pertinent to note that experimental results of
Skjerlie et al. (1993) and Skjerlie and Patino-Douce (1995) indicate the possi-
bility of substantial elemental exchange between layered rocks undergoing
dehydration melting that influences melt fraction and melt composition.

6. The layers of different composition and melt volumes will be subjected to dif-
ferent stress, with more competent layers supporting higher differential stress,
if subjected to ductile deformation. This will create strain rate gradients, and as
a consequence, pressure gradients that will drive (suck) the melt into low pres-
sure dilatant regions such as boudin and shear zones and pressure shadows that
develop in the deforming matrix of partially melted rock layers. In this way, it
would be possible for melt from one rock layer to move into, and mix with, melt
in an adjacent, less competent layer during this early stage of partial melting.

7. Given appropriate conditions for melt accumulation, an initially heterogeneous
distribution of magma bodies of variable composition would result. With time,
these separate magmas would likely combine and mix to form a more homoge-
neous, volumetrically larger body that would effectively become a magma layer.

3.3. CRUSTAL MELTING II: CONVECTION AND FORMATION
OF MAGMA LAYER

3.3.1. Gravitational Separation and Formation of Magma Layer

During melting, the solid or restite framework fraction of a protolith will pre-
serve an interconnected matrix until the volume of melt attains some critical
value (the critical melt fraction or CMF) at which point the solid matrix
becomes disaggregated (Arzi 1978; van der Molen and Paterson 1979) as evi-
denced in diatexites from migmatite terranes (Fig. 3.11). On disaggregation with
further melting, restites will remain as isolated units within a melt-supported
system and gravitational separation within the partial melt layer will occur
because of the density difference between restite and melt. Once this begins, a
restite-depleted magma layer can be expected to form as shown in Fig. 3.12.

3.3.2. Convection and Development of Magma Layer

Given the condition that the separated melt has a high melt-fraction relative to
that of suspended solids (dilute suspension) and low strain rate, it will approxi-
mate an ideal Newtonian fluid (constant apparent viscosity independent of
strain rate). In a uniform layer of incompressible homogeneous Newtonian
fluid, the tendency for thermal convection to occur depends on the non-dimensional
Rayleigh number (Ra) as given by

Ra = (L* oT¢ B)inK 3.1)
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Figure 3.11. Diagram showing the behaviour of partially molten rock as a function of its
liquid-solid proportions (after Fig. 1 of Vanderhaeghe 2001). Values on horizontal axis indicate
geometrical thresholds of melt connectivity (controls the ability of the melt to separate from the
solid framework) and continuity of the solid framework of the rock (controls melt/magma mobility
and settling of solids in magma). Metatexites are solid dominated; diatexites are melt dominated.

where the driving force and destabilizing factors (buoyancy forces) are L = height
of the layer in cm, o7 = coefficient of thermal expansion, and the retarding factors
(viscous resistance) are, g = constant of gravitational acceleration (980 cm/s),
B = vertical temperature gradient in K/cm, n = kinematic viscosity (n/p),
K = thermal conductivity of the magma in cal/gm K, and p = fluid density.
Convection occurs when the Rayleigh number exceeds a critical value (Ra, ), which
depends on the boundary conditions. If the top and bottom boundaries (isothermal
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Figure 3.12. Diagram showing early-stage establishment of a granite magma layer and 7-profile,
with gravitational sinking of fragments of restitic roof rock in the upper part of the partial melting
zone. At the same time, upward displacement of buoyant granite magma occurs that eventually
results in the development of a compositionally stratified mafic (lower) to felsic (upper) magma
layer within the partial melt zone.

planes) of the melt layer are free (movement can occur along them) but stationary,
convection starts when the Ra > 657. If one boundary is free and the other is
fixed (no movement along it), the Ra must exceed 1,700 for convection to occur.
If both boundaries are fixed, Ra, = 1,708. For Ra < 1,000, transfer of heat is
predominantly by conduction. Steady convective heat transfer starts at ~Ra >
10,000, and strong eddying motion occurs when Ra = 100,000. Bodies with
thickness > 10 m are likely to convect if the heat flux is significantly high and
their heat loss is 107> to 10~ cal/cm? s. Obviously, the thicker the magma layer
and the lower its viscosity, the more likely that the convection will occur and for
efficient heat dissipation to occur.

Gravitational differentiation of restites within a partial melting region not
only results in formation of a magma layer (Fig. 3.12), but could also help to
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Figure 3.13. The intra-crustal convecting granite magma layer and corresponding 7-depth profiles.
Convection advects heat upwards within the magma layer and temperature variation of the convec-
tion system tends to become more homogenous (left). The MI defines the upper limit of the con-
vecting magma layer and divides the convection (below MI) and conduction (above MI) heat flow
modes. New migmatite is formed in the heat conduction zone (partial melting zone) over the M1
(right). On the left, mechanical destruction of roof rock by the magma results in the MI reaching
shallower levels than the original solidus of the roof rocks and thus coming into contact with low
grade metamorphic rocks. Arrows in the crust overlying the MI indicate circulation of meteoric water.

initiate convection within the layer that immediately changes the thermal struc-

ture of the system (Fig. 3.13):

1. Temperature variation within the magma layer decreases because of convection.
2. The temperature gradient between the magma layer and its partially melted
roof (the upper metatexite part of the original partial melting zone in which
there is no convection) steepens markedly because of upward advection of

heat by the convecting magma (Fig. 3.13);



84 CHAPTER 3

(1) The rapid temperature increase experienced by migmatitic roof rocks in
direct contact with granite magma causes overstepping of the biotite dehy-
dration melting temperature and initiates extensive melting, with disaggre-
gation allowing upward movement of the magma layer (Fig. 3.13). This
process may be analogous to that outlined by Ahern et al. (1981) who mod-
elled the upward migration of a 5 km thick granite magma layer (viscosity =
3 x 10° poise) that melts its way upward though some 5 km of pre-heated
crust in only 45,000 years.

An important concept is the ‘melting interface’ (Chen and Grapes 2003) or
‘magma interface’ (MI), which refers to the upper surface of a crustal magma
layer, physically defined as the upper limit of a crustal convection layer, mark-
ing the contact between magma and rock, and two heat flow modes, convection
and conduction. The contact between granite and its wall rock is referred to a
‘paleo-magma interface’ (PMI, see Chapter 4). In the convection zone (below
the MI), melts generated by partial melting of rocks become granite magma,
whereas in the conduction zone (above the MI), melts generated by partial melt-
ing of rocks are preserved within the rocks and constitute the leucosomes of
migmatite. In other words, thermal convection within a crustal partial melting
region is essential for formation of granite magma. Without convection, partial
melting generates migmatite, but not magma that forms granite batholiths.

3.3.3. Upward Thickening of Magma Layer

With constant input of thermal energy, the magma interface (MI) will move
upward accompanied by increasing thickness of the convecting magma layer.
Two modes for upward movement of the MI can be expected:

1. By melting of roof rock. This may occur where fractures in roof rocks are
rare, in rocks below the brittle—ductile transition zone with melting depend-
ent on rising isotherms. A relatively slow upward rate of movement of the
MI leads to a longer period of roof rock heating, with partial melting tak-
ing place within rocks located between the MI and the solidus to form
migmatite as shown in Fig. 3.13 (right). Most granite-migmatite terranes,
such as those described in Chapter 4, are examples where there is an inferred
upward/outward change from granite through diatexite, metatexite to
unmelted amphibolite and greenschist facies grade metamorphosed rocks
reflecting a gradual temperature decrease and macrostructural change over-
lying the MI (Fig. 3.7).

2. By mechanical destruction of roof rock (Fig. 3.13 [left]). Magma in the con-
vection layer can intrude fissures/cracks/joints or along planer fabrics of the
roof rocks as indicated by networks of granite-filled veins (Fig. 3.14A), which
destroy the continuity of the roof and results in the formation of rock blocks
(xenoliths) (Fig. 3.14B). With dislodgement of blocks of roof rock into under-
lying magma, the former positions of the blocks are immediately filled by
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magma. In this way, the MI moves upwards and in many cases, it may reach a
shallower depth than the solidus that defined the upper surface of the initial
partial melt layer (Fig. 3.13). This could explain why many granite bodies are
in contact with low grade (greenschist facies) wall/roof rocks (see Chapter 4).

Upward movement of the MI by mechanical destruction of roof rock is sim-
ilar to magma ‘stoping’ (Daly 1914), i.e. thermal shattering induced by a hot
magma coming into contact with relatively cold roof/wall rocks with invasion of
fractures by the magma and consequent sinking of the shattered blocks.
However, such stoping is limited by the thermal energy and ‘room problem’ of
ascending magma into relatively ‘cold’ crust. In the case of in situ melting, the
magma does not ‘intrude’ in the same sense, thus neither the energy consump-
tion of the system nor the volume change of the magma resulting from addition
of blocks of roof rock need to be taken into account. The upward motion of the
M1 is caused entirely by rising regional isotherms and thermal convection within
the magma layer, which increase its thickness upwards. Intrusion of magma into
fractures within unmelted hot roof rock is associated only with the uppermost
part (boundary zone) of the magma layer and the mechanical destruction of
roof rocks by the magma is only one aspect of the upward moving MI, which is
the result, but not the cause of increasing crustal temperature.

The depth level that the upward moving MI can reach depends on energy
input/output of the system. With constant input of thermal energy, the MI will keep
moving up until it intersects the deepest extent of meteoric water circulation that will
rapidly remove heat from the system and halt further upward movement of the M1.

3.4. COMPOSITIONAL VARIATION WITHIN MAGMA LAYER

When rock blocks (i.e. xenoliths in the crystallised magma) separate from the roof
into the magma layer, they will be rapidly heated and partial melting will occur
inwards from their surfaces (Fig. 3.14C). Because of their greater density, rock
blocks and their restites sink gravitationally within the granite magma. Some of
them may be almost completely melted during sinking because of the downward
increasing temperature of the magma system, and others may reach the bottom of
magma layer because of their more refractory (e.g. mafic) composition. Both
cases result in the magma layer becoming compositionally stratified with a more
mafic (granodiorite-tonalite—diorite) lower part and a more felsic (granitic) upper
part due to upward displacement of buoyant felsic magma (see Chapter 5).

3.5. MAGMA LAYER, GRANITE LAYER AND GRANITE BODIES

A convecting magma layer that develops from the original mid-upper crustal
partial melt zone may extend over an area of ~10°-10° km? or even more as sug-
gested from the intra-crustal low-velocity layers below the Andes and Tibet



Figure 3.14. Geological observations related to mechanical disruption of roof rocks of magma
layer. A. Network of granite dykes before the fragmentation of roof rock. Tunnel floor exposure in
the Bieshan granite, Guangzhou, Guangdong Province, SE China; B. Tunnel wall exposure of xeno-
liths in the Baimang granite, SE China, showing the destruction of roof rock by granite magma;
C. A rock block that has undergone extensive partial melting to become a mafic enclave and with a
dark reaction rim in contact with the granite, Baimang granite, SE China (see Chapter 4).
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plateaus. The floor of this magma layer is determined by the lower limit of fertile
rocks involved in anatexis and is assumed to be dry refractory mafic granulite rocks
of the lower crust as shown in Fig. 3.12. Crystallisation of the magma produces
an extensive layer of granite. Actually, as early as the 1980s, some geoscientists
drew attention to the possible correspondence between granite belts and ancient
intra-crustal low-velocity zones (Meyerhoff et al. 1996) and over the last 20
years geophysical investigations have shown that an increasing number of gran-
ite batholiths have a tabular form with thicknesses of typically less than 10 km
(Vigneresse 1990; Petford and Clemens 2000; Petford et al. 2000).

The MI represents the upper limit of a convecting magma layer. In the
unlikely case of a compositionally homogeneous upper crust, the MI would rep-
resent a particular isotherm. However, in layered rocks of variable composition,
structure and rheology, an uneven rate of upward thickening of the magma
layer would produce an undulating M1, similar in form to the undulating solidi
surface shown in Fig. 3.9A, B. Thus, exposures of individual granite bodies may
simply reflect the relationship of the erosion surface intersecting a series of
dome-like structures (protuberances) developed in the roof of an extensive sub-
surface granite layer. This would explain the near-circular map plan shapes of
many smaller granite bodies worldwide. Distortion of such domed structures
will occur if their development was accompanied by regional deformation as
shown in Fig. 3.15, of which there are abundant examples (see Chapter 4).

3.6. MI FLUCTUATION (REMELTING) AND GRANITE SEQUENCE

The position of the MI within the crust depends on the ratio of thermal energy
input/output of the system. When the ratio >1, the MI will potentially move
upwards (melting) (Fig. 3.16A). Where the ratio = 1 the MI will remain at a cer-
tain level, and where the ratio is <1, the MI will descend with crystallisation of
magma layer from the top downward (Fig. 3.16B). During downward motion of
the M1, if thermal energy input of the system increases (ratio of energy input/out-
put >1), the MI will again move upwards by re-melting previously crystallised
granite (Fig. 3.16C). If this younger MI rises to a higher level than that of the
older one (PMI in Fig. 3.16C), the earlier granite will disappear and only evidence
of the position of the younger MI is preserved. The variation of MI is therefore
analogous to the fluctuating interface between water and ice cover of a lake with
varying temperature, and the result could be a sequence of downward-younging
granites (Fig. 3.16D) such as apparent in individual composite granite bodies (see
Chapter 4) and the regional Mesozoic granite belts in SE China (see Chapter 7).

3.7. CONCLUSION

Extensive partial melting of rocks, as indicated by intracrustal low velocity
layers in many young and old orogenic belts, may occur at mid-upper crust
depths. Convection initiated from gravitational sinking of disaggregated restites
within the partial melting region results in formation of a granite magma layer
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Figure 3.15. Diagrams showing the development of highs or domes in the upper surface of a gran-
ite magma layer. A. Assumed original shape of the MI, lateral variations in lithostatic load cause
vertical deformation (vertical arrows) of rock overlying the magma layer; B. Deformation of the M1
by lateral compression with magma (arrows) migrating to areas of lower pressure, causing updom-
ing of overlying rocks and injection of magma along faults/fractures developed in roof rocks to
form dykes. Note that isolated exposures of granite can be explained by intersection of the undula-
tory MI of the granite layer and the horizontal denudation plane.

that advects heat upwards by convection causing further melting of roof rocks.
The MI determines the upper limit of a crustal convection layer, marking the
contact between magma and rock, and two heat flow modes, convection and
conduction. Granite is formed in the convection zone below the MI and
migmatite is formed in the conduction zone above the MI. Without convection,
partial melting generates migmatite but not magma that forms granite
batholiths. Upward movement of the MI (upward thickening of the magma
layer) occurs either by melting roof rocks that may produce new migmatite in
the conduction zone, or by mechanical disruption of the roof that may result in
the MI reaching shallower depths than the original solidus of the roof rocks as
evidenced by granite in contact with relatively low grade, e.g. greenschist facies
rocks.

Crystallisation of a convecting magma layer produces a granite layer, which
suggests that individual granite bodies represent the exposures of an irregular
upper surface (PMI) of the extensive granite layer, and their shape and size
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Figure 3.16. Diagrams to explain the formation of a downward younging granite sequence (after
Chen et al. 2003). A. Energy input > output: isotherms and the MI rise; B. Energy input < output:
isotherms and MI move downwards and upper part of magma layer crystallises. The paleo-magma
interface (PMI) represents the original position of the MI; C. Renewed heating again results in
energy input > output: the MI moves upwards, causing re-melting of older solidified granite. Only
where the final level reached by the M1 is lower than that of the PMI will evidence of the older gran-
ite be preserved; D. With cooling, downward movement of the MI results in formation of a younger
granite layer below the older granite.

simply reflect the geometric relationship between the PMI and erosion surface
(see Chapter 4). Variation in the position of the MI is related to the ratio of
energy input/output of the convecting magma layer. Fluctuation of position of
the MI involving remelting of the earlier-formed granite results in a downward-
younging granite sequence.



CHAPTER 4

GEOLOGICAL EVIDENCE FOR IN SITU MELTING ORIGIN
OF GRANITE LAYERS

4.1. MIGMATITE TO GRANITE

The magma interface (MI) divides regions of heat convection and conduction
within the crust. Migmatites form the initial partial melt layer shown in
Fig. 3.7 before establishment of a magma layer, and can also be produced
in the conduction zone above the MI during subsequent upward thickening
of the magma layer (Fig. 3.13). The commonly observed diatexite transition
between lower granite and overlying metatexite migmatite is a zone of high
melt-content that may preserve evidence of flow, possibly by sluggish
convection, and can therefore be regarded as lying below the MI. Migmatite
to granite sequences have been mapped in many areas and examples are
described below that illustrate the complexities and variations of crustal
melting.

4.1.1. Thor-Odin Dome, Canada

The Thor-Odin dome area is part of the Shuswap metamorphic complex,
British Columbia, Canada, and exposes migmatite—granite of the Cordilleran
orogen (Vanerhaeghe et al. 1999; Norlander et al. 2002) (Fig. 4.1). Pelitic (Sill +
Ksp) migmatite (metatexite) with leucosomes and discontinuous layers of pelitic
schist, calc-silicate, marble, amphibolite, quartzite are permeated by networks of
pegmatitic and aplitic granite sills and dykes. Leucogranite and leucosomes in
the migmatite indicate ~15-20% and locally >40% melting. The metatexite
grades downwards over a few hundred metres into diatexite—heterogeneous
granite that we interpret as the upper part of a magma layer. The occurrence
of gedrite—cordierite rocks in boudinaged layers within metatexite and diatexite—
granite (Fig. 4.1) suggests an upward movement of isotherms and MI causing
melting of metatexite and remelting of leucogranite.

91
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Figure 4.1. Above. Cross section across the Thor-Odin dome, Shuswap metamorphic core complex,
Canadian Cordillera (see Fig. 2 of Norlander et al. 2002 for location), showing relationship between
lower diatexite-granite and overlying metatexite with a network of leucogranite sills, dykes and
larger bodies (laccoliths) beneath a low angle detachment fault (modified after Fig. 2¢ of Norlander
et al. 2002). MI = inferred magma interface. Below. Geological map of part of the Thor-Odin dome
centred on the area around Mt. Odin showing relationships between diatexite-granite, metatexite +
leucogranite and distribution of boudins of gedrite—cordierite and garnet amphibolite (modified
after Fig. 3 of Norlander et al. 2002). See text.

4.1.2. Broken Hill, Australia

The transition from metatexite to diatexite in a single rock type over a scale of
tens to hundreds of metres is exposed at Broken Hill, New South Wales,
Australia (White et al. 2005). All rocks contain the assemblage, Qz, Pl, Bt, Gt,
Ilm, = Ksp, = Ms, but the mineral proportions and texture differ for each
migmatite type. Metatexites contain cm-scale segregation of melt into leuco-
somes to form stromatic migmatite. The metatexite grades through schlieren
diatexite characterised by disaggregation of the rocks to form schlieren
migmatite, to massive diatexite/granite (interpreted as a proto-magma layer)
that lacks schlieren (Fig. 4.2) and contains phenocrysts of plagioclase and K-
feldspar. This transition records progressive disaggregation of the rock and is
thought to reflect an influx of hydrous fluid at temperatures just above the
solidus of the diatexite. The fluid is inferred to have been derived from nearby
metapelitic rocks with higher temperature solidi undergoing sub-solidus dehy-
dration reactions involving muscovite, chlorite and possibly staurolite and
epidote. Continued heating during and after the influx of fluid resulted in melt
contents of up to 60 mol % in the massive diatexite. The Broken Hill example
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Figure 4.2. Simplified geological map showing an example of a metatexite—diatexite—granite transition
at Broken Hill, New South Wales, Australia (redrawn from Fig. 2a of White et al. 2005). MI =
inferred magma interface. See text.

shows that an influx of fluid at temperatures just above the wet solidus of a par-
tially melted rock is possible because different rock compositions have different
solidus temperatures and inter-layered supra- and sub-solidus rocks can coexist
over a narrow temperature range. Thus, there should always be some free-H,O
available to enhance melting.

4.1.3. Mt. Stafford, Australia

Mt. Stafford is located in the Proterozoic Arunta block, Central Australia
(Fig. 4.3A). The exposed sequence of low-P/high-T gneissic rocks can be char-
acterised with increasing grade and partial melting in dominantly
metapelitic-psammitic rocks as: Ms Qz schist; And Cd Ksp granofels with small
melt segregations; Sp Sill Cd Ksp migmatite; Gt Opx Cd migmatite + minor
diatexite; and Bt Cd Pl diatexite transitional to granite (Greenfield et al. 1996;
Greenfield et al. 1998; White et al. 2003). 7-P conditions are estimated at
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Figure 4.3. A. Geological map showing the migmatite—granite transition in the Mt. Stafford area,
Northern Territory, Australia (redrawn from Fig. 1 of Greenfield et al.1998). MI = inferred magma
interface. B. Plot of melt production as a function of 7-P for bulk migmatite compositions, Mt.
Stafford, Central Australia (after Fig. 15 of White et al. 2003).
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640-810°C and 2.7-4 kb. An example of the amounts of melt produced in inter-
layered pelitic—psammitic lithologies over a 7/P range of 150°C/0.5 kb is shown
in Fig. 4.3B. Highest melt producers are low aluminous pelitic rocks and lowest
melt production occurs in cordierite granofels (siltstone protoliths) because
newly formed porphyroblastic cordierite consumes H,O that would otherwise
have been used to produce more melt.

4.1.4. Trois Seigneurs Massif, Pyrenees

The Hercynian low-P/high-T metamorphic terrane of the Pyrenees comprises
Palacozoic and older amphibolite-granulite facies metasediments, migmatite
and granite exposed as elongate ESE-trending structural domes. The Trois
Seigneurs massif exposes a continuous metamorphic sequence from chlorite-
grade phyllites, through andalusite and sillimanite micaceous schist, to migmatite
with leucosome/leucogranite segregations. Biotite granite—quartz diorite (solidi-
fied magma layer) is located at the deepest tectonic level (Wickham 1987)
(Fig. 4.4). The ~4-km thick sequence implies very high thermal gradients of
80-100°C/km at shallow depths of between ~8 and 11 km although thermo-
barometric re-evaluation of pelitic assemblages elsewhere in the Pyrenees by
Gibson and Bickle (1994) suggest lower gradients of 45-50°C with temperatures
reaching 725 + 25°C at 16 + 2 km depth (Fig. 4.5).

Wickham (1987) considers that the formation of granite in the Trois Seigneurs
massif involved in situ water-saturated melting of pelitic and more quartz-rich
metasediment and probable mafic rocks. Stable isotope evidence supports infil-
tration of groundwater into the zone of melting allowing melts to be continuously
saturated as they were generated (Wickham and Taylor 1985). Leucogranite melts
were the first formed at 670-700°C, 3—4 kb under H,O-saturated conditions and
segregated into lenses and extensional fractures. They form a continuous grada-
tion in size from cm-scale to m-scale within the migmatite and also occur within
the overlying metasedimentary sequence. Biotite-sillimanite-rich restite resulting
from this partial melting is now found as the dominant xenolith type in the under-
lying biotite granite together with other refractory lithologies such as quartzite,
carbonate and minor amphibolite that comprise parts of the migmatitised amphi-
bolite grade metasedimentary rocks. These observations suggest upward thickening
(rising MI) of a convecting granite magma layer (biotite granite) involving melting
and stoping of the overlying lower temperature migmatitic rocks.

4.1.5. Velay Dome, France

The 100-km diameter Velay dome is one of the largest granite-migmatite
occurrences of the Variscan belt of Europe (Fig. 4.6), in which a granite core
is enveloped by a zone of migmatite and country rock gneiss. Structural, petro-
logical and geochronological data summarised by Ledru et al. (2001) indicates
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Granodiorite
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Figure 4.4. Geological map and cross section of the Trois Seigneurs Massif, Pyrenees, France
(redrawn and modified after Figs. 2 and 8 of Wickham 1987, respectively). Heavy solid lines denote
major faults. Small bodies of leucogranite occur within the high grade schist and migmatite and are
not marked on the map. MI = magma interface.

that partial melting of dominantly metasedimentary rocks began ~340 Ma
during thrusting in the hinterland of the Variscan belt, and ended ~40 Ma later
when collapse of the orogenic crust occurred resulting in decompression,
exhumation and deformation of the migmatite-granite. It is believed that ther-
mal relaxation and increased radioactive heat production following crustal
thickening are likely the main causes for an increase in temperature causing
partial melting up to a maximum 7 of 850°C at depths of 15-25 km to form
a granite magma layer.
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Figure 4.5. P-T-depth estimates of various Hercynian granite-migmatite localities in the Pyrenees
(data from Table 1 of Gibson & Bickle 1994). Shaded box = Trois Seigneurs Massif (data from
Wickham 1987). PWS = pelitic wet solidus; Ms, Bt = muscovite and biotite dehydration melting
curves, respectively. Al-silicate stability fields after Pattison (1992). Linear geothermal gradients
labelled 150, 50 and 33°C/km are given for reference.

4.1.6. Coastal Migmatite—Granite Zone, SE China

The Mesozoic metamorphic belt in Fujian Province, SE China, provides an
example of a metamorphic sequence formed during upward migration of the
MI. Massive granite—diatexite is located within the core of a major NE-trending
anticlinal axis, and pass gradationally outwards through metatexites to green-
schist facies rocks of Triassic-Jurassic age (Fig. 4.7) (GSF 1982). The “°Ar/*Ar
cooling ages of metamorphic rocks on both limbs of the anticline are 98-99 Ma
(Fu et al. 1989), the same as 96-99 Ma K/Ar cooling ages of the granite (GSF
1982; Fu et al. 1989) within the axial part of the anticline.

The granite-diatexite is considered to represent an Early Cretaceous magma
layer, and the transition through lower temperature migmatites to unmelted
greenschist facies rocks reflects an example of decreasing temperature in the
conduction zone above the MI. The 4th episode of the Yanshanian deformation
phase (~100 Ma) (Chen 1987) has deformed both the MI and the overlying
metamorphic zones that formed synchronously with the development of the
antiform in which the trend of leucosome/melanosome layering produced by
partial melting is parallel to the anticlinal axis (Fig. 4.8).

4.177. Cooma and Murrumbidgee, Australia

The Cooma complex occurs within the Lachlan Fold belt of SE Australia, and
comprises an approximately 10-km wide sequence of low-P/high-T metamorphic
rocks surrounding a small body of granodiorite. Outwards from the granite
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Figure 4.6. Geological map and cross sections (A-—A” and B-B’) of the Velay migmatite-granite
dome, Massif Central, France (modified from Plate 1 of Ledru et al. 2001).
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Figure 4.7. Geological map showing distribution of Mesozoic metamorphic rocks in SE Fujian
Province, SE China. 1. Pre-4th Yanshanian deformation phase granite, 2. 4th Yanshanian deformation
phase granite, 3. Migmatitic granite, 4. Migmatite, 5. Hybrid granite, 6. Amphibolite facies, 7.
Greenschist facies, 8. Fault, 9. Anticlinal axis. J, = Upper Jurassic; T;-J = Upper Triassic-Jurassic.

contact, the metamorphic rocks consist of Sil migmatite, And-Cd-Ksp gneiss,
And-Cd, Cd, Bt and Chl schists (Fig. 4.9). The granodiorite is considered to have
been derived from in situ partial melting of the same host rocks (Chappell and
White 1974; Flood and Vernon 1978). The first indication of partial melting is the
development of patchy leucosomes in metapelites. Some leucosome is localized
along metapelite-metapsammite contacts. In the migmatite, prominent lenses and
veins of leucosome are oblique to the main foliation, indicating that they are prob-
ably formed by fracturing, together with incipient boudinage of strong metapelitic
layers (in contrast with more ductile metapsammite layers), providing low-pressure
sites for leucosome segregation. As the amount of partial melting increases, the
migmatites become coarser-grained and more stromatic, although they remain
essentially bedded migmatites, and melting is largely confined to metapelitic layers.
Locally, patches of granite occur in the highest-grade migmatites, and typically
contain scattered metasedimentary xenoliths and migmatite remnants. The granite
patches show only the latest foliation, as does the Cooma granodiorite, which



100 CHAPTER 4

Synchronous motion

Unsynchronous motion between M| & geotherm
between Ml & geotherm Y 9

Fissures in roof Partial melting zone A
/
I \
£ AY
e w, d - olidus
b SR BN
\. ! ' —~— —_— -""“M'I —
\ . 750C— T — —=
/

Magma layer
Rock block 9 ¥

Changle-Nan'ao fault  Magmatic granite
(diatexite)

Migmatite
Denudation plane

+ [+

+ {
‘ Xem":llth Granite i ‘

Figure 4.8. Schematic diagrams to illustrate the formation of the Mesozoic granite-migmatite belt
of Fujian Province. A. Before the 4th Yanshanian deformation phase, showing the different situa-
tions on both sides of the Changle-Nan’ao Fault. Left. Synchronous upward movement of the M1
and isotherms. A narrow contact metamorphic aureole is formed. Right. Isotherms move upwards
faster than MI. Partial melting occurs and migmatite is formed; B. After deformation and erosion.
During lateral compression, MI and metamorphic are deformed concordantly, so that contact
aureole isograds and migmatite layering/foliation parallel the granite contact.

suggests that it formed in a similar situation, involving more extensive coalescence
of leucosome and migration of portions of the resulting magma, with local preser-
vation of gradational contacts into migmatite.

Most of the leucosomes consist only of quartz and feldspar, although por-
phyroblasts of cordierite occur locally. As muscovite is not present in non-
migmatitic rocks of the Cd-Ksp and And-Ksp zones, muscovite dehydration
melting did not contribute to leucosome formation. Alternative sources of
granite melt are therefore from H,O-saturated melting or biotite breakdown.
The presence of high-grade hydrous cordierite at Cooma is consistent with
the possibility of introduction of external water promoting the melting and
reduced melting temperatures could have been facilitated by boron in the
fluids (Johannes and Holz 1996), which is supported by locally abundant of
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Figure 4.9. Map showing metamorphic zones surrounding the Cooma granodiorite, Lachlan Fold
belt, SE Australia (redrawn from Chappell and White 1976).

tourmaline in leucosomes and pegmatitic patches, and by the presence of
andalusite.

The metamorphic zones of Cooma can be traced continuously to the
Murrumbidgee batholith to the north and along the unfaulted contact of the
Murumbidgee batholith where they become progressively narrower and eventu-
ally disappear (Fig. 4.10) suggesting the possibility that they have been
‘engulfed’ by the granite (cf Trois Seigneurs massif, Pyrenees, described above)
(see Fig. 3.5). Subsequent development and upward thickening of a magma
layer (the Murrumbidgee batholith) may have resulted in melting/stoping of
most of the migmatite cover towards the north and also andalusite and
cordierite-bearing gneiss and schist some 50 km north of Cooma, where the
granite is in direct contact with lowest-grade biotite and chlorite schist
(Fig. 4.10). The formation of the Cooma granodiorite and its metamorphic
zones has been explained as diapiric (Dixon 1975). If so, the diapiric magma
could not have migrated for any significant distance, and may simply reflect
local deformation of an underlying larger granite body continuous with the
Murrumbidgee batholith. The field relationships shown in Fig. 4.10 suggest that
the Cooma granodiorite and its relatively wide metamorphic ‘aureole’ repre-
sents the edge or lateral termination of an extensive layer-like granite body that
is exposed by eastward tilting as the Murrumbidgee batholith.
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of the Cooma granodiorite and eastern lobe of the Murrumbidgee batholith, Lachlan Fold belt,

Figure 4.10. Geological map showing relationship between granite and contact metamorphic rocks
New South Wales, SE Australia (simplified after Fig. 1. of Richards and Collins 2002). See text.
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4.1.8. Optica Grey Gneiss, Canada

Generation of granitic magma from migmatised amphibolite facies diorite,
tonalite, granodioritic gneiss in the Archean Opatica sub-province of the
Canadian Shield Superior Province is described by Sawyer (1998). The transi-
tion from paleosome grey gneiss to granite was an in situ melting process that
generated an average of <30% melt. Initial stages of migmatisation involved for-
mation of diffuse coarse-grained neosome patches in leucocratic parts of the
grey gneiss that consist essentially of a fertile (minimum melt) Qz Pl Ksp assem-
blage. Other, more mafic bulk compositions show no evidence of partial melt-
ing. With increasing temperature, the neosome patches become larger and
coalesce so that the grey gneiss appears as remnants. The earliest evidence of
melt segregation is the presence of medium-grained pink leucosomes within
small shear zones. With advancing migmatisation, bulk flow occurred to pro-
duce dark- and light-coloured schlieren enriched in biotite and plagioclase,
respectively. These schlieren define flow banded diatexite units that may be up
to 10 m, and rarely hundreds of metres in thickness confined between layers of
unmigmatised gneiss. The more evolved diatexites are pink with abundant Ksp,
euhedral Pl and have igneous-like textures and thus may have been ‘proto-granite
magma’. The transition from metatexite with neosome patches to diatexite
occurs both on a scale of hundreds of metres representing progressive regional-
scale anatexis, to a few metres related to variation in paleosome fertility.

The actual transition from diatexite to magmatic granite within the migmatite
zone is gradational over several tens of metres. The granite bodies may be sev-
eral kilometres long and are apparently ponded beneath thick units of unmelted
grey gneiss or occur within gently dipping backthrust zones. Above the migmati-
tised rocks amphibolite to greenschist facies grade rocks are cut by dykes and
sills typically of fine grained to pegmatitic leucogranite suggesting fracture-
controlled intrusion into the cooler metamorphic envelope rocks. Similar sharp-
bordered dykes within the migmatite indicate a late stage origin, presumably
during the waning stage of anatexis. Other larger sheet-like bodies of medium-
grained granodiorite—granite of between 1 and 20 km across represent areas of
melt coalesce that we interpret to indicate early stage development of a granite
magma layer. Presumably, continued growth of the magma layer was curtailed
by regional cooling.

The large volume of granite in the Opatica terrane, and the very low biotite
content of the grey gneiss protolith suggests H,O-saturated melting of Qz Ksp
Pl. Experimental evidence indicates that Ksp is the first mineral to disappear
above the temperature of the wet solidi of granodiorite and tonolite, which
means that modal Ksp will determine the amount of granitic melt produced in
the absence of high enough temperatures to cause biotite dehydration melting.
The Opatica grey gneiss paleosome contains between 3 and 13 vol % Ksp that
would yield 10-48% granitic melt (at 5-7 kb; Winkler 1976). Because the par-
tially melted layers were bounded by infertile, more competent grey gneiss layers,
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movement of the melt fraction was confined to the partially melted layers where
much of it segregated and crystallised. Nevertheless, fracturing of the compe-
tent, unmelted wall/roof rock was able to occur allowing late-stage upward
movement of some magma to crystallise as dykes and sills both within the cooling
migmatised zone and in overlying non-migmatised rocks.

4.2. CONTACT METAMORPHISM

As shown in Fig. 3.13, if the MI moves upwards by mechanically destroying the
roof, it will likely overstep the original solidus position of the roof rocks of the
partial melt layer and come into contact with low grade, typically greenschist
facies country rocks (Fig. 4.11). There are numerous studies of contact aureoles
surrounding granite bodies and good summaries can be found in Kerrick (1991).
Such granites are interpreted here as domed structures in the roof of an extensive
subsurface granite. With deformation, both the MI and overlying metamorphic
rocks will be deformed (Fig. 3.15), thus in map view, granite bodies are enveloped
by metamorphic aureoles (Fig. 4.12) and some examples from SE China are
listed in Table 4.1.

4.3. XENOLITHS TO MAFIC ENCLAVES

Microgranular mafic enclaves in granites are commonly considered to originate
from a deep source or magma mixing (Mass et al. 1997; Vernon 1984; Vernon
et al. 1988; Dorais et al. 1990; Sieger et al. 1993; Scholdlbauer et al. 1997,
Weibe et al. 1997; Silva et al. 2000; Collins et al. 2000; Barbarin 2005), but are
here regarded as the recrystallised mafic restites of extensively melted country
rock fragments (Chen and Grapes 2003; Peng 2006). As shown in Figs. 3.14B
and 4.13, xenoliths in granite are rock fragments derived from the country
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Figure 4.11. Metamorphic aureole rocks overlying the Longxianggai granite at Dachang, Guangxi
Province, SE China (after BGMRGx 1985). 1. Biotite granite; 2. Skarn; 3. Hornfels; 4. Marble; 5.
Sillimanite hornfels; 6. Silicified and sericitised rocks; 7. Carbonatisation zone; 8. Temperature
(°C) of rock formation; 9. Lower and Middle Carboniferous; 10. Upper Devonian; 11. Middle
Devonian; 12. Fault.
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Figure 4.12. Contact metamorphic aureoles surrounding granite domes in XingJiang Province, NW
China. 1. Quaternary; 2-6. Lower Devonian formations; 7. Granite; 8. Contact metamorphic aureole;

9. Fault; 10. Stratal contact.

Table 4.1. Contact metamorphic aureole zones and their map widths (m) surrounding granite
outcrops in SE China (after 2nd Party of Metallurgical Geological Exploration Corporation of

Jiangxi Province 1977)

Huangsha Xialong

Granite Zhang- Zhong- Dalong-
Subzone Xihuashan dongkeng Piaotang Muziyuan shukeng shan
Bt horn-
fels 250 200-300 100-200 80-210 200
Ms horn-
fels 150 100-200 150-300  125-315 350
Spotted
slate 200 160-230 160230 60-100 120

240

300

150

0-50 120
50 110
10-30

rock roof. With gravitational sinking in the magma, partial melting will begin
from the surfaces of the rock blocks inwards and with progressive melting,
mafic enclaves may be formed as shown in Fig. 4.14A, B.
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Figure 4.13. Schematic diagram to illustrate the incorporation of xenoliths (not scaled) derived
from stoping and melting of roof rocks composed of metasediments and granite by an upward-
moving MI of a convecting granite magma layer. The xenoliths undergo melting and disaggregation
during downward movement to form rounded, reconstituted mafic enclaves as described in text.
Thick black lines surrounding deeper enclaves represent biotite-rich selvages. No enclaves/xenoliths occur
below the terminal melting depth within the granite magma. Small arrowed lines indicate displacement
direction of granite magma around descending xenoliths/enclaves. 1. Granite magma with xenoliths of
older granite, metasediment and their enclave equivalents; 2. Older granite country rock that contains
xenoliths and enclaves; 3. Folded metasedimentary county rock.

Roof rocks of crustal-scale magma layers presumably consist of various sed-
imentary, metamorphic and igneous rocks with a wide spectrum of composi-
tions. Thus, various types of enclave are expected to occur within a granite body
such as shown in Fig. 4.14C where more than ten kinds of enclaves (differences
based on visual appearance of colour, texture, main mineral composition and
grain size) coexist in an outcrop area less than 2 m?. The largest has a diameter
is about 15 cm and the smaller ones are only 1-2 cm in diameter.

Investigation of numerous granite bodies in SE China (Chen et al. 1994; Peng
2006) indicates that their mafic enclaves can be divided into two categories:
homogenous and inhomogenous, with the latter more common and typically
mantled by a dark (biotite-rich) rim (Fig. 4.15A, B). The compositionally zoned
nature of many mafic enclaves indicates that speculation of their source or ori-
gin based with a single chemical/isotopic analyses representing the composition
of an entire enclave is questionable (among many others, Eberz et al. 1990;
Elburg 1996; Silva et al. 2000; Tod et al. 2001; Campos et al. 2002; Yang et al.
2004; Gomes and Neiva 2005). Also, if inhomogenous enclaves are derived by
crystallisation of a hybrid mafic-silicic magma as commonly concluded,
enclaves within in a granite body should have similar compositions, grain size
and texture. However, this is not generally the case.

An example from the Luogang granite, Gunagdong Province, is a complete
somewhat flattened spindle-shaped enclave with an undulating central edge
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Figure 4.14. A. A zoned mafic enclave in the Wangmu granite exposed along the coast of Dapeng
Bay, SE China, with a hornfels core representing unmelted protolith, and the dark envelope repre-
senting the outer part of the enclave that has undergone extensive melting and diffusive exchange
with the surrounding granodiorite magma. The white specks on the fractured surface are salt from
evaporation of seawater; B. An indistinct, extensively melted and disaggregated enclave with a
darker restite core; C. Enclaves of different compositions within a small outcrop area of the Fengkai
granite, Guangdong Province, SE China.

(Fig. 4.15C). A cross-section (Fig. 4.15D) indicates that grain size and modal
feldspar decrease from the core outwards and that there is a distinct dark, 2-cm-
thick biotite-rich rim. Four samples from the enclave (Nos A, B, C, D in
Fig. 4.15D) have been analysed (Peng at al. 2005) and indicate decreasing Fe,O,
(as total iron), MgO, TiO,, CaO, Na,0, and increasing SiO,, Al,O,, K,O out-
wards with a marked increase in MgO, Fe,O,, K,O and decrease in SiO, in the
rim reflecting the high biotite-content (Fig. 4.16). Oxide variation in the main
part of the xenolith reflects relatively small changes of decreasing modal horn-
blende, plagioclase (CaO, Na,O decreasing) and increasing K-feldspar and
quartz (increasing SiO,, Al,O,, K,0O). An extensive study of inhomogenous
enclaves from numerous granite bodies of SE China indicates that they have
similar core-rim compositional variation and, as in the above-described enclave,
consist of two generations of both major and accessory minerals (relic cores and
overgrowths/matrix) (Peng 2006). Later-formed minerals (Hb, twinned Pl, Qz,
Ksp, Bt, Tn) have a hypidiomorphic granular texture implying crystallisation
from a melt and enclose Pl, Qz, Hb, Bt, Ilm, Mz, Zr relics/restite of xenolith
melting. In particular, relic plagioclase cores typically exhibit the characteristic
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Figure 4.15. A, B. Typical compositionally zoned mafic enclaves in granites of SE China; C. A spin-
dle-shaped enclave from the Luogang granite, Guangdong Province. The horizontal white line
through the middle of the enclave indicates the cross section shown in D where portions labelled A,
B, C and D are the analysed bulk samples plotted in Fig. 4.16. Scale length = 30 cm.

frittered or fingerprint texture of melting. The later mineral assemblage has
crystallised from a melt of granodioritic composition indicating advanced
(higher T) melting of possible intermediate plutonic or volcaniclastic metasedi-
mentary xenoliths, e.g. experimental melting of samples B.2, 3 in Appendix 2
and Fig. D2a. Two-way element diffusion involving inward movement of Si, K
and outward movement of Mg, Fe, Al, Ti occurred in response to both compo-
sitional and temperature gradients between the granite magma host and par-
tially melted rock. Late-stage formation of biotite-rich rims (highest K, Fe, Mg,
Ti; lowest Si, Ca) occurred during cooling when element diffusion profiles were
effectively ‘frozen’ and crystallisation occurred.

Enclaves tend to be more commonly distributed in the upper part of granite
bodies. They are rare or absent where erosion has exposed deeper parts of the
granite, such as the Dadongshan and Jiufeng batholiths in Guangdong Province
(Chen et al. 1994; Peng 2006), where the terminal melting/disaggregation depth
of xenoliths/enclaves has presumably been exceeded (Figs. 4.13 and 4.17A).
Evidence for the downward movement of enclaves is commonly observed as
shown in Fig. 4.17B where biotite-rich ‘flow’ lines extending outwards from one
side of the xenolith may preserve a sinking trail within the granite magma.
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Figure 4.16. Major element variation (wt. %) with respect to core and margin of the enclave from
the Luogang granite, Guangdong Province, shown in Fig. 4.15D (after Peng 2006).
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Figure 4.17. A. Various types of enclaves and their evolution in granite (redrawn and modified
after Durr 1960; reproduced in Didier 1973); B. Mafic enclave with biotite trail defining an inferred
‘flow’ path that suggests sinking within the granite magma, Luogang granite, Guangdong Province.

The primary source of mafic enclaves in granites is therefore considered to be
rock blocks (xenoliths) derived from the roof of a granite magma layer that
have undergone a high degree of melting. The melt largely remains within the
confines of the enclave (globules of melt + unmelted minerals), with element
diffusion occurring with the granite magma host prior to crystallisation of their
granodioritic mineral assemblage. Obviously, enclaves of different composi-
tions, sizes, shapes and textures would be expected to occur within granite
formed by partial melting of a heterogeneous protolith or by different degrees
of melting.

4.4. GRANITE LAYER AND GRANITE EXPOSURES

As mentioned in Chapter 3, individual granite exposures represent the domed
parts of an extensive subsurface granite layer and their shape and size merely
reflect the geometric relationship of the MI (or PMI) and the erosion surface.
Figures 4.18, 4.19, and 4.20 show some examples of this. In Fig. 4.18, the
exposed area of the Xihuashan granite in Jiangxi Province, SE China, is no
more than 20 km? and there are some small granite outcrops in the Piaotang and
Zongshukeng areas northeast of the Xihuashan granite. Geophysical investiga-
tions and drilling indicate that all the individual granite bodies in the area
are domed structures developed in the upper surface (PMI) of an extensive
granite layer (BGMRJx 1984). In the Pingying area, Hunan Province, SE China,
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Figure 4.18. Map showing depth contours (m) delineating an irregular subsurface continuation of
the Xihuashan granite, Xihuashan-Zongshukeng area, Jiangxi Province, SE China (simplified after
BGMRIJx 1984). g = small granite outcrops.

three granite bodies are surrounded by a number of smaller granite occurrences
and subsurface granite is indicated by geophysical methods and confirmed by
drilling (Fig. 4.19), showing that all the granites are connected, and that they
also form domed parts of the upper surface of a large granite batholith. Similar
relationships are common worldwide. For example, the numerous outcrops of
Hercynian granite, the south Sardinia, Italy (Fig. 4.20), are associated with
Paleozoic country rocks and are connected at depth (Biste 1982).

Granite ‘plutons’ in west-central Maine, USA consist of two-mica granite,
biotite granite and granodiorite with crystallisation ages between 408 Ma and
389 Ma and they are surrounded by contact metamorphic aureoles (Fig. 4.21A)
(Brown and Solar 1998b, 1999). The large granite bodies are considered to have
been derived by partial melting of metasedimentary migmatite protoliths via
muscovite dehydration melting at 700-720°C and ~25 km within a crustal-scale
shear zone system (Central Maine belt) and to have ascended via fractures and
shear planes in the migmatite to be emplaced at ~12-15 km depth by ductile
flow and/or stoping, and inflation (ballooning) involving floor subsidence, to
form tabular bodies in the vicinity of the brittle-ductile transition zone. Based
on the idea that the granites represent exposed protruding parts of the surface
of a continuous granite layer at depth and migmatites represent the remnant of
the partial melting zone above the granite, cross-section interpretations are
shown in Fig. 4.21B, C. The mylonite zone that borders the Central Maine belt
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Figure 4.19. Geological map and cross sections of the Pingying area, SE China, showing exposures
of granite and subsurface granite. 1. Devonian; 2. Paleozoic metamorphic rocks; 3. Granite; 4.
Fault; 5. Unconformity; 6. Granite contact; 7. Stratal boundary; 8. Subsurface granite from drilling.

is considered to be a pre- or syn-magma structure and thus is limited to the roof
rocks (Fig. 4.21C).

Differences of rock composition/structures, the presence and variation in frac-
ture/joint density in the roof rocks overlying the granite magma layer may result
in the formation of an irregular MI. In areas where rocks have lower initial melting
temperatures or contain numerous fractures/faults/shear zones, the MI may
move up more rapidly to produce a highly irregular MI as shown schematically
in Fig. 4.22 and illustrated by an example from Shaaxi Province, NW China,
where a series of granite ribbons are inter-layered with Devonian metasediments
(Fig. 4.23). If faulting occurs in roof rocks on a comparatively large scale, the M1
will likely move up faster along the fracture zone and ‘stoping’ may more readily
occur within shattered rock of fault zones as shown in Fig. 4.24.

An undulating MI caused by variation in crustal thickness above the magma
layer resulting in uneven distribution of lithostatic pressure, in addition to lateral
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Figure 4.20. Geological map (A) and cross section (B) of south Sardinia, Italy, showing that isolated
granite occurrences represent the protruding parts of an undulating surface of a granite layer
(modified after Biste 1982). 1. Mesozoic sediments; 2. Paleozoic metasediments and volcanics;
3. Hercynian granite; 4. Fault.

compression (Fig. 3.15), will result in flow of magma towards anticlinal areas of
the MI (Fig. 3.15B). An example of the relationship between anticlines and
granite, in which nearly all the anticlines or domes have granite cores, is shown
in Fig. 4.25. In the coastal region of SE China, although faulting has often
affected the original shape of most granite bodies, and of anticlinal structures,
there is a close spatial relationship between many granite outcrops and major
fold structures e.g. Lianhuashan (Fig. 4.26A) and Hetian granites (Fig. 4.26B),
Guangdong Province, SE China. A similar relationship is apparent between
regional anticlines and the distribution of granites in Cornwall, SW England
(Fig. 6.11).

4.5. FLUCTUATION OF MI AND DOWNWARD-YOUNGING
GRANITE SEQUENCE

When the energy input/output ratio of the magma layer becomes <1, convection
is expected to slow or cease, with resultant descent of isotherms and the MI
because of top-downward crystallisation of the magma layer. Examples indi-
cating the downward (inwards in map plan view) crystallisation of the domed
parts of a granite layer includes the Jiufeng biotite granite, north Guangdong
Province, SE China, which formed in the early Jurassic with K-Ar ages indicat-
ing a cooling interval of ~25 Ma (197-172 Ma) from margin to centre
(Fig. 4.27).



~
~

\
SUA\N

C Granite (magma) layer

0

Figure 4.21. A. Geological map of a portion of western Maine and adjacent New Hampshire, USA
(simplified after Brown and Solar 1999), showing the distribution of granite ‘plutons’ and migmatite.
Thin solid lines indicate trends of steep to moderately dipping foliation in metasedimentary rocks.
1. Granite; 2. Smaller granite occurrences (leucogranite, pegmatite); 3. Granodiorite; 4. Gabbro;
5. Stromatic migmatite; 6. Inhomogeneous migmatite; 7. Metasedimentary rocks; 8. Boundaries
between steeply dipping (regular thin solid lines = high strain zones) and moderately dipping (irregu-
lar, folded thin solid lines = low strain zones) parts of metasedimentary rocks. B, C. Cross sections
(A—A’" and B-B’, respectively) are reinterpretations based on the in situ melting model of granite for-
mation, in this case representing the deformed upper surface of a subsurface granite layer.
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Figure 4.22. Schematic diagram to illustrate the complex form of the upper surface of a granite
magma layer MI. F = Fault.
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Figure 4.23. Swarm of granite layers parallel to the strike of Devonian metasediments in Xiaohekou,
Shaanxi Province, NW China (modified after Yan 1985). 1. Quaternary; 2. Upper Devonian;
3. Middle Devonian; 4. Granite and granodiorite; 5. Boundary of metamorphic aureole.
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Figure 4.24. An example of stoping along a fault zone at Tongchang, Jiangxi Province, SE China
(modified after Zhu et al. 1983). A scale is not given with the original map.
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Figure 4.25. Anticlinal structures in the Shaoyang area, central-south Hunan Province, SE China,
that coincide with outcrops of granite. 1. Pre-Paleozoic; 2. Lower Paleozoic; 3. Upper
Paleozoic—early Triassic; 4. Middle Triassic—-Jurassic; 5. Cretaceous—Tertiary; 6. Granite; 7. Faults;
8. Anticlinal axes.

As discussed in Chapter 3, remelting of granite results in the formation of a
sequence of downward-younging granites (Fig. 3.16) that can reasonably
explain the interrelationship of granite bodies observed in SE China. For exam-
ple, a geological section from Lankou to Tangjiao, Zhijin County, Guangdong
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Figure 4.26. A. Section from Kowloon (Hong Kong) to Sanheba across the Lianhashan granite,
Guangdong Province, SE China. Pz = Paleozoic; J, = Early Jurassic; J, ; = Middle-late Jurassic;
Ys = Mesozoic granite. B. Cross section of the Hetian granite, east Guangdong Province, SE China,
showing dome-like structure of the granite and anticlinal structure in upper Triassic (T;)-lower
Jurassic (J,) metasedimentary country rocks. J, = Upper Jurassic volcanics; K = Cretaceous sedi-
ments. Horizontal = vertical scale.
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Figure 4.27. Simplified map of the Jiufeng biotite granite, north Guangdong Province, SE China, showing
location and K—Ar ages (Ma value in boxes). Dashed lines depict possible cooling isochrons.

Province transects 15 separate granite bodies that are considered to be individual
intrusions. A reinterpretation based on the idea of remelting of granite, indicates
that there are three granite layers younging downwards from Triassic, through
Jurassic to Cretaceous (Fig. 4.28). Another example of downward-younging
granites is provided from a seismic survey carried out by the Institute of
Geophysics, Chinese Academic Sciences (Li 1992; Yin et al. 1995) along a 400-km
long north to south traverse in the southern part of Guangdong Province, that
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Figure 4.28. Section from Lankou to Tangjiao, Zhijin County, Guangdong Province, SE China,
showing three granite layers younging downwards. 1. Metasedimentary cover; 2. Triassic granite;
3. Jurassic granite; 4. Cretaceous granite; 5. Fault; 6. Paleomelt interface (PMI), the number repre-
senting its relative formation age; 7. Name of granite body.

crossed numerous outcrops of late Jurassic—Cretaceous granite (Fig. 4.29A).
A 2D crustal structure model indicates five velocity layers (Fig. 4.29B); the man-
tle with P_ = 8.05 km/s, lower crust with P, = 6.6-6.8 km/s; a mid—upper crustal
lower velocity zone with P_ = 5.8 km/s, metasedimentary cover with P, < 5.9 km/s,
and between the lower velocity zone and metasedimentary cover, a ‘basement
layer’ of P_=5.9-6.3 km/s. According to a geological interpretation (Ma 2006),
the P_ = 5.9 km/s velocity interface equates with the upper surface of a Jurassic
granite layer (PMI,), and the velocity interfaces of P = 6.0 and 6.1 km/s are
considered to represent the tops of early and late Cretaceous granite layers
(PMI, and PMI,), respectively. Fluctuation of the velocity interfaces in the shal-
low part of the seismic profile is considered to mirror the irregular shapes of the
PMTI’s and the low-velocity zone below the late Cretaceous granite layer to rep-
resent the youngest cooling magma layer (Fig. 4.29B).

Because of engineering construction, several tunnels have been drilled into the
interior of the Shangji granite located in the northeast part of Boluo County,
Guangdong Province, close to the seismic traverse (Fig. 4.30A), revealing the
contact between an upper late Jurassic granite (whole-rock K—Ar age: 156 Ma;
Ma 2006) and a finer-grained lower late Cretaceous granite (85.5 Ma) (Ma 2006)
(Fig. 4.30A). The contact between the two granites is marked by a zone of
pegmatite segregations ranging in thickness between 20 and 50 cm (Fig. 4.30B),
above which fractures in the late Jurassic granite contain zoned assemblages of
quartz—fluorite—calcite (Fig. 4.30C). Contacts between the different-aged gran-
ites both in this example and elsewhere are typically well defined by colour, com-
position, texture and grain size differences suggesting that they are the product
of remelting of earlier-formed granite and/or renewed fusion of a partially
molten body caused by vertical fluctuation of the melting interface in response
to changing isotherms (Fig. 3.16), possibly facilitated by accumulation of exsolved
volatiles in the upper part of the new magma layer (Chen et al. 1996). Thus,
composite granite bodies are not considered to be the result of multiple intrusion
of magma from a deep source along the same conduit and geochemical/isotopic
evidence supporting this is described in Chapter 5.
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Figure 4.29. A. Geological map along the line of the Liangxian—-Gangkou seismic profile (after Ma
2006). 1. Detonation point; 2. Recording station; 3. Fault; 4. Jurassic granite; 5. Cretaceous granite;
6. Cenozoic sediments; 7. Mesozoic sedments; 8. Paleozoic metasediments. Dotted lines = strati-
graphic strike trends. B. Geological interpretation of the Lianxian—Gangkou seismic profile (after Ma
2006). 1. Metasedimentary rocks; 2. Jurassic granite; 3. Cretaceous granite; 4. Low velocity layer;
5. Lower crust; 6. Mantle; 7. Paleo-magma interface; 8. Fault; 9. Velocity interface; 10. P (km/s).
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Figure 4.30. A. Section of the Shangji composite granite, Guandong Province, showing the contact
between upper (late Jurassic) and lower (late Cretaceous) granite (redrawn from Ma 2006).
1. Jurassic granite; 2. Cretaceous granite; 3. Migmatite; 4. Quartz—calcite—fluorite vein; 5. Fault;
6. Paleo-magma interface (PMI); 7. Drill hole. B. Pegmatite occurring along contact between the
two granites exposed in a tunnel wall. C. Quartz—fluorite—calcite vein formed along the fracture zone
in the upper older granite.

Most of the granites in SE China are composite bodies in that they consist of
two or more granite types with different ages, typically with the youngest granite
surrounded by older granite as illustrated in Fig. 4.31. This phenomenon can be
explained as exposure of different PMI’s at a particular locality as shown in
Fig. 4.32. Petrologically, a composite granite (CG) usually evolves from
biotite/hornblende granite/granodiorite to two-mica/muscovite granite with
decreasing age (Mo et al. 1980; Zhang and Sun 1988; Meng 1993). Four well-
studied CG examples in SE China are described below (Fig. 4.33).

Jiufeng. In addition to the age relations of the biotite granite described above,
the Jiufeng granite is also a CG that hosts two other younger granites, namely,
the Jietou and Huangdong granites. The main Jiufeng batholith (g°¥) (only part
of which is shown in Fig. 4.31a) is a coarse-grained porphyritic biotite granite
of early Jurassic (195-172 Ma) age (Chen et al. 2003b). The Jietou granite is a
medium-grained two-mica granite (g°®) of latest Jurrasic age (K-Ar age of 153
Ma, BGMRHn 1988) and the youngest Huangdong granite (g°°) that occurs
within the Jietou granite is a fine-grained muscovite granite with a K—Ar age of
138 Ma (BGMRHn 1988) (Fig. 4.33A).

Dengfuxian. The oldest member (g°?) of this CG is a coarse-grained-
porphyritic biotite granite (230 Ma/U-Pb, Deng et al. 1986), which contains a
medium-grained two-mica granite (g’®) (135£12 Ma/Rb-Sr, Deng et al. 1986)
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Figure 4.31. Sketch maps of typical composite granite bodies in SE China. 1. Youngest granite;
2. Older granite; 3. Oldest granite; 4. Fault.

Figure 4.32. A. Cross sections of the Yangcaogang CG, eastern Guangdong Province and B. Tong’an
CG, southern Jiangxi Province. g,, g} and g2 denote the oldest, younger and youngest granite mem-
bers, respectively. D = Devonian (metashale-sandstone); J = Jurassic (volcanic rocks). Horizontal
scale = vertical scale.
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Figure 4.33. Simplified geological maps of four Mesozoic composite granite (CG) bodies in SE
China. A. Part of the Jiufeng CG, northern Guangdong Province; B. Dengfuxian CG, eastern
Hunan Province; C. Qianlishan CG, southeastern Hunan Province; D. Wuguishan CG, middle-
south Guangdong Province; g2 = oldest, g2 = younger, and g§ = youngest granite member.

and a smaller body of fine-grained muscovite granite (g) dated at 109 Ma
(muscovite K-Ar age) (Fig. 4.33B).

Qianlishan. The oldest member of this CG is a porphyritic biotite granite (g%
of early Jurassic age (162 Ma/Rb-Sr; 172 Ma/K-Ar), that contains a second
stage medium—coarse-grained biotite granite (g5b) dated at 139 Ma (K—Ar) and
141 Ma (Rb-Sr) (Chen et al. 1989). Both g** and g°" are cut by fine-grained two-
mica granite (g°°) (Zhang and Sun 1988) (Fig. 4.33C).

Wuguishan. The Wuguishan CG is a Cretaceous granite with K—Ar ages rang-
ing from 136-108 Ma (Cai and Zheng 1997). The oldest granite (g°*) occurs
within a younger granite (g°°) that is cut by the youngest granite (g>)
(Fig. 4.33D). All the granites are porphyritic biotite granites although their por-
phyritic crystal contents decrease from old to young (Cai and Zheng 1997).



CHAPTER 5

DIFFERENTIATION OF MAGMA LAYER: GEOCHEMICAL
CONSIDERATIONS

5.1. INTRODUCTION

Over the last three decades, numerous studies have attempted to identify the
sources of granitic magmas using bulk rock, mineral chemistry and isotope sys-
tematics (among many others, Chappell and White 1974; Faure 1977; Ishihara
1977; Taylor 1978; Ayres et al. 1997). Such studies are based on the prerequisite
that granite magmas are sourced from deeper levels and that the magmas have
ascended to a shallow depth of emplacement. Yet, as shown in Chapter 1, none of
the key models of the two knowledge systems, e.g. continental geology and plate
tectonics, explain the origin of granite (Fig. 1.3). This means that the current par-
adigm of the magma intrusion model to explain the origin of granite is uncertain,
and if granites are not derived from exogenic sources then geochemical data
relating to their origin needs to be re-evaluated.

Unlike the granite intrusion model, the in situ melting model for granite for-
mation regards the mid-upper crust as a closed system that requires only the
input of energy rather than material from deeper levels. On a crustal scale, as dis-
cussed in Chapters 3 and 4, exposures of individual granite bodies are explained
as the protruding parts of the upper surface of an extensive layer-like body of
granite. On this basis, we discuss aspects of the chemical and isotopic evolution
within the granite magma layer.

5.2. COMPOSITIONAL VARIATION

Experimental data given in Chapter 2 and Appendix 2 clearly demonstrates that
granitic melt compositions change with temperature, pressure, fO, and whether
free H,O is present or not, depending on the composition of the protolith undergoing
melting. Thus, a wide variety of granite magma compositions can be expected
as summarised in Fig. 2.8. As shown in Fig. 3.11, in a convecting magma layer
mafic enclaves tend to move down and hot felsic liquids move upward which
results in vertical compositional variation of the magma layer. This variation is

123
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reinforced during cooling with fractional crystallisation of near-liquidus phases
such as calcic plagioclase, biotite, hornblende, pyroxenes, Fe-Ti-oxides, and
accessories such as monazite, titanite, apatite, zircon etc., that move downward
gravitationally (cognate cumulates) (Wall et al. 1987) relative to a buoyant,
largely felsic liquid component. This means that chemical and isotopic compo-
sitions of granites more likely reflect in situ differentiation of the magma rather
than different magma sources.

Chemical and isotope data from a deep borehole drilled into the 137 Ma
Xiaotaoyuan biotite granite, North Guangdong Province, SE China, indicates
increasing total iron + MgO, CaO, XSr, Ce, 6Eu and decreasing SiO,, Na,O and
initial Sr-ratio (ISr) with depth, representing vertical compositional zonation of
the granite (Fig. 5.1). Mineralogically, these changes essentially reflect downward
increasing biotite and Ca-enrichment of plagioclase, and upward increasing
quartz and more Na-rich plagioclase. There is abundant evidence of similar top-
downward, and margin-inward, compositional variation in granite bodies in SE
China and worldwide. Downward changes from muscovite (or two-mica) gran-
ite to biotite granite or granodiorite are commonly present in many SE China
granite bodies, Zengjialong (Fig. 5.2A) , Niulingao (BGMRIJx 1984), Huangsha
(Xia and Liang 1991), Xianghualing and Laizhiling (Wang and Huang 2000).

The Weiya granite, located about 135 km southeast of Bomi city, Xinjiang, NW
China, is K-Ar dated at between 200 and 259 Ma. The central part of the granite
body consists of K-feldspar granite that grades outwards through less calcic to
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Figure 5.1. Chemical and isotopic variation with depth in borehole 169, Xiaotaoyuan granite body,
North Guangdong, SE China.
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Figure 5.2. A. Cross section of the
Zengjialong granite, Jiangxi Province, SE
China, showing vertical compositional
variation. Z. Sinian metasedimetary rocks;
1. Muscovite granite; 2. Two mica granite;
3. Biotite granite (redrawn after Zhu et al,
1981). B. Geological map of the Weiya
zoned granite, Xinjiang, NW China (after
BGMRxj 1993). 1. K-feldspar granite; 2.
Adamellite; 3. More calcic adamellite; 4.
K-feldspar quartz syenite, 5. Carbonate
wall rock in the SW and with older gran-
odiorite, diorite, and Proterozoic metased-
imentary country rock elsewhere. C.
Normative ratio plot of granite composi-
tions associated with Weiya composite
granite in B, with arrows indicate direction
of younging (between 1 and 2) and differ-
entiation (between 2 and 4).
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more calcic adamellite that has a sharp, fine-grained contact with an outer and
older K-feldspar quartz syenite (Fig. 5.2B, C). The inner granite—adamellite part
of this domed composite granite may be explained by in situ differentiation with
upward increasing SiO,, K, 0O, and downward increasing Al,O,, FeO, Fe,0,, MgO
and CaO implying cooling from the roof downward and is considered to be the
result of remelting of the K-feldspar quartz syenite.
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Figure 5.3. Normative ratio plot of granite compositions in the vertically zoned Searchlight pluton,
Nevada, USA (data from Bachi et al. 2001). The quartz monzonite is considered to be the undiffer-
entiated magma composition.

Examples of other granite bodies that show composition zoning include the
Searchlight, Fichtelgebirge, and Kurobegawa granites. The 80 km? Searchlight
Pluton, Nevada, USA (Bachi et al. 2001), provides a rare exposure of a vertically
zoned ~10 km thick granite body with fine-grained quartz monzonite below the
roof, ~2 km of medium-grained granite in the centre underlain by ~6 km of
coarser, more mafic quartz monzonite. Field relations, elemental and isotope
data suggest that the upper part formed as a descending solidification front from
the roof and represents the primary granite magma composition. In the more
slowly cooled interior, the granite and mafic quartz monzonite parts represent
complimentary segregated melt and crystal-rich cumulate, respectively (Fig. 5.3).

The Fichtelgebirge granite located on the borders of Germany and the Czech
Republic, consists of muscovite granite, two-mica granite and porphyritic biotite
granite (Fig. 5.4). Hecht et al. (1997) consider that the different granites were
derived from different sources. As there is no significant age difference between
the granites (326 £ 2 Ma; Carl and Wendt 1993), it is difficult to understand why
and how the source regions for the different granite magmas changed at the
same time and why these magmas were ‘emplaced’ at the same location? An alter-
native explanation for the distribution of the granite types could be that it refects
the erosion difference of various lithologic zones formed in the upper part of
granite body as shown in Fig. 5.2, which can be reasonably explained as the result
of in situ differentiation with Fe, Mg, Ca and Ti, increasing and Si, Na decreas-
ing from muscovite granite through two-mica granite to biotite granite (Table 5.1).

The vertically-zoned Kurobegawa granite, Hida Mountains, central Japan
(Wada et al. 2004), is exposed as a ~6 km-thick tilted section. The upper part con-
sists of fine-grained porphyritic granite—adamellite that grades downwards to a
medium grained equigranular—porphyritic adamellite-granodiorite (Fig. 5.5).
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Figure 5.4. The Fichtelgebirge granite body, central Europe, showing distribution of: 1. Muscovite
granite; 2. Two-mica granite; 3. Porphyritic biotite granite, (redrawn from Hecht et al. 1997).

Table 5.1. Mean values (wt %) of whole-rock major elements of OIC, Fichtelgebirge granite

Lithology S.N SiO, TiO, Al,O, Fe,0,,, MgO MnO CaO Na,0 K,O0 P,O;
Biotite 21 6829 0.63  15.11 3.71 1.09 0.059 2.04 324 459 0.31
granite 11 70.83 0.45 0.27 2.57 0.73  0.042 145 317 474 0.25
Two-mica 8 7261 027 14.60 1.60 045 0.033 1.03 350 4.79 0.20
granite 14 73.38 0.13  14.50 1.07 024 0.021 0.53 344 475 0.32
Muscovite 6 7386 0.07  14.57 0.56 0.07 0.024 044 383 427 0.36

granite

(Data from Hecht et al. 1997)

Adamellite

Upper granite

Lower granite

20
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Figure 5.5. Modal compositions in terms of Qz-Ksp-Pl components for the upper and lower gran-
ites of the vertically zoned Kurobegawa granite, Hida Mountains, Japan (redrawn from Fig. 3 of

Wada et al. 2004).
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Major element variation indicates downward increasing Al,O,, Fe,O,, MgO, CaO,
TiO, and upward increasing SiO,, K, O consistent with fractional crystallisation.
A granite body, such as those described above, represents the domed part of a
PMI (paleo-magma interface). Because of differentiation of magma below the
MI, i.e. mafic components descending and felsic components ascending, at a par-
ticular level of erosion granite formed within the region of melting should be
more felsic, or less mafic than its host rock. Where country rock lithologies are
distinctly different, there is often a correlation between granite-type and host pro-
tolith. A case in point are granite bodies of the Carmanville area, northeastern
Newfoundland, Canada, described by Currie and Pajari (1981) in terms of in situ
melting of different protoliths (Fig. 5.6). Granite within mafic rocks has a tonolite—
granodiorite composition whereas those outcropping within adjacent psammitic—
semipelitic rocks are biotite granite with porphyritic to megacrystic Ksp, and
granite within more aluminous semipelitic—pelitic rocks is muscovite-biotite gran-
ite, muscovite granite occasionally with garnet. One granite body associated with
metavolcanic and semipelitic—pelitic rocks is concentrically zoned with a core of
granodiorite, grading outward through two-mica granite to muscovite— garnet
leucogranite (Fig. 5.6). In north China, quartz monzonite and granodiorite

Hamilton Sound
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Gander Bay
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Figure 5.6. Geological sketch map showing distribution of granite, metasediments and metabasaltic
rocks, Carmanville area, northeastern Newfoundland, Canada (after Fig. l1a of Currie and Pajari
1981). For the granites, 1. = Muscovite-granite leucogranite; 2. = Muscovite-biotite granite; 3. =
Biotite granite; 4. = Granodiorite; 5. = Tonalite + minor granodiorite. Isograds; Gt = Garnet, And =
Andalusite, Sil = Sillimanite.
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bodies are associated with metasedimentary sequences that contain calcareous
lithologies such as limestone and volcanics (Table 5.2).

If the country rock protoliths are relatively homogeneous, e.g. granite, then
geochemical evidence supporting melting to form new granite is stronger, despite
limitations imposed from sampling. Experimental evidence and natural examples
of melting of granites indicate that new melts are distinctly more Si and K rich
than the parent compositions as shown in Fig. 5.7, the exception being where the

Table 5.2. Country rocks of quartz monzonite-granodiorite in North China

Granite body Lithology Country rock Age (Ma)
Fangshan Granodiorite Limestone, sandstone-shale Kb130-145
Heishanzhai Quartz monzonite Limestone, sandstone-shale
Heijiachuan Quartz monzonite Limestone, intermediate

volcanics Kbl34
Maoshan Granodiorite Metamorphic rock
Yangshudixia Granodiorite Overlain by J, volcanics Kb148
Shaoguodi Granodiorite Metamorphic rock Kbl157
Baijiadian Granodiorite Limestone, metamorphic rock Kwl174
Shouwangfen Granodiorite Limestone, volcanics Sr129
Wanganzhen Granodiorite Limestone, volcanics Kbl38
Jianchang-Caobai Granodiorite Volcanics, metamorphic rock
Daheishan Quartz monzonite Limestone, volcanics Kw108-133
Shahewan Quartz monzonite Slate
Penglai Quartz monzonite Metamorphic rock
Tongguanshan Quartz diorite Limestone

(After Zhang and Sun 1988); Kb = biotite K-Ar age; Kw = whole rock K-Ar age; Sr = Rb-Sr age
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Figure 5.7. Normative ratio plots of melt compositions derived from an example of natural melting of
an adamellite, Sierra Nevada (Davies and Tommasini 2000), and experimental melting of granodiorite
and quartz diorite at 4 and 8 kb (labelled points) (data from Patifo-Douce 1997). Pressure and volume
% melt produced in the experimental examples are indicated.
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host granite is a K-feldspar granite or K-feldspar quartz syenite (Fig. 5.4). In the
Hunan Province, several Mesozoic granite bodies (y;) occur within Paleozoic
Caledonian-age granite (y,). Mean compositions of three younger granites and
their granite protoliths are given in Table 5.3 and all analyses are plotted in
Fig. 5.8A. As expected, the younger granites have higher SiO,, K,O and lower
iron, MgO, CaO, TiO, that their inferred adamellite-granodiorite Caledonian
granite protoliths. Examples where composite granites comprise three granites of

Table 5.3. Average compositions (wt %) of Mesozoic granite (y) and respective Caledonian-age
granite country rocks (y,) in Hunan Province, SE China

Qijia granite Liangfengjie granite Douzhashan granite
V3 s V3 Vs Y3 Ys
Sio, 70.77 72.74 68.94 72.93 70.09 73.77
TiO, 0.46 0.32 0.52 0.20 0.31 0.10
ALO, 13.39 14.56 14.97 14.38 14.30 13.49
Fe,0, 1.12 0.52 3.16 1.42 3.05 0.60
FeO 2.60 1.63 2.57 1.36 2.36 0.71
MnO 0.05 0.04 0.20 0.05 0.04 0.05
MgO 0.95 0.47 1.61 0.56 1.20 0.14
CaO 1.86 0.51 2.81 1.45 2.18 0.48
K,O 4.61 4.96 3.59 4.36 4.13 4.43
Na,O 2.68 2.86 2.80 2.77 2.36 3.10
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Figure 5.8. Normative ratio plots of composite granite bodies, SE China. In A, Arrowed lines indicate
direction of younging. In B, a, b, ¢ refer to old (g*), young (g,°) and youngest (g,) granite members.
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different ages are the Jiufeng, Dengfuxian, Qianlishan and Wuguishan granites
described in Chapter 4 and shown in Fig. 4.33. Average analyses of these com-
posite granites are listed in Table 5.4 and all data are plotted in Fig. 5.8B. The
younger granites are invariably more silica-rich, and they have higher D.I. and
alkali/alumina (NK/A) ratios, generally higher Fe,O,/FeO, and lower total Fe,
CaO (normative An), MgO, TiO, and P,O,, consistent with their less mafic, more
felsic (and oxidized) compositions that would be expected at approximately the
same level of erosion in the in situ melting model of granite formation.
Compositions change from adamellite (oldest) to granite and K-feldspar granite
for the younger granites. Most of the Mesozoic composite granite bodies in SE
China show similar compositional variations as those listed in Table 5.4 (Mo
et al. 1980; Chen 1987; Yu et al. 1987; Zhang and Sun 1989; Meng 1993), and
in this respect it is interesting that Paleozoic (Caledonian), Early Mesozoic

Table 5.4. Average compositions (wt % and norms) of composite granite bodies, SE China

Granite Jiufeng Dengfuxian Qianlishan Wuguishan

Age a b c a b c a b c a b c

Si0, 71.07 73.16 75.04 65.04 73.16 74.88 7420 75.05 74.69 71.70 75.60 76.08
TiO, 034 021 006 063 014 003 0.19 0.06 004 038 0.15 0.19
ALO, 1395 1226 13.05 16.00 14.16 14.05 12.68 12.71 13.33 13.43 12.28 12.19
Fe, O, 045 036 020 033 047 038 0.64 052 034 082 046 0.50
FeO 276 224 096 347 1.25 097 150 1.09 080 206 133 1.07
MnO 0.08 0.06 009 007 006 012 007 0.04 0.04 010 0.09 0.10
MgO 074 046 0.07 122 033 018 025 0.10 0.08 0.66 0.17 0.29
CaO 183  1.10 028 218 084 028 121 092 071 1.5 095 0.74
Na,0 278 284 282 316 349 449 313 339 432 326 3.14 3.57
K,O 496 516 526 519 466 299 503 500 475 490 480 451
P,0; 0.13  0.07 000 024 019 026 0.05 0.03 002 0.09 003 0.01
LOI 2.15 1.27 1.37 0.65 047 0.61
Total  99.09 97.92 97.83 99.68 100.02 100.00 98.95 98.91 99.12 99.64 99.47 99.86
Q 29.51 33.08 38.04 19.11 21.75 36.84 33.38 33.80 29.60 28.93 3596 35.63
Or 29.61 31.1 31.73 31.90 2795 1791 30.02 33.44 28.31 29.25 28.60 26.89
Ab 23.78 24.54 2437 2742 2995 3850 26.74 29.02 36.89 27.84 26.82 30.46
An 833 510 098 948 298 573 441 298 740 4.57 3.66
C 098 019 242 185 233 349 001 011 040 0.09 035 0.10
Hy 621 484 188 843 264 210 269 181 1.21 436 267 233
Ilm 0.65 040 0.11 123 027 0.06 036 011 0.08 0.72 028 0.17
Mt 065 054 029 049 070 057 094 077 049 120 0.67 0.72

Ap 030 0.17 0.16 058 044 060 0.12 007 005 021 0.07 0.02
D.I. 912 939 951 875 93,6 933 959 971 978 934 960 96.6
Xyig 324 242 9.7 36.6 257 194 175 101 113 297 215 253

Xc, 26.7 17.6 53 276 11.7 33 17.6  13.0 84 213 143 103
NK/A 072 083 0.79 068 076 0.75 084 0.86 092 080 0.85 0.88
Fe,O4 0.16 016 021 0.10 0.38 0.39 043 048 043 040 035 047
FeO

D.I. = Differentiation Index (normative: Qz, Or, Ab, Lc, Ne)

Xy = Mg/(Mg + Total Fe); X, = CaO/(Ca + Na); NK/A = molar Na,O + K,0/Al,0O,
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Figure 5.9. SiO, verses (K,0O + Na,O)/Al,O, showing composition fields for Caledonian,
Hercynian—Indosinian, and Yanshanian granites from the Nanling area, SE China.

(Hercynian—Indosinian) and Late Mesozoic (Yanshanian) granites in SE China
show a trend of increasing SiO, and alkali/alumina ratio with younging (Fig. 5.9),
possibly indicating episodes of crustal-scale heating involving granite production
and remelting. Similarly, compositional variation with younging of the Late
Mesozoic granites involves increasing SiO,, Fe,O,/FeO, decreasing Al,O,, FeO,
MgO, TiO, and K,O (Table 5.5).

The chemical variations described above underscore the premise that in situ
crustal melting involves simultaneous melting and crystallisation in the source
region. The rate of melting of roof rock determines the heat lost from the
underlying magma and differentiated granite bodies such as those described
above suggest low heat-conductivity of the roof rocks during their crystallisa-
tion (Figs. 5.10A1, B1). If the rate of heat loss is high enough, melt near the MI
will likely crystallise rapidly to produce a relatively mafic and fine-medium
grained marginal facies (Fig. 5.10A2) with the effect of creating a thermal
barrier that insulates the main melt body and prolongs the rate of cooling/crys-
tallisation (Fig. 5.10B2).

A cross section of the Shalang—Xuemuna granite body, Tibet (Fig. 5.11) illus-
trates the case depicted in Fig. 5.10B2. Biotite granite is exposed in the central
part of the granite body and grades outwards through granodiorite to a quartz
diorite border facies that contains abundant xenoliths and mafic enclaves
(EGCAS 1981). An analogous example, the Criffell granite, southern Scotland,
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Table 5.5. Mean compositions and CIPW norms of Mesozoic
biotite granites, Nanling area, SE China

Granite 1 2 3

n 88 166 46
Sio, 72.46 73.46 74.09
TiO, 0.28 0.22 0.20
ALO, 13.59 13.35 13.20
Fe,O, 0.94 0.72 1.02
FeO 1.99 1.88 1.55
MnO 0.07 0.07 0.06
MgO 0.48 0.40 0.39
CaO 1.16 1.23 1.06
Na,O 3.13 4.10 3.39
K,O 5.06 491 4.65
LOI 0.68 0.58 0.55
Total 99.84 100.92 100.16
Q 30.78 26.85 33.06
Or 30.14 28.90 34.03
Ab 26.74 34.61 28.77
An 5.80 3.49 5.26
C 0.86 2.23 0.67
Hy 3.77 2.46 2.77
IIm 0.53 0.42 0.38
Mt 1.38 1.04 1.48
D.I 93.5 93.9 94.7
XMg 23.0 22.1 21.9
XCa 17.0 14.3 14.7
NK/A 0.78 0.90 0.81
Fe,0,/FeO 0.25 0.38 0.76

1,2,3 refer to oldest, younger and youngest granites respectively.
D.I. = Differentiation Index (normative: Qz, Or, Ab, Lc, Ne)
XMg = Mg/(Mg + Total Fe)

XCa = Ca/(Ca + Na)

NK/A = molar Na,O + K,0/Al,0,

is illustrated in Fig. 5.12A (differentiation index contours) and B which shows a
central biotite granite surrounded by marginal granodiorite. The contact
between the two granites is delineated by the appearance of alkali feldspar
megacrysts that characterise the biotite granite (Stephens and Halliday 1979).
Differentiation Index contours are concentric to the map centre of the body and
show a steep gradient between both rock types. This data could be interpreted
as crystallisation of the magma inward and downward from the contact with
earlier formation of the marginal granodiorite that slowed the rate of heat loss
resulting in the formation of a central K-feldspar megacryst-bearing biotite
granite with high Differentiation Index. A further example, the Shouwangfen
massif in Hebai, North China, exhibits an increase in silica (modal quartz)
towards the central part of the granite (Fig. 5.13), interpreted to represent
downward and inward crystallisation beneath a domed MI.
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Figure 5.10. Model for chemical and petrographic zonation of a granite body; MI = magma inter-
face. A. During crystallisation. (A1) Little heat is lost through country rocks above the domed MI,
below which the magma differentiates. Arrowed lines terminated with black dots denote downward
movement of roof rock xenolith material and early-crystallising Ca-plagioclase and mafic minerals;
Arrowed dashed lines indicate direction of movement of felsic melt component; (A2) Below areas
where there is more rapid heat loss, perhaps due to fracturing of the roof rocks and cycling of mete-
oric water in rocks above the M1, magma in the region of the domed MI crystallises to form a ther-
mal barrier below which the magma can also differentiate. B. Following crystallisation. (B1)
(corresponding to Al). Granite body with normal compositional zonation; (B2) (corresponding to
A2). A cap of intermediate granitic rock (tonalite to granodiorite) forms in the domed region of the
paleo-melt layer (PML). If the erosion surface intersects the PMI, the exposed granite (in plan view)
will have a fine-medium grained marginal part of diorite-granodiorite composition.

Shalang > =TSO Xuemena

"marginal facies"  Niela

Figure 5.11. E-W section across the Shalang—Xuemuna granite, Tibet, showing marginal zoning
(modified after EGCAS 1981). 1. Quartz diorite; 2. Granodiorite; 3. Biotite adamellite. Horizontal
scale = vertical scale.
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Figure 5.12. The Criffell granite, Scotland (modified from Stephens and Halliday 1979). A. Contours
of Differentiation Index (¥normative Qtz Or Ab); B. Distribution of granodiorite and biotite granite
together with initial 8Sr/*Sr (ISr) values.
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Figure 5.13. Geological map of the Shouwangfen granite, Hebei Province, North China (modified
from Zhang and Sun, 1988). 1. Quartz monzonite; 2. Granodiorite; 3. Granite; 4. Tuffaceous
metasediments; 5. Marble; 6. Modal % quartz contours.

It can be noted that if the border facies of the Shouwangfen, Criffell or
Shalang—Xuemuna ‘plutons’ are significantly thick and the level of erosion has
not intersected their central parts, only diorite/tonalite or granodiorite will be
exposed. This means that such granites do not have to be derived from a deep
(lower crustal) mafic source, and could indicate either a high degree of melting
of a calcareous mica-bearing metasedimentary or a volcanoclastic protolith
with sufficiently high CaO (see Chapter 2). In this respect, it is interesting to
note that the country rocks and inferred protoliths of most quartz monzonite—
granodiorite bodies in eastern China are calcareous metasedimentary sequences
(Zhang et al. 1988) (Table 5.3).

5.3.  STRONTIUM ISOTOPES

Characterisation of granite sources using initial 3’Sr/%Sr ratios (ISr) is based on
the following assumptions (Faure 1977);

1. The ¥Sr/*Sr ratio of mantle rocks is lower than crustal rocks.
2. There is no significant isotope fractionation in magmas.

Many crustal rocks have present-day ¥’Sr/*°Sr ratios (PSr) approximating that of
the present-day mantle (0.704 £ 0.002; Faure 1977), e.g. Cenozoic granites of
Japan (Shibata et al. 1978) and the Dexing granodiorite in SE China (Chen et al.
1996), which have a PSr of between ~0.704 and 0.706. Wherever such rocks were
derived from, if they melt without isotopic exchange, their future ISr should be the
same as their pre-melted PSr values. This ideal situation indicates that granites
with lower ISr are not necessary derived from the mantle or a mafic lower crust.
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Melting of a protolith and crystallization of the melt represents respectively
different states of the system: heating and cooling. The above mentioned
assumption that there is no significant isotope fractionation in magma does
not take the rock-melting process into account. Over the last few years, a num-
ber of studies have presented evidence of isotopic disequilibrium in the rock
melting process (Barbero 1995; Brown et al. 1996; Knesel and Davidson 1996;
Harris et al. 1997, 2000; Tommasini and Davies 1997; Harris and Ayres, 1998;
Sallet et al. 2000) implying that if isotopic equilibrium is not attained during
the melting of crustal rocks, current geochemical models of open-system
magmatic processes will need modification. According to Davies and
Tommasini (2000), melts produced from a low degree of melting of granite,
have significantly higher ISr values than their source granite. Similarly,
feldspar rims have higher ISr values than (relic) cores. This data implies that
initial melts in crustal rocks likely have higher 37Sr/%0Sr ratios than the resid-
ual protolith. Gravitational differentiation of residual (restite) assemblages
from derivative felsic magma will thus tend to segregate radiogenic Sr and in
highly evolved granite bodies, ISr values should decrease downwards and
inwards from the contact.

The isotopic abundance of ¥’Sr is ~7.04% and Sr** usually replaces Ca in Ca-
bearing minerals such as calcic plagioclase (in particular), calcic amphibole and
pyroxene, epidote, apatite and titanite (Liu et al 1984) that concentrate as
residual phases during melting and also form early crystallising phases in
granodiorite-tonalite—quartz diorite magmas. This implies that variation of Sr
should be inverse to that of ISr, and show a downward/inward increase in a
particular granite body, e.g. the Xiaotaoyuan granite where ISr values decrease
downward (Fig. 5.1) while Sr increases.

Another example is the Xingluokeng granite that is separated by a narrow
screen of metasediment into a northern body of fine-grained muscovite granite
(marginal facies) and a southern body of medium to coarse-grained biotite granite
(central part) (Fig. 5.14). The marginal facies has been eroded along the southern
contact. Whole rock compositions, ISr and isochron ages (BGMRF]j 1985) of
both granites (Fig. 5.14) indicate that the biotite granite is slightly younger with
lower ISr and higher Sr consistent with higher CaO, and FeO + MgO reflecting a
deeper erosion level. Similarly, in the Criffell granite (Fig. 5.12B), where the mar-
ginal facies is granodiorite, ISt values are lower (0.7052-0.7057) than in the cen-
tral K-feldspar-bearing biotite granite (0.7060-0.7073).

As the compositions of crustal rocks that have undergone partial melting will
vary from terrane to terrane (and also within a single in situ melting terrane), ISr
values of derivative granite magmas should be regionally variable (Chen et al
1996). Such variation has been documented in a number of areas (Kistler and
Peterman 1973; Shibata et al. 1978; Zhang and Sun 1988). The Mesozoic granites
and related volcanic rocks of the western North American Cordillera, USA, for
instance, have ISr values between 0.7031 and 0.7094, generally increasing towards
the SE (Fig. 5.15). This is believed to reflect compositional differences in Late
Precambrian to Paleozoic protoliths of the granites (Faure 1977) because rocks
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Figure 5.14. Schematic N-S section through the Xingluokeng granite, Fujian Province, SE China
(redrawn after BGMRFj 1985); 1. Muscovite granite; 2. Biotite granite; 3. Contact between the two
granites; 4. Cambrian metasedimentary rocks. PMI = Paleomagma interface.
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Figure 5.15. 1Sr contours related to North American Cordillera Mesozoic granite and volcanic
rocks (after Kistler and Peterman 1973). Shaded area = undeformed platform sediments.
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Figure 5.16. Possible Rb-Sr isochrons of the Xiaohekou granite (A) and Mangling granite (B) in
Shanxi Province, NE China, showing bulk rock samples as having either different initial ISr values
or different crystallisation ages (data from Yan 1985).

SE of the 0.706 ISr contour line in Fig. 5.15 are relatively undeformed sandstone-
shale and carbonate, and rocks west of the line are deformed subduction zone
greywacke, volcanics and chert.

Rb-Sr isochrons relating to single granite bodies are usually dispersive (Yan
1985). For a given ISr, samples will have different ages, forming a radial pattern
on an ¥Sr/%Sr versus ¥Rb/*Rb diagram such as that shown in Fig. 5.16 in rela-
tion to the Xiaohekou and Mangling granites, NW China. However, for a given
age, samples will have different ISr values, depicted as a series of parallel lines
with the same slope but with different intercepts (Fig. 5.16). If the effect of late-
stage alteration is excluded, granites from both bodies should have either differ-
ent crystallisation ages or different ISr values. The latter seems more probable
because in both cases the dated samples are from restricted localities where crys-
tallisation ages are not expected to exceed the dating error.

It is therefore concluded that ISr values can not be used to constrain granite
source because the Sr-isotope composition of a rock is related to that of the pro-
tolith or more likely a heterogeneous protolith involved in partial melting, the
degree of melting and crystallisation, and the depth of erosion in the granite
bodies from where the samples were collected.

5.4. OXYGEN ISOTOPES

Hydrogen in rocks is mainly combined with oxygen either in the form of bonded
OH or unbonded H,O in minerals, and as free H,O in pores and along grain
boundaries. When rock blocks are incorporated into the magma, water in them
is subject to high temperatures, and isotopic hydrogen should preferentially
migrate into the melt. This means that 8D values of the rock block (xenolith)
should be generally higher than that of the surrounding magma. Isotopic '°O
should also preferentially migrate into the melt. However, the total amount of
oxygen combined with hydrogen to form water forms only a trivial part of a rock
and most of the oxygen occurs in silicates or metal oxides requiring destruction
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of the crystal lattice to be released. Therefore, expulsion of °O during the disso-
ciation of water should not significantly influence the bulk rock 80 value.
Within a magma layer, the difference in mass between 80 and '°O would result
in relative upward movement of '°0O and its possible depletion in the lower part
of the magma layer. If so, the following phenomena should be evident: 8'%0 values
of country rock xenoliths in granite should be generally lower than their host
granite and the opposite should be the case for 8D values. A detailed hydrogen
and oxygen isotope study of the Berridale batholith, Australia, by O’Neil and
Chappell (1977), shows that the average dD values of xenoliths is higher and the
880 values generally lower than that of the host granite (Table 5.6). The same
situation is found in the Hoedjiespunt granite described by Harris et al. (1997).

The tendency for upward movement of '°O in a magma layer results in the
160-shift” effect and an increase in '*O values from the top of a granite body
downward or inward from the border. This is the case for the Xiaotaoyuan gran-
ite (Fig. 5.1). The 830 values of three samples (1, 2 and 3) from borehole 169
are 10.43%, 10.57% and 11.44%, respectively. Figure 5.17 shows the variation of
880 from the top downwards in the Suzhou granite, eastern China (Wang et al.
1998) that also demonstrates the same relationship. Two further examples from
SE China, the Xianghualing and Dajishan granites, have 8'%0 values of their
marginal and central granite facies of 8.9%, 16.95% (Chen et al. 1989), and
9.5%, 10.3% (Sun et al. 1989), respectively.

Theoretically, with cooling, residual magma that accumulates in domed areas
of the MI (Wang and Huang 2000; Chen and Grapes 2003) would exsolve a gas
phase. Since 'O migrates from magma to the gas phase faster than !0, the con-
centration of '°O in the residual magma should decrease. Evidence for this is
provided from a study of oxygen isotope variation within a one metre-long quartz
crystal in a granitic pegmatite from Volyn, Central Kazakhstan (Dontsova et al.
1972). From the centre of the crystal outwards, 8'%0 progressively increases with

Table 5.6. §'°0, 3D and H,0" of granites and their xenoliths, Berridale Batholith, Australia

Rock body Lithology No. of samples 8180 8D H,O (wt %)
Buckleys Granite 4 9.45 -80 0.38
Lake xenolith 2 8.95 =77 0.85
Delegate Granite 2 9.94 -88 0.43
xenolith 2 8.45 =81 1.14
Dalgety Granite 6 10.06 -62 1.04
xenolith 3 8.74 -54 1.53
Tara Granodiorite 3 8.12 =75 0.67
xenolith 3 7.00 -58 1.43
Finister Granodiorite 2 8.14 =59 1.49
xenolith 1 8.69 =55 1.81
Cootralatra Granodiorite 4 9.71 -62 1.21
xenolith 5 9.08 -54 2.45

2Average values. After O’Neil and Chappell (1977)
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Figure 5.17. Vertical variation of 8'%0 in the Suzhou
granite, eastern China (after Wang et al. 1998), indi-
cating an ‘'°O-shift’ towards the top of the granite.
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Table 5.7. Crystallisation temperature and 8'*O values across
a large quartz crystal, Volyn, Central Kazakhstan, Russia

Position measured T°C 380 (%)
3 Outer zone 150 14.2
ﬂ 2 Middle zone 400 12.5
) 1 Core 600 116

Data from Dontsova et al. (1972)

decreasing crystallisation temperature (Table 5.7), indicating continuous deple-
tion of '°O in the melt phase during the growth of the crystal.

Exsolution of a gas phase from residual melt in the domed parts of the upper
surface of a granite layer is expected to enhance the intrinsic pressure of the sys-
tem (Chen et al 1996). Once this exceeds the confining pressure of the surrounding
rocks, hot and '°O-rich gas-fluid will migrate upward along fractures to form
hydrothermal veins (Chen et al. 1996; Zhuang et al. 2006). For this reason, high-
temperature hydrothermal veins should have lower 8'®0 values than their related
granite, which is the case in SE China (Zhang 1989) (Fig. 5.18) (see Chapter 6).
When '°O-rich hydrothermal fluids enter fractures in the rocks overlying a cooling
granite, energy and isotope exchange is expected to occur between the hot fluid and
wall rocks. The further from the fracture, the weaker the isotopic exchange, which
is related to variation of both temperature (Taylor 1974) and '°O concentration in
the fluid. This may be the reason that 8'®0 values of rocks hosting hydrothermal
veins usually increase away from the veins (Zhang 1989) (Fig. 5.19).
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Figure 5.18. 8"80 values of mineralising fluid involved in the formation of vein-type tungsten deposits
associated with the granites in SE China (redrawn after Zhang 1989).
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Figure 5.19. Whole rock 8'80 variation between hydrothermal ore bodies and host rocks.
A. Lianhuashan tungsten mine, South China; B. Bainaibiao tungsten mine, Inner Mongolia (modi-
fied after Zhang 1989).

If the cover rocks remain unfractured, '°O-rich hydrothermal fluid accumu-
lated beneath the domed MI of a granite layer can only diffuse upward and out-
ward along grain boundaries and micro-cracks resulting in the development of
a ‘halo’ of alteration within the overlying country rock in which 8O values
increase outwards. The Bohemia mining district, Oregon, USA (Taylor 1974),
provides a good example of this phenomena where 8'%0 contours in diorite and
country rocks show a concentric pattern centred on the diorite with 80
increasing and the calculated temperature of isotopic exchange decreasing out-
wards (Fig. 5.20). Similar §'80/temperature patterns have been found from other
areas and have been attributed to interactions between meteoric groundwaters
and igneous rocks (Taylor 1974).
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Figure 5.20. Geologic map of the Bohemia mining district, Oregon, USA, showing 8'*0 contours
in relation to outcrops of diorite and area of hydrothermal alteration (simplified from Taylor 1974).

In composite granite (CG) described above with younger granite enclosed
within an older granite protolith, '*O values of the young member should gen-
erally be lower than that of the old at the same erosion level. Table 5.8 gives
whole rock 6'%0 values of some Mesozoic CGs in SE China, which demonstrate
that whole rock 8'30 values decrease with time, i.e. oldest to youngest granite in
most of the examples listed.

5.5. RARE EARTH ELEMENTS

REE’s whose ionic radii ranges from 0.0964 nm (Sm) to 0.1038 nm (Ce*) typi-
cally substitute for Ca (0.106 nm) in Ca-plagioclase, and accessory phases such as
allanite, apatite, titanite in granitic rocks (Emmermann 1975; Liu et al 1985).
Therefore, vertical variation of LREE content in a granite body is expected to
follow that of calcium, i.e. increase downward. REE variation with depth through
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Table 5.8. Whole rock oxygen isotopic values of some composite granites, SE China

Granite Phase Lithology 310 (%) Data source
Jiufeng 1 Biotite adamellite 11.05 GRGN (1989)
2 Two-mica adamellite 10.18
Lingshan 1 Hornblende biotite granite 9.7
2 Biotite K-feldspar granite 943 Chen et al. (1989)
3 Alkali-feldspar granite 7.65
Dadongshan 1 Coarse-grained biotite granite 10.4
2 Two-mica granite 10.1 Yu et al. (1987)
3 Fine-grained granite 9.5
Qianlishan 1 Biotite K-feldspar granite 10.8 GRGN (1989)
2 Granite porphyry 7.8
Shirenzhang 1 Two-mica granite 9.7 Yu et al. (1987)
2 Muscovite adamellite 9.3
Guidong 1 Biotite granite 8.9 Yu et al. (1987)
2 Two-mica granite 8.2
Xihuashan 1 Biotite adamellite 11.35
2 Medium-grained adamellite 10.13 Chen et al. (1989)
3 Biotite granite 10.05
Reshui 1 Biotite granite 10.7 Chen et al. (1989)
2 Muscovite granite 8.7
Dengfuxian 1 Biotite adamellite 10.9
2 Two-mica granite 13.95 Zhang et al. (1986)
3 Muscovite granite 12.80

Phase 1 = youngest granite; Phase 3 = oldest granite

the Xiaotaoyuan granite is in good agreement with this assumption (Figs.5.1
and 5.21). In the Huangsha granite, Jiangxi Province, the rocks change down-
ward from greisenised granite, albitised granite, tourmaline two-mica granite to
biotite granite (Fig. 5.22A), and the REE variation pattern with depth is the
same as in the Xiaotaoyuan granite (Chen et al. 1989) (Fig. 5.22B). As described
previously, the southern part of the Xingluokeng granite has been more deeply
eroded than the northern part (Fig. 5.14), so that a higher LREE content and
more pronounced Eu depletion of the biotite granite core with respect to the
muscovite granite margin can be expected (Fig. 5.23).

According to compositional variation of Fichtelgebirge granite described
above, we infer that the different granite types of this composite body formed by
in situ differentiation and REE distribution patterns of the granites support this
inference (Fig. 5.24).

Downward increase of LREE during crystallisation of granite should indi-
cate that at the same erosion level, the LREE content of granite should be lower
and the Eu anomaly more significant than that of adjacent country rock pro-
tolith. REE patterns of the Xihuashan granite, Jiangxi Province and its enclaves
and adjacent metamorphosed country rocks (Wu et al. 1987) (Fig. 5.25) are in
agreement with this, showing a weak downward trend of REE for metasedi-
ments and enclaves and a weak Eu anomaly compared with the biotite granite
that exhibits a pronounced Eu anomaly and an almost flat trend.
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Figure 5.21. REE patterns of samples 1, 2 and 3 at different depths in borehole 169, Xiaotaoyuan
granite, SE China (see Fig. 5.1).
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Figure 5.22. N-S cross section (A) and REE distribution patterns (B) of the Huangsha granite, Jiangxi
Province, SE China (after Chen et al. 1989). 1. Greisenised granite; 2. Albitised granite; 3. Tourmaline
two-mica granite.
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In the case of remelting of granite, remelted, younger granites should have a
lower LREE/HREE ratio and a more significant Eu anomaly than the older
granite. REE distribution patterns of the above described composite granites,
Jiufeng, Dengfuxian, Qianlishan, Wuguishan (Fig. 5.8; Table 5.4), are illustrated
in Fig. 5.26. In all four composite granite bodies, the Eu anomaly becomes more
pronounced, and the REE pattern generally shifts to lower rock/chondrite
normalised ratios with decreasing age. On a micro-scale it is instructive to com-
pare by the REE patterns of partial melting of granite by trachyandesite, Sierra
Nevada (Kaczor et al. 1988) (Fig. 5.27). The most silica rich melt (with 9%
brown glass) has the most pronounced Eu anomaly. The more brown-coloured
glass representing a greater degree of melting shows an upward shift of the REE
patterns towards the granite composition but still exhibits a pronounced Eu



146 CHAPTER 5

1 R
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

150 {2
100

50

10 4

rock / chondrite

i 3]

la Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5.26. Chondrite-normalised REE distribution patterns of composite granite bodies shown in
Fig. 4.33. A. Jiufeng (after BGMRHn 1984); B. Dengfuxian (after Zhang et al. 1986); C. Qianlishan (after
Chen et al. 1989); D. Wuguishan (after Cai and Zheng 1997). Age notation as in Fig. 5.8.
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anomaly that is most probably related to the formation of calcic plagioclase
during the melting process.

Many of the above described granites are highly evolved, i.e. they have mar-
ginal facies muscovite and two-mica granites. For those with more intermediate,
i.e. granodioritic, marginal facies, such as the Criffell and Souwangfen granite
bodies, a relatively higher LREE/HREE ratio with weak Eu depletion is
expected, and their REE distribution curves should generally resemble that of
the unmelted host country rock. Figure 5.28 shows the REE distribution patterns
of four different rock types, sedimentary (A), migmatites and migmatitic granites
(B), granodiorites (C), and andesitic rocks (D) in the coastal region of Fujian and
Zhejiang provinces SE China. All the REE distribution curves are similar and are
of the right-declination ‘B’ type of Xu et al. (1983). Of the four types of REE
distribution curves shown in Fig. 5.28, the similarity of the first two types ‘A’ and
‘B’ is readily understandable, because migmatites have not undergone gravita-
tional differentiation during crystallisation and so their pattern is almost identical
to those of associated unmigmatised metasedimentary rocks. The fourth type
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Figure 5.28. REE distribution patterns of four rock types in SE China (Chen et al. 1996).
A. Sedimentary rocks; 1. Metasedimentary rocks (Nanling area, SE China); 2. Average continental
crust. B. Migmatites from Guangzhou area; C. Granites; 1. Changbu granodiorites (Guangdong
Province); 2. Adamellites (Guangning, Guangdong Province); D. Andesitic ignimbrite of SE
Zhejiang Province.



148 CHAPTER 5

(D) implies that andesitic—dacitic ignimbrites could have been derived from the
deeper part of an extensive partial magma layer, as suggested from the typi-
cal interbedded relationship of andesite and rhyolite in the coastal area of SE
China (Xue et al 1992). The third type (C) may have originated either as a sep-
arate intrusion of andesitic magma, or as an early crystallised marginal facies of
a granite magma, e.g. with a composition similar to that of the Criffell and
Souwangfen granites. The plots in Fig. 5.28 demonstrate that without additional
knowledge of field relationships, it would difficult to distinguish different rock
types solely on the basis of their REE distribution patterns. Thus, the ‘genetic
series (types)’ of igneous rocks, especially that of granitic rocks, based on their
petrological, geochemical and isotopic compositions should be called ‘petrolog-
ical’ rather than ‘genetic’ (Chen et al. 1996) unless additional supporting infor-
mation concerning their origin is known.

5.6. SUMMARY

The various geochemical phenomena concerning granites can be explained in
terms of the model of in situ melting origin of granite, supporting the idea
that, “Though there may be granites and granites, most of them are of one
kind, and all of them may likely be of one connected origin” (Read 1948).
Chemical composition and mineralogical variation, Rb/Sr, hydrogen and oxy-
gen isotopic compositions, and REE distribution characteristics of granites all
reflect the internal evolution of granite magma system and are not necessarily
related to magma sources:

1. Petro-geochemical characteristics of granite formed through in situ melting are
related not only to the composition of the protolith involved in the melting, but
also to the rate at which the magma interface (MI) descends during cooling.
Where FeO, MgO and CaO contents of the protolith are relatively high (e.g.
mafic and volcaniclastic rocks) and the MI descends rapidly, the magma is
poorly differentiated and results in early (marginal facies) formation of gran-
odiorite-tonalite—quartz diorite, e.g. as exemplified in the domed parts of the
MI. Such granites usually show a downward decrease in basicity and an
increase in acidity towards adamellite and granite compositions. Where the
magma of a melt layer has had sufficient time for differentiation to occur, the
resultant granite will show a downward increase in basicity.

2. The in situ melting-crystallisation process of granite formation not only leads
to the differentiation of rock-forming elements, but also to fractionation of
Sr, H, O isotopes and REE. Mafic components, LREE, stable Sr isotopes etc.
generally increase towards the lower part of a granite magma layer that
should be relatively poor in silica and alkalis, HREE and 8’Sr/3¢Sr ratio, all
characteristics of intermediate dacite—andesitic/granodiorite—diorite compo-
sitions. This suggests the possibility that andesitic volcanics, particularly
where they are interbedded with rhyolite, could be derived from the lower
part of a crustal magma layer rather than from the mantle.



CHAPTER 6

MINERALISATION RELATED TO IN SITU GRANITE
FORMATION

6.1. INTRODUCTION

Granites are typically associated with hydrothermal mineral deposits and many
studies have yielded critical information about the source of metals and ligands
in the ore-precipitating hydrothermal solutions that operate during formation of
ore-mineral deposits. Southeast China contains perhaps the world’s most exten-
sive area of mineral resources related to granites and these have been intensively
studied over the past 60 years. Large-scale, high intensity mineralisation involv-
ing Au, Ag, Cu, Pb, Zn, Pb, Sb, W, Sn, Mo, Bi, Li, Be, Ta, Nb and REE is related
to the Mesozoic tectonism/granite formation (Hua 1999) (Fig. 6.1), and many
of these occurrences are described below.

6.2. SOURCE OF ORE-FORMING ELEMENTS

In the granite intrusion model, ore-forming elements in granite magma are con-
sidered to have been derived from two main sources.

1. From deep source protoliths of the granite. In this case, it is expected that
a large (batholithic) granite body would be associated with more minerali-
sation than smaller bodies because the amount of ore-forming materials
ought to be proportional to the volume of magma. Coeval granites in a par-
ticular area also should be characterised by similar styles of mineralisation
because of a common protolith. However, this is typically not the case; only
some coeval granite exposures are associated with ore deposits, and the
ore mineral assemblage varies from one granite to another. In SE China
most ore deposits are almost exclusively related to smaller granite exposures
(e.g. the Xingluokeng and Xihuashan granites described in Chapter ),
whereas ore mineralisation is rare or absent in larger granite bodies, e.g. the
Dagongshan (Fig. 1.8A) and Fogang granites that crop out over an area of
more than 1,000 km?.

149
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Figure 6.1. Distribution of granite and various types of hydrothermal ore deposits in SE China
(modified after IGCAGS 1987). 1. Mesozoic granite; 2. pre-Mesozoic granite; 3-5 ore deposits;
3. W, Mo (Bi), Fe, Sn; 4. Cu, Pb, Zn; 5. Au (Ag), Hg, Sb; Open circles: hydrothermal and contact-
metasomatic type; Open squares: strata-bound-hydrothermal type.

2. From the country rocks of granite ‘intrusions’. In this case, heating from the
granite results in extensive water-country rock reaction causing a hydrother-
mal convection system to develop that facilitates element scavenging, con-
centration and deposition as ore minerals (Taylor 1978). In this case, it
would be expected that batholith-size granites should be associated with
abundant ore deposits because heating/cooling is of longer duration and
affects a greater area than that of small granite bodies. This, however, is not
the case.

The in situ melting model of granite formation implies that granites and
their ore—element components are derived from the same source, i.e. the pro-
toliths involved in melting. Figure 6.2 shows the distribution of Jurassic
biotite granite and related REE-mineralisation and pre-Jurassic country rock
in SE China. More than 90% of the REE mineralisation (deposits or prospects)
associated with the granites are in contact with lower Paleozoic rocks that
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Figure 6.2. Distribution of pre-Cretaceous basement sedimentary rocks, Jurassic biotite granite and
associated REE-deposits in the Nanling area, SE China. 1. Triassic-Jurassic; 2. Late Paleozoic;
3. Early Paleozoic; 4. Precambrian; 5. Biotite granite; 6. REE-bearing granite (deposit or prospect).

have high mean bulk REE contents (Yu et al. 1987) (Fig. 6.3). As the REE
deposits all occur within the granite (Fig. 6.4) and not in the Early Paleozoic
country rocks, it is concluded that they are derived internally from the granite
rather than the result of hydrothermal water/rock reaction, i.e. the REE-bearing
granites are derived from the melting of early Paleozoic rocks that contained
REE-rich horizons.

Southeast China is the richest tungsten metallogenic region in the world and
most of the tungsten is spatially related to Mesozoic granites that occur within
Cambrian/Sinian (latest Proterozoic) metasedimentary rocks. According to Li
(1982), there are 188 W-deposits in exocontact zones of granite exposures in
Jiangxi Province, of which 138 (83%) occur in Sinian and Cambrian rocks, as
are 34 (85%) of 40 large- and medium-sized W-deposits. The Sinian and
Cambrian sediments have long been suspected as the ‘source rocks’ for the tung-
sten (Liu 1980). This is suggested by their high-average clastic rock abundances
of ~6 ppm W (three times more than the average upper crustal W value)
(Fig. 6.5). Thus, a reasonable interpretation is that these rocks were the pro-
toliths of melting that produced the associated granites.
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Figure 6.3. Histogram showing REE-contents of pre-Cretaceous clastic sedimentary rocks in the
Nanling area, SE China (data from Yu et al. 1987).

Figure 6.4. Sketch map (after Wang et al. 1988) and section (after Geological Party 935; unpub-
lished data) of REE-bearing biotite granite (granite body No. 430), and associated Be, W, Pb-Zn
deposits, SE China, showing vertical zoning of Nb and Ta enrichment within the granite. No scale
is given for the original map and profile.

6.3. FORMATION AND EVOLUTION OF ORE-BEARING FLUID

The granite magma-forming process involves reactivation, reorganization and
redistribution of the ore-forming elements in its source rocks. The focus of inter-
est is the upper part of a cooling granite magma layer that is schematically illus-
trated in Fig. 6.6. The main control over the partitioning of ore metals (and other
elements) is competition between the crystallising magmatic mineral assemblage
and the magmatic volatile phase. Typically, with progressive crystallisation of
silicate minerals, both anhydrous (quartz, feldspars) and less-abundant hydrous
(biotite, hornblende) phases, non-compatible ore-forming metals and volatiles
(e.g. H,0, CO,, H,S, H,F, HCI) become concentrated in the gas phase or in what
may eventually evolve into an ‘ore fluid’ (Candella and Holland 1986).
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Figure 6.5. Histogram of W-contents of Proterozoic and Cambrian clastic metasediments of the
Nanling area, SE China (data from Yu et al. 1987). Average upper crustal and bulk crust W-values
from Rudnick and Gao (2003).

Crystallised melt layer Concentration region of gas phase

Magma layer

Crystallised magma layer Alteration halo Ore vein

Magma layer

Figure 6.6. Mineralisation model of crustal melting. A. With decreasing temperature, the granite melt
layer crystallises downwards, and exsolved ore element-bearing fluid migrates to low-P cupolas devel-
oped in the melt/magma interface (MI) thus increasing the intrinsic pressure; B. Fracturing of roof rocks
above the MI consequent on the pressure build-up results in expulsion of ore-bearing fluid. With upward
movement of the fluid, the ore-forming elements are precipitated as various ore-minerals depending on
T-P and factors such as redox potential, pH, wall rock composition etc. PMI = Paleo-magma interface;
1 = sedimentary rock; 2 = basement rock 3 = crystallised upper part of magma layer (granite).
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Granite magmas typically contain water concentrations of 3-6 wt % and par-
tial pressures of magmatic gases can achieve several hundred bars (Lowenstern
1994). With an increase of vapour pressure consequent on crystallisation, the
hydrostatic head of the magma may be exceeded, at which point vapour exsolves
(second boiling) as an immiscible phase. Driven by thermal and pressure differ-
ence gradients, the highly fluid and buoyant vapour phase migrates towards areas
of low pressure, i.e. domed parts of the MI (Fig. 6.6A). Accumulation of late-
stage fluid/gas phase in these areas results in a gradual increase in pressure that,
combined with cooling and contraction of roof rock and crystallisation of the
magma, would likely result in fracturing, or reopening of old fractures. This
results in escape of the fluid and depth-, temperature-, redox potential-, pH- and
fluid composition—dependent precipitation of ore minerals in a well-documented,
although often complex, zonal relationship above the granite body (Fig. 6.6B).
Release of ore-bearing fluids from domed areas of the MI causes a rapid pres-
sure decrease when a batch of hydrothermal fluid is lost. In turn, this is followed
by renewed fluid/gas accumulation consequent on continuing consolidation of
the granite magma, increasing pressure, renewed fracturing and ore deposition.
The process can be compared with the mechanism of geyser eruption in which
‘boiling’ results from a reduction in pressure and it can explain the multiphase
mineralisation events of most hydrothermal deposits. If fracturing of the cover
rocks does not occur, upward movement of the hydrothermal fluid may take
place via pores and microfractures in the roof rocks, resulting in a pervasive flow
regime with the development of disseminated, as opposed to vein/fracture-type,
ore deposits. Continuing permeation of fluids and vapours with decreasing tem-
perature causes widespread alteration (e.g. sericitiation, alkali metasomatism,
greisenisation, etc) of the earlier-formed minerals in the granite to form complex
primary and secondary assemblages (Fig. 6.7; Table 6.1).

A well studied example in SE China is the alteration of the Xihuanshan gran-
ite, south Jiangxi Province (Mauéjol et al. 1990; Zeng et al. 2002) (Fig. 6.8). The
granite consists of several grain-size facies of leucocratic porphyritic biotite
granite with Qz (28-33%), Ksp (30-33%), P1 (30-50%), Fe-Bt, + Gt (<5%).
Early formed accessory minerals include monazite, apatite, xenotime, uranothor-
ite, uraninite, betafite and zircon. An early (late magmatic stage) hydrothermal
alteration involved the breakdown of monazite to parisite (Ce,Ca(CO,),F,)
and new apatite with formation of abundant HREE-Y minerals (new xenotime,
yttroparisite, Y-rich fluorite) and Y-rich calcite. The alteration assemblage indi-
cates an F- and CO,-bearing fluid that readily complexed REE’s leached from
the monazite. Latest (post magmatic) hydrothermal alteration involved replace-
ment of biotite by muscovite and chlorite, garnet by chlorite, leaching of quartz,
K-feldspathisation of plagioclase and albitisation of K-feldspar.

Valuable quantities of Sn, Mo, Bi, Nb, Ta, REE, Cu, Pb, Zn, Ag, Be and Li have
been recovered from the Xihuashan granite. The area surrounding the granite con-
tains hundreds of wolframite—quartz veins, that extend upwards from the
Xihuashan and subsurface granite through roof-rocks of Cambrian phyllite,
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Figure 6.7. Diagram to illustrate ore mineral zoning, stages of mineralisation and associated
hydrothermal alteration with a granite dome. The diagram is based on vein mineral zonation
associated with tungsten mineralisation in SE China (after Yan et al. 1980). See text.

quartz sandstone and hornfels (Fig. 6.8). Around the zones of mineralisation, the
country rocks are extensively altered with alkali metasomatism and greisenization
affecting the granite; and tourmalinization, muscovitization, silicification,
pyrophillitization affecting the metasediments. The main mineralogy and parage-
neses of the veins and veinlets indicate a continuous multistage process that can be
summarised as follows: Ist oxide stage (wolframite, cassiterite, molybdenite,
quartz, K-feldspar, beryl, fluorite, topaz); 2nd sulphide stage (chalcopyrite, galena,
sphalerite, pyrite, pyrrhotite, bismuthinite, cassiterite, wolframite, quartz); 3rd car-
bonate stage (pyrite, scheelite, chlorite, sericite, fluorite, quartz, calcite) (Fig. 6.7).



CHAPTER 6

—ojueib pasiuloey—
s|ejuloy aulfeuunop
a)uelb pesiuljeuuno]

wes
3001 A1unoo pauls
euelB payols

3004 AJUNOD paspeWaH—-—-—
Q)URID PASNBUISH mm—- — = — —
=== - - - —— - —————.5)001 AJUNOD pasHUOo|YD
ayuelb pesiuoyD

S|ejUIoY B)OUBS-ZUEND

a)jiuelb pasiussieln)

ajuapgfjow
‘gue)Isseo
‘ajweyjom ‘sjufdoussiy

sajewbay

ajuapgAjow
‘QJLIO}ISSED ‘B)ILUEBLOM
‘ajuue)s ‘ejukdoussiy

SUBA
pasapioq
-ueslalg)

ajueInoads ‘ejue)sse)

8)U8)ISse
‘(epuepghjow) ‘eyuhdoussie
(emj@ays) ‘sjiel|opm

EYTENEEEE)
‘ajuAdoussie
‘(eN@oYyos) ‘ejwelom
‘(epuueys) ‘sjuAdoojeyn

a)Ad
‘@)uhduasiy
‘(an@ayos ) ‘aywesyom
‘sjusjeyds
‘ejuAdoojeyd

19
—
‘uz ‘qd By

as
84

(¢ @nupnWIYIsIq ‘Yinwysiq dAneu)
‘8Ijeqoo
‘Sy[EWS ‘SO0 ‘BPUBIqUDId

ojusjeyds ‘eusieb ‘sjjusbiy

(ayseosew) ‘@juiAd
‘ajuapls
i @ubelAd ‘sjuowinog ‘sjupsyens)
ajuosawe| ‘spuqys
‘alewsH

(awhd) ‘uaneg

eoje) ejwolog  eleg

BOIN
Jedsple4

SuIlewunol

a)jewsH
QoD

14,
b=

uon

Aucpasjeyn

uoljeIs}|E HI01-||BM

sjuawale
yuepodwy
Ajjesjwouosy

sjeisulw 810

suoz

sjessujw anbueg

156

(SL6T PIULIBI(JORIA PUR YIed JO +°9 9[qR] I9)je) pue[Sug MS ‘[emulo)) jo sysodop [erourur jo sisoudsered [BIOUIW PISI[RIUID) ]9 2/qn[




MINERALISATION RELATED TO IN SITU GRANITE FORMATION 157

N T T eid
RN T
A A,

Dangping’. s

1 2 3 4 5 6 7

Figure 6.8. Geological sketch map of the of the Xihaushan granite, southern Jiangxi Province, SE
China, showing distribution of granite grain-size facies, quartz—tungsten veins and metamorphic
aureole rocks (modified from Li et al. 1993). 1. Medium-to-medium-fine grained porphyritic biotite
granite; 2. Medium- and medium-fine-grained biotite granite; 3. Bt-Pl hornfels; 4. Bt-Ms hornfels
5. Knotted slate; 6. Quartz—tungsten veins; 7. Fault.

A present day example that further illustrates the complex processes of min-
eralisation and fluid activity associated with cooling of granite is the Larderello
geothermal field, Italy (see Chapter 2) (Gianelli and Ruggieri 2000). Drilling has
revealed F- and B-rich muscovite-bearing granite at shallow depth with partially
molten material possibly present at ~6 km depth where the geothermal gradient
is ~100°C/km. The granite is considered to have resulted from melting of
Hercynian gneiss and schist that also overlie the granite and have been contact
metamorphosed to temperatures of 530-630°C. An early hydrothermal phase is
characterised by saline fluids with magmatic signatures such as elevated F, B, Li
and CO, associated with high-temperature (~500°C) mineral veins indicating
brittle deformation (fracturing) caused by overpressuring from a large volume
increase of the fluid phase during crystallisation of the granite (second boiling
event). Recurrent processes of fracturing of impervious roof rocks, circulation
of magmatic fluids that mixed with meteoric fluids, and closure of pore spaces
with a return to impervious conditions, have been active since 4 Ma, and the
process appears to be continuing today at low-to-moderate rates.
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6.4. TYPES OF MINERAL DEPOSITS
6.4.1. Vein Mineralisation

During upward migration of ore-bearing hydrothermal fluid along fractures,
decreasing 7 and P associated with variations in physico-chemical conditions of
elemental solubilities, pH and Eh, the ore-forming elements in the fluid will pre-
cipitate along the fractures to form typically steeply dipping ore veins and atten-
dant wallrock alteration extending upwards and outwards from granite
(Fig. 6.6B, case a and b). Some of the numerous vein-type deposits related to the
Mesozoic granites in SE China are illustrated in Figs. 6.9 and 6.10, indicating
that the vein systems originate from domal structures developed at the top of an
underlying extensive body of granite. This relationship is similar to many other
granite-related mineral vein deposits worldwide, e.g. the well-known mining area
of Cornwall and Devon, SW England, where most of the mineralisation is
concentrated around and within five domes (cupolas) of an elongate Late
Paleozoic granite body within a succession of folded Devonian—Carboniferous
slates, shales, sandstones, limestone and volcanics. Here, a complex pattern of
joints, resulting from an earlier deformation, have been reactivated to provide
channels for acid porphyry dykes (called elvans), and Cu-, Zn-, As-, W- and
Sn-bearing metalliferous veins (Fig. 6.11, Table 6.1).

Figure 6.9. Section showing the Jubankeng tungsten deposit in
Guangdong (modified after the 932 Metallurgical Geological
Party, Guangdong, no scale on original map). The distribution
pattern of W-veins (dark lines) suggest that W-bearing ore fluids
move upwards along an inverted cone of ‘explosively’ formed
fractures extending from the apex of a dome structure in the
granite body inferred to be the result of a sudden pressure release.
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6.4.2. Disseminated Mineralisation

Obviously, if the roof rocks remain unfractured, hydrothermal fluid that
accumulates beneath the domed areas of the granite cannot escape via well-
defined fractures and is likely to infiltrate and migrate upward and outward
through pores and micro-fissures in the rock, resulting in a planar alteration of
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Figure 6.10. Schematic sections showing tungsten vein-type deposits associated with granite bodies
in SE China (redrawn after Zhu et al. 1981, no scale on original map). For both diagrams, metased-
iment ages are; Z = Proterozoic; € = Cambrian; D = Devonian.
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Figure 6.11. Geological map showing the distribution of mineral veins related to granites in Cornwall,
SW England (after Hosking 1951; Hosking and Shrimpton 1964). An unscaled hypothetical cross
section across any one of the granite exposures is also shown to indicate that the granite outcrops
represent eroded dome-like structures formed in the upper surface of an extensive subsurface granite
layer, possibly related to syn-crystallisation folding, and from which mineral veining is intense.
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the country rock with formation of disseminated ore deposits (Fig. 6.6B: case
¢). The Dexing copper deposit in the northern Jiangxi Province, SE China, is an
example of such a disseminated ore deposit (Fig. 6.12).

6.5. AGE RELATIONS

According to the model shown in Fig. 6.6, it can be expected that there should
be an age difference between a granite body and its related hydrothermal min-
eral deposits, i.e. the granite should be older, because the upper part of the gran-
ite melt layer crystallizes before hydrothermal fluid escapes.

For example, the Xihuashan granite described above is dated by K-Ar at
152-131 Ma (Table 6.2), ¥ Ar—*°Ar at 151-148 Ma (McKee et al. 1988) and with
Rb-Sr ages at 155 £ 2 Ma (Le Bel et al. 1984). Muscovite K/Ar ages from related
tungsten—quartz veins range between 141-131 Ma (Table 6.2). Rb-Sr and
Sm-Nd isotopic results reported by Maruéjol et al. (1990) indicate a ~25 Ma
interval between the late-magmatic (153 £ 0.2 Ma) and post-magmatic (128 *
0.1 Ma) hydrothermal fluid alteration events described above. Another example

Alteration and
~-. mineralisation halo .~

Figure 6.12. Relationship between the
Dexing disseminated copper ore
deposit and granite (redrawn after Zhu
et al. 1983). A. Tongchang deposit at
5-m level; B. Fujiawo deposit at 140-m
level; Grey shaded area = Cu ore body;
g = granodiorite porphyry.

Table 6.2. Mineral K-Ar ages of Xihuashan granite and associated tungsten—quartz veins, SE China

Granite  Vein age

Sample no. P phase Lithology Mica age (Ma) (Ma)
85 Coarse-grained biotite granite Biotite 149

,Yslu
86 Wolframite quartz vein Muscovite 141
87 Medium-grained biotite granite Biotite 152

2
88 Wolframite quartz vein Muscovite 132
94 Fine-grained biotite granite Biotite 138

,Yslc
99 Wolframite-beryl-quartz vein Muscovite 133
92 Fine-grained garnet granite Biotite 141

Y
93 Wolframite-molybdenite—quartz vein  Muscovite 139
101 Granite porphyry Biotite 141

,Ysle
102 Wolframite-quartz vein Muscovite 131

Data from the Jiangxi Metallurgical Geological Corporation. K-Ar dating by Hubei Geological
Institute.
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Figure 6.13. Simplified geological map of the Jiaodong Peninsula, NE China, showing age rela-
tionship between the Linglong biotite granite and related Au deposits (redrawn after Mao et al.
2005). 1. Quaternary; 2. Cretaceous volcanic rocks; 3. Paleozoic metamorphic rocks; 4. Archean
metamorphic rocks; 5. Jurassic Linglong biotite granite; 6. Cretaceous granodiorite; 7. Fault;
8. Quartz vein-type Au-deposit; 9. Fracture-alteration-type Au-deposit; 10. Breccia-type Au-deposit.

is the Linglong biotite granite, Jiaodong Peninsula, NE China (Fig. 6.13). The
granite is considered to have formed by the melting of crustal rocks (with the ISr
values between 0.7086-0.7125; Qiu et al. 2002; Mao et al. 2005), and is
SHRIMP dated at 153-160 Ma (Wang et al. 1998). More than ten Au deposits
are known within the granite or along its periphery. Some are quartz-vein-type
while others are fracture alteration-type deposits. All of the gold-bearing occur-
rences are considered to be genetically related to the Linglong granite (Mao
et al. 2005) and yield younger ¥Ar—*°Ar and Rb-Sr ages of 121-117 Ma.

6.6. TEMPERATURE DISTRIBUTION

Corresponding to the age difference, the crystallisation temperature of granite
should be higher than that of its associated mineral deposits and this is con-
firmed by numerous studies (among many others, Lu et al. 1974; Mao et al. 2005;
Lin 2005; Zhuang et al. 2006). Figure 6.14 shows fluid inclusion temperatures of
the Dajishan granite, SE China, and its related tungsten-bearing veins. From the
bottom upwards, lithology and formative temperature change from biotite granite
(640°C), two-mica granite (550°C) and muscovite granite (503-526°C), to peg-
matite (455°C) at the top. The sequence illustrates a late-stage crystallisation
sequence with Si, K and volatile enrichment within a dome structure. Temperatures
of the ore-vein decrease upwards from 293 to 129°C (Lu et al. 1974).
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Figure 6.14. Section of the Dajishan mine, Dajishan granite, SE China, showing different litholog-
ical facies of granite and temperatures based on fluid inclusion thermometry (redrawn after Lu et al.
1974). 1. Fine-grained muscovite granite; 2. Medium-grained two-mica granite; 3. Coarse-grained
biotite granite; 4. Feldspar—quartz-rich part of pegmatite; 5. Quartz—wolframite vein; 6. Fluid inclusion
temperature; 7. Metasandstone-slate.

If the hydrothermal fluid concentrated in domed areas of the MI is unable to
escape, ore components in the fluid can only precipitate in situ or replace ear-
lier-formed silicate minerals. This results in alteration (autometasomatism) of
the upper part of the granite and produces granite-hosted ore bodies such as the
example shown in Fig. 6.12.

6.7. FORMATION AND DISTRIBUTION OF HYDROTHERMAL
MINERAL DEPOSITS

6.7.1. Precipitation of Ore-Forming Elements

With decreasing 7 and P during ascent of hydrothermal fluids, various ore-
forming elements will precipitate in minerals resulting in a zoned hydrothermal
mineral deposit as predicted by the zonal theory of metal arrangement in ore
deposits proposed in the early twentieth century by Spurr (1907), Emmons
(1924, 1926) among many others (Fig. 6.15; Table 6.1).

In SE China, W, Mo, Cu, Pb, Zn, Au, Ag and Hg minerals are commonly
found in hydrothermal deposits associated with granite (Fig. 6.1). Numerous
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Figure 6.15. Geochemical zonation of ore-forming elements. A. zonation of ore-veins above the
Kazakstan granite, Kazakastan (redrawn after Barnes 1975); 1. Molybdenite vein; 2. Wolframite vein;
3. Sulphide vein; 4. Carbonate vein. B. Contours of various ore-forming elements above the
Longwangpai granite, Hunan Province, SE China (after Lin 2005).

vein-type W—Mo deposits are generally found in roof rocks close to the granite
and sometimes the veining extends into the granite, indicating early, high tem-
perature precipitation of W and Mo from the hydrothermal fluid. According to
fluid inclusion thermometry, the formative temperature of W—Mo ore veins is
generally between 250 and 400°C (among others, Lu et al. 1974; Mao et al. 2005;
Zhuang 2006; Lin 2005). This suggests that hydrothermal mineralisation, con-
sequent on crystallisation of granite magma, begins when the temperature of
the granite contact, or just below the contact, reaches ~400°C (Fig. 6.6B).

W, Mo. Although W- and Mo-bearing phases such as wolframite and molyb-
denite are commonly intergrown in hydrothermal veins, maximum concentra-
tions of Mo are usually below that of W (Fig. 6.15; Table 6.1) as documented
by numerous researchers (among many others, the Nanling Tungsten Deposits
Research Group 1985; Chen et al. 1996), indicating that Mo is precipitated ear-
lier from the hydrothermal fluid at higher temperature.

Cu, Pb, Zn. In the SE China hydrothermal deposits, chalcopyrite, galena and
sphalerite are commonly intergrown. As shown in Figs. 6.15 and 6.16; Table 6.1,
the three elements usually occur in the order of Cu-Zn-Pb with increasing
distance from the granite, and with precipitation of Cu taking place at a slightly
higher level, i.e. later than W.

Au, Ag. The distribution of Au-Ag in Fig. 6.16A suggests that they precipi-
tated later than Cu, Zn and Pb. In numerous Au-Ag deposits, the maximum
concentration of Au is in the upper part of an ore body, with Ag in the lower
part (Zhuang et al. 2006). An example is the Changkeng deposit, Guangdong
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Figure 6.16. A. Sketch map showing metal-zoning in the Qibaoshan Mine, SE China (redrawn after
Wang et al. 1988). B. Ore deposits and geochemical anomalies of the concealed Xianggai granite,
Guangxi Province, SE China (modified after 215 Metallurgical Geological Party). 1. W-prospect;
2. Hg-prospect; 3 Cu—Zn—Sn deposit; 4. Pb—Zn—Sn deposit; 5. Areas of heavy mineral anomalies;
6-8. Areas of geochemical anomalies; 9. Skarn (the area corresponds to a projection of the top
surface of the concealed granite).

Table 6.3. Element abundances in the Changkeng Au-Ag deposit, SE China (after Du et al. 1996)

Element  Host rock Au Ag Pb Zn Cu
zone ppm ppm wt % wt % wt %
Au Silicified 11.74 10.50 0.003 0.015 0.004
Calcsilicate 3.56 6.5 0.001 0.008 0.002
Ag Silicified 0.32 174 0.07 0.15 0.02
Calcsilicate 0.42 209 0.15 0.20 0.04

Province (Fig. 6.18), where Pb, Zn and Cu increase significantly downwards
from the upper Au to lower Ag ore body of the deposit (Table 6.3).

Hg, Sh. In comparison with the distribution of the other elements described
above, cinnabar and stibnite form at low-7"in that they are typically located fur-
thest from the granite (Fig. 6.15B). A geological map of the Shizhuyuan ore
field, Hunan Province, SE China (Fig. 6.17), demonstrates a clear gradation
from W-Sn-Bi-Mo deposits near the granite bodies, though Cu-Pb-Zn
deposits to Hg and Sb deposits furthest from the granite.

6.7.2. Oxygen Isotope Evidence

Hydrothermal mineral deposits typically have lower 8O values than related
granite because '°0 is preferentially partitioned into the gas phase in comparison
to 'O during crystallisation of granite magma. Oxygen isotopic exchange
between host rock and hydrothermal fluid is controlled by temperature with '*O
values of the wall rock increasing away from the ore body. This is demonstrated
by the Changkeng deposit where 8'80 increases with alteration intensity of the
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Figure 6.17. Element zonation in the Shizhuyuan ore field, Hunan Province, SE China (modified
after Chen et al. 1989). 1. Jurassic, 2. Carboniferous; 3. Upper Devonian; 4. Middle Devonian;
5. Sinian, 6. Granite; 7. Fault; 8-14. Mineral deposit, 8. W-Sn-Bi-Mo; 9. W-Sn-Pb-Zn; 10. Cu;
11. Pb-Zn; 12. Hg; 13. Sb; 14. Hg-Sb.

wall rock, tracking the source of the ore-bearing fluid as shown in Fig. 6.18
where geophysical exploration has revealed a subsurface granite body (Zhuang
et al. 2006). Mainly, carbonate rock wall rocks of the Changkeng Au-Ag ore
body have been variously silicified with the intensity of silicification decreasing
upwards within and away from the ore body (Zhuang et al. 2006) reflecting
decreasing temperature.

In hydrothermal processes, oxygen isotopic exchange occurs as a result of iso-
topic disequilibrium between hydrothermal fluid and wall rock, e.g. the fluid has
a higher concentration of '°O than the wall rock. '°O replaces '*O in silicate, oxide
and oxysalt minerals in the wall rock resulting in a reduction of rock 8'%0 thereby
reducing the '°O concentration (or increasing the %0 content) of the fluid. From
the time that hydrothermal fluid leaves its source, e.g. domed areas of a granite
layer, isotopic exchange with the wall rocks occurs during upward migration of
the fluid resulting in an overall increase in fluid 8'%0. With precipitation of vari-
ous ore-minerals from the fluid at different crustal levels depending on T etc., the
source of an ore-bearing fluid cannot be reliably determined on the basis of §'*0
values of altered rock associated with a particular mineral assemblage.
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Figure 6.18. Section showing zonation of ore-forming elements and variation of 8°Oy,, ., values of the
16th prospecting section of the Changkeng Au-Ag deposit, Guangdong Province (after Zhuang et al.
2006); 1. Quaternary; 2. Upper Triassic; 3. Lower Carboniferous; 4. & 18OSMOW value; 5. Fault; 6. Au
ore-body; 7. Ag ore-body; 8. 8'%0y,,,,, value contour; 9. Direction of ore-bearing fluid movement.

6.8. MINERALISED DEPTH HORIZONS

Since different ore-forming elements precipitate at different temperatures during
the upward/outward migration of hydrothermal fluid, ore bodies enriched in a
particular element in different deposits generated by the same hydrothermal
event should be formed within in the same temperature interval, providing other
factors such as P, Eh, pH, etc. have negligible effects. This implies that mineral
deposits of different ore-forming elements should occur at different depths that
can be related to a paleogeothermal gradient.

In the northeast part of the Xihuashan biotite granite described above, there
are a series of ‘concealed granite bodies’, i.e. subsurface domal structures that are
connected to a continuous layer of granite (Fig. 6.19). Within each vein system
associated from each of these domes, wolframite occurs over a depth interval of
~100-200 m from above the granite contact delineating the paleotemperature
range suitable for W-precipitation (Fig. 6.19).

For medium temperature ore deposits, a good example is the Hengjiang poly-
metallic deposit in Guangdong Province (Fig. 6.20), where polymetallic ore vein
associations of Pb-Zn, Zn-Pb and Cu-Zn-Pb are restricted to well-defined
horizons with increasing depth.

A longitudinal profile of the Mangchang polymetallic ore field in SW China
shown in Fig. 6.21 indicates a relationship between mineralisation horizon,
granite and overlying metasedimentary rocks (Fig. 6.21) as follows:
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Figure 6.19. Cross section of the Xihuashan-Zongshukeng tungsten deposits, Jiangxi Province, SE
China (modified after BGMRIJx 1984). 1. Cambrian metasediments; 2. Mesozoic biotite granite;
3. Quartz—W vein-type deposit; 4. Horizon of W ore-deposits.
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Figure 6.20. Cross section of the Hengjiang polymetallic deposit, Guangdong Province, SE China
(after Zhuang 2006); 1. Maozifeng group of upper Devonian age; 2. Tianziling group of upper
Devonian age; 3. Pb-Zn ore body; 4. Zn-Pb ore-body; 5. Cu-Zn-Pb ore body; 6. Zonation of ore-
associations; 7. Fault; 8. Mineralised zone; 9. Drill hole.

1. There are two Late Yanshanian granite ‘layers’ in this area, an older, upper

granite dated at 91 Ma (Wang et al. 1990), and a younger, lower granite dated
at 81 Ma.

2. The granite forms the core of an anticline.

3. Metamorphism decreases upwards from the upper granite contact from diop-
side-garnet hornfels, through biotite-plagioclase hornfels, to muscovite—chlorite
hornfels.

4. Corresponding to the change in metamorphic grade, and parallel to the
isograds, mineralisation sub-horizons change upwards from high-7 (W, Mo,
Nb, Ta), high-moderate-7" (Cu, Zn, W, Sn, As), moderate-T (Sn, Zn, As),
moderate-low-7 (Sn, As, Zn, Pb), to low-T (Ag, Pb, Zn, Sb) associations over
a lithological thickness of nearly 2000 m.

Regional zonation of endogenic mineralisation related to Mesozoic granites in
SE China (Chen 1985) indicates increasing-7 or ore-mineral associations towards
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Figure 6.21. Longitudinal profile of the Mangchang ore field, Guangxi Province, SW China
(modified after Wang et al. 1990). 1. Late Yanshanian 2nd phase granite porphyry and porphyritic
granite; 2. Late Yanshanian 3rd phase granite and granite porphyry; 3. Alteration/mineralised
zone; 4. High-T zone; 5. Moderate-T zone; 6. Moderate-low-7 zone; 7. Low-T zone; 8. Ore body;
9. Metamorphic isograd; 10. Boundary of mineralised zone; a. Garnet—pyroxene hornfels; b. Biotite—
anorthite hornfels; ¢. Muscovite—chlorite zone.

the SE (Fig. 6.22A). The section in Fig. 6.22B indicates the distribution of min-
eralisation horizons related to the entire inferred layer of Mesozoic granite.

6.9. MINERALISATION DURING ELEVATED CRUSTAL
TEMPERATURES

If physico-chemical conditions overstep the stability of a mineral, it will either
break down or react to a new stable phase and in doing so release all or some of
its component elements into the environment. The process is common on the
Earth’s surface. For example, under supergene conditions, sulphides will break
down, and sulphur and chalcophile elements such as Cu, Pb and Zn will repre-
cipitate in a suitable environment, while iron will stablise by combining with
oxygen and hydrogen to form an iron hydroxide such as goethite. Anatexis
results in mobilisation of nearly all the elements present, although prior to this,
rising geotherms will have aided in the dissolution of accessory phases such as
sulphides, fluorides, etc., in the rocks. For example, experimental work indicates
that at 300°C, the amount of dissolved Hg in vapour can be as high as 250 mmHg,
10,000 times higher than at 50°C (Ding 1986). This indicates that with increasing
temperature, Hg will be mobilised by being partitioned into a gas phase. Therefore,
the formation of some low-7, Hg and Sb deposits could have occurred during
crustal warming prior to the higher temperature hydrothermal stage of miner-
alisation that is associated with crystallisation of granite magma (Chen et al.
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Figure 6.22. A. Regional mineralisation zonation in SE China and its relation to outcrops of gran-
ite (modified after Chen 1985). B. Schematic section showing relationship between regional miner-
alisation zonation and Mesozoic granite layer.

1996). These types of mineral occurrences can be referred to as hot water or
thermal brine deposits. A considerable number of low temperature mineral
deposits in southern China are likely to be of this type, e.g. the stratabound
Pb-Zn and Hg deposits in west Hunan and Guizhou provinces (Fig. 6.1) (Wang
et al. 1988; Yan et al. 1989).

Although temperature is the dominant factor controlling the formation of a
particular ore-mineral assemblage, it is not the only factor responsible for mobil-
isation, transportation and precipitation of ore-forming elements. At least two
geological parameters are also important; the composition of the rocks, and the
type of conduit though which hydrothermal fluids migrate. If ore-bearing fluids
encounter a ‘chemically active’ rock composition, such as carbonate, a significant
amount of the ore-forming elements may precipitate to form an ore deposit.
Figure 6.23 shows that most of the large- and medium-sized mineral deposits in
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Guangdong Province, SE China, are distributed close to the interface between
shallow marine carbonate and underlying clastic terrigenous strata (Lai 1981).

Fractures are important for both transportation of fluid and precipitation of
ore minerals. However, in areas where fractures and joints are sparse, it is possi-
ble for the ore-bearing fluid to infiltrate and migrate upwards through pores and
micro-fissures of rock in an ‘evaporation’ or steam mode with rising crustal tem-
perature. When a suitable temperature interval and/or chemical environment is
encountered, ore-forming elements in the ‘steam’ will likely precipitate (Fig. 6.24),
resulting in large-scale mineralisation to form a stratiform deposit.

A map showing the distribution of Hg levels in bedrocks of Guizhou Province,
SW China (Fig. 6.25) reveals high-mercury background over a vast area, and the

Age oclﬁv%)n West <€——— Inside Guangdong ————3= East OFQSF
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D

Figure 6.23. Distribution of some large- and medium-sized mineral deposits of late Paleozoic age
in SE China (redrawn from Lai 1981). 1. Fe and Fe-S deposits; 2. W, Sn, Bi and Mo deposits; 3. Sn,
Pb, Zn, Sb and Hg deposits; 4. Strata dominated by continental and littoral detrital rocks; 5. Strata
dominated by littoral and shallow marine carbonate rocks; 6. Missing strata; 7. Deposit numbers 1-32;
GD = Guangdong Province.
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Figure 6.24. Diagram to illustrate vapour or steam migration and precipitation of ore-forming ele-
ments (in grey shaded zone) during rising crustal temperatures. A. Initial state assuming that 450°C
is the upper temperature stability limit of a particular phase; B. With upward movement of the
isotherms, minerals occurring below the 450°C isotherm become unstable and decompose with ele-
ments partitioning into the vapour phase that moves upwards through pores and micro-fissures in
the rocks and reprecipitates them in new minerals that are stable at 7" <450°C.
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Figure 6.25. Map showing distribution of Hg (ppm) in Paleozoic bedrocks of Guizhou Province,
China (modified after Xiang 1989). 1. >0.3; 2. >0.1; 3. >0.03; 4. >0.01; 5. >0.003; 6. Hg-deposit
(prospect).

highest concentrations, as Hg-deposits (prospects), are mainly located in the cen-
tral and northeastern parts of the province. According to Yan et al. (1989), the
mercury deposits are not of sedimentary origin. Because Hg-mineralisation
occurs over such a large area, they were probably formed by vapour phase-mode
transportation/precipitation under conditions of elevated geotherms that caused
remobilisation of Hg in rocks from deeper crustal levels.

The stratabound Pb—Zn deposits in western Hunan Province may be another
example of ‘evaporation-mode’ formation. The deposits can be divided into
three types using the classification scheme of Wang et al. (1988); contact type,
infilling type and stratabound type (Chen et al. 1996). The contact type of
Pb-Zn (polymetallic) deposits are skarns (Fig. 6.26), formed at relatively high
temperatures of 200-250°C (Wen et al. 1984). Infilling-type deposits occur in
veins or fracture zones with formation temperatures of 150-230°C (Wang et al.
1988). Strata-bound deposits occur within horizons of a bedded sequence,
particularly in carbonates overlying clastic sediments as described above
(Fig. 6.27) and have the following diagnostic features (Chen et al. 1996):
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Figure 6.26. Cross section of the Xianghualing Sn—Pb-Zn polymetallic deposit, Hunan Province,
SE China (after Wang et al. 1988)
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Figure 6.27. Section of the Houjiangiao Pb-Zn deposit in Hunan Province, SE China (originally
unscaled; simplified after Wang et al. 1988). 1. Ore body; 2. Middle Devonian dolomite; 3. Limestone
lens in dolomite; 4. Middle Devonian clastic rocks; 5. Stratigraphic boundary; 6. Drill hole.

1. Fluid inclusion homogenisation thermometry in sphalerite and calcite indi-
cates formation temperatures between 120 and 165°C (Wang et al. 1988),
lower than those of the contact and infilling types.

2. Associated alteration is characterised by linear bands and lenses of silicifica-
tion, dolomitisation, pyritisation and discolouration (Fig. 6.28), indicating
that the deposits are not the product of sedimentation.

3. The deposits occur along a definite horizon over a huge area with no spatial
relationship to granite (Fig. 6.29), indicating that the ore-bearing fluid was
not derived from granite magma.

In addition to the geological evidence listed above, other evidence for the origin
of the strata-bound Pb—Zn deposits is from S-isotopes. Unlike oxygen, S mainly
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Figure 6.28. Sketch showing the occurrence
of the Jiangjiaya Pb-Zn ore bodies, Hunan
Province, SE China (originally unscaled;
redrawn after the Hubei Regional Geological
Surveying Party). 1. Limestone; 2. Silicified
limestone; 3. Galena-rich deposit.

Figure 6.29. Geological sketch map showing
distribution of stratabound Pb-Zn-pyrite
deposits (prospects) in the Dachengshan
area, central Hunan, SE China. All the
deposits occur in carbonate rocks near the
contact with underlying clastic sediments
(redrawn after the Hunan Geological
Institute). Pzi.. Lower Paleozoic and
Precambrian (metasandstone-shale); D,t.
Middle Devonian sandstone-siltstone; D,q.
Middle Devonian carbonates; vy. Triassic
granite; Filled circles = named Pb-Zn or Cu-
pyrite deposits.
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combines with metallic elements to form sulphides during hydrothermal miner-
alisation and does not exchange with wall rocks as they typically contain only
trace amounts of S compared with S-rich hydrothermal fluids. Sulphides precip-
itated from ascending high-7"hydrothermal fluids exhibit an initial preference for
combining with the heavy sulphur isotope 8**S. A sphalerite-pyrrhotite **S con-
centration contour profile of the Dachang deposit, SE China (Zhang 1989), is in
good agreement with this expectation (Fig. 6.30).

Consumption of heavy sulphur with the precipitation of sulphides from the
hydrothermal fluid leads to the reduction of 3*S concentration in the fluid,
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Figure 6.30. Sphalerite—pyrrhotite 8**S (%o) variation in the Dachang deposit, SE China (modified
after Zhang 1980).

resulting in the decrease of 8*S in late-forming sulphides minerals, i.e. *S values
of hydrothermal deposits should decrease with decreasing 7" and increasing
distance from a granite source. 8**S values of the three types of Pb—Zn deposits
in Hunan Province are shown in Fig. 6.31 where it can be seen that both the con-
tact- and infilling-types have small ranges of &**S, with the former having a pos-
itive mean value and the latter a negative mean value. This indicates that
although they have the same granite source, the infilling-type deposits are
located further from the source. Strata-bound deposits are characterised by a
larger variation in 8%*S, suggesting a different source in addition to their differ-
ent mode of formation. Combining the data of the spatial distribution of
Pb—Zn deposits (Fig. 6.32) with the model for regional zonation of mineralisa-
tion in SE China (Fig. 6.22), it can be concluded that most of the strata-bound
Pb-Zn deposits in the western part of SE China were probably deposited from
sedimentary pore water (brine) steam (evaporation mode) mobilised as a result
of rising crustal isotherms.

6.10. MINERALISATION DURING GRANITE REMELTING
6.10.1. Oxidation

Removal of a considerable amount of S from the granite magma layer to its roof
rocks during crystallisation indicates that the granite will be sulphide poor.
Thus, if the granite undergoes remelting, the newly formed granite will be fur-
ther impoverished in S. On the other hand, decreasing fS with remelting will be
accompanied by an increase of the fugacities of oxygen, fluorine, chlorine, etc.
This may be the reason that most of the composite granite bodies in SE China
described above show increase in their oxidation ratios (Fe,O,/FeO) accompanied
with decreasing total iron and increasing loss on ignition (LOI, representing
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Figure 6.31. Comparison of 8*S (%o) values (range and mean values) of various types of Pb-Zn
deposits in Hunan Province, SE China (modified after Wang et al. 1988). 1. Huangshaping; 2. Baoshan;
3. Tongshanling; 4. Xianghualing; 5. Dongpo; 6. Shuikoushan; 7. Jinshiling; 8. Ayushan; 9. Qibaoshan;
10. Yaolin; 11. Dongchong; 12. Panjiachong; 13. Donggangshan; 14. Tieshikeng; 15. Qingshuitang;
16. Fengxijiang; 17. Qianchangzhi; 18. Baiyunpu; 19. Heqing; 20. Zhoushan; 21. Houjiangqiao;
22. Dongjiahe; 23. Yutang.

total volatile content and mainly H,O) with younging (Table 6.4; Fig. 6.33).
Mean biotite granite compositions of different ages also show the same varia-
tion (Table. 6.4).

Increasing Fe,O,/FeO ratio and decreasing LOI implies increasing fO, in the
remelted granite. Higher oxygen, fluorine and chlorine fugacities with remelting
should facilitate complexing of lithophile ore-forming elements formerly held in
rock-forming minerals such as Li, Be, Nb, Ta and REE, with O, Cl, F and CO,
(Table 6.5) and their concentration in the upper, lower temperature part of the
molten system. This provides an explanation for the occurrence of such deposits
at the top of the younger granite member of many composite granite bodies
(Meng 1993). Corresponding to the variation of the oxidation ratio of Mesozoic
granites in Fujian Province, the concentrations of ore-forming elements in related
mineral deposits evolve from sulphophile to oxygenphile as shown in Fig. 6.34.
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Figure 6.32. Map showing spatial distribution of the various types of Pb—Zn deposits and their rela-
tion to granite in Hunan Province, SE China (redrawn from Wang et al. 1988). Note that the num-
ber of granite exposures decreases NW, together with a SE to NW change in the type of Pb-Zn
deposit from dominantly contact-type, through infilling-type to strata-bound-type. This correlates
with NW deepening of the inferred PMI of the Mesozoic granite layer beneath SE China as shown
in Fig. 6.22B.

6.10.2. Uranium Mineralisation

Formation of the so called ‘granite type’ uranium deposits in SE China may also
represent an example of mineralisation resulting from the remelting of granite.
This type of uranium deposit occurs within granite and typically has a greater
age span than the granite host. Du (1982) divides the granite-related uranium
deposits into five subtypes:
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Table 6.4. Some major element and iron ratio variation in composite granites (CG), SE China

CG Age SiO, Na,O Fe,O, FeO Fe,0,/FeO LOI
Jf g 71.07 2.78 0.45 2.76 0.16
ng 73.16 2.84 0.36 2.24 0.16
g 75.04 2.82 0.20 0.96 0.22
Df g 65.04 3.16 0.33 3.47 0.09 2.15
ng 73.02 3.49 0.47 1.25 0.38 1.27
g 74.88 4.49 0.38 0.97 0.39 1.37
Ql g 74.20 3.13 0.64 1.50 0.43
ng 75.05 3.39 0.52 1.09 0.48
g 74.69 4.32 0.34 0.80 0.43
Wg g 71.70 3.26 0.82 2.06 0.40 0.65
ng 75.60 3.14 0.46 1.33 0.35 0.47
g 76.08 3.57 0.5 1.07 0.48 0.61

Jf = Jiufeng; Df = Dengfuxian; QI = Qianlishan; Wg = Wuguishan; g, g.°, g, = oldest, younger
and youngest granites, respectively.
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Figure 6.33. Trends of average oxidation ratio and LOI (wt %) in Mesozoic granites of different
ages, Fujian Province, SE China (data source: BGMREFj 1985).

Table 6.5. Average Nb and Ta contents in mineralised and non-mineralised granites, SE China

No.
Type granite Nb,O; Ta,O; (ppm) F (ppm)

Body Range Mean Range Mean Range Mean
Mineralised granite 10 27-380 134 5-200 66 8,000-16,000 4,097
Non-mineralised granite 16 10-43 21 0-10 5 250-850 576

Data source: Institute of Geochemistry, Chinese Academy of Sciences (1970).
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Figure 6.34. Relationship between evolution of Mesozoic granite and its ore-forming elements in
Fujian Province (after Regional Geological Survey of Fujian Province, unpublished data).
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Figure 6.35. Section of the 606 U-deposit,
SE China (redrawn after Du et al. 1982).
1. Granite; 2. Lamprophyre dike; 3. Silicified
shear zone; 4. U-ore body.

1. Micro-quartz subtype in shear zones within the granite (Fig. 6.35) with pitch-
blende occurring with an aggregate of recrystallised mico-quartz associated
with sporadic veinlets and disseminated grains of hematite and goethite
(Fig. 6.36A).

2. Fluorite subtype: occurs as the variety of the micro-quartz subtype, and is
characterised with gangue minerals dominated by fluorite (Fig. 6.36B).

3. Kaolin subtype: U-ore veins are usually 0.n—0.00n mm wide occurring mainly
along micro-fissures and kaolinised zones in granite (Fig. 6.36C).
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Figure 6.36. Examples of subtypes of U-ore veins described in text (after Jin et al. 1991). A. micro-
quartz subtype; B. Fluorite-subtype; C. Kaolin-subtype.

4. Alkali metasomatic subtype: alkali metasomatism (mainly Na and sometimes
K metasomatism) along shear zones is associated with U mineralisation and
concentration of Y, Ce, Nb, Ta, Zr or Hf.

5. Carbonate subtype: pitchblende occurs in veins of calcite and dolomite in
granite, skarn or marble.

A feature shared by the above subtypes is the almost complete absence of sul-
phides and an abundance of hematite in the vein wall rocks (Wang 1985).

According to the above data, diagnostic features of the SE China U-deposits
can be summarised as

e Granite-type uranium deposits were formed by the injection of ore-bearing
fluid along fractures.

e Compared with other hydrothermal deposits, U-deposits are impoverished in
S and enriched in O.

® The U-ore fluid is rich in Si, Na and K together with F and CO,,.

It is well known that uranium has two valency states in nature, i.e. U* and U®".
Under reduction conditions, uranium largely occurs as U* that can replace Zr*,
Hf* and REE* in zircon, titanite, apatite, xenotime, allanite, monazite, thorite,
pyrochlore and other accessory minerals during crystallisation of granite magma
(Table 6.6). This means that although uranium distribution is similar to REE, Zr,
Hf, Ta, Nb, etc., which become concentrated in the domed areas of the granite

Table 6.6. Uranium contents (ppm) in various minerals in granite (after Liu et al. 1984)

Biotite, hornblende, magnetite, garnet 3-10
Apatite, titanate n* 10
Allanite, pyrochlore, monazite, xenotime, zircon n*100~ n*10,000
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MI during crystallisation, when the concentrations of the above elements are
high, U is low (Liu et al. 1984), or possibly inert. For example, although the back-
ground concentration of uranium in the Xihuashan granite can be as high as
20 ppm, no U-deposits have been found (Wang 1982).

Under oxidising conditions, U* changes into U which typically occurs in
uranyl (UO,)**), and unable to enter accessory minerals because of its large
ionic radius. It is therefore likely that (UO,)** will be partitioned into late-stage
hydrothermal fluids. Fission track studies have revealed that in altered rock-
forming and accessory minerals such as quartz, feldspar, biotite, zircon and
allanite, fission tracks are sparse within the grains but dense between grains,
which has been explained as a ‘U-purification’ process of the minerals during
their alteration (Du et al. 1982; Zhang and Zhang 1992). However, another
possibility cannot be excluded, i.e. that the high concentration of fission tracks
in alteration surfaces on hydrothermal minerals may contain higher concentrations
of U derived from the hydrothermal fluid.

Although increasing of O, F, Cl and CO, fugacities results in higher oxidation
potential of remelted granite, partitioning of U into the fluid phase requires a
higher ambient redox potential than that required for the solution of REE etc., in
the domal structures of the granite MI. This implies that several remelting events
appear to be necessary for uranium to become concentrated in the hydrothermal
fluid. Hydrothermal uranium deposits in SE China formed between 87 and 47 Ma
(Li 1982), considerably later than the formation of W, Mo, Nb and Ta deposits
between 180 and 120 Ma (Chen et al. 1989), and usually with a greater age span
than their respective host granite (Du et al. 1982).

Fluid inclusion thermometry indicates that the formative temperature of most
uranium deposits in SE China was ~250-150°C (Zhang and Zhang 1992), and
this defines the temperature-depth interval of a U-mineralisation horizon
(Du et al. 1982; Chen et al. 1996). Because the remelted granite is located below
older granite layer(s), the U-mineralisation horizon occurs within older granite
as shown in Fig. 6.37.

Ore body

Remelting magma layer

Figure 6.37. Schematic diagram showing relationship between repeated granite melting and distri-
bution of a U-mineralisation horizon (between the parallel dashed lines) in the older granite layer
(redrawn after Chen et al. 1996). Y1 = older granite; PMI1, PMI2 = older and younger paleo-magma
interfaces; MI = youngest magma interface.



MINERALISATION RELATED TO IN SITU GRANITE FORMATION 181

Table 6.7. Coefficient of oxygen® and U-content of pitchblende from hydrothermal uranium
deposits in China (after Cai 1982)

Sample no. UO,(70) UO,(70) Coef. of oxygen content Occurrence

1 44.49 28.07 2.46 Granite

2 36.21 47.43 2.54 Granite

3 34.61 49.23 2.59 Granite

4 50.41 31.98 2.39 Exocontact zone
5 39.07 25.02 2.39 Exocontact zone
6 47.80 32.94 2.41 Granite

7 22.16 51.29 2.70 Rhyolite

8 35.92 46.37 2.56 Granite

9 41.36 37.05 2.47 Granite

10 39.35 38.94 2.50 Granite

11 38.25 39.74 2.51 Granite

12 49.40 29.00 2.37 Granite

13 45.40 28.30 2.38 Granite

14 43.70 29.60 2.40 Granite

15 36.20 20.20 2.36 Granite

16 33.00 17.80 2.35 Granite

17 51.30 26.90 2.37 Granite

18 50.10 24320 2.32 Granite

Coef. of oxygen = x in UO,, and 2<x<3 (after Du et al. 1982).

To emphasize the importance of T in the precipitation of uranium does not
mean to minimise the influence of chemical factors. As stated above, in
hydrothermal fluids U is most likely in the form U®. However, both U and U*
occur in pitchblende (Table 6.7) in approximately equal amounts (Cai 1982). If
it was only falling temperature that caused precipitation of U, then there should
be less U* and it is considered that the U*in pitchblende is likely to have been
derived by an oxidation-reduction reaction between hydrothermal fluid and
wall rock. Evidence for this is that hematitisation (also known as red alteration)
is commonly developed in the wall rock of U-bearing veins. This can be
explained by U® capturing electrons from Fe?* and being reducing to U*, with
oxidation of Fe?* to Fe** during precipitation of pitchblende (Du et al. 1982;
Jin and Huang 1991).

When a U-bearing vein intersects an intermediate or mafic dyke, there is a sig-
nificant increase in the ore-grade of the vein (Figs. 6.35 and 6.38). As U-contents
of such dykes typically range between 1 and 2 ppm (Du et al. 1982), much lower
than that of granite, the elevated U of the vein could not have been derived by
leaching from the dyke. The most likely explanation is that electrons from the
dissolution of iron-bearing minerals in the dyke cause the reduction of U®*
to U*in the infiltrating hydrothermal causing rapid precipitation of pitchblende.
At the same time, oxidation in the dyke results in reddening of the wall rock
(Fig. 6.38).
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Figure 6.38. Relationship between U-bearing
vein and a mafic dyke (redrawn from Jin and
Huang 1991; unscaled). 1. Kaolinised biotite
granite; 2. White micro-quartz; 3. red micro-
+ + + 5| quartz (with hematite); 4. Mafic dyke;
[ & 5. Massive pitchblende; 6. Disseminated
pitchblende and rock alteration.
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6.11. PATTERNS OF ELEMENT REDISTRIBUTION
AND ELEMENT FIELDS

In situ melting involves different protoliths that contain different element con-
centrations. During crystallisation of a granite magma layer, however, the var-
ious elements are reorganized at different temperatures and redistributed in
new minerals at different depths within the crust. Most of lithophile elements
are fixed on solidification when the temperature of the granite solidus is
crossed and those elements are distributed in the rock beneath the position of
the MI (Fig. 6.39). The sulphophile elements and those not substituted into
silicates are expelled from the system with exsolved H,O during the latest
stage of crystallisation. During upward movement of hydrothermal fluid,
sulphophile elements precipitate as sulphide assemblages with decreasing tem-
perature in the roof areas of a granite magma layer (Fig. 6.39). Following pre-
cipitation of sulphophile elements, the hydrothermal fluid will be dominated
by H, C, N, O, B and halogens, and is likely to mix with meteoric water.
During the hydrothermal process, the main function of these elements is to act
as complexing agents of the ore-forming elements, and they will ultimately be
expelled into the hydrosphere (Fig. 6.39). For example, brine from the KTB
deep drill hole in southern Germany has a high 3°Cl/Cl ratio believed to be
largely derived from the subsurface continuation of the Falkenberg granite
that crops out about 2 km east of the KTB hole (Manuela et al. 1998). Inert
gases do not take part in the hydrothermal process described and they are
directly or indirectly liberated into the atmosphere after being exsolved from
the granite magma (Fig. 6.39).
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Figure 6.39. Diagram to illustrate migration and distribution of elements during crustal
melting—crystallisation. Lithophile elements are concentrated below the MI; sulphopile elements are
precipitated in rocks overlying the MI; aqueous elements migrate to the hydrosphere and gases are
ultimately expelled into the atmosphere. Black, stippled and white arrows indicate migration paths
of sulphophile, aqueous and gas elements, respectively. MI = magma interface; WI = weathering
interface between rock and atmosphere that develops in areas of erosion; Al = accumulation inter-
face (upper limit of areas of deposition); ORI = oxidation—reduction interface (interface between
sediments and unweathered basement rock).

The behaviour of the various elements mentioned above is evidently related to
their texture, a relationship explored by Goldschmidt, Zavaritsky, among many
others, Rosler and Lange (1972) and most recently Railsback (2003). As textural
variations of the elements are explained from the periodic table, the problem is
to decipher the role of the elements in geological processes. The in situ melting
model of granite genesis provides a framework for better understanding element
behaviour during the crustal melting—crystallisation process (Fig. 6.39), and on
this basis a concept referred to as Geochemical Fields of Elements has been pro-
posed by Chen et al. (1996) and Chen (1998a), which divides the periodic table
into four geochemical fields, e.g. magmatic, hydrothermal, aqueous and gas. The
magmatic field includes the lithophile, siderophile, rare and radioactive element
groups of the Zavaritsky classification. Siderophile elements in the magmatic
field used to be considered to be mainly concentrated in the Earth’s interior, yet
in the in situ melting—crystallisation process, they enter silicates or form accessory
phases such as Fe-Ti oxides. The gas field equates with Zavaritsky’s H and inert
gas groups and the aqueous field relates the magmatic—pneumatolytic and
hydrothermal fields to the others. From Fig. 6.40, the geochemical fields mirror
the layered structure of the crust and show the distribution of the various elements
during crustal melting—crystallisation (Fig. 6.39).
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Figure 6.40. The geochemical fields of elements. Different fields of the upper crust are characterised
by different elements and represent; the granite layer, roof rocks, sedimentation sphere (part of the
hydrosphere), and the atmosphere. The arrows indicate directions of element movement and desti-
nations in the three upper crust fields during melting—crystallisation to from the granite magma
layer (compare with Fig. 6.39). Dark grey, stippled and white arrows = siderophile, aqueous and gas
elements, respectively.

The dividing line between the magmatic and hydrothermal fields marks the
position of the MI, i.e. typically between Group VB (Nb, Ta) and Group VIB
(Mo, W). On both sides of the dividing line, the aqueous ore-forming elements
are arranged in the same way as mineral zonation from the MI downwards, i.e.
in the order Ta, Nb and REE (Fig. 6.4). The Zr and Hf concentration zones are
generally associated with Ta, with Hf above and Zr below (Liu et al. 1975; Li
et al. 1975). Above the MI, upward/outward zonation of the ore-forming ele-
ments is Mo, W, Cu, Zn, Ag, Au, Hg as detailed above (Figs. 6.15-6.21).

The above mineralisation zonation is represented in the geochemical fields
of elements as a zigzag path (Fig. 6.41). In other words, the positions of the
above-mentioned elements in the geochemical fields essentially reflect their
positions in nature.
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Figure 6.41. Comparison between mineralisation zonation above and below the MI of a granite
layer and positions of aqueous ore-forming elements in the geochemical field of the elements (after
Chen 1999). Bracketed elements are dispersed elements. See text.

6.12. SUMMARY

Granite genesis concerns not only the granite itself, but also the numerous
related ore deposits. In the in situ melting framework of granite genesis, rock-,
ore- and fluid-forming elements are all derived from the melted crust. The melt-
ing—crystallisation process results in reorganization and redistribution of ele-
ments with lithophile elements redistributed to form a new rock (granite) below
the magma interface (MI), and those unable to be accommodated in silicate
minerals are expelled from the melt system together with mainly H,O and other
volatiles exsolved on crystallisation. During the upward movement of hydrother-
mal fluid, most of the ore-forming elements are again fixed in the lithosphere by
precipitation of appropriate minerals from the fluid under various physico-
chemical conditions resulting in mineralisation zoning at different crustal levels.
Aqueous elements responsible for the transportation of ore-forming elements
are ultimately released into the hydrosphere and gas elements to the atmosphere.
The main conclusions are as follows:

1. The ore-forming elements tend to concentrate in the gas phase and accumu-
late within domed areas of the MI to be expelled during the late stage of
magma crystallisation, probably when temperatures within the domed areas
decrease to ~400°C.

2. During upward movement of the hydrothermal fluid, various ore-forming
elements are precipitated within different temperature intervals to form min-
eral assemblage zones in the order, Mo, W, Cu, Zn, Pb, Ag, Au and Hg (Sb)
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with decreasing temperature, resulting in maximum element/ore mineral con-
centrations at different distances (map and section) from the domed parts of
granite bodies. Maximum element concentration may not necessarily result in
the formation of an ore body as this will depend on the concentrations of
ore-forming elements in the metasedimentary protoliths involved in melting
to form the granite.

. Enhancement of crustal temperatures before the rock melting begins can
result in the mobilisation of some ore-forming elements. The ore-bearing fluid
migrates upwards as a result of the 7-P gradient and ore-forming elements
precipitate as appropriate minerals under suitable conditions. In many
instances, mineral deposits formed in this way occur within well-defined hori-
zons. The ‘strata-bound’ appearance of deposits should thus represent the
‘optimal’ physico-chemical regime for the precipitation of ore-forming ele-
ments from ore-bearing fluids mobilised in rocks.

. With the upward migration of hydrothermal fluid, the concentration of 'O
in the fluid should increase as 3*S decreases, resulting in ore-deposits formed
at different levels, corresponding to different temperature intervals, having
different oxygen and sulphur isotopic compositions. Thus, it is questionable
whether the source of an ore-bearing fluid can be determined from the iso-
topic signature of the deposit compared with those where fluid sources are
dominantly meteoric water or the mantle.

. The physico-chemical state of the melt determines the accumulation and dis-
persion of the ore-forming elements. Repeated melting—crystallisation of a
granite crust results in a decrease of fS and increase in the fugacities of O, F,
Cl and CO, in the remelted granite magma, favouring concentration of
lithophile elements in residual and gas-liquid phases.

. Most so-called granite type U-deposits are of hydrothermal origin. If fO, of
the magma is relatively low, U tends to partition into both accessory and
rock-forming minerals during crystallisation. Decreasing fS and increase in
O, F, Cl and CO, fugacities of the magma, results in oxidation of U* to U®*
that becomes concentrated in the hydrothermal fluid. Thus, ‘granite type’
U-deposits can be significantly younger than their host granite.
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HEAT SOURCE FOR CRUSTAL GRANITE MAGMA LAYERS:
TECTONIC MODELS

7.1. INTRODUCTION

In Chapter 2, a number of ways of generating sufficient heat to cause crustal
melting and the formation of partial melt layers were described, i.e. thickening
of radiogenic heat-producing rocks, lithospheric extension, injection of magma
into the continental crust, shear heating and isothermal decompression. Yet, as
outlined in Chapter 3, partial melting of rocks cannot produce granite magma
that forms batholiths if there is no convection within the region of partial melt-
ing. For this to occur, constant energy input into the system is essential for the
formation and evolution of a crustal granite magma layer. Such a requirement
requires the large dynamic system of plate convergence with which granite belts
of ‘hot orogens’ formed in different geological times are mostly related to coeval
plate convergences, ¢.g. the circum-Pacific and Tethys Meso—Cenozoic granite
belts, the Paleozoic granite belts of the North American Appalachians, Europe,
the north and south Tianshan Mountains, NW China. Surface heat flow meas-
urements indicate that crustal temperatures of continental margins are strongly
perturbed by plate convergence. In this Chapter, two examples, i.e. SE China
and Tibet-Himalayas from the western continental margin of the Pacific and
the Tibet-Tethys, respectively, representing different convergent types, i.e.
oceanic plate subduction and continent collision, are used to model the relation-
ship between plate convergence and formation/evolution of crustal convection
layers of granite magma.

7.2. CRUSTAL TEMPERATURE DISTURBANCE RELATED
TO PLATE CONVERGENCE

Analysis of subduction zones (Toksoz et al. 1971; Molnar and England 1990;
Davies and Stevenson 1992; Peacock et al. 1994) have shown that their thermal
structure is controlled by rate of convergence, geometry and thermal structure
of the subducting slab, rate of shear heating and the geometry and rate of flow

187
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in the mantle wedge above the subduction zone. The typical thermal structure
of a subduction zone setting given by Oxburgh and Turcotte (1970), Minear and
Toksoz (1970), Turcotte and Schubert (1982) and subsequently confirmed by
many other studies (Fig. 7.1), suggests a domed area of isotherms in the conti-
nental margin where the temperature is much higher than that of the subduct-
ing oceanic plate at same depth level. An interpretation of this phenomenon is
given in Fig. 7.1. Heat from movement on the subduction slip zone is conducted
to both the continental and the oceanic crustal rocks. Assuming at time 7,, the
continental and the oceanic crusts have the same temperature at a particular
depth (represented by the 600°C isotherm), the isotherm beneath the subduction
interface will be deflected downwards with oceanic crust moving from ¢, to ¢,
because of subduction, and the same isotherm in the continental crust will move
upward where the energy input/output >1 (Fig. 7.1). It can be expected that with
a faster the rate of subduction, the stronger the deformation of isotherms on the
both sides of the subduction plane.

An example of the temperature disturbance of a continental margin is the
northern Cascadia subduction zone, North America, where surface heat flow
inboard of the volcanic arc averages ~80 mW/m?. This value is similar to back-
ground heat flow along the arc away from the volcanic centres and is consistent
with petrological and geophysical constraints that indicate temperatures in excess
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Figure 7.1. Thermal structure of a subduction zone (modified after Turcotte and Schubert 1982).
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of 1200°C at 40-70 km depth below the arc (Elkins-Tanton et al. 2001). In the
Cascadia example, the ‘hot’ area extends for some 800 km from the subduction
zone to the ‘cool’ North American craton. Similarly, high heat flow of 80-100
mW/m? is observed for over 400 m across the backarc of the Central Andes
subduction zone (Springer and Forster 1998) (Fig. 7.2) and values are typically
>60 mW/m? across backarc regions of western Pacific subduction zones
(Watanabe et al. 1977). In northern Cascadia, calculated geotherms give tem-
peratures of 800-900°C for the crust-Moho boundary at 35 km (Hyndman and
Lewis 1999). Below the Central Andes the crust is 60-70 km thick and the
crust/Moho boundary has an estimated temperature of 1200—1300°C (Springer
and Forster 1998) (Fig. 7.2).

Figure 7.3 shows three different geotherms, cool, warm and hot, related to sur-
face heat flow values of 42, 75 and 90 mW/m?, respectively, as prescribed to the
landward boundary of the Cascadia backarc (Currie et al. 2004). With a crustal
thickness of 35 km, only the warm and hot geotherms will induce the beginning
of crustal melting at 20 km (hot geotherm) and 25 km (warm geotherm) with
crust/Moho boundary temperatures of ~1050 and 810°C, respectively.

The model and situations described above are related to present-day surface
heat flow. However, crustal temperatures vary with time depending on the energy
input/output of the system. A surface heat flow map of China (Fig. 7.4) clearly
indicates that the values of surface heat flow are closely related to the age of con-
vergent orogens: maximum heat flow (>80 mW/m?) occurs in the Himalayas
formed in the Cenozoic; lesser heat flow values of mainly 70-80 mW/m? with iso-
lated highs of >80 mW/m? are located within the Mesozoic orogenic belt of east-
ern China; and the two E-W-trending Late Paleozoic orogenic belts in northern
(Tianshan-Yinshang Belt) and central China (Qinling Belt) have relatively low
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Figure 7.2. Pattern of geotherms related to subduction beneath the central Andes, South America
(modified after Springer 1999).
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Figure 7.3. Plot of hot, warm and cool geotherms derived from heat flow data related to North
Cascadia, SW Canada (after Hyndman and Lewis 1999; Lewis et al. 2003). PWS = Pelite wet
solidus; Ms and Bt = muscovite and biotite dehydration melting curves, respectively.
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Figure 7.4. Map of surface heat flow in China (redrawn from Wang 2001).
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values of 60—70 mW/m?. Yet, even in the Cenozoic orogen of the Himalayas, the
present-day crustal temperature must be much lower than it was 10 Ma ago
before crystallisation of the Himalaya granite belts at 10-20 Ma (see below)
because there would have been numerous magma reservoirs located at relatively
shallow depth at that time.

7.3.  SUBDUCTION AND GRANITE FORMATION:
WESTERN PACIFIC CONTINENTAL MARGIN

7.3.1. Introduction

Southeast China, including the provinces of Guangdong, Jiangxi, Fujian,
Zhejiang, Hunan and Guangxi (Appendix 1), is located in the southwest part of
the Mesozoic tectonomagmatic belt of the western Pacific continental margin,
and the Mesozoic granite and rhyolite that crops out over an area of some
240,000 km? have been studied by Chinese geologists for more than 50 years.
Compositions of the granites are plotted in terms of normative ratios involving
Qz An Ab Or in Fig. 7.5 indicating that the great majority are granite (biotite
granite) and adamellite with extensions into the granodiorite and alkali-feldspar
granite fields. Comparison with plots of experimental granite melt compositions

i 100 An/(Or + An
Alkali-feldspar  Cranite ( )
granite 0 / |

X
l’l‘\
\

a
[=]

Tonalite

’

=~

100Qz/(Qz + Or + Ab + An)

7
20 - —

Alkali-feldspar) Quartz Quartz Quartz i
quartz syenite \ monzonite \ monzodiorite Quartz diorits
syenite

5 .
. A'kf;;i'iﬁ':par\ Syenite \ Monzonite \ Monzodiorite\ Diorite

Figure 7.5. Field of Mesozoic (Yanshanian) granite compositions in SE China (grey shaded area)
in terms of normative ratios. Filled circle = mean composition. Areas delineated by dashed and solid
lines = experimental melt compositions of mica-bearing metasedimentary and granodiorite-tonalite
compositions, respectively.
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with various protolith compositions (Figs. A2a-d; B2a; C2a-d; and D2a in
Appendix 2), indicates that the SE China granites are derived almost exclusively
from the melting of mica-bearing quartzofeldspathic metasediments and granitic
rocks rather than mafic protoliths.

7.3.2. Tectonic Framework of SE China and Granite Formation

In the Late Paleozoic, SE China was characterised by platform sedimentation
(Fig. 7.6) that underwent weak deformation, metamorphism and igneous activity.
The Indosinian deformation event occurred at the end of the middle Triassic time
(Huang et al. 1985; Yang et al. 1989; Chen 2001) was followed by Yanshanian (Y's)
deformation that has been subdivided into five tectonic episodes occurred at the
end of early (Ys,), middle (Ys,) and latest Jurassic (Ys,), and of early (Ys,) and
latest Cretaceous (Ys,), respectively (Fig. 7.7A). All the Mesozoic deformation
episodes are recorded by stratigraphic unconformities (Fig. 7.7B), which strongly
changed the Paleozoic framework of SE China (BGMRJx 1984, 1988; BGMRGx
1985; BGMREF]j 1985; BGMRGd 1986; Chen 1987; Xu 1987, BGMRHn 1988;
BGMRZ;j 1989).

Mesozoic deformation resulted in the development of the dominant
NNE-SSW trending structural grain of SE China (referred to as the Cathaysian
Fold belt) that parallels the continental margin and the trend of the coeval gran-
ite belts. With the continent-ward decrease of granite exposure, the main struc-
tural elements change from major faults in the coastal area to folds inland
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Figure 7.6. Lithofacies paleogeography of SE China in the late Carboniferous (after Feng et. al.1999).
1. carbonate platform sedimentation; 2. denudation domain.
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in SE China. The structural elements strike parallel to the continental margin and granite outcrops
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inland; 1. = Mesozoic granite; 2. = Fault; 3. = Fold. B. Temporal relationship between Mesozoic
deformation episodes and granite activity in SE China.
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Figure 7.8. Smoothed histogram plot of 1,552 isotopic ages of SE China granites (heavy dashed
line) compared with ages of Mesozoic deformation episodes (black columns). The height of the
columns is determined by their respective Ism (intensity of structural movement) value determined
as the area of unconformable region of a deformation phase/area of unconformable region pro-
duced during the 6th Yanshanian deformation phase as shown in Fig. 7.10. The thin dashed line is
inferred to represent the Mesozoic tectono-magmatic event of SE China. Question mark = uncer-
tain Ism. One unit = 3 Ma (after Chen 1987).

(Fig. 7.7A). Detailed geological mapping and radiometric dating has established
that Mesozoic granite formation consisted of six discrete phases that are corre-
lated with the six tectonic episodes mentioned above (Fig. 7.7A). The relationship
is demonstrated in Fig. 7.8 as a smoothed histogram plot of 1,552 K—Ar granite
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whole rock and mineral ages (excluding volcanic rocks) (Chen 1987). The back-
ground curve connecting the troughs of the smoothed histogram is considered
to reflect one Mesozoic tectono-magmatic event with maxima approximating
the timing and relative intensity of the corresponding tectonic episode (Chen
et al. 2003). The relationship between each period of granite formation and tec-
tonism implies that they were related in time and space.

Unlike faults and folds that can be reformed, reinforced or destroyed by subse-
quent deformation, stratigraphic unconformities such as those recorded in Fig. 7.8
preserve the best evidence of tectonic disturbance (Huang et al. 1985; Chen 1987)
(Fig. 7.9). The significance of a regional stratigraphic unconformity is not limited
to recording a particular tectonic event. Presuming that lateral contractual defor-
mation is exerted on the crust, deformation intensity should decrease with increas-
ing distance from the compressive boundary as shown in Fig. 7.10A. Following
erosion of the deformed rocks and subsequent deposition on the eroded surface,
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Figure 7.9. Sections illustrating unconformities that indicate episodes of Yanshanian deformation
in SE China (data sources: Jiangxi, Zhejiang, Guangdong and Fujian Provincial Geological
Surveys). 1. Recent sediments; 2. Shale/sandstone; 3. Conglomerate; 4. Volcanic sediments;
5. Unconformity; 6. Quaternary; 7. Cretaceous; 8. Jurassic; 9. Triassic. A. Unconformity between the
upper and middle Triassic in Gao’an County Jiangxi Province. B. Unconformity between the mid-
dle and lower Jurassic in Jishui County, Jiangxi Province. C. Unconformity between the upper and
lower Jurassic in Boluo County, Guangdong Province. D. Unconformity between the middle and
lower Jurassic in Zhuji County, Zhejiang Province. E. Unconformity between the upper and lower
Cretaceous in Cong-an County, Fujian Province. See inset map (Appendix 1) for localities.
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the degree of angularity of the resulting unconformable relationship is expected to
increase towards the compressive boundary (Fig. 7.10B).

According to stratigraphic investigations of Provincial Geological Bureaus,
the SE China area is divided into 172 stratigraphic regions. On the basis of 172
section localities, the intensity of the tectonic episodes delineated in Fig. 7.11
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Figure 7.10. Diagram showing the relationship between direction of compression, intensity of
crustal deformation and change in the degree of angular unconformity.
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vary from markedly unconformable in the coastal area through moderately
unconformable to conformable towards the continental interior (Chen 1987;
Chen et al. 2003). The regional extent of the mapped unconformable—conformable
relationships inwards from the SE China coast can be broadly related to a
SE-directed increase of tectonic intensity and strongly supports the idea that
deformation episodes were related to Mesozoic subduction of the paleo-Pacific
(Kula) Plate beneath the eastern continental margin of the Eurasian Plate
(Hilde 1977; Dickinson 1978; Guo et al. 1980; Li 1992; Northrup et al. 1995; Li
and Zhou 1999).

Of the six Mesozoic tectonic episodes, the 3rd episode of the Yanshanian
event (Ys.3) in the latest Jurassic represents the area of maximum angular
unconformity (Fig. 7.11C). The age maxima of Mesozoic granite in SE China
coincides with the timing of this deformation episode (Fig. 7.8). Following the
3rd Yanshanian episode, there was a decrease in the intensity of tectonic activ-
ity and the areal extent of granite formation, so that by the 5th Yanshanian
deformation (Ys.5) at the end of latest Cretaceous, only the coastal strip of SE
China was affected (Fig. 7.11D), where only relatively smaller bodies of granite
are exposed. There is no known Cenozoic granite.

Granite generated during a particular deformation event is invariably limited
to the area of stratal unconformity that relates to the deformation episode, and
the overall trend of coeval granite outcrops is parallel to the continental margin
and to the areas of temporal tectonic disturbance. In each case, the area of gran-
ite outcrop decreases towards the continental interior (Fig. 7.11).

7.3.3. Tectonic Model

The correlation between Mesozoic tectonic episodes and granite production in
SE China, and their inferred relationship to the direction of paleo-Pacific (Kula)
plate subduction as discussed above, constrains the source of heat required for
large-scale crustal melting in the eastern Asian continental margin in the
Mesozoic in relation to perturbation of the isotherm pattern illustrated in
Fig. 7.1. This provides a model to explain the relationship between tectonism,
granite formation and plate subduction based on the data from SE China.

The mid—upper crust of the late Paleozoic platform of SE China is designated
with thickness of 25 km and an original temperature of 800°C at its base,
the same as that shown in Fig. 3.5. Subduction of the paleo-Pacific plate,
which may have begun in the latest Paleozoic in response to breakup of the
Pangaea supercontinent-enhanced temperatures of the continental margin
resulting in partial melting of rocks at the base of the crustal section being
considered (Fig. 7.12A). With increasing temperature caused by accelerating
subduction (likely accompanied by shallowing of the subduction angle) (Chen
et al. 2003), a convecting granite magma layer began to develop in the lower
part of the partial melting region as discussed in Chapter 3 (Fig. 3.12). Heat
and isotherms were advected upwards as the convection layer thickened
(Fig. 3.13 and 7.12B).
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Figure 7.12. Schematic diagrams to illustrate the relationship between paleo-Pacific plate subduc-
tion, the intracrustal melting and magma layers and deformation of continental crust. A. ‘Fertile’
rocks at the base of the upper crust begin to melt when crustal temperatures rise to values above
their solidi. Underplating of basalt occurs at the same time at the top of the mantle due to melting
caused by convective thinning above the subduction zone and rise of asthenosphere. This was the
source for Cenozoic basalt distributed along the coastal area of SE China and inferred to have been
derived from a depth of 40-80 km (Zou 1994). Melting to produce granitic magma does not occur
in the lower crust because of its refractory granulitic composition. B. The region of lower upper
crustal melting enlarges due to convection in a thickening growing magma layer (MI moves upward)
advecting heat and isotherms upward concomitant with rising crustal temperatures. C. Deformation
of the crust (tectonism) occurs as a result of a weakened crustal rheology due to presence of the
granite magma layer (waterbed effect) resulting in uplift and deformation together with simultane-
ous uplift/deformation of the magma interface (MI) and Moho

Rheological weakening of the crust with upward thickening of the convecting
magma layer dependent on constant energy (heat) input due to continuous sub-
duction reduced crustal resistance to compressive forces exerted by the subducting
plate resulting in a relatively rapid episode of deformation (orogeny) (Fig. 7.12C).
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Overall continent-ward inclination of the geotherms during this process is
evidenced by decreasing outcrops of Mesozoic granite and diminishing tectonic
intensity (Fig. 7.7B) as well as mineralisation temperature (Fig. 6.22).

7.3.4. Multiple Melting (Remelting) and Granite Belts

As described in Chapters 3 and 4, fluctuation of the MI results in remelting of
the first formed granite layer, to produce a new generation(s) of downward-
younging granite layers that are commonly exposed at any one locality as com-
posite granite bodies, and with different-aged granite layers exposed as regional
granite belts (Chen et al. 2003). Figure 7.13 shows the distribution of Mesozoic
granitoids in Zhejiang Province of SE China; a western belt of essentially Late
Jurassic age (K—Ar ages between 153 and 138 Ma), a central belt of between
100 and <138 Ma, and an eastern belt where the granitoids are generally less
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Figure 7.13. Map showing different-aged granite belts in Zhejiang Province, SE China.
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than 100 Ma. Over the whole area of SE China, the same SE-younging tendency
of granite is apparent (Fig. 7.14A). This pattern is also characteristic of the east-
ern Pacific continental magmatic arcs such as the Coast Plutonic Complex
(Brown and McClelland 2000) and Sierra Nevada batholith (Bateman 1992),
where discrete granite belts have migrated normal to the trend of the arc with
time possibly in response to changes in the dip of the subduction slab or slab
roll-back.
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Figure 7.14. A. Map showing Mesozoic granite belts of SE China and their oceanward younging.
Dashed lines delineate boundaries of the granite belts; numbered 1 to 4. B. Schematic cross-section
showing relationship between the ‘migration’ of granite belts and their relationship to positions of
granite layers. PMI,—PMI,= different aged paleo-magma interfaces. Circled numbers correspond to
those in A.
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Remelting of granite results in renewed differentiation of the magma system,
as described in Chapter 5 with individual composite granite bodies and regional
granite belts showing trends of increasing acidity and decreasing basicity with
younging. An interpretation of the relationship between the SE-younging ten-
dency of granite belts in SE China and the downward-younging granite layers
resulting in a series of overlapping temporal- and spatially separated thermal
events in the Mesozoic is shown in Fig. 7.14B. This is supported by a geological
interpretation of the SE-NW Taiwan-Sichuan geophysical traverse given in
Fig. 7.15 indicating that from Xiamen to Shaoyang, there are five different aged
Mesozoic granite layers, all with their inferred PMI’s dipping northwestwards
(Chen et al. 2003).

7.3.5. Summary

The Mesozoic tectono-magmatism of SE China reflects the response of the lith-
osphere of the western Pacific continental margin to subduction of the paleo-
Pacific (Kula) plate. Varying rates of subduction, accompanied with changes in
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Figure 7.15. Geological re-explanation of the GET geophysical traverse from Xiamen (Fujiang
Province) to Shaoyan (Hunan Province), SE China. 1. Pre-Mesozoic granite; 2. Triassic granite;
3. Early Jurassic granite; 4. Middle Jurassic granite; 5. Latest Jurassic granite; 6. Cretaceous granite;
7. Fault; 8. Unmelted country rock; 9. Stratal age notation (E = Eogene; K = Cretaceous; J = Jurassic;
T = Triassic; P = Permian; C = Carboniferous; D = Devonian; O = Ordovician; € = Cambrian).
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the subduction angle, increases and decreases the crustal temperature, the former
resulting in extensive partial melting of the rocks in the lower part of the ‘fertile’
upper crust that ultimately results in formation of a convecting crustal granite
magma layer. Constant energy (heat) input as a result of long-term subduction
enables the magma layer to thicken upward (rising MI) causing rheological insta-
bility of the upper crust resulting in compressive deformation of unmelted rocks
and granite layer. This produces structural and granite belts parallel to the
continental margin with decreasing intensity and granite outcrop (decreasing
isotherms) towards the continental interior.

7.4. CONTINENTAL COLLISION AND GRANITE FORMATION:
TETHYS BELT

7.4.1. Tectonic Framework and Granite Distribution of Tibet Plateau

The Tibet plateau is located in the eastern part of the Tethys belt (Sengor 1984) and
the following analysis is based on a systematic geological and geophysical investi-
gation of the Tibet plateau—Himalaya region carried out in 1980s by Academy of
China and the Chinese Academy of Geological Sciences. As shown in Fig. 7.16,
two E-W trending suture zones that mark the sites of subducted oceanic crust, i.e.
the Bangong-Amdo (BA) zone in the north and the Yarlung-Zangbo (Tsangpo)
(YZ) zone in the south, divide the Tibetan region into three terranes named from
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Figure 7.16. Schematic map showing the tectonic framework and distribution of granite in Tibet
and Himalayas. K—Ar ages of granite are mainly from SEGCA (1981, 1982).
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north to south as the Chang Tang (Ct), Gangdise (Gs) and Himalaya (Hy). The
Meso—Cenozoic granites in the Tibet—Himalaya region are predominantly formed
during four periods, i.e. Early Jurassic with the radiometric ages of 170-175 Ma,
Early Cretaceous (100-116 Ma), Late Cretaceous (65-88 Ma) and Cenozoic
(10-50 Ma) (Fig. 7.16), which are distributed in different areas, constituting
different aged granite belts younging southwards (Fig. 7.16).

Exposures of the Early Jurassic granites are limited in the north Ct terrane of
the BA suture zone, and are mainly of granodiorite, biotite granite and quartz
monzonite (SEGCA 1981, 1982). The Cretaceous granites are predominantly
distributed in the Gs terrane between the two suture zones (YZ and BA) and
those formed in the Early Cretaceous are mainly exposed in the north part of
the terrane with decreasing occurrences from north to south and from east to
west (Fig. 7.16).

The Gangdise batholith, one of the largest granite batholiths in the world,
crops out over 2500 km from east to west, is located in the southernmost part of
the Gs terrane near the YZ suture zone and consists of diorite, granodiorite,
quartz diorite and quartz monzonite. The main body of the batholith formed in
the Late Cretaceous between 65 and 95 Ma, and numerous associated small
leucogranite occurrences are dated at between 20 and 50 Ma.

Though all the granites located south of the YZ suture zone are formed in
the Cenozoic, they can be divided into two sub-belts: the Lhagri-Kongri in the
north and the Himalaya in the south. Granites in the north sub-belt are dated
at 30-40 Ma and those in the Himalaya between 10 and 20 Ma. Granites in
both belts are mostly leucogranites (two-mica granite and muscovite granite)
(SEGCA 1981; Liu 1984).

7.4.2. Tectonic Phases in Relation to Subduction and Collision

It has been documented that the three terranes (Ct, Gs, Hy) divided by the two
suture zones (YZ, BA) have different histories of tectono-magmatism, especially
in the Meso—Cenozoic (Chang et al 1982; GQXP 1983; Sengor 1984). The clas-
sification of strata in Fig. 7.17 is mainly according to CGQXP (1983) and Wang
(1983, 1984), showing that there are six tectonic phases (compressive deforma-
tion) recorded by unconformities of the Meso—Cenozoic strata in this area (des-
ignated as Y1, Y2, Y3, Y4, H1 and H2) and that the different tectonic phases
occur in different terranes (Fig. 7.17). Deformation of Y1 represented by the
unconformity between the Zamunaqu and Tanggula groups appears only in the
Ct terrane , and does not affect the Gs terrane, indicating that it originated from
subduction of oceanic crust towards the Ct terrane along the BA zone.
Deformation of Y2 represented by the unconformity between the Tanggula and
Gangba groups in the Ct terrane and between the Guoqu and Xiagiong groups
in the Gs terrane indicates collision of the two terranes resulting in deformation
on both sides of the BA zone (Fig. 7.17).
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Figure 7.17. Diagram showing the stratigraphic sequence, tectonic phases and episodes of granite
formation in different terranes of Tibet-Himalaya. Arrows indicate plate subduction or collision. See text.

The lack of evidence for significant compressive deformation in the Gs ter-
rane in Jurassic time (Fig. 7.17) suggests that subduction of the oceanic crust
toward the Gs terrane along the YZ zone began after latest Jurassic. Collision
with the Eurasian Plate ended movement of the Gs terrane and formed the BA
suture zone. This resulted in breakoff of the oceanic lithosphere behind the Gs
terrane, resulting in the formation of the present-day MBT due to the continu-
ing northward movement of the Indian Plate. This is consistent with the fact
that the Y3 deformation phrase at the end of Early Cretaceous occurred in the
Gs terrane and did not affect the Hy terrane (Fig. 7.17).

At the end of latest Cretaceous time, the Hy terrane may have arrived at its
present-day position colliding with the Gs terrane to form the Yz suture zone.
Evidence for this is provided from crustal deformation indicated by the Y4
unconformity (Fig. 7.17) that occurs on both sides of the YZ zone, and post—
latest Cretaceous marine regression that occurred in this area (SEGCA 1981).
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The H1 and H2 tectonic phases in the Cenozoic are considered to be related
to compression of the Indian continent.

7.4.3. Magma Layers and Plate Convergence

According to the tectonic framework, distribution and ages of granites, and char-
acteristics of the tectonic phases described above, a model for Meso—Cenozoic
crustal deformation and granite formation of Tibet—Tethys and their relationship
to plate subduction and continental collision are shown in Fig. 7.18.

Early Mesozoic subduction along the BA zone resulted in the formation of a
granite magma layer within the upper crust of the continental margin of the
Eurasian Plate, i.e. the Ct terrane, and ultimately during Late-Early Jurassic
compressive crustal deformation between 170 and 175 Ma (Fig. 7.18A). This sit-
uation is similar to SE China. For this reason, the distribution of Early Jurassic
granite in the Ct terrane occurs north of the BA zone.

Collision of the Gs terrane with the Eurasian Plate (Ct terrane) at the end of
Jurassic or beginning of the Cretaceous marked the transformation of the BA
zone from subduction to suture. This terminated movement of the Gs terrane
and caused breakoff of the oceanic lithosphere behind the terrane (Fig. 7.18B).
Subduction was subsequently initiated along the YZ zone towards the Gs ter-
rane resulting in the formation of a granite magma layer within the Gs with
deformation at the end of Early Cretaceous (Fig. 7.17), forming the 100-118 Ma
granite belt (Fig. 7.16).

Collision of the relatively rigid Indian continent with hot, rheologically weak
Gs terrane rocks at the end of latest Cretaceous caused strong deformation in
the leading edge of the Gs terrane (Fig. 7.18C) as indicated by the Gangdise
batholith (Fig. 7.16). Contact of the hot Gs terrane resulting in heating the
frontal part of the Indian Plate, in addition to the shear heating generated by
subduction of the Indian Plate along the BMT (Fig. 7.18D), may be the reason
for formation of the Cenozoic granite magma layer (with crystallisation ages
between 10 and 50 Ma) within both the Hy and Gs terranes (Fig. 7.15). This
could also explain the great crustal thickness beneath Tibet and why uplift to
form the Himalayas occurred in the Late Cenozoic rather than Early Cenozoic
(Fig. 7.18D).

7.5. CONCLUDING STATEMENT

Like SE China, the Tibet-Tethys belt provides an example of the relationship
between plate convergence (subduction and collision) and formation of a crustal
granite magma layer, further suggesting that constant energy input is essential
for the formation of granite magma layers. Plate convergence is probably
responsible for the origin of most granites.



CHAPTER 8

GEOLOGICAL EFFECTS OF CRYSTALLISATION
OF A CRUSTAL GRANITE MAGMA LAYER: SE CHINA

Increasing crustal temperature results in formation of a granite magma layer and
compressive deformation of the crust. Decreasing crustal temperature leads to
crystallisation of the magma layer and generates various geological effects such
as fault-bounded basins and volcanic activity that are introduced in this chapter
with reference to Mesozoic—Cenozoic evolution of SE China.

8.1. FAULT-BLOCK BASINS
8.1.1. Characteristics and Distribution of Mesozoic Basins

Mesozoic—Early Tertiary basins in SE China can be classified in to three types
according to their deposits, i.e. coal-bearing sequences, intermediate-acid vol-
canics or volcanogenic sediments, and red beds. Coal-bearing sediments are
mostly distributed in the central part, volcanic filled basins in the coastal region,
and red-bed basins in the central-western area of SE China (Fig. 8.1). Different
types of basins are formed at different times. Coal-bearing sedimentary basins
are Late Triassic to middle Jurassic in age; red-bed basins without coal formed
during the Late Cretaceous and Early Tertiary, and those formed in the Late
Jurassic-Early Cretaceous are filled by volcanics and volcaniclastic sediments in
the coastal region and by red-beds inland (Fig. 8.1).

Stratigraphic sections from localities in different tectonic belts from NW to
SE across Fujian Province, SE China, illustrate the variation of basin deposits
with time (Fig. 8.2) .

1. In coal-bearing basins, coal-bearing strata are dominantly of Late
Triassic—Early Jurassic age. From about the middle Jurassic, volcanic sedi-
ments dominate the sequence.

2. Large-scale eruption of intermediate-acid volcanic rocks took place in Late
Jurassic—Early Cretaceous times, and their thickness decreases from East to
West.

207
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Figure 8.1. Map showing distribution of Mesozoic-Early Tertiary sedimentary basins in SE China.
1. Late Cretaceous—Early Tertiary red-bed basins; 2. Early Cretaceous red-bed basins; 3. Late
Jurassic-Early Cretaceous volcanogenic basins; 4. Late Triassic-middle Jurassic coal-bearing
sedimentary basins; 5. Basement rocks; 6. Fault.

3. In the Early Cretaceous, basins in western Fujian Province are filled by conti-
nental red beds; those in the central and eastern parts of the province contain
volcanics.

8.1.2. Basin Formation

Regional paleogeography and structure of the sedimentary basins indicate that
most of the Early Mesozoic coal-bearing basins are synclinal depressions
(BGMRGd 1986 BGMRIJx 1984), e.g. the Late Triassic—Early Jurassic basin in the
Pingxiang area, Jiangxi Province (Fig. 8.3), and that the Early Jurassic basins
were evidently produced by large-scale crustal flexures rather than fault-block
movement (Fig. 8.4) .

Increasing crustal temperatures during the Early Mesozoic in SE China led to
the development of an extensive mid-upper crustal magma layer as described in
Chapter 7. Rheological instability caused by this large area of magma layer
accentuated far-field deformation related to NW-directed subduction of the
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Figure 8.2. Stratigraphic sections (1-6) from various localities in Fujian Province, SE China
(data from BGMRF;] 1985). 1. Coarse sandstone and conglomerate (red beds); 2. Fine sandstone
and mudstone (red beds); 3. Intermediate-acid volcanics; 4. Volcanigenic sediments; 5. Coal-
bearing sediments; 6. Volcanogenic flysch; 7. Basement rocks; 8. Unconformable contact.
Numbers on the map of Fujian Province indicate locations of the stratigraphic columns.

Kula Plate, is evidenced by intense folding and thrusting of pre-Cretaceous
rocks (Figs. 8.5 and 8.6) , including those of the coal-bearing basin sediments,
e.g. as shown from the Tan Hushan coal mine, Fujian Province (Fig. 8.5).

In contrast to fold/thrust tectonics of the coal-bearing basins, the
Cretaceous—Early Tertiary red-bed basins are predominantly controlled by
normal faulting, and are referred to as ‘fault-block basins’ (FBB) (Guan 1988).
Most of the Mesozoic—Cenozoic red-bed basins in SE China are associated with
regional NE-trending faults (Fig. 8.1) considered to have been initially formed
as thrust faults in the Early Mesozoic (Li 1973). From the end of Late Jurassic
time, thrust faulting changed to normal faulting resulting in the formation of
numerous FBB as indicated from sections of some typical FBB in SE China
(Figs. 8.7 and 8.8) . Numerous models have been advanced to explain the for-
mation of these FBB (Zhang 1986). Most assume that the basins developed on
a rigid undermass that raises the ‘room problem’ of how block subsidence by
normal faulting can be accommodated.

The formation of FBB began from the end of Early Cretaceous time
(Fig. 8.9), suggesting they may be related to cooling of the crustal magma
layer beneath SE China, and lowering of the crustal geothermal gradient. This
may have been in response to a slowing in the rate of Kula Plate subduction
from ~120-140 mm/year in the Late Cretaceous to ~30-40 mm/year in Eocene
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Figure 8.3. Early Jurassic paleogeography map of Jiangxi Province, SE China (simplified after
BGMRIJx 1984), indicating that the sedimentary basins are mainly synclinal. 1. Sedimentary
basin; 2. Region of uplift; 3. Tectonic unit boundary. Section localities depicted in Fig. 8.4 are
indicated by filled circles.

Figure 8.4. Cross section of Late Triassic-Early Jurassic strata in the Pingxiang area, Jiangxi
Province, SE China (for location see Fig. 8.3), showing the synclinal structure (modified after
BGMRIJx 1984). J1, lower Jurassic; T3, upper Triassic; P1, lower Permian; C2, middle
Carboniferous.
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Figure 8.5. Cross section from An-jia to Da-an in NW Fujian Province, SE China (modified
after BGMRFjJ, 1985), suggesting that the rocks below the granite interface have been melted in
the Late Jurassic to form the third Yanshanian granite layer. ‘Syn-magma’ deformation of roof
rocks took place above the magma layer. J3, upper Jurassic; P1, P2, lower and upper Permian,
respectively; C1, lower Carboniferous; D3, upper Devonian; YZ®), third Yanshanian (Late
Jurassic) granite; PMI, position of paleo-magma interface at end of Late Jurassic.
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Figure 8.6. Prospecting section of the Tan Hushan coal mine, Yongcun County, Fujian Province,
SE China, showing folding and thrusting of the Early Permian (P1) and Early Jurassic (J1) strata

(modified after BGMRFj 1985). 1. Stratigraphic boundary; 2. Unconformity; 3. Fault;
4. Drill hole.

time (Northrup et al. 1995). Contraction of roof rocks overlying the down-
ward crystallising granite layer facilitated differential movement on boundary
faults to create FBB (Fig. 8.10). Magma beneath sinking (‘heavy’) fault-blocks
(with a larger density or located in ‘gravity high’) flows to relatively low-pressure
areas and rising (‘light’) blocks provide room for the downward-moving fault-
blocks and create surface ‘highs’ fault-block mountain (FBM) with erosion
supplying detritus into the FBB. The onset of fault-block tectonics is one of

gravitational adjustment following the cessation of compression in many orogens
(Mattauer 1980).
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Figure 8.7. Geological map of the Nanxiong basin, northern Guangdong Province, SE China,
bordered by normal faults and filled by Late Cretaceous—Early Tertiary red beds (simplified after
BGMRGd 1986). 1, 2. Early Tertiary; 3. Late Cretaceous; 4. Pre-Paleozoic; 5. Jurassic granite;
6. Normal fault; 7. Unconformity.

8.1.3. Origin of Red Beds

Another problem related to the formation of FBB in SE China is the origin of
the distinct red colouration of the basin strata. This is commonly considered to
be related to paleoclimate, i.e. arid conditions during deposition, or to erosion
and redeposition of red lateritic soils produced under tropical conditions (e.g.
Wu and Yang 1978; Turner 1980).

A vast amount of poorly-sorted conglomerate/sandstone (Fig. 8.11A)
exhibiting rapid facies variation (Fig. 8.11B) characterise the Mesozoic—Cenozoic
red-bed basins in SE China (Fig. 8.11B). These data indicate strong physical
weathering in the source regions during the accumulation of the red beds and
conflicts with the idea that they originated from redeposition of red lateritic
soils. The idea that red beds were formed in arid environment appears to be in
consistent with the following observations:

1. Sporamorphes in the red beds contain ephedripites that reflect an arid climate.
2. Red beds contain gypsum and halite deposits.
3. Glyptoliths or eolian deposits occur in the red beds.

However, if reddening of the sediments is due to weathering in an arid climate
during their accumulation, it is difficult to explain the following:



GEOLOGICAL EFFECTS OF CRYSTALLISATION 213

— SE

J ]
+ + + 4
++++
basement rocks 44y

— SE ‘

150 300m

Figure 8.8. Cross sections of Cretaceous—Early Tertiary red-bed basins in SE China. A.
Dongting basin, Hunan Province; B. Nanxiong basin, Guangdong Province; C. Shanghang
basin, Fujian Province; D. Liu basin, Jiangxi Province.

1. Analysis of Sporamorphes of from numerous red-bed basins indicates that the
Early Cretaceous in SE China was characterized by gymnosperms and ferns
that imply a humid tropical-subtropical climate (Wu and Yang 1978). The
lower Cretaceous rocks of the basins, however, are typical red bed (Fig. 8.11B).

2. Dinosaur eggs have been found in many red-bed basins in SE China. If climate
was arid or even producing desert conditions, how could an abundance of
such large-sized animals survive during the Mesozoic?

3. Although eolian (desert) deposits can be found in some basins, present-day
desert sediments are not red. The most abundant sediments in the red-bed
basins are freshwater lacustrine, alluvial and deltaic deposits. Present-day
freshwater sediments are typically dark grey, but in the Mesozoic basins,
these sediments are also red.
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Figure 8.10. Schematic diagram to illustrate the development of fault-block basins in SE China
in response to cooling and crystallisation of the granite magma layer. FBB, Fault-block basin;
FBM, Fault-block mountain; vy. granite layer = solidified upper part of the magma layer. Thin
arrowed lines in the granite magma layer indicate movement direction of magma; thick arrowed
lines indicate direction of fault-block movement.
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Figure 8.11. A. Poorly-sorted and abraded Lower Tertiary conglomerates in the Danxia red-bed basin,
SE China; B. Lower Cretaceous alternating lenticular conglomerate/sandstone in the Pingyuan red-bed
basin, SE China. C. Red bed sequence in northern Tibet showing a vertical colour change from red in
the lower part, white in the middle part and gray to gray-black in the upper part. D. Model to explain
the formation of Mesozoic—Cenozoic red-bed sequences in fault-block basins of SE China. 1. Saline;
2. Mudstone, siltstone and limestone; 3. Cu-mineralisation; 4. Conglomerate; 5. Halite; 6. Oil or gas
deposit; 7. Direction of fluid movement during diagenesis; 8. Direction of fault-block movement;
9. Inferred isotherms with temperatures indicated; 10. Fault. For other symbols see Fig. 8.10.
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Another explanation for the red colouration is diagenesis. The red pigment of
continental red beds principally consists of fine authigenic hematite (van Houten
1973; Walker 1976; Turner 1980; Weibel and Grobety 1999), whereas ferryhydrite
and goethite are common in younger sediments (van Houten 1973). Studies of the
Skagerrak Formation, Denmark by Weibel and Grobety (1999) provide an instruc-
tive example for the transformation of goethite to hematite with increasing depth
(temperature). At depths down to 550 m, goethite is the only Fe-oxide. At greater
depth hematite appears and gradually increases in amount relative to goethite.
Hematite crystal in the deeper levels of the Skagerrak Formation hematite has the
same crystal morphology and size as goethite at shallow levels due to pseudomor-
phic replacement of goethite by hematite. The study also indicates that goethite is
the precursor of hematite in red bed formation. The range of temperature over
which goethite transforms to hematite has been experimentally determined at
between ~150 and 400°C (Dekkers 1990; DeBoer and Dekkers 2001).

The above observations and experimental results suggest:

1. Formation of red pigment of rocks requires a diagenetic temperature not
lower than 150°C.

2. Red beds formed in a tectono-sedimentary cycle are variegated with gule or
Amaranthus in the lower and middle parts of the sequences, and are
gray-black in the upper part (Fig. 8.11C). This indicates that diagenetic tem-
peratures of the upper gray—black part of the red beds was <150°C and suggests
an approximate position for the 150°C paleo-isotherm at the red—gray—black
transition.

Considering the above data, the origin of red beds in the Mesozoic—Cenozoic
FBB in SE China can be modeled as shown in Fig. 8.11D. The lower part of red-
bed sequences is commonly dominated by conglomerate, gradually fining chang-
ing upward into sandstones, siltstone and mudstone (occasionally limestone),
indicating a decreasing rate of basin subsidence that we relate to crystallisation
of the underlying granite melt layer, and reduction of the relief difference
between the basin and the surrounding topographic highs.

In the early stage of fault-block movement, the sinking fault-block impinges
on the melt layer or solidified but still hot granite, so that they are heated. When
the temperature within the sedimentary sequence in the basin reaches 150°C,
authigenic ferryhydrite and goethite begin to dehydrate and transform to
hematite. With continued subsidence and sedimentation the 150°C isotherm
moves upwards resulting in thickening of the zone of red colouration in which
hematite is formed. Oxidation conditions coupled with dehydration, oxygen
consumption with the formation of hematite and the release H,O precludes for-
mation or stable persistence of sulphides that are not found in red beds.
Downward infiltration of cool meteoric water helps to establish a fluid cycling
system of fluid within the basin sediments (Fig. 8.11D). Elevated temperature
and an abundance of free oxygen brought in by groundwater accelerate oxidation
of any sulphides present and remove resultant sulphate.
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Scavenging of alkalis such as K*, Na* and Ca*" by the upward moving fluid
results in a reduction in the redox potential of the fluid resulting in reduction of
sulphate and precipitation of sulphides, e.g. CuS, over a certain depth/temperature/
redox potential interval in the sequence. In the red-bed basins, Cu-mineralisation
is usually associated with a horizon of yellow—green coloured sandstone (Li and
Pu 2000) located between the lower red sequence (mainly conglomerates-
sandstones) and the upper gray—black sequence (mainly siltstones and mudstones)
(Fig. 8.11C) that marks the oxidation—reduction transition.

Continued upward movement of fluid carries Na and K to the uppermost
level of the basin sequence to form saline deposits at or near the surface with
evaporation of the fluid. Resolution of the saline deposits by meteoric water or
by springs increases salinity of shallow lakes within the basin (Fig. 8.11D) to a
level at which halite is precipitated during periods of evaporation. In the red-bed
basins, halite deposits occur in the gray-black sediments at the top of the
sequence.

The absence of fossils in the red-bed sequences suggests that organic material in
the sediments has been completely decomposed and removed in solution because
of higher than normal temperature during diagenesis. Where temperatures
were <150°C in the upper part of the sequence and within the stability tempera-
ture range of kerogen, organic material may have been deposited (Fig. 8.11D) to
eventually form the oil and gas deposits within the gray-black sediments of the
red-bed basins.

8.1.4. Summary

Decreasing crustal temperatures from the end of the Late Jurassic in SE China
resulted in the formation of numerous FBB. Subsiding fault-blocks penetrated
the upper part of the underlying granite melt layer or hot, newly crystallised
granite enhancing the temperature of basin sediments leading to the formation
of red beds in the lower part, overlain by sediments hosting Cu-mineralisation,
with eventual formation of petroleum and gas concentrations at higher levels.

8.2. VOLCANISM

Crustal relaxation with decreasing temperature following compression from the
Late Jurassic not only created FBB, but provided channels for large-scale erup-
tions of acid-intermediate magma. In SE China the middle Yanshanian (Late
Jurassic and Early Cretaceous) volcanic activity (Fig. 8.2) led to the eruption of
rhyolite, dacite, trachyite, trachy—andesite and trachy—basalt and formation of
the coastal volcanic belt (Fig. 8.1) (Weng et al. 1987, Yin et al. 1991). A second,
Late Yanshanian (Late Cretaceous) volcanic episode resulted in eruption of rhy-
olite, dacite, andesite and basalt (Nanling Institute of Geology and Mineral
Resources 1987, BGMRZj 1989; Lapierre et al. 1997). Mesozoic volcanicity,
however, is not limited in these two periods, as most Mesozoic sedimentary
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sequences usually contain volcanic horizons. The spatial distribution of the
Mesozoic volcanics indicates that acid (-intermediate) volcanics occur in the
coastal region and basalt inland (Fig. 8.12) .

The acid (-intermediate) volcanics are considered to have been derived from
the mid-upper crustal granite magma layer and basalt from mantle melting (e.g.
Xu et al. 1999; Zhou and Li 2000) (Fig. 8.13) . Numerous well-defined faults
occur in the coastal area of SE China (Fig. 8.1) and are presumed to extend
down to the top of the granite melt layer and provided avenues for eruption of
dominant rhyolite and subordinate dacite, acid-andesite magma (Fig. 8.13).

Comparison of Figs. 8.14-8.17 indicates an oceanward migration of volcanic
belts since the Late Jurassic, with the eventual cessation of acid (-intermediate)
eruptions and a dominance of Cenozoic basalt volcanism in the coastal area.

With downward inclination of isotherms and resultant thinning and termina-
tion of the granite magma layer towards the continental interior, faults west of
the crustal magma layer could be expected to transect the entire crust to tap
underplated basalt magma at the crust-mantle boundary giving rise to the basalt
dykes and volcanics inland of the acid-intermediate volcanic rocks (Fig. 8.13).
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Figure 8.12. Map showing distribution of latest Jurassic volcanics/volcanic-bearing sediments,
with acid (-intermediate) volcanics in the coastal region and basalt inland. 1. Rhyolite (andesite);
2. Basalt; 3. Boundary of volcanic compositions.
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Figure 8.13. Cartoon to illustrate the essential eruption of bimodal (acid-intermediate and
basic) volcanic rocks in SE China, derived from a mid-upper crustal granite magma layer and the
mantle, respectively. 1. Upper crust; 2. Middle crust; 3. Lower crust; 4. Mantle.
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Figure 8.14. Map showing distribution of Early Cretaceous volcanic rocks (legend as in Fig. 8.12).

As discussed in Chapter 7, both remelting events reflect temporary reversals
in an overall trend of decreasing crustal temperature from the Late Jurassic
(Fig. 8.10) and the landward inclination of magma interfaces (MI’s) are respon-
sible for the seaward migration (younging) of granite belts in map plan view
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Figure 8.15. Map showing distribution of Late Cretaceous volcanic rocks (legend as in Fig. 8.12).
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Figure 8.16. Map showing distribution of Early Tertiary volcanic rocks (legend as in Fig. 8.12).
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Figure 8.17. Map showing distribution of Late Tertiary volcanic rocks (legend as in Fig. 8.12).
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(Fig. 7.14). The migration of eruption belts also suggests depression of the MI
resulting in a reduction of the areal distribution of granite magma layers with
post-Late Jurassic decreasing temperatures (Fig. 8.10). The extensive Mesozoic
granite magma layer is believed to have crystallised by Eocene time, allowing
downward propagation of faults to mantle depths in the area of the continental
margin facilitating large-scale eruptions of basalt (Fig. 8.18) associated with the
development of the Cenozoic continental margin basins of the South China Sea
area (Qiu 20006).



CHAPTER 9

MATERIAL AND ELEMENT CYCLING
OF THE CONTINENTAL CRUST AND SUMMARY

The genetic model of sedimentary rocks (Fig. 1.1) clarifies the cycling evolution
of materials in the sedimentation sphere, yet the mountains of continents are
not only composed of metasedimentary-volcanic rocks, but also an abundance
of granite. Weathered detritus from these rocks become basin sediments that
produce a new generation of sedimentary rocks and on burial and deformation
become metamorphosed or melted under appropriate conditions, which results
in cycling evolution of rock materials that comprise the continental crust.

9.1. ROCK CYCLING OF CONTINENTAL MATERIAL

Transformation of the three main rocks (sedimentary, metamorphic and
igneous) of the continental crust from one kind to another and the associated
variation of geological environment/conditions is commonly described as ‘rock
cycling’. In the current model of rock cycling (Fig. 9.1), sedimentary and
igneous rocks can change into metamorphic rocks by an increase in P—T and
revert to sedimentary rock through exogenic processes. However, the rock
cycling scheme does not change sedimentary-metamorphic rocks directly to
igneous, because partial melting of typical crustal rocks usually produces
~30-40% granitic melt that moves from its source according to the granite intru-
sion model, with 60-70% of unmelted and peritectic restite material remaining
in the source region as metamorphic, rather than igneous rock.

The in situ melting model of granite formation provides a logical explanation
for granite formation in terms of rock cycling because the granite magma
remains in the region of its source and is thus associated with its restite fraction.
A revised rock cycling scheme is shown in Fig. 9.2 that provides the necessary
link between sedimentary and igneous, i.e. granitic, rocks.

The revised rock cycling scheme implies that rock cycling is a reversible
process, and variations of the geological environment/conditions associated
with the cycle depend on the cycling direction; evolution from sedimentary rock
through metamorphic to igneous rocks with increasing burial and temperature,

223
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Figure 9.1. A typical rock cycling scheme (after Judson and Richardson 1995), indirectly based on
an intrusion model of granite formation.
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Figure 9.2. An alternative rock-cycling scheme based on an in situ melting—intercrustal convection
model for granite formation.

and an opposite trend where conditions are reversed (Fig. 9.2). Direct transfor-
mation from sedimentary rock to igneous rock and the reverse process (back to
sedimentary rock) should reflect relatively rapid changes in the physio-chemical
conditions of the continental system that involves considerable energy input/output
such as that generated by the convergence of lithospheric plates. Convergence
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Figure 9.3. Cartoon illustrating a geodynamic interpretation for the cycling evolution of continent
rock material, emphasising the relationship between the two major material (energy) cycling processes
in the continental crust and the mantle.

enhances the intrinsic energy of the continental crust and leads to formation
and development of a crustal magma layer, and finally results in crustal defor-
mation (orogeny) that accelerates exogenous process of erosion, transportation
and deposition. In contrast, decreasing crustal temperature results in crystalli-
sation of the magma layer, stabilising the crust, reducing the rate and amount
of erosion and deposition (Qiu 2006). The relationship between cyclic evolution of
rock materials and variations in the thermodynamic environment/conditions
of the continental crust caused by plate convergence is shown in Fig. 9.3.

9.2. ELEMENT CYCLING OF THE CONTINENTAL CRUST

Both energy and material flow in the Earth’s interior drive the movement of the
lithospheric plates. Interaction between the plates drives the flow of energy
within the continental lithosphere, resulting in rock cycling (Fig. 9.3).
Geological processes affecting rocks are shown in Fig. 9.4. Denudation occurs
only in elevated areas of the crust with the weathering interface (WI) repre-
sented by the contact between rock and atmosphere; deposition and lithification
operate in sedimentary basins or regions of low or negative relief, and the upper
limit of sedimentation sphere (or hydrosphere) is defined as the accumulation
interface (AI); metamorphism occurs within basement rocks, with an upper
limit defined as the oxidation-reduction interface (ORI) that marks the transi-
tional from weathered to unweathered rock; anatexis may occur in the lower
part of the dominantly metasedimentary basement rocks when temperatures are
high enough to intersect their solidi, with eventual formation of a convecting
magma and subsequent granite layer (Fig. 9.4). Tectonic uplift exposes the new
rocks (including the sedimentary, metamorphic and igneous) formed in deeper
parts of the crust and the beginning of another cycle (Fig. 9.4).



226 CHAPTER 9

Atmosphere

Hydrosphere

—_—

S —— ~

Magma Layer

Figure 9.4. Schematic diagram to illustrate material cycling and flow paths of mid—upper continen-
tal crustal material associated with development of a granite magma layer. Al = accumulation inter-
face; ORI = oxidation-reduction interface. See text.

Rocks are aggregations of minerals that are constructed of elements, and thus
the rock cycle evolution of ‘rock-flow’ is paralleled by element cycling as
described in Chapter 6, as represented by the four geochemical fields of ele-
ments (GFE), i.e. magmatic, hydrothermal, aqueous and gas fields in the peri-
odic table (Fig. 8.5). Elements in the magmatic field are lithophiles that form the
lattice of silicate minerals during crystallisation of magma and constitute the
granite layer. Those in the hydrothermal field are mostly sulphophiles that are
expelled from the magma (granite) layer during the hydrothermal stage of crys-
tallisation and accumulate in overlying rocks to form various sulphide deposits.
The hydrothermal field thus mirrors the metamorphic-sedimentary layer in
space. Elements in the aqueous field, including C, N, O and halogens, act as a
medium for transportation of ore-forming elements during the hydrothermal
stage of magma crystallisation and they will ultimately be effluxed into the
hydrosphere. The aqueous field thus mirrors the hydrosphere (or sedimentary
sphere). Elements in the gas field will migrate directly or indirectly to the atmos-
phere after being expelled from the magma system, so that the gas field repre-
sents the atmosphere. Comparison of Figs. 9.4 and 9.5 show that the GFE
reflects the texture of the upper crust, and the element-flow follows the cycling
of geological processes and of rock-flow shown in Fig. 9.4.

9.3. OVERVIEW

The genetic models of sedimentary and basaltic rock formation constitute the
core of both continental geology and plate tectonics, respectively, yet the
absence of a model incorporating the formation of granite that occurs between
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Figure 9.5. Element cycling as reflected by the geochemical field of elements (GFE). The direction
of cycling is indicated by arrows, the layers (or spheres) and the various interfaces (WI, AI, ORI and
MI) correspond to those in Fig. 9.4.

metasedimentary rocks of the upper crust and mafic rocks of the lower crust
prevents the two geological knowledge systems from becoming a unified model.
The essence of ‘plutonism’is that granite is crystallised magma. The igneous ori-
gin of granite, however, does not mean that it must be intruded, i.e. from the
lower to upper crust. The granite magma intrusion model regards the upper
crust repository as an open system with variation of its intrinsic energy caused
by heat being advected by magma intruded from below and this has resulted in
a paradigm of granite genesis that is unable to explain many of the field obser-
vations of granites.

The in situ melting-intra-crustal convection model of granite genesis
expounded here regards the upper crust as a relatively closed system, and for-
mation of granite resulting in a change from order (protolith) to disorder (melt)
to new order (granite) with entropy variations of crustal rocks. Convection
within a crustal partial melt layer is essential for the formation of granite
magma. Without convection, partial melting of rocks produces migmatites and
is incapable of producing granite batholiths. The magma or melting interface
(MI) divides the magma layer and the partial melting (migmatite) zone and also
convection and conduction modes of heat flow. As granite is the result of crys-
tallisation of the magma layer, it is therefore layer-like within the crust. The
shape and size of individual bodies of granite reflects the geometric relationship
between the paleo-magma interface (PMI) and the present-day erosion surface,
rather than the volume of intrusive magma. In situ magma production elimi-
nates the ‘room problem’ of granite batholiths and explains the multifarious
field phenomena related to granites described above.

As a physical process, crustal melting results in reactivation of various ele-
ments that form the atomic framework of minerals, and is thus responsible for
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their reorganisation and redistribution within the continental crust to form
granite and its associated hydrothermal mineral deposits. Variations in chemical
and isotopic compositions of granites can be explained by variations in pro-
tolith (country rock) composition and differentiation within the molten system
and not necessarily a deep (lower crustal) magma source.

The ore-forming elements that are ultimately expelled from crystallising gran-
ite magmas via hydrothermal fluids are derived from the melting of the granite
country rock and are reprecipitated at various levels depending on 7, pH, redox
potential, wall rock composition etc., the potential economic value of this process
being obvious.

Although possible heat sources for partial melting of the crust such as shear
heating, intrusion of mafic magma, crustal thickening and burial of high radi-
ogenic rocks, are important, the formation and development of a crustal magma
layer requires constant energy (heat) input into the system. This requirement is
provided by the convergence of lithospheric plates. Tectonic models explaining
the relationship between variations of intrinsic energy of the continental system
to plate convergence clarify material evolution within the crust and its relation
to surface environmental variables with examples from the western Pacific con-
tinental margin and Tethys-Tibet: increasing temperature corresponding to peri-
ods of accelerating convergence leading to crustal melting (formation of granite
magma layer) and lateral compression (folding, faulting; orogeny), and decreas-
ing temperature corresponding to a slowing of convergence accompanied by
crustal cooling, crystallisation of the magma layer and gravitational adjustment
(fault-controlled basins) of rocks overlying the layer.

The formation of continental red-beds in fault-controlled basins represents an
example of energy exchange between the solid crust and the sedimentation sphere.
Thus, red beds can be regarded as thermally altered rocks, with gas, oil and cop-
per deposits in the upper parts of red-bed sequences, as hydrothermal deposits.

The origin of granite, as with that of sedimentary and basaltic rocks, is not sim-
ply a petrological or geochemical problem. The various geological, geophysical,
metallogenic and experimental melting observations concerning the formation of
granites constitute an integrated system with an in situ melting—intra-crustal
convection model for their genesis as the core, revealing the cycling movement of
energy/material flow of the continental crust and its geodynamic/environmental
effects, and the relationship to lithospheric plate convergence driven by the energy/
material cycling of the Earth’s interior. Element cycling corresponding to the geo-
logical cycle revealed by the GFE established on both in situ melting model of
granite formation and the periodic table underscores the harmony and unity
between the microcosm and macrocosm of the natural world.
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APPENDIX 1
MAP OF SE CHINA SHOWING PROVINCES
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APPENDIX 2
RESULTS OF EXPERIMENTAL ROCK MELTING

A. Mica-bearing metasedimentary compositions

1. Quartz—plagioclase-rich layer with Qz, Pl, minor Bt, Gt, Ap, Ilm, in amphi-
bolite grade Alpine schist, southern Alps, New Zealand (Kifle 1992).
Experimental conditions: Powdered starting material; 625-800°C; 3kb; fO,
~NNO buffer; H,0-added; run-times 120-336 h.

Crystalline products: Opx, Cd, Os, Oamp, Sp, Mt.

Melt composition: Granite to granodiorite with increasing 7" (Fig. A2a).

2. Quartz-rich micaschist with Qz (55%), P1 (19%), Ksp (2%), Ms (7%), Bt (15%),
Sil (2%), from Black Hills, South Dakota, USA (Pickering and Johnston 1998).
Experimental conditions: Powdered starting material; no added H,0O; fO, < QFM
buffer; 10 kb; 812-975°C; run-times 3-17 days.

Crystalline products: Ksp, Sil, Gt, Bt.

Melt composition: Granite (leucogranite) (Fig. A2a).

3. Muscovite schist with Qz (43%), P1 (18%), Ms (22%), Bt (2%), Gt (5%), from
hanging wall of the Main Central Thrust of the Himalayas (Patifio-Douce and
Harris 1998).

Experimental conditions: Powdered starting material; no added H,0O and 1-4%
added H,0O; 700-900°C; 6-10 kb; fO, QFM-QFM-2; run-times 8-16 days.
Crystalline products: Bt, P1 (An; ), Ksp (Or, ), Gt, Sil, Trm, (St), (Sp).
Melt composition: Granite (leucogranite) (no added H,0); granite, adamellite,
trondhjemite (H,O0-added) (Fig. A2a).

4. Metagreywacke sandstone with neometamorphic Qz, Ab, Ms, Ch, Pp, Stp,
Ep, Tn, Cc, Py; relic (detrital) Qz, P1, Ksp, Ms, Ch, Pp, Ep, Gt, Tn, Ap, Zr, [Im,
Rt, Pyr, graphite, from Taupo volcanic zone, New Zealand (Kifle 1992).
Experimental conditions: Lightly crushed rock; H,0-added; 650-850°C; 3 kb;
fO, ~NNO buffer conditions; run-times 19-888 h.

Crystalline products: Cd, Os, Opx, Sp, Mt.

Melt Composition: Granite-adamellite-granodiorite with increasing 7 (Fig. A2a).
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1 2 3 4 5

Sio2 79.07 77.14 75.28 70.87 70.04
Tio2 0.29  0.50 0.36 0.43 0.38
Al203 10.19 11.20 14.29 14.13 14.92
FeO 2.31 3.39 2.40 2.89 3.65
MnO 0.03 0.13 0.06 0.09
MgO 0.95 1.23 0.68 0.95 1.39
Ca0O 1.09 0.75 0.94 1.33 1.79
Na20 2.84 1.42 2.77 3.97 2.65
K20 1.23 244 2.40 2.62 3.18
P205 0.09 0.11

F 0.11

H20 1.70  0.92 2.07 1.90
Total 99.79 99.68 99.23 99.43 99.99
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Figure A2a. Normative Qz, Or, Ab, An—ratio plot showing compositions of granite melts derived
from experimental melting of mica-bearing meta-sedimentary rocks (Nos. A.1-5), with bulk
compositions listed in the table. a and b for composition A.3 indicate H,0-added and no H,0-added,
respectively. Arrows indicate direction of increasing 7.
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5. Synthetic mixture of Qz (44.8%), P1 (26.8%), Ms (15.3%), Bt (13%), (Gardien
et al. 1995).

Experimental conditions: Powdered starting material; no added H,O;
750-950°C; 10 kb; fO, ~NNO; run-times 122-333 h.

Crystalline products: Gt, Bt, Opx, Sil, (Ksp).

Melt composition: Adamellite—granodiorite (Fig. A2a).

6. Biotite schist (metagreywacke) with Qz (40%), Pl (32%), Bt (25%), minor
Trm, Ap, Mz, Zr, Py, from ‘Série Cévenole’ Ardéche, France (Vielzeuf and
Montel 1994).

Experimental conditions: Powdered and glass starting materials; no added H,O;
780-1000°C; 1-10 kb; fO, ~NNO and MnO-Mn,0, buffer conditions; run-times
120-607 h.

Crystalline products: Ksp, Opx, Gt/Cd/Sp, Mt, Ilm, Ap, Rt, Po related by way of
the melt-producing reactions,

Qz + Pl + Bt = Opx + Gt/Cd/Sp + Ksp + L
Qz+Pl+Bt=Gt+Ksp+L
Melt composition: Granite (Fig. A2b).

7. Augen gneiss with Ksp megacrysts and matrix of Qz (42%), PI (20%), Ksp
(8%), Bt (10%), Ms (20%) from the Iberian Massif, Spain (Castro et al. 2000).
Experimental conditions: Powdered starting material; 2 and 4wt % added H,O and
no added H,O; 675-900°C; 2-15 kb, fO, between QFM and QFM-2; run-times
73-304 h.

Crystalline products: Bt, Pl, Ksp, Cd, Opx, AS, Gt (>10kb) in fluid-present
experiments; Bt, PI, Ksp, Cd, AS, Gt (>10 kb), Sp in fluid-absent experiments.
Melt composition: Granite (Fig. A2b).

8. Synthetic mixture of Qz (45%), Pl (28.5%), Bt (26.8%) (Gardien et al. 1995).
Experimental conditions: Powdered starting material; no added H,O;
750-950°C; 10 kb; fO, ~NNO; run-times 122-333 h.

Crystalline products: Pl, Gt, Bt, Opx, Sil, (Ksp), Rt.

Melt composition: Adamellite-granodiorite (Fig. A2b).

9. Semischistose greywacke sandstone with neometamorphic Qz, Ab, Ms, Bt, Ep,
accessory Ch, Tn, Zr; relic (detrital) Qz, Ab, Ep, Tn Ap, Ilm, from greenschist
facies (biotite zone) rocks, central southern Alps, New Zealand (Kifle 1992).
Experimental Conditions: Lightly crushed starting material; H,O-added;
625-850°C; 1-3 kb; fO, ~NNO buffer; run-times 144-360 h.

Crystalline products: Ca-Pl, Opx, Oamp, Os, Sp, Mt.

Melt Composition: Adamellite-granodiorite (Fig. A2b).
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10. Muscovite-biotite schist with Qz (38%), P1 (11%), Ms (29%), Bt (13%), Gt
(6%), Trm + Ky + St (4%), from hanging wall of the Main Central Thrust of the
Himalayas (Patifio-Douce and Harris 1998).

Experimental conditions: Powdered starting material; no added H,O and 1-4%
added H,0O; 700-900°C; 6-10 kb; fO, QFM-QFM-2; run-times 8-16 days.
Crystalline products: Bt, P, Ksp, Gt, Sil, Trm, (St), (Sp). Compared with biotite
compositions in starting material, newly-formed biotite is more aluminous, and
has higher Mg/Fe, Ti and F.

Melt composition: Granite (leucogranite) (Fig. A2b).

11. Cordierite gneiss with Qz (35%). P1(23%), Ksp (2%), Bt (25%), Cd (9%), Gt
(3%), retrograde Ms (2%), accessory (1%) Ap, Zr, Sp, Py, from mega-enclave
(~2km) in migmatite, Sul-rio-grandense Shield, southern Brazil (Koester et al.
2002).

Experimental conditions: Powdered starting material; H,0-added and H,O-absent;
700-900°C; 5, 19, 15 kb; fO, between QFM and QFM-2 buffer conditions and
higher; run-times 61-290 h.

Crystalline products: Opx, Mt (5 kb); Gt, AS, Ksp (10 and 15 kb).

Melt Composition: Granite—adamellite (Fig. A2c¢).

12. Banded biotite gneiss with Qz (24%), P1(42%), Ksp (8%), Bt (25%), Ep (9%),
Tn, Ap, Zr, Ilm, from the Lepontine nappes, Ticino Valley, Switzerland (Gardien
et al. 2000).

Experimental conditions: Powdered starting material; 2% and 4% H,0O-added
and H,O-absent; 800-900°C; 10, 15, 20 kb; fO, between QFM and QFM-1.2;
run-times 73-232 h.

Crystalline products: Ksp, Pl, Bt, Hb, Gt, (Cpx, Ep, Rt at 20 kb).

Melt composition: Adamellite—granodiorite (10 kb); granodiorite (15 kb);
adamellite-quartz monzonite (20 kb) (Fig. A2c).

13. Pelitic gneiss with Qz, P1, Ms, Bt, Ky, Gt, + St, = Ch (retrograde) from the
Carino gneisses, Cabo Ortegal complex, Galicia, NW Spain (Vielzeuf and
Holloway 1988).

Experimental conditions: Powdered starting material; 750-1250°C; 7,10 and 12
kb; fO, unbuffered; no added H,O; run-times 14 h to 7 days for experiments
<1000°C, 20 min—24 hr for experiments >1000°C.

Crystalline products: Qz, (Ksp), Sill, Gt, Sp by way of the melt-producing reac-
tions (at 10 kb) up to 875°C,

Ms+Bt+Pl+Qz=AS+L
Ms +Pl+Qz=Bt+AS+ (Ksp)+ L
Bt+AS+Pl+Qz=Gt+ (Ksp)+L
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11 12 13 14 15 16
Si02 65.80 64.59 64.35 63.6 62.55 61.89
TiO2 0.78 0.67 0.82 25 099 0.76
Al203 14,29 16.40 18.13 12.3 18.41 17.24
FeO 5.87 4.59 6.26 7.6 6.73 8.02
MnO 0.12 0.05 0.09 0.1 0.15 0.06
MgO 2.97 1.37 2.44 4.7 1.74 2.81
CaO 161 3.85 152 2.1 119 0.09
Na20 1.43 3.58 1.66 2 122 0.80
K20 3.16 341 256 3.6 337 593
P205 0.30 0.21 0.18
F 0.1
H20 1.89 2.15 1.6 2.83
Total 98.22 98.72 99.98 100.2 99.36 97.60
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Figure A2¢. Normative Qz, Or, Ab, An—ratio plot showing compositions of granite melts derived
from experimental melting of mica-bearing meta-sedimentary rocks (Nos. A.11-16), with bulk
compositions listed in the table. a and b for compositions A.15,16 indicate H,0-added and no H,O-
added, respectively. Composition fields for 10, 15 and 20 kb indicated for No. A2,
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and above 1000°C,
Gt=Sp+(Qz)+L
Sp+(Qz) =Sil+ L
Melt composition: Adamellite-granodiorite and granite (Fig. A2c).

14. Synthetic biotite gneiss with Qz (34.3%), P1 (26.5%), Bt (37.2%), Ilm (2.0%),
(Patifio-Douce and Beard 1995).

Experimental conditions: Powdered and glass staring compositions; no added
H,0; 875-1000°C; 3-15 kb; fO, between QFM-2—+ 3 buffer; run-times 5-21 days.
Crystalline products: Pl, Ksp, Opx, Cpx (>15 kb), Bt, Gt, Ilm, Rt (>10 kb).
Melt composition: Adamellite-granodiorite (Fig. A2c).

15. Metapelite with Qz (40.6%), P1 (14.1%) Ms (13.2%), Bt (18.2%), Ky + Sill
(8.3%), Gt (4.9%), graphite; accessory Ap, Tr,, Zr, llm, Pyr; retrograde Ch, from
Isle of Pines, western Cuba (Garcia-Casco et al. 2003).

Experimental conditions: Powdered starting material; 10 wt %. added H,O and
no added H,O; 650-850°C; 4-14 kb; fO, between QFM and QFM-2 buffer
conditions; run-times 70-339 h.

Crystalline phases: Bt, Gt, St in fluid-present experiments; Ksp, + PI, Bt, = AS,
+ Gt, + St, £ Sp in fluid-absent experiments.

Melt composition: Adamellite, granodiorite, tonalite in fluid-present experi-
ments; granite in fluid-absent experiments (Fig. A2c).

16. Pelitic migmatitic schlieren with Qz (24%), Ksp (38%), Bt (11%), Cd (25%),
Ilm (1%), Mt (1%), Sp (hercynite; trace) (a), from Morton Pass, Wyoming, USA
(Grant 2004). Two additional compositions derived by; adding 12.8% Qz (b),
and adding 22.6% Sil (¢) to composition (a).

Experimental conditions: Powdered starting material; both added H,O and no
H,O added; 700-840°C; 1-3.5 kb (mainly at 2 kb); fO, = QFM; run-times 613
days.

Crystalline products:

H,0-added. At T near beginning of melting:

Qz+Ksp+Cd+Sil+Sp+V =L
Qz+Ksp+Cd+Sil+Sp+Ilm+V=Bt+L
Qz+Bt+V=Cd+Opx+Ilm+L
H,0-absent. From ~800°C:
Qz+Bt=Ksp+Cd+Opx+Ilm+L
Melt composition: Granite—alkali-feldspar granite (Fig. A2c¢).
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17. Pelitic hornfels with Qz (27.1%), P1 (10.3%), Ms (8.4%), Bt (22.6%), Cd
(30.6%) and (1.0%); trace Ilm, Ap, Mz, Zr, from contact aureole beneath the
Bushveld Intrusion, South Africa (Buick et al. 2004).

Experimental conditions: Powdered starting material; no added H,O, but with
1.2% H,0*; 700-1000°C; 3 kb; fO, unbuffered; run-times 138-232 h.
Crystalline products: Pl, Ksp, Bt, Cd, Sil, Opx, Sp, IIm.

Melt composition: Granite (Fig. A2d).

18. Metasiltstone (argillite) with neometamorphic Qz, Ab, Ms, Ch, Pp, Pr, Ep,
Tn, Cc, Py; relic (detrital) Qz, P1, Ksp, Ilm, Ap, Zr, from Taupo volcanic zone,
North island, New Zealand (Kifle 1992).

Experimental conditions: Lightly crushed starting material; 675-850°C; 3 kb;
O, ~NNO buffer; run-times 85-744 h.

Crystalline products: Pl, Bt, Cd, £ Sil, = Opx, Os, Sp, Mt.

Melt composition: Adamellite-granodiorite (Fig. A2d).

19. Metapelite with Qz (31%), P1 (4%), Sil (19%), Ms (10%); Bt (30%); Gt (5%);
Ilm (1%), from northern Idaho, USA (Patifio-Douce and Johnston 1991).
Experimental conditions: Powdered starting material; no added H,O;
825-1075°C; 7, 10 and 13 kb; fO, about 1 to 1.5 log units above NNO bulffer;
run-times 48-360 h.

Crystalline products: Qz, AS, + Bt, + Gt; £ [lm; + Sp; £ Rt.

Melt composition: Alkali-feldspar granite (Fig. A2d).

20. Pelitic hornfels with Qz (30.9%), P1 (10.8%), Ms (29.5%), Ch (27.8%), Ilm
(1.0%), Zr (trace), from contact aureole beneath the Bushveld Intrusion, South
Africa (Buick et al. 2004).

Experimental conditions: Powdered starting material; no added H,O, but with
4.4% H,0*; 700-1000°C; 3 kb; fO, unbuffered; run-times 138-232 h.
Crystalline products: Cd, Sp, Ilm, (P1, Ksp, Bt, Sil below 750°C)

Melt composition: Adamellite (Fig. A2d).

21. Mica-rich layer with Qz, Pl, Ms, Bt, Gt, Ep, Ilm, Rt, Ap, in amphibolite
grade Alpine schist, southern Alps, New Zealand (Kifle 1992).

Experimental conditions: Lightly crushed starting material; H,0O-added;
650-850°C; 3 kb; fO2 ~NNO buffer; run-times 120-384 h.

Crystalline products: Ksp, Cd, Os, Sil, + Co, Sp, Mt.

Melt composition: Adamellite-granite with increasing 7" (arrow) (Fig. A2d).

B. Dacite/basalt-micaceous quartzofeldspathic mixtures/quartz amphibolite

1. Dacite, central volcanic zone, North Island, New Zealand (Conrad et al. 1988).
Experimental conditions: Glass starting material; added H,O and CO, to give
XH,O in vapour phase of 0.75, 0.50, 0.25; 675-975°C; 10 kb; run-times 24-384 h.
Crystalline products: Qz, Pl, Hb, Bi, (Ksp), Cpx, Opx, Ap, Ilm, Rt.

Melt compositions: Adamellite—granodiorite—tonalite with increasing 7" (Fig. B2a).
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17 18 19 20 21

Sio2 59.79 58.81 57.36 57.18 50.36
TiO2 0.84 0.82 1.26 0.77 1.25
Al203 20.43 18.22 23.24 20.02 22.83
FeO 9.37 6.72 8.59 9.83 7.66
MnO 0.13 0.08 0.17 0.10 0.13
MgO 3.58 2.19 2,72 3.35 2.98
Ca0 0.64 1.73 0.40 0.61 1.65
Na20 1.36 1.74 0.48 1.36 2.71
K20 3.04 4.16 3.63 2.59 5.45
P205 0.17 0.36
F 0.11

H20 1.11 3.79 1.69 4.33 4.33
Total 100.29 98.43 99.65 100.14 99.71
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Figure A2d. Normative Qz, Or, Ab, An—ratio plot showing compositions of granite melts derived
from experimental melting of mica-bearing meta-sedimentary rocks (Nos. A.17-21), with bulk
compositions listed in the table. Melt composition fields at 7, 10 and 13 kb are shown for A.19. Arrow

for composition A.21 indicates increasing 7.
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Si02 65.20 65.00 63.74 60.40 59.03 55.7 52.7
Tio2 0.60 0.73 0.78 1.70 1.12 1.7 1.1
Al203 1570 16.50 16.05 11.30 15.12 15.7 21.3
FeO 5.00 700 562 790 9.17 8.0 8.5
MnO 0.10 0.10 0.12 0.20 0.16 02 02
MgO 2.50 1.90 241 670 2.48 7.8 6.9
Ca0 5.30 3.50 3.14 7.60 5.31 7.0 6.1
Na20 3.60 3.40 4.22 190 3.28 2.1 1.3
K20 1.70 1.0 2.15 070 1.64 19 1.9

P205 (.10 0.15 0.14 0.20
F
H20 1.88 1.40
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Figure B2a. Normative Qz, Or, Ab, An—ratio plot showing compositions of granite melts derived
from experimental melting of dacite, volcanogenic greywacke, synthetic basalt-meta-sedimentary mix,
and quartz amphibolite (Nos. B.1-7), with bulk compositions listed in the table. Values below anhydrous
totals of Analyses 6 and 7 are H,O values. Arrows indicate increasing 7'and P = increasing P.



RESULTS OF EXPERIMENTAL ROCK MELTING 261

2. Prehnite-pumpellyite facies volcanoclastic greywacke, central volcanic zone,
North Island, New Zealand (Conrad et al. 1988).

Experimental conditions: Glass starting material; added H,O and CO, to give
XH,O in vapour phase of 0.75, 0.50, 0.25; 675-975°C; 10 kb; run-times 24-384 h.
Crystalline products: Qz, Pl, Amp (ortho and Ca-amphibole), Gt, Ap, Ilm.
Melt compositions: Adamellite—granodiorite—tonalite with increasing 7" (Fig. B2a).

3. Prehnite-pumpellyite facies greywacke with detrital Qz, Pl (An, ,), Ksp, Cpx,
Opx, Hb, Ms, Ep, rare Trm, Ap, Tn, Zr, llm, Rt; authigenic (matrix) Ab, Ms, Ch,
Ep, Pp, Pr, Tn, Cc, Py from western part of central volcanic zone of North
Island, New Zealand (Kifle 1992).

Experimental conditions: Lightly crushed starting material; added H,O; fO,
QFM-NNO:; 650-850°C; 3 kb; run-times 2—-5 weeks.

Crystalline products: Qz, Pl, Amp (hornblende and cummingtonite), Opx, Bt, Mt.
Melt compositions: Granite-adamellite-granodiorite with increasing 7 (Fig. B2a).

4. Synthetic quartz amphibolite with Qz (24.5%), P1 (19.6%), Hb (63.9%), Ilm
(2%) (Patifio-Douce and Beard 1995).

Experimental conditions: Glass starting material; no added H,O; 840-1000°C;
3-15 kb; fO, AQFM-1.4-2.7; run-times 7-21 days.

Crystalline phases: Qz, P1 (An,, ), Hb, Opx, Cpx, Gt, IIm, Mt, Rt.

Melt compositions: Granodiorite-adamellite (Fig. B2a).

5. Volcanoclastic gneiss with Qz, P1 (An ), Bt (16%), Hb (15%), Ep (13%), from
the western gneiss region, Norway (Skjerlie and Johnston 1996).

Experimental conditions: Powdered starting material; No H,0O-added;
850-1050°C; 10-20 kb; fO, ~ 1 log unit <QFM buffer conditions; run-times
97-663 h.

Crystalline products: Gt, £ Hb, Cpx, Opx, Ksp through the melt-producing
reactions (at 10 kb),

Qz+Bt+Ep=Hb+Gt+Ksp+L
and
Hb+Pl+Qz=Cpx+Opx £ Gt+L

at higher temperatures (875-925°C).
Melt composition: Granite—adamellite with increasing 7 (Fig. B2a).

6. Synthetic high alumina-olivine tholeiite (50%) + synthetic biotite gneiss (50%).
Biotite gneiss synthesised from a mixture of Qz (34%), P1 (27%), Bt (37%), Ilm
(2%) (Patifio-Douce 1995).

Experimental conditions: Glass starting material; no added H,O; 5-15 kb; 1000°C;
fO,<QFM; run-times 141-201 h.

Crystalline products: Pl, Opx, Cpx, Gt, Sp, Ilm, Rt.

Melt composition: Adamellite (Fig. B2a).
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7. Synthetic high-alumina olivine tholeiite (50%) + natural metapelite (50%).
Metapelite with Qz (31%), P1 (4%), Ms (10%), Bt (30%), Gt (5%), Sil (19%), Ilm
(1%) from northern Idaho, USA (Patifio-Douce 1995).

Experimental conditions: Glass starting material; no added H,O; 5-15 kb;
1000°C; fO,<QFM; run-times 141-201 h.

Crystalline products: Pl, Opx, Cpx, Gt, Sp, Ilm, Rt.

Melt composition: Adamellite (Fig. B2a).

C. Mafic rocks

1. Greenschist facies basaltic andesite with Qz, Ab, Ep, Act (40%), Tn, Fe-Ox,
(relic Cpx), from the Smartville Complex, northern California, USA (Beard and
Lofgren 1991).

Experimental conditions: Powdered starting material; H,0-added and H,O-absent;
800-1000°C; 1, 3 and 6.9 kb; fO, externally unbuffered; run-times 72-312 h.
Crystalline products: H,0O-absent Pl, Opx, Cpx, Mt, £ Ilm; H,0-added Hb, Mt,
+ Cpx, = Pl, £ Ilm.

Melt composition: Granodiorite-tonalite (trondhjemite) (Fig. C2a).

2. Greenschist facies andesite with Qz, Ab, Act (35%), Tn, Fe-Ox, from the
Smartville Complex, northern California, USA (Beard and Lofgren 1991).
Experimental conditions: Powdered starting material; H,0O-added and H,O-absent;
850-1000°C; 1, 3 and 6.9 kb; fO, externally unbuffered; run-times 72-138 h.
Crystalline products: H,0O-absent Pl, Opx, Cpx, Mt, £ Ilm; H,0-added Hb, Mt,
+ Cpx, = Pl, £ Ilm.

Melt composition: Granodiorite-tonalite(trondhjemite)-quartz-diorite (Fig. C2a).

3. Hornblende-quartz gabbro (= medium-K [1.19 wt % K, O] basaltic andesite)
with Hb, P, Bt, minor Qz, Fe-Ti Ox; trace Ksp, Ap, Tn, Zr, S; alteration phases,
Ch, Ser (= sericite), Carb, from sill, Sierra Nevada batholith, California, USA
(Sisson et al. 2005).

Experimental conditions: Powdered samples; no added H,0O; 825-925°C; 7 kb;
fO, ANNO-1.0-3.5; run-times 4 days.

Crystalline products: Pl, Hb (tschermakitic-magnesiohornblende), Opx, Cpx,
Ap; Qz at lowest T and highest fO,. Under reduced conditions FeS * ilmenite
are stable and are replaced by Ti-magnetite or Ti-magnetite/ilmeno-hematite at
intermediate and high-oxidation conditions.

Melt composition: Adamellite—granodiorite-quartz monzodiorite (Fig. C2a).

4. Upper greenschist facies tholeiitic basalt with Qz, Pl, Act (46%), Fe-Ox, from
Smartville Complex, northern California, USA (Beard and Lofgren 1991).
Experimental conditions: Powdered starting material; H,O added and not added;
800-1000°C; 1, 3 and 6.9 kb; fO, externally unbuffered; run-times 72-137 h.
Crystalline products: H,0-absent: P1, Opx, Cpx, Mt, * Ilm; H,0-added: Hb, Mt,
+ Cpx, = Pl, £ Ilm.

Melt composition: Granodiorite—tonalite (Fig. C2a).



1 2 3 4 5 6
Sio2 57.02 55.11 53.95 52.47 51.69 51.39
Tio2 0.60 1.66 1.03 1.74 1.00 1.55
Al203 15.39 14,94 17.85 15.29 16.31 15.82
FeO 8.01 11.28 8.11 11.79 8.70 12.23
MnO 0.17 0.21 0.15 0.22 0.11 0.26
MgO 5.52 4.01 5.43 5.29 7.51 4.42
Ca0O 9.20 6.07 9.33 9.21 8.90 8.95
Na20 2.54 4.29 2.74 2.55 3.09 3.30
K20 0.44 0.03 1.19 0.16 0.26 0.37
P205 0.18 0.30 0.21 0.29 0.10 0.30
H20 1.56 0.47 0.49 1.36 0.61
Total 100.63 98.37 99.99 99.50 99.03 99.20
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5. Amphibolitic island arc tholeiite with Act-Hb (44%), P1 (32%), Qz (17%), Cum
(5%), Bt (1%), Ilm (1%), Ep, from Hidaka metamorphic belt, Hokkaido, Japan
(Rushmer 1991).

Experimental conditions: Powdered starting material; no added H,0O; 640-950°C;
8 kb; fO, ~QFM; run-times 1-10 days.

Crystalline products: Pl, Cpx, Opx, IIm.

Melt Compositions: Tonalite (Fig. C2a).

6. Metabasaltic hornfels with P1, Hb (34%), Fe-Ox, (relic Cpx), from Smartville
Complex, northern California, USA (Beard and Lofgren 1991).

Experimental conditions: Powdered starting material; H,O added and H,O-absent;
800-1000°C; 1, 3 and 6.9 kb; fO, externally unbuffered; run-times 72-304 h.
Crystalline products: H,0-absent: P1, Opx, Cpx, Mt, * Ilm; H,0O-added: Hb, Mt,
+ Cpx, = Pl, £ Ilm.

Melt composition: Granodiorite-tonalite (trondhjemite) (Fig. C2a).

7. Hornblende gabbro (= medium-K [1.01 wt % K, O] high-alumina basalt) with
Hb, P, Bt, minor Qz, Fe-Ti Ox; trace Ksp, Ap, Tn, Zr, S; alteration phases are
Ch, Ser (= sericite), Carb, from sills, Sierra Nevada batholith, California, USA
(Sisson et al. 2005).

Experimental conditions: Powdered samples; no added H,0; 825-975°C; 7 kb;
fO, ANNO-1.34.0.

Crystalline products: P1, Hb (hastingsitic), trace Opx, Ap; depending on fO,, Bt
at or >875°C, Cpx at or >900°C. Under reduced conditions FeS * ilmenite are
stable and are replaced by Ti-magnetite or Ti-magnetite/ilmeno—hematite at
intermediate and high-oxidation conditions.

Melt composition: Adamellite through quartz monzonite, quartz monzodiorite
to monzodiorite with increasing 7' (Fig. C2b).

8. Amphibolitic alkali basalt pillow lava with Pl, Hb, Fe-Ti oxides, from Kalmath
Mountains, California, U.S.A (Rapp et al. 1991; Rapp and Watson 1995).
Experimental conditions: Powdered and glass starting material; no H,O added;
900-1150°C; 8-32 kb; fO, ~QFM buffer; run-times 2-28 days.

Crystallne products: Opx (8 kb), Cpx, Gt (>8 kb), Ilm (8 kb), Rt (>8 kb).

Melt composition: Wide variation; adamellite to tonalite, and quartz monzonite
to monzodiorite with increasing 7' (Fig. C2b).

9. Hornblende-quartz gabbro (= medium-K [1.19 wt % K,O] basaltic andesite)
with Hb, P1, Bt, minor Qz, Fe-Ti Ox; trace Ksp, Ap, Tn, Zr, S; alteration phases
are Ch, Ser (= sericite), Carb, from sills, Sierra Nevada batholith, California,
U.S.A (Sisson et al. 2005).

Experimental conditions: Powdered samples; no added H,0; 825-975°C; 7 kb;
fO, ANNO-1.34.0.



7 8 9 10 11 12 13 14
Sio2 51.32 51.19 50.74 49.20 49.14 49.04 48.8 48.79
TiO2 1.29 1.18 1.25 1.19 1.61 1.27 0.4 0.54
Al203 19.37 1662 19.71 1560 16.00 1637 146 17.13
FeO 8.82 11.32 9.69 13.60 10.94 9.18 8.4 8.03
MnO 0.17 0.23 0.15 0.15 7.17 0.18 0.2 0.22
MgO 4,38 6.59 4,52 6.89 0.22 7.45 10.7 10.86
Ca0 8.98 5.49 7.39 10.80 10.70 10.81 14.3 11.66
Na20 4.29 4.33 3.76 2.35 3.29 3.42 1.0 1.54
K20 1.01 0.82 2.32 0.26 0.09 0.44 0.1 0.05
P205 0.38 0.46 0.16 0.12
H20 1.53 1.77 0.44
Total 100.01 99.30 99.99 100.04 99.16 100.09 98.5 99.38
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Crystalline products: Pl, Hb (tschermakitic-magnesiohornblende), Opx, Cpx,
Ap; Qz at lowest 7" and highest fO,. Under reduced conditions FeS * ilmenite
are stable and are replaced by Ti-magnetite or Ti-magnetite/ilmeno-hematite at
intermediate and high-oxidation conditions.

Melt composition: Granite-adamellite to quartz monzonite with increasing 7'
(Fig. C2b).

10. Synthetic average Archean tholeiite (Winther and Newton 1991).
Experimental conditions: Powdered starting material: H,O added; 750-1100°C;
5-30 kb; fO, QFM buffer; run-times 1-10 days.

Crystalline products: Qz, P1, Hb, Cpx, + Opx, Gt, (Ky), Mt, Ilm.

Melt composition: Tonalite-trondhjemite (Fig. C2b).

11. Amphibolite (MORB) with P1(46%); Hb (49%); Ilm (5%), from the Acebuches
metamorphic belt, SW Spain (Lopez and Castro 2001).

Experimental conditions: Powdered starting material; no added H,0O; 800-950°C;
4-14 kb; run-times 215-261 h.

Crystalline products: Cpx, Opx, £ Gt, = Ep through the melting reactions,

(P<10kb) Hb+Pl=Cpx + L
(P=10kb) Hb+ Pl = Gt+Opx + L
(P>10kb) Hb +PI=Ep + Gt + Cpx+ L
Melt composition: Tonalite (Fig. C2b).

12. Amphibolitic alkali metabasalt with Qz (8.4%), P1 (36.4%), Mg-Hb (54.4%),
Ilm (0.8%), from the Ivrea Zone, Italy (Rushmer 1991).

Experimental conditions: Powdered starting material; no added H,O;
640-1000°C; 8 kb; fO, ~QFM; run-times 1-10 days.

Crystalline products: P1 (Any), Cpx, Opx, Tn, IIm.

Melt Composition: Tonalite (Fig. C2b).

13. Low K-amphibolite with Pl (Any; 32.5%); Hb (67.4%); trace Tn, Fe-Ti
oxides from western Foothills Metamorphic Belt, Sierra Nevada, California,
USA (Wolf and Wyllie 1994).

Experimental conditions: Powdered starting material; no added H,O; 750-1000°C;
10 kb; fO, ~0.5-1.0 log units above NNO buffer; run-times 1-9 days.

Crystalline products: Cpx, Opx, Al-Hb, Ca-Hb (probably metastable), Gt.
Melt composition: Tonalite-quartz diorite (Fig. C2b).

14. Metagabbro (olivine tholeiite) with Pl (51.5%), Cpx (24.5%), Opx (14.5%),
Gt (1.5%), Hb (7.5%), Fe-oxides (0.5%), occurring as a xenolith in alkaline tuffs,
Eifel, Germany (Springer and Seck 1997).

Experimental conditions: Powdered starting material; H)O and CO, added to
give H,0/(H,0 + CO,) = 0.5 and 0.75; 850-1200°C; 5-15 kb; fO, ~QFM-NNO;
run-times 7-194 h.
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Crystalline products: Pl, Cpx, Opx dominant at 5 kb; Gt, Cpx, Opx dominant at
15 kb.

Melt compositions: Trondhjemite through tonalite to diorite with increasing 7'
(Fig. C2b).

15. Amphibolite (high Al-basalt) with P1, Hb, Fe-Ti oxides, from Ammonoosuc
Volcanics, Vermont, USA (Rapp et al. 1991; Rapp and Watson 1995).
Experimental conditions: Powdered and glass starting material; no H,O added;
900-1150°C; 8-32 kb; fO,~MW and QFM bulffers; run-times 2-28 days.
Crystalline products: Hb, P1, Opx, Cpx, Gt, Ol, Ilm, Rt (>8 kb).

Melt composition: Trondhjemite-tonalite (Fig. C2c¢).

16. Amphibolite (oceanic tholeiite) with Qz, Pl, Hb, Tn, from Nunatak Fjord,
Alaska, USA. (Rapp et al. 1991; Rapp and Watson 1995).

Experimental conditions: Powdered and glass starting material; no H,O added;
900-1150°C; 8-32 kb; fO,~MW and QFM bulffers; run-times 2-28 days.
Crystalline products: Hb, Pl, Opx, Cpx, Gt, Ol, Ilm, Mt.

Melt composition: Trondhjemite-tonalite (Fig. C2c¢).

17. Amphibolitic pillow lava from Wind River Ranges, Wyoming, USA. (Rapp
et al. 1991; Rapp and Watson 1995).

Experimental conditions: Powdered and glass starting material; no H,O added;
900-1150°C; 8-32 kb; fO,~MW and QFM bulffers; run-times 2-28 days.
Crystalline products: Hb, Pl, Opx, Cpx, Gt, Mt.

Melt composition: Trondhjemite-tonalite (Fig. C2c¢).

18. Amphibolitic metabasalt (quartz tholeiite) with Pl (40%), Cpx (32%), Opx
(8%), Gt (8%), Hb (7%), Fe-oxides (5%), occurring as a xenolith in alkaline
tuffs, Eifel, Germany (Springer and Seck 1997).

Experimental conditions: Powdered starting material; H)O and CO, added to
give H,0/(H,0 + CO,) = 0.5 and 0.75; 850-1200°C; 5-15 kb; fO, ~QFM-NNO;
run-times 7-194 h.

Crystalline products: Pl, Cpx, £Opx, £Gt, =Sp.

Melt compositions: Tonalite-quartz diorite (Fig. C2c¢).

19. Amphibolite with Hb (76.3%), P1(20.5%), Qz (2.3%), Tn (0.9%), Gt (<0.1%),
from British Columbia, Canada (Sen and Dunn 1994).

Experimental conditions: Powdered starting material; no H,O added;
850-1150°C; 15 and 20 kb; fO, 0.5 log units <QFM buffer and between QFM
and HM buffer conditions; run-times 24-216 h.

Crystalline products: Cpx, Gt.

Melt composition: Granite, through granodiorite/trondhjemite to tonalite with
increasing 7 (Fig. C2c).



15 16 17 18 19 20
Si02 48,60 48.30 47.60 4692 46.88 45.97
Tio2 2.06 0.72 1.19 2.02 1.22 1.58
Al203 17.03 15.30 14.18 14.37 15.00 14.81
FeO 10.69 10.70 13.77 13.82 13.09 11.29
MnO 0.21 0.19 0.18 0.17 0.26 0.21
MgO 6.07 8.40 6.86  7.32 8.25 8.11
Ca0 9.66 12,60 10.99 12.14 11.28 13.16
Na20 3.30 2.27 2.56 1.80 2,51 2.10
K20 0.21 0.08 0.19 0.17 0.80 0.10
P205 0.24 0.35
H20 0.70 0.98 1.65 0.37 1.50 1.14
Total 98.53 99.54 99.18 99.34 100.79 98.82
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20. Amphibolitic metabasalt (olivine tholeiite) with Pl (32%), Cpx (33%), Opx
(1.5%), Gt (6.5%), Hb (23.5%), Fe-oxides (1.5%), occurring as a xenolith in
alkaline tuffs, Eifel, Germany (Springer and Seck 1997).

Experimental conditions: Powdered starting material; H)O and CO, added to
give H,0/(H,0 + CO,) = 0.5 and 0.75; 850-1200°C; 5-15 kb; fO, ~QFM-NNO;
run-times 7-194 h.

Crystalline products: Cpx, £Pl, £Opx, Hb, +Gt, +Sp.

Melt compositions: Tonalite (Fig. C2c).

D. Granitoids

1. Granodiorite gneiss with Qz, Anorthoclase, Ksp, Gt, Opx, Sp, [lm as a xeno-
lith from Kilbourne Hole, New Mexico, USA (Beard et al. 1993).
Experimental conditions: Powdered starting material; no added H,O and H,O
added; 900-1000°C; 6.9 kb; fO, unbuffered; run-times 4-7 days.

Crystalline products: Same as starting minerals but with disappearance of Ksp
at 1000°C.

Melt composition: K-feldspar granite and granodiorite with increasing 7' (Fig. D2a).

2. Granodiorite with Qz (32%), Pl (30%), Ksp (24%), Hb (6%), Bt (7%); acces-
sories (1%), from Sierra Nevada batholith, California, USA (Patifio-Douce 1997).
Experimental conditions: Powdered starting material; no added H,0; 950°C;
4 and 8 kb; fO, 1 log unit below QFM; run-times 7 days.

Crystalline products: + Pl, Ksp, Bt, Opx, Cpx, Ilm.

Melt compositions: Alkali-feldspar granite (4 kb; ~20% melt fraction), adamel-
lite (8 kb) (<15% melt fraction) (Fig. D2a).

3. F-rich tonalitic gneiss with Qz (30%), Pl (48.2%), Bt (19.4%), Hb (1.8%), Ep
(0.2%), Ap (0.4%), Zr (0.04%) from Swaziland, South Africa (Skjerlie and
Johnston 1993).

Experimental conditions: Powdered starting material; no added H,O; 875-1075°C;
6, 10, 14 kb; fO, ~1-3 log units >NNO buffer; run-times161-502 h.

Crystalline products: Opx, Gt, Fe-Ti oxides.

Melt composition: Adamellite-granodiorite (Fig. D2a).

4. Granodiorite gneiss with Qz, Anorthoclase, Ksp, Opx, Ilm, Py as a xenolith
from Kilbourne Hole, New Mexico, USA (Beard et al. 1993).

Experimental conditions: Powdered starting material; no added H,O and H,O
added; 900-1000°C; 6.9 kb; fO, unbuffered; run-times 4-7 days.

Crystalline products: Same as starting minerals but with disappearance of Mt
and Ilm at 950 and 1000°C, respectively.

Melt composition: Granite (Fig. D2a).

5. Synthetic tonalite with Qz (30%), P1 (An
Johannes 1996).

Experimental conditions: Fine-grained mineral mixtures; 750-900°C; 2-15 kb;
fO, NNO and close to CoCoO buffers; run-times 4-12 days.

50%), Bt (XMg,; 20%) (Singh and

450



1 2 3 4 5 6 7
§Si02  71.51 69.06 68.05 67.91 66.63 61.48 57.49
Tio2 0.04 0.28 048 0.08 0.9 0.68
AI203 1523 16.81 1519 1574 1575 17.07 15.57
FeO 1.45 1.39 4.67 1.11 4.76 5.92 7.04
Mno 0.05 0.04 0.06 0.05 0.11 0.14
Mgo 0.32 075 173 0.37 2.6 268 3.32
cao 2.21 385 293 253 466 539 8.29
Na20  3.82 4.2 447 365 299 3.88 3.55
K20 3.76 361 205 536 227 257 1.39
P205  0.04 0.15  0.07 0.15
F 0.1
H20 0.2 0.3 0.5
Total 98.63 99.99 99.88 97.17 99.66 100.00 98.12
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Crystalline products: Qz, Pl, £ Ksp, Opx, = Cpx, £ Hb, £ Bt, + Gt, + [Im
Melt composition: Adamellite-granodiorite with increasing 7' (Fig. D2a).

6. Tonalite with Qz (20%), P1 (45%), Ksp (7%), Hb (13%), Bt (13%); accessories
(2%), from Sierra Nevada batholith, California, USA (Patifio-Douce 1997).
Experimental conditions: Powdered starting material; no added H,O; 950°C; 4
and 8 kb; fO, 1 log unit below QFM; run-times 7 days.

Crystalline products: * Pl, = Qz, Bt, Opx, Cpx, Ilm, Rt (only at 8 kb).

Melt composition: Adamellite (4 kb; ~40% melt fraction), granite (8 kb; ~30%
melt fraction) (Fig. D2a).

7. Dioritic ‘charnockite’ gneiss with Qz, Anorthoclase, Ksp, Cpx, Opx, [lm, Mt,
Ap as a xenolith from Kilbourne Hole, New Mexico, USA (Beard et al. 1993).
Experimental conditions: Powdered starting material; no added H,O and H,O
added; 900-1000°C; 6.9 kb; fO, unbuffered; run-times 4-7 days.

Crystalline products: Same as starting minerals but with disappearance of Ksp
at 900°C and Mt at 950°C.

Melt composition: Adamellite (Fig. D2a).
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