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«II n'y a guere de royaumes connus qui ne 
renferment des granits, ou qui ne donnent lieu d'y en 
soup\=onner ». 
« There is no known kingdom where granites are not 
present, or where they may not be suspected ». 

Jean-Etienne Guettard (1715-1786), French 
geologist, member of the Royal Academy of 
Sciences, initiator in Europe of geological mapping. 
He was the first to reveal the existence, in Auvergne 
(Massif Central), of numerous extinct volcanos. 
J.E. Guettard died one year after James Hutton 
( 1726-1797) proposed that granite formed by 
consolidation from the fluid state, the beginning of 
our understanding of the magmatic origin of 
granites. 

PREFACE 

The historical development of granite geology, from its roots in the great 18th century 
debate between Neptunists and Plutonists to the point attained in the present volume, 
illustrates iterative paths in Progress that are also observed in other fields of research. 
Strikingly, for an external observer grounded in the study of peridotites and ophiolites, 
similar lines of evolution appear which can be integrally transposed from one research 
field to the other. One is the marked shift of granite research from a balance between 
structural and petrographical studies, before and just after the Second World War, to a 
geochemistry-dominated science in the late fifties and sixties, until, in the late seventies, 
studies on granite structures bloomed again. The second striking fact of granite studies 
is the emergence of a new type of field geology, thanks to this renewed development of 
structural studies. 

That beautiful field oriented structural studies were conducted before the war can be 
appreciated if we consider, for example, Robert Balk's GSA Memoir in 1937 on the 
"Structural Behavior of Igneous Rocks" (and, notably, its impressive bibliography on 
this subject), or Ernst Cloos' 1946 GSA Memoir on lineations. More vividly, the highly 
developed nature of these studies is attested to by the rather hot debate that grew up 
between various workers, fuelled by distinct structural observations made in the field, 
pitting disciples of emplacement of granitic magmas against those favouring 
transformation or granitisation more-or-less in situ by metamorphic reactions. The 
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debate of those earlier days has been beautifully summarized by H.H. Read in his 
famous "Granite Controversy" (1957). 

Read's formulation of the controversy occurred at the time when geochemistry was 
emerging as a new and powerful tool. The new techniques opened an era during which 
granites were considered mainly from this new viewpoint. Geochemical signatures 
have shown that mantle and crustal origins for granites were both possible, but the 
debate on how and why granites are emplaced did not progress much. Meanwhile, 
structural geology was essentially geometrical and mechanistic. In the early 70's, the 
structural approach began to widen to include solid state physics and fluid dynamics. 
Detailed structural maps of granitic bodies were again published, mainly in France, and 
analysed in terms of magmatic and plastic flow. The senior editor of this volume and 
his students deserve much of the credit for this new development. Via microstructural 
and petrofabric studies, they were able to discriminate between strain in the presence of 
residual melt or in the solid-state, and, by systematically measuring magnetic fabrics 
(AMS), they have been able to map magmatic foliations and lineations in ever finer 
detail, using the internal markers within granites coming from different tectonic 
environments. The traditional debate has been shifted anew. The burning question now 
seems to be how the necessary, large-scale or local, crustal extension required for 
granite emplacement can be obtained. This question necessarily entails consideration of 
crustal tectonics, and implicitly suggests the idea of using granites as markers of large 
scale crustal tectonics. At this stage, an increased collaboration between structuralists 
and petrologists is required, and this is foreshadowed by the present editorial team. 

In the continuum from the microstructural scale to that of crustal structures, field 
data are literally central. It is because the relevant structures have been precisely 
observed and systematically mapped that a new discussion has commenced and the 
problem of granites has taken on a more general significance. These insights can be 
ascribed to the emergence of this new approach in structural geology, which in my view 
is a new field geology, because structures represent the first and commonly the main 
information obtained in the field. This new approach is based on systematic 
measurements and sampling over a grid whose size depends on the particular 
objectives to be attained, and that may rely on the use of new techniques. The 
systematic, accurate, and hopefully unbiased measurements resulting from this field 
approach should allow us to formulate better interpretations and facilitate physical 
modelling. 

With the additional physical aspects treated at the beginning of the volume, all this 
is beautifully illustrated here. 

Montpellier, 07111196 
Adolphe Nicolas 



INTRODUCTION 

This Volume "Granite: from segregation of melt to emplacement fabrics" was conceived 
at the EUG 8 Meeting held in Strasbourg during April 1995, by gathering, selecting and 
reviewing the most innovative papers that were presented at the Xl2 Symposium. It 
covers a broad range of topics related to physical aspects of granite magmatism, topics 
largely under-represented in comparison to geochemical approaches to granite study, the 
term granite, of course, being taken in its broadest sense. 

Nineteen papers span the range from physical properties of granitic material to 
several pluton case studies. Part I "Melt and magmas, properties and segregation" opens 
with a stylistic exercise about information theory as applied to the formation of granite 
(N. Petford, J.D. Clemens and J.L. Vigneresse). Two contributions follow reporting 
laboratory data on the rheology of granitic magmas (B. Scaillet, F. Holtz and M. 
Pichavant), and wetting angles and equilibrium melt geometry (D. Laporte, C. Rapaille 
and A. Provost), and two further contributions are inspired by field studies on magmatic 
fracturing and segregation of melt in the Adamello massif (B.E. John and H. Stiinitz) 
and the relationship between rock structure and rheology in granites from Spain (C. 
Fernandez, A. Castro, J.D. De La Rosa and I. Moreno-Ventas). Part II "Fabrics in 
granites", develops some lively aspects of present-day granite geology. "Granite is never 
isotropic" is an introduction to magnetic fabrics in granite (J.L. Bouchez), followed by 
an illustration of the remarkable fabric homogeneity of granite at all scales (P. Olivier, 
M. de Saint Blanquat, G. Gleizes and D. Leblanc). Analogue experiments, using a 
torsion apparatus (L. Arbaret, H. Diot, J.L. Bouchez, P. Lespinasse and M. de Saint 
Blanquat) or a shear box (A. Fernandez and J. Femandez-Catuxo), help to reproduce the 
fabrics of biotite, hence (hopefully) model the magnetic fabric of at least magnetite-free 
granite. Finally, numerical modelling is used to examine the formation of mineral 
lineation in terms of strain regime and particle shape ratio (K. Schulmann, J. Jesek and 
Z. Venera) and the periodic versus steady-state nature of the mineral fabric in simple 
shear (B. lldefonse, L. Arbaret and H. Diot). Part III "Emplacement of granite plutons: 
case studies" comprises eight contributions. It begins with a general consideration of 
syntectonic granites, and a proposed solution to the space problem (D.W.H. Hutton), 
followed by a review paper concerning pluton shape inferred from combined fabric and 
gravity data (L. Ameglio, J-L. Vigneresse and J.L. Bouchez). Three exemplary case 
studies of plutons emplaced along shear zones are then presented: the huge Los 
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Pedroches Batholith, Spain (A. Aranguren, F. Larrea, M. Carracedo, J. Cuevas and J.M. 
Tubia), the majestic Mono Creek granite, Sierra Nevada (M. de Saint Blanquat and B. 
Tikoft), and the Pan-African granite-charnockite Rahama complex (Nigeria) for which a 
tentative 3D-reconstruction is proposed (E. Ferre, G. Gleizes, M.T. Djouadi, J.L. 
Bouchez and F.X.O. Ugodulunwa). Finally, a synthetic view of spatial and temporal 
associations of magmas emplaced along transcurrent shear zones is given through the 
example of the Brasilian orogeny in Northeast Brasil (A. Vauchez, S. Pacheco Neves 
and A. Tommasi). The Volume ends with two associated papers devoted to the 
emplacement of plutons along subduction zones, one showing a well-documented case 
study, the Yakushima granite of Japan (R. Anma), and the other, a spectacular 
experiment of buoyant obliquely rising inclusions in the sense of Ramberg's school, 
reminding us that diapirism may exist (R. Anma and D. Sokoutis). 

Thanks to all the contributors. 
The editors are particularly indebted to the external referees: C. Archanjo (University 

of Natal, Brazil), K. Benn (University of Ottawa), S. Blake (Open University), J. 
Blencoe (Oak Ridge National Laboratory), G. Borradaile (Lakehead University), R. Caby 
(University of Montpellier), B. Clarke (Dalhousie University), L. Corriveau (Centre 
Geologique du Quebec), A. Cruden (University of Mississauga), J. Grocott (Kingston 
University), J.P. Hogan (University of Oklahoma), K. Karlstrom (University of New 
Mexico), D. Kolhstedt (University of Minnesota), P. Launeau (University of Nantes), 
R. Law (Virginia Technological Institute), J.P. Lefort (University of Rennes), N. 
Manktelow (ETH, Ziirich), W. Means (University of Albany), B. McNulty (University 
of Santa Cruz), T. Rushmer (University of Vermont), R. Panozzo-Heilbronner 
(University of Basel), P.Y. Robin (University of Mississauga), P. Rochette (University 
of Aix-Marseille), C. Teyssier (University of Minneapolis), R. Trzebski (University of 
Gottingen), E. Sawyer (University of Quebec at Chicoutimi), and J.M. Tubia ( 
University of Bilbao). 

Internal referees are also greatly acknowledged, and last but not least, all the staff of 
the Laboratory of Petrophysics in Toulouse (UMR CNRS 5563) and particularly Pierre 
Lespinasse who orchestered the organisation, and Christiane Cavare-Hester, our Paganini 
of the computer for many drawings and the editing, are warmly thanked. 

Thanks to all of you. 

Jean Luc Bouchez, Donny Hutton and Ed Stephens 



PART I 

MELT AND MAGMAS: 

PROPERTIES AND SEGREGATION 



APPLICATION OF INFORMATION THEORY TO THE FORMATION 
OF GRANITIC ROCKS 

ABSTRACT 

Nick PETFORD, John D. CLEMENS and Jean-Louis VIGNERESSE* 
School of Geological Sciences, Kingston University, 
Kingston-upon-Thames, Surrey, KTJ 2EE, United Kingdom 
*CNRS, BP 23, 54501 Vandoeuvre/Nancy Cedex, France 

Information theory, proposed originally by Shannon (1948), has been applied to the 
formation of granitoid rocks. Application of the theory allows the four main elements 
involved in granite formation viz.: partial melting (M), melt segregation (S), magma 
ascent (A) and emplacement (E) to be analysed qualitatively as a single, holistic pro
cess. The information content (chemical, isotopic and mineralogical) is contained in the 
magma, and the received message is the crystallised pluton. Noise added (e.g., by tecto
nism, weathering or sample collection) can lead to distortion or even irretrievable loss 
of information. Against this is the energy introduced into the system by the observer. 
Defining the message to be transmitted during granitoid formation as the initial compo
sition of the partial melt (Hs). the total information or entropy content (H') preserved in 
an exposed granitic pluton can be expressed symbolically as: 

H' = [Hs-N-A] + R + o 
where N and A represent information loss by noise and weathering, counteracted by 
redundancy R and input from the investigators o. The processes involved in granitoid 
formation, as identified by the application of information theory, are likely to be cyclic. 
By defining a total assembly time for a pluton, based on the rate of each key granite
forming process, information theory suggests that the rate-limiting step in pluton for
mation is the process of partial melting of the protolith - ultimately the rate of thermal 
diffusion necessary to accomplish this. Analysis suggests that total melt volume and 
melting rate in the source will control both the segregation mechanism and magma 
ascent rate. 

INTRODUCTION 

Over the past decade there has been a significant shift in scientific method, away from 
the reductionist approach, that tends to concentrate on one particular aspect of a pheno
menon, to a more open approach, in which systems are considered in their entirety. This 
holistic approach is becoming increasingly successful in the life sciences and ecology, 
where systems are commonly greater than the sums of their parts (e.g., Cornwell, 1995). 
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4 N. PETFORD et al. 

In contrast, within the geological sciences, many petrologists and geochemists still 
focus on one particular aspect of the granite phenomenon while ignoring the others. The 
present authors have not been blameless in this regard. Though this approach has the 
advantage of maximising the information about process x, it may be at odds with what 
is currently known about process y so that, while both appear correct in isolation, they 
become mutually contradictory when taken together. Recent examples include the appa
rently irreconcilable difference in the rates of pluton ascent based on fracture transport 
and fluid dynamical theory (Clemens and Mawer, 1992; Petford et al., 1993) and rates 
of emplacement based on structural, tectonic and field studies (e.g., Paterson, 1994). 
Other current examples, chosen at random from discussions on the "granite-research" 
discussion group on the Internet, include the role of enclave-bearing magmas in grani
toid evolution, the shapes of plutons with depth, and the origin and significance of 
myrmekite. 

A recurring problem with the holistic approach is how best to express the various 
processes that comprise a given system in a coherent and meaningful way. One appro
ach, that has proven successful in a number of disciplines, including geology (e.g., 
Pelto, 1954; Tasch, 1965; Ferguson, 1980), is the mathematical theory of communica
tions, known as information theory (Shannon, 1948). The theory allows information that 
is passed from one place to another to be defined and quantified at both its source and 
destination, thus providing insight into processes occurring during transmission. 

The ultimate aim of information theory is to predict the behaviour of the communi
cations system mathematically. Given that the theory in its original form does notre
quire transmitted information to have any meaning, two questions of immediate rele
vance are: I) can the concepts of information theory be applied to the genesis of granitic 
rocks and 2) if applicable, will it tell us anything new about the origin and evolution of 
these rocks? The first question can be answered pragmatically by considering the gene
ration, segregation, ascent and emplacement of granitic (s.l.) magma as a process of 
information transmission. The final product (a granitic pluton) contains within it infor
mation (chemical, mineralogical, isotopic, textural and structural) that is the sum of the 
various steps involved in its formation. Thus, in principle, each step should be open to 
analysis by information theory. The second question requires a more philosophical 
approach. Millions of chemical analyses of granitoid rocks must now exist worldwide 
and, although this database expands daily, we are still in many ways no closer to under
standing the origins of these rocks than in the days of Hutton. Thus, although the appli
cation of information theory to the origin of granitic rocks may not reveal new answers 
immediately, it might provide a framework for re-thinking old problems. 

In this paper, we show how information theory can be used to describe holistically 
the main processes involved in the formation of granitoid rocks. We begin by introdu
cing the basic ideas germane to information theory and provide examples with the use 
of flow diagrams. A general mathematical and symbolic treatment of the processes 
involved in granite formation is given. By defining the message to be transmitted during 
granitoid formation as the composition of the partial melt (H5), we show how its infor
mation or entropy content on emplacement can be expressed symbolically. We conclude 
by showing how simple application of information theory can help constrain the relative 
rates of processes involved in granite formation, and argue that these processes are 
likely to be geologically short-lived, cyclic events. 
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PRINCIPLES AND DEFINITIONS 

The general components of a simple communication system are shown in figure I. Any 
communication system contains information in the form of bits (Shannon, 1948), and 
the processes that lead ultimately to the formation of something observable (e.g., a 
television picture, fossil, granite pluton, etc.) will be encoded in n bits of information. 
These bits are equal in summation to the total entropy (H') of the system. We consider 
granitic rocks to be dominantly the products of the crystallisation of hydrous silicate 
magmas, at high temperatures. Thus, for a granite, every aspect of the rock, from its 
inception as a melt, its initial chemistry, mode of segregation, ascent, chemical evolu
tion and emplacement are subsumed under H'. A close association exists between in
formation and uncertainty, so that the greater the information content, the more uncer
tain the answer. Stated differently, the greater the uncertainty of an answer, the greater 
its information content. 

noise noise 

Information • Channel • Destination 

transmission 

Melting ----3>~ Segregation ---:3>~ Ascent ~ Emplacement 

Figure 1. General concept of information theory as defined by Shannon ( 1948). Information at source is 
transmitted via a channel to a final destination, where the message is received. Noise may be introduced 
during transmission. Recast in these terms, granite magmatism is seen as a process whereby information about 
the source region is transmitted by the melt through an ascent channel to emplacement, where the information 
stored within a pluton may be decoded by geoscientists. 

We stress that while the entropy of Shannon is not strictly speaking the entropy (S) 
of thermodynamics, the second law can be expressed as: 

S =k(InP) (1) 

where k is the Boltzmann constant and P is probability. Thus, the less probable an 
event, the lower its entropy (SchrOdinger, 1944, see also Haken, 1983). In a similar 
way, information theory forces us to assign probabilities to events. For a system of N 
alternatives, with Pi probabilities from 1 ton, the information or entropy content of the 
system is: 

n 
H =-KIP; log2 P; (2) 

i=l 

where K is a unit of choice (Shannon, 1948). As an example, for a case where a system 
has two alternatives that are both equally likely, Pi = 0.5 and H = -1. Alternatively, if 
one or other probability= 0, then H = 0. In reality, for a given number of alternatives, H 
will have a range of values (from 0 to 1) that depends ultimately on the sum of the pro-
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babilities Pi (Ferguson, 1988). We are thus faced with the intriguing problem of assi
gning probabilities to all the events that lead to the formation of a pluton! 

Not surprisingly, any theory that attempts to apply probabilities to a finite number of 
events will have limitations, especially when the number of events becomes very large. 
In cases where probabilities remain discrete, Ulam's theorem, which predicts an N2 
dependence on interactions between events, should apply (Atlan, 1972). It is also noted 
that a purely statistical treatment based on probability theory may not be the best way to 
estimate the sensitivity of a system to external conditions (Haken, 1983). Other techni
cal problems inherent in any application of information theory are uncertainties introdu
ced by redundancy and noise (insignificant information). Redundancy (R) is repeated 
information, and is expressed as R = Hmax-HIHmax. where Hmax is the maximum 
quantity of information in a discrete event N. Where a connection exists between groups 
(x andy), Hmax = Hx + Hy -(Hxy). 

GRANITES AS INFORMATION SYSTEMS 

THE GRANITE SERIES 

H.H. Read's granite series is a seminal treatment of granitic rocks in a holistic way. 
Read (1957) proposed that the numerous kinds of granites found in the continental crust 
are not distributed haphazardly, and that certain types recur in similar parts of orogenic 
belts and at comparable stages in orogenic evolution. According to Read (op. cit.), the 
essential idea behind the granite series is that of the mobilisation and transport of mate
rial formed in-situ in the crust. Thus, during the course of orogeny, early, deep-level, 
anatectic migmatites are followed in the mid crust by forcefully intruded granites, 
which themselves give way finally to high-level, permitted intrusions. It is now recogni
sed that Read's granite series does not provide a reliable account of the evolution of 
granites during orogenesis. Major problems exist in relating migmatite terranes to large 
granite plutons, while many high-level ring complexes are related directly to the influx 
of mantle-derived basaltic magmas. Furthermore, the realisation that granitic melts may 
be transported large distances through the crust along faults and as self-propagating 
fissures (Clemens and Mawer, 1992; Petford et al., 1993) challenges the classical ideas 
of forceful versus permitted ascent and emplacement mechanisms. However, in attemp
ting to relate the various styles of granitoid magmatism in time and space, Read's gra
nite series does provide an orderly and sequential account of granitoid formation that 
can be examined further using information theory. 

Most granite workers (see Brown, 1994 for a review) would accept that pluton for
mation involves four main steps: 1) melt generation, 2) melt segregation, 3) vertical 
ascent of magma from the source region and 4) magma emplacement and solidification. 
Given the prevailing axiom that granites reflect the P-T-X conditions of their source 
regions (e.g., Chappell and White, 1974; Clemens, 1984; Clemens and Vielzeuf, 1987), 
granite magmatism, expressed in the language of information theory, is seen essentially 
as the transmission of information, or entropy (H'), about the source region by the 
magma, from the lower to the middle or upper continental crust, via ascent and empla-
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cement. This sequence of generation and segregation (input or data encoding) ascent 
(transmission) and emplacement (received message) is set out in figure 1. 

Noise is added to the system through the effects of deformation, erosion and sam
pling error, although these can be overcome to some degree by information input from 
the observer. An example of redundancy (see previous section) might be the presence of 
an ancient radiogenic component in the source region as indicated by restitic cores in 
zircon crystals. However, no extra amount, or repetition, of zircon crystals adds any
thing new to the message that an inherited component is present. 

THE CASE OF A SINGLE EVENT: MAGMA GENERATION 

To show how information theory forces us to consider granite formation in a holistic 
manner, we take as an example the processes involved in the generation (defined here as 
partial melting and segregation) of melt in the source region. Information theory allows 
us to consider the generation of melt as a discrete event (Fig. 2). Granites start out in 
their source regions as partial melts. However, as a number of different rock types can 
act as protoliths for the magmas, we are faced instantly with a choice of possible source 
rocks. We also need to know the amount of melting, which is, in turn, related to the 
pressure, the duration and intensity of heat input, the presence or absence of a fluid 
phase (and its composition), the porosity, permeability, thermal conductivity, thermal 
diffusivity and latent heat of fusion of the source, along with the physical properties 
(e.g., viscosity and density) of the resultant partial melt. These environmental variables, 
and their possible outcomes during a partial melting event, are summarised in figure 2. 
An adequate description of the generation process, using information theory, requires 
the assignment of a probability level to each of the three possible outcomes: 1) extrac
tion with no ponding, 2) ponding with no extraction or 3) some combination of these. 
We might choose as most realistic P = 1 for option 3. 

Environmental 
conditions 

heat source 
depth of melting 
fluids present 
source rock-type 
source porosity 
source permeability 
volatiles in melt 
melt viscosity 
melt density 
melt proportion 
redox conditions 
stress regime 

MELT!) 

Possible 
outcomes 

extraction with no ponding P = ? 

ponding and no extraction P = ? 

some combination of these P = ? 

Figure 2. Summary of some of the processes (environmental variables) involved in the generation of granitic 
melt during a partial melting event. Also shown are some possible outcomes that describe the subsequent fate 
of the melt. The reader is urged to consider the geological controls that would favour one event having a 
higher probability (P) that any other. 
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THE CASE OF MULTIPLE EVENTS: ASCENT AND EMPLACEMENT 

The problem becomes more acute when we consider ascent and emplacement as well as 
generation. We now have to consider not just an individual event, but also the rela
tionships between multiple events. In magmatic systems that involve the generation, 
movement and solidification of melt, each successive event depends upon the previous 
one since, without melt, there would be nothing to ascend or be emplaced. For the four 
dependent events of melt generation (M), segregation (S), ascent (A) and emplacement 
(E) with n possibilities for each event, the combined entropy H(M,S,A,E) of the system 
is: 

(3) 

Thus, for two or more dependent events, the total information content is equal to or less 
than the sum of the information contents of the individual events (Shannon, 1948). The 
implications of this statement are frustrating yet illuminating. During the process of 
granitoid formation, some information may be lost irretrievably. Unfortunately, infor
mation theory does not tell us from where in the system any potential loss will occur, or 
indeed whether any information has been lost at all. 

GRANITOID MAGMATISM AS A COMMUNICATION SYSTEM 

We are now in a position to consider a model describing the total information content 
involved in granitoid magmatism, from source to final exposure at Earth's surface, in a 
way similar to that first proposed by Tasch (1965) for the process of fossilisation. We 
begin by defining a set of variables that take into account the different processes that are 
likely to occur in the formation of a granite. The total amount of information (H') 
passed is a combination of the original source information (Hs) less the amount of ori
ginal geochemical information lost during hybridisation or assimilation and late-stage 
fluid processes, and information lost during deformation caused by any tectonic activity 
that may occur during uplift (tx in figure 3). Data on physical parameters (e.g., density 
and viscosity) that control melt segregation and ascent are encoded cryptically in the 
bulk magma composition. Information lost by weathering at Earth's surface is expres
sed as A. The terms together constitute noise (N) in the line of communication. Against 
this irretrievable loss stands information repeated through redundancy (R), and energy 
input from the investigators themselves ( 0), defined by Tasch (1965) as derivative data. 
This final input is crucial since, without an observer, the output information cannot be 
decoded. These relationships are related symbolically in the expression: 

H' = [Hs-N-A] + R + S (4) 

Figure 3 shows this relationship schematically, in the form of a delayed feedback loop 
(Elasser, 1958). Shading denotes those parts of the loop that occur deep within the crust, 
and are thus normally unobservable. The loop shown here is considered as time
asymmetric, in that processes occurring within the crust may be cyclic (dashed lines). In 
contrast, the granite body, in its final crystallised state, can only ever make one journey 
to Earth's surface with the majority of its original source information content intact. 
Evidence for cyclicity within the crustal loop may be found in the inferred pulsed nature 
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of emplacement of many large plutons (e.g., Pitcher, 1979; Petford, 1996). The fact that 
different pulses are distinguishable means that each granitic component of a composite 
pluton has a unique MSAE history. Subsequent reburrial and remelting would erase 
much of this original source information, and the resultant partial melt would have a 
new, distinct information content. 

Output (H'= [Hs-N-A]+R+o) at t 1 

tx 

A exposure tE 

/ 
/ 

/ 
/ 

/ 
/ 

tA / 
/ 

/ 

Input at to --.j segregation 

Figure 3 . Feedback loop showing the processes involved in granitoid formation during crustal melting. Input 
at time to leads to the formation of melt in a time t M that contains primary information about its source (Hs). 
Segregation is followed by magma ascent and emplacement. These processes occur within the crust (shaded) 
and although unobservable may be cyclic (dashed line) . Post-emplacement uplift and exhumation leads ulti
mately to exposure. where irretrievable information loss occurs due to weathering (A). Further Joss of infor
mation through noise (N) is counteracted by repetition (R) and energy added by the investigator (0). Total 
information output is defined asH'. 

PLUTON ASSEMBLY: A HOLISTIC APPROACH 

Explicit to the holistic system described here is a temporal component that links the 
various stages of MSAE together. During assembly of a pluton, the total assembly time 
Cta) will be the sum of the times required for generation of partial melt ( t M ), segrega
tion of this melt ( t s ), ascent ( t A) and emplacement ( t E): 
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(5) 

Assembly time Cta) will also depend upon the volume of the magma pulse, itself de
pendent upon the amount of partial melt formed in the first place. With the possible 
exception of diapirism, there is no reason to suppose that ascent and emplacement must 
occur either by the same mechanism or at the same volumetric rate (see e.g., Clemens et 
a!., 1996). If we assume the volume condition: 

~>~>~>~ ~ 
which takes into account the volume of melt not mobilised during segregation and as
cent, the rates of the individual processes are given by: 

r = V M r = Vs r = VA r = V E (7) 
M t'S t'A t'E t 

M S A E 

These rates assume that the processes are continuous (i.e., there are no hiatuses). From 
the above analysis, we can identify the following limiting conditions that will disrupt 
the MSAE process and lead to temporal breaks (pulsing) in pluton formation: 1) rM< rs 
(rate of melting is less than rate of segregation) and 2) rs<rA (rate of segregation is less 
that rate of ascent). There will be positive mechanical feedback between segregation 
rate and volumetric ascent rate. However, the rate of melting should not exceed the rate 
of segregation (rM>rs) because of negative chemical feedback (control of the melting 
rate) induced by melt accumulation. Total melt volume and melting rate will therefore 
control segregation mechanism and magma ascent rate. By combining the expressions 
for volume and rate it is apparent that: 

(8) 

suggesting that the rate limiting step in granitoid formation is the time ( t M) required to 
generate melt in the source region. 

At present, the rates at which melt generation, segregation, ascent and emplacement 
occur within the crust are poorly known, although recent work suggests that melt segre
gation and ascent take place within months to years (Sawyer, 1991, 1996; Clemens and 
Mawer, 1992; Petford, 1995). Theoretical and experimental modelling of partial melti¥ 
above a mafic heat source suggest time-scales of melt generation on the order of lO -
w3 years (Huppert and Sparks, 1988), in accordance with the above results. Our analy
sis of granite formation based on information theory predicts that emplacement should 
also be a geologically rapid process. It also implies that granitoid magmatism may be 
self regulating, with the final volume of plutonic material at emplacement controlled by 
feedback mechanisms operating between the individual stages of melting, segregation 
ascent and emplacement, rather than a single, dominant MSAE process. 
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RHEOLOGICAL PROPERTIES OF GRANITIC MAGMAS IN THEIR 
CRYSTALLIZATION RANGE 

ABSTRACT 

Bruno SCAILLET, Franc;:ois HOLTZ and Michel PICHAV ANT 
CRSCM-CNRS, JA rue de Ia Ferollerie, 
45071 Orleans Cedex 02, France. 

Experimental phase equilibria carried out on three natural granites are used to constrain 
the rheological patterns of natural cooling felsic intrusions with initial HP contents 
between 4.5 wt.% and 7 wt.% and emplacement temperatures between 920°C and 750 
°C. Crystallization paths of H20-bearing magmas show eutectic melt fraction trends, 
with only 20-30 wt.% crystals after 90% of cooling. Melt viscosities increase by a 
factor of 2 or less during crystallization while magma viscosities remain within one 
order of magnitude of the initial value during 90% of the crystallization interval. This 
behaviour is due to the build-up in melt Hp content during crystallization of hydrous 
granitic magmas that counterbalances the effects of temperature drop and increase in 
crystallinity on magma viscosity. Crystallization paths of H20-C02-bearing magmas 
show that the presence of C02 counteracts the lowering effect of H20 upon viscosity, 
except at very low fluid/melt mass ratios. As a consequence, magma viscosities of H20-
C02-bearing magmas may increase much more rapidly during crystallization, in some 
instances by many orders of magnitude relative to HzD-bearing magmas. Phase 
equilibrium results show that oxidation may significantly increase granitic magma 
viscosities, especially when occuring at constant melt Hp content. Thus, changes in 
redox state may affect the fluid dynamics of granitic magmas either during their ascent or 
at their emplacement level. In particular, diapiric granitic magmas are particularly 
sensitive to oxidation and may have their level of emplacement ultimately controlled by 
an oxidation event. In contrast, none of the oxidation mechanisms considered (H2 

diffusive loss, H2-HP fluid phase fractionation and Fe2+-rich crystal removal) is fast 
enough to affect granitic magmas ascending through dykes. 

INTRODUCTION 

Recently considerable progress has been made in understanding the rheology of silicate 
melts (see review by Dingwell et al., 1993). Physical properties such as the viscosity or 
the density of anhydrous superliquidus silicate melts have been extensively measured 
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and accurate equations for calculating these properties are now available (e.g., Bottinga 
and Weill, 1972; Lange and Carmichael, 1990; Persikov, 1991). In contrast, the 
physical properties of hydrous silicate melts are much less well understood, in part 
because of technical problems associated with measuring rheological properties at the 
high pressures needed to incorporate H20 in silicate melts. Nevertheless, the major 
controlling factors of the viscosity of hydrous magmas have been identified. It is well 
established that, in addition to temperature, the viscosity of a natural silicate melt is 
controlled primarily by its Si02 content and by the amount of dissolved volatiles which 
is dominated by H20. Although other volatiles such as F and B are known to affect 
viscosity (Dingwell et a!., 1985, 1992; Baker and Vaillancourt, 1995), their initial 
abundance in magmas is poorly constrained and they are not considered in this work. 
However, it should be borne in mind that these volatiles play a similar role than H20 
upon viscosity and as such their presence in a magma will enhance any effect due to 
HzO. For the magma viscosity to be known, the effect of crystals must be taken into 
account, which is usually done through the Einstein-Roscoe equation (see Pinkerton and 
Stevenson, 1992; Lejeune and Richet, 1995). For granitic magmas, the common view 
is that these relatively Si02- and H20-rich, low temperature magmas have much higher 
viscosities than their mafic counterpart (103 Pa.s, see Shaw, 1969). Values in the range 
106-107 Pa.s, and sometimes higher, have been reported in the literature. However, 
determining viscosities for granitic magmas has proven to be a difficult task for two 
reasons: (1) in contrast with basic magmas (e.g., Shaw, 1969; Lange et a!., 1994), 
liquid lines of descent and melt fraction trends are very poorly defined in granitic systems 
and, (2) no attempts have been made to directly measure the rheology of granite at 
hypersolidus temperatures. The classic work of Van der Molen and Paterson (1979) 
involved the determination of rheology of a partially melted granite under H20-saturated 
conditions only, a situation not representative of many natural granitic magmas. 
Consequently, current estimates of the viscosity of granitic magmas are entirely based 
on empirical calculations which require several assumptions regarding melt H20 content, 
crystal content, composition, temperature, and the variation of these parameters during 
ascent, emplacement, and crystallization. For instance, during crystallization melt 
composition is postulated to evolve toward more silica-rich compositions. This 
compositional evolution, coupled with decreasing temperature and the complementary 
increase in crystal content, has led most authors to conclude that the viscosity of 
granitic magmas increases dramatically during crystallization (e.g., Fernandez and 
Gasquet, 1994). Implicit in this view is the supposition that the effect of H20 on melt 
viscosity during crystallization is negligible relative to that of the other controlling 
factors (temperature, melt composition and crystal content). However, the incompatible 
behaviour of H20 in granitic magmas, with anhydrous phases constituting more than 
90% of the total volume of the crystalline phases, implies the H20 content of the 
residual melt increases as crystallization proceeds. This must counteract to some extent 
the effects of temperature, Si02 increase and crystal/melt ratio effects on the viscosities 
of both the melt phase and the crystal-laden magma (e.g., Petford, 1993). It is 
noteworthy that the extent of the effect of H20 on melt viscosity has never been 
quantitatively measured in natural granites. 

In this paper we use experimentally determined phase diagrams for natural granitic 
compositions to critically assess the role of the above mentioned variables on the 
rheology of granitic melts. After reviewing the available experimental data constraining 
the P-T-wt.% H20;nmclt conditions during emplacement of granitic magmas in the crust, 
crystallization paths obtained for three natural granites with representative compositions 
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(two peraluminous and one metaluminous) are presented. The effects of P, T, tH20 and 
f02 and melt composition during crystallization on magma rheology are outlined with 
particular emphasis on the importance of tHzO and of f02. In view of the dramatic 
effects that f02 can have on the phase relations in granitic magmas, some of the 
mechanisms that affect the redox state of a crystallizing granitic magma are presented 
and their relative significance are discussed in light of the principal ascent mechanisms 
of granitic magmas (dykes or diapirs). Although the approach followed in this paper is 
limited to some case studies, we believe it illustrates the essential features of the 
rheological evolution of crystallizing granitic magmas. 

PHASE EQUILIBRIUM CONSTRAINTS ON THE P-T-wt.% H20MELT 

CONDITIONS DURING THE EMPLACEMENT OF GRANITIC MAGMAS IN 
THE CRUST 

The most powerful method for inferring crystallization conditions (P-T-wt.% HzOmelt) in 
plutonic rocks is to perform laboratory experiments that constrain phase relations for the 
particular bulk composition of interest. This technique was pioneered by Maall')e and 
Wyllie (1975), and has been applied more recently by Clemens and Wall (1981), 
Clemens et al. (1986) and Whitney (1988), and by many others. Information on 
conditions during emplacement of the granite magma such as temperature, melt-H20 
content, and pressure, can be obtained simply by locating the portion of the phase 
diagram that most closely matches the crystallization sequence of the natural rock (e.g., 
Clemens and Wall, 1981; Webster et al., 1987; Johnson and Rutherford, 1989; Scaillet 
et al., 1995a). This approach has confirmed that, as for their volcanic equivalent, most 
plutonic felsic rocks have initial H20 contents higher than 3-4 wt.% (Clemens and 
Wall, 1981; Clemens, 1984; Clemens et al., 1986; Webster et al., 1987; Whitney, 
1988; Johnson and Rutherford, 1989; Dali'Agnol et al., 1994; Scaillet and Pichavant, 
1994; Scaillet et al., 1995a and in prep.). This is shown in figure 1, where the initial 
HzO contents, as deduced from phase equilibria constraints, are plotted against pressure 
and temperature at the time of emplacement of felsic plutonic rocks and some related 
volcanics. Granitic magmas emplaced at 4 kbar display initial H20 contents between 5-7 
wt.% (e.g., Scaillet et al., 1995a), 4-5 wt.% at 3 kbar (e.g., Clemens and Wall, 1981; 
Scaillet et al., in prep.) and 2-4 wt.% at 1 kbar (Clemens et al., 1986; Webster et al., 
1987). 

All the investigated granites are undersaturated with respect to H20, with the degree 
of undersaturation increasing with pressure of emplacement (Fig. 1a). The decrease in 
H20 content with decreasing pressure is accompanied by an increase in temperature 
during emplacement: from 750-800 oc at 4 kbar to temperatures higher than 900 oc at 1 
kbar (Fig. 1 b), the driest and hotter magmas being the shallowest. An exception to this 
trend is the Spor Mountain rhyolite, presumably because of its very high F content 
(Webster et al., 1987). The final important point strongly suggested by the above 
mentioned studies is the crystal-poor character of the granitic magmas at the time of 
emplacement. This conclusion is supported by other evidence such as structural and 
petrographic studies (e.g., Clemens et al., 1986; Clemens and Mawer, 1992; Scaillet et 
al., 1995b), and indicates that nearly all the crystallization of the investigated granites 
can be modelled as an isobaric process. 
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Accordingly, isobaric crystallization paths have been calculated for three natural 
granites (Fig. 2, Table 1, Appendix 1): a biotite-muscovite leucogranite (hereinafter 
referred to as DK), a tourmaline-muscovite leucogranite (GB) and an amphibole-biotite 
granite (RD NN0+2, NNO standing for nickel-nickel oxide oxygen buffer). 
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Figure I. Initial H20 contents of felsic magmas, as deduced .from recent phase equilibrium studies, versus 
(a) pressure and (b) temperature, at the time of emplacement. In A, the continuous curve represents the 
H20 saturation boundary for a haplogranite melt at 850°C (Holtz and Johannes, 1994). OK and GB: biotite
muscovite and tourmaline-muscovite leucogranites (Scaillet et al., 1995a), RD: amphibole-biotite granite 
(Scaillet et al., 1994); FCT: Fish Canyon Tuff (Jonhson and Rutherford, 1989); SBH: Strathbogie granite 
(Clemens and Wall, 1981); WTG: Watergums granite (Clemens et al., 1986); SM: Spor Moutain rhyolite 
(Webster et al., 1987). The straight line is just a manual fit of the experimental data. 

The fourth phase diagram (RD FMQ-0.5, FMQ standing for the fayalite-magnetite
quartz buffer, Fig. 2d) also refers to the RD granite but under a lower oxygen fugacity 
(Fig. 2c-d) indicates the effects of fQ 2 on the rheological properties of crystallizing 
granitic magmas. The experimental methods used and the full list of results concerning 
these phase diagrams can be found elsewhere (Dall'Agnol et al., 1994; Scaillet and 
Pichavant, 1994; Scaillet et al., 1995a; Scaillet, Pichavant and Dall'Agnol, in prep.). 
For the peraluminous compositions, melt viscosities have been calculated using the 
experimental results of Scaillet et al. (1996), whereas for the metaluminous 
composition, the model of Shaw (1972) was adopted. The viscosities of the melt + 
crystal suspensions were calculated using the Einstein-Roscoe formula: 

'llmagma = 'llmelt (1 - 1.67 <1>)'25 (1) 

<I> being the volume fraction of crystals. This relation has been shown to hold for a 
volume fraction of crystals lower than 40% in silicate melts (Lejeune and Richet, 1995) 
and thus it can be used, as will be shown below, for more than 90% of the 
crystallization interval of granitic magmas. 
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EFFECTS OF MELT COMPOSITION AND VOLATILES ON VISCOSITY 
DURING CRYSTALLIZATION 

MELTCOMPOSillON 

15 

As previously stated, crystal fractionation changes the composition of the residual melt, 
and this must affect viscosity. Although scarce, available experimental data shows that 
the silica content of the residual melt during fractional crystallization can either increase 
(e.g., Scaillet et al., 1995a) or decrease (Pichavant et al., 1987). However, the 
magnitude of this change remains small, with a correspondingly small effect on 
viscosity. For instance, the most fractionated melt obtained for the DK composition 
(140°C below the liquidus with - 40 wt.% of crystallization), differs by less than 1 
wt.% in Si02 relative to the starting bulk composition (on an anhydrous basis), the 
changes in other element concentrations, except Hp, being small (see Scaillet et al., 
1995a). The effect on viscosity can be evaluated by comparing the viscosity of the 
initial melt composition and that of the fractionated melt at the same H20 content of the 
melt. This compositional change affects the viscosity by no more than 0.1 log unit. 
The same result has been obtained for the amphibole-biotite metaluminous granite 
(Scaillet, Pichavant and Dall'Agnol, in prep.). It follows that, from a rheological 
standpoint, the main compositional variable during the crystallization of these granites 
is the concentration of H20, the variations in other elements having a negligible effect. 
It is clear, however, that greater compositional changes might occur at higher degrees of 
crystallisation (> 40-50 wt%) but in this case the effect of crystals on viscosity 
dominates over that due to chemical changes alone. Thus, for the sake of simplicity, the 
viscosity changes of granitic melts discussed below have been calculated using a 
constant bulk composition (that of the granite), the master variables being the changes 
in H20 concentration and temperature. 

MAGMAS WITH Hp ONLY 

Although most, if not all, natural magmas contain a finite amount of C02, the pure 
H20-pure system is a useful limiting case that aids in the understanding of the rheology 
of crystallizing granitic magmas. For the three compositions used, the starting 
conditions of crystallization are those inferred from comparison of the natural rock and 
the phase equilibria diagram, including mineral compositions (Table 1 ). The initial 
conditions of crystallization obtained from these studies (initial HP contents 7-4.5 
wt.%, temperatures 750-920°C) reproduce the range of conditions inferred for most 
ancient or modern silicic volcanoes, which suggest the results obtained in the present 
study are applicable to most felsic magmas. The crystallization paths obtained are 
characterized by small changes in H20 content during a substantial part of the 
crystallization interval (Fig. 2). This is due to the small amount of crystallization that 
takes place over a large temperature range (see also Nekvasil, 1988), as shown by the 
change in melt fraction with temperature (converted to dimensionless units for the 
purpose of comparison, see Table I to retrieve original values) for the three 
compositions (Fig. 3a). In all cases, the magma is still 70-80% melt after more than 
80% of cooling over the crystallization interval (corresponding to a temperature 15°-
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Figure 2. Temperature-wt.% H20 in melt diagrams for natural granites contoured for wt.% crystals. For the 
RD composition, the wt.% crystals contours are for oxidized (NN0+2) and reduced (FMQ-0.5) conditions. 
Note the general depression of melt abundance at a given temperature under reduced conditions compared 
to oxidized conditions. Calculated crystallization paths are for a closed system with H20 as the only volatile. 
The dashed line in C is the crystallization path obtained under reduced conditions, as depicted in D. A 
reduced magma undergoing oxidation at constant melt H20 content must remain on the dashed path, along 
which there is a sharp increase in crystal/melt ratio. 
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TABLE I. Composition of granites with initial P, T, wt.% H20melt• 

f02, and melt viscosity 

DK1 GB 1 RD2 

Bt-Ms Tu-Ms Am-Bt 

Si02 73.04 72.94 71.54 
Al2o 3 15.32 15.57 13.64 
Fe203 0.17 0.52 
FeO 0.74 0.27 3.42 
MgO 0.2 0.14 0.68 
CaO 0.85 0.57 2.31 
Na20 3.85 4.56 3.53 
K20 4.96 4.14 3.55 
TiOz 0.13 0.06 0.67 
P2o5 0.14 0.19 
COz 0.05 0.06 
H20t 0.65 0.64 
Total 100.20 99.73 99.33 
F=O 0.04 0.05 
Total 100.16 99.68 

Pressure of 
emplacement 4 4 3 
(kbar) 

Temperature 
of emplacement 800 750 900 
{OC) 

initial H20 
{wt.% in melt) 5.5 7 5 

fo2 FMQ-0.5 FMQ-0.5 NN0+21 FMQ-0.5 

T liquidus ("C) 800 750 920 

T solidus {0C) 645 630 665 

log (TJO) (Pa.s) 4.563 4.143 3.674 

1wet chemical analysis of bulk rock. 
2electron probe analysis of fused glass used as starting material in the 
experiments. All Fe as FeO. 
3calculated from Scaillet et al. {19%). 
4calculated from Shaw {1972). 
Bt: biotite, Tu: tourmaline, Ms: muscovite, Am: amphibole 
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20°C above the solidus). The slight departure of the RD trend compared to the trends for 
the GB and DK granites is due to its higher CaO content (Table 1), which allows 
plagioclase to crystallize much earlier. Such melt fraction trends are eutectic-like, a fact 
that is borne out by the near minimum composition of each investigated granite (note 
that it is also consistent with small changes in composition of the residual melt during 
most of the crystallization period). Water saturated conditions are achieved only a few 
degrees above the solidus (Fig. 3a). This indicates that, when H20 is the only volatile 
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present, bubbles produced by H20 saturation will have only a minor effect on the 
rheological properties of crystallizing granitic magmas. 

Changes in the viscosity of the residual melt and the magma display virtually the 
same features for the three compositions. In Fig. 4 all three compositions are plotted 
using dimensionless variables for the sake of comparison. For the three compositions, 
melt viscosity changes by no more than a factor of 2 during 90% of the crystallization 
interval (Fig. 4a). In detail, the changes depend on the initial H20 content. At 7 wt.% 
H20, the melt viscosity shows a continuous and pronounced decrease toward the end of 
crystallization, reaching values that are nearly one order of magnitude lower than the 
initial viscosity. 
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Figure 3. (a) Changes in melt fraction (wt.%) during crystallization of GB, DK and RD at f02 = NN0+2 
and FMQ-0.5 (see figure 2). Note the eutectic-like behaviour of all melt fraction trends. (b) Changes in the 
HzO contents of the corresponding residual melts. Note that, in all cases, HzO saturation is achieved only 
after 85 % of cooling at best. To calculate HzO contents, multiply by the corresponding initial melt HzO 
contents listed in Table I. Table 1 also contains liquidus and solidus temperatures. 
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Figure 4. Changes in melt (a) and magma (b) viscosity versus temperature for the GB, DK and RD granites. 
TJo is the initial viscosity of the melt (Table 1). For the solidus and liquidus temperatures, see Table 1. The 
HzO content of the melt at the time of emplacement is indicated on each curve. 

This inflexion of viscosity is apparent for all three compositions. However, it 
clearly decreases as the initial H20 content decreases. For an initial H20 content of 4.5 
wt.%, it occurs only very late in the crystallization interval. Changes in viscosity of the 
magma also depend on the initial H20 content (Fig. 4b ). For a H20 content of 7 wt.% 
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and 5.5 wt.% HzO, the viscosity pattern is rather flat, which indicates that the effect of 
H20 during crystallization is counterbalanced by the effects of temperature and crystal 
content. In contrast, for 4.5 wt.% H20, the temperature and crystal effects dominate over 
that of H20, and the bulk viscosity steadily increases during crystallization. Therefore, it 
appears that there is a threshold in initial H20 content for granitic magmas, at about 6 
wt.% H20, below which the effect of H20 on viscosity is dominant over that of 
temperature and of crystals, and above which the reverse occurs. Unless the granitic 
magma is particularly H20-poor ( < 3 wt.% H20), the bulk viscosity typically changes 
by less than one order of magnitude over 90% of the crystallization interval. It is worth 
noting that such behaviour has far-reaching implications not only for geochemical 
processes but also for the fluid dynamics of felsic magma chambers where H20 is the 
dominant volatile. These topics are beyond the scope of the present paper, but two 
important points are appropriate here. First, the observed ten-fold increase in magma 
viscosity, which is commonly cited as a major factor in magma dynamics (i.e., 
resulting in cessation of convection), takes place after a temperature drop corresponding 
to 80-90% of the crystallization interval. This implies that, to the extent that this ten
fold increase is indeed a rheological barrier, a large part of the crystallizing boundary 
layer may well participate in any fluid dynamical process operating deep in the chamber. 
This is especially true for HP-rich magmas like the GB granite. Second, this study 
emphasizes a point which runs counter to a common belief, namely, that the coldest 
felsic melts, which are the richest in H20, are the least viscous ones. A similar 
conclusion was reached by Holtz and Johannes (1994) for the haplogranite system 
(although they restricted their analysis to the case of melts coexisting with quartz and 
feldspar during the entire period of crystallization, a situation that differs from the cases 
described here), and by other investigators working on natural granites (e.g., Clemens 
and Wall, 1981). Nevertheless, such behaviour should enhance melt-crystal 
fractionation, no matter how it occurs (e.g., crystal settling, boundary layer processes, 
compaction of crystal mush). As a result, cold magmas will probably undergo 
fractionation processes to a greater extent than hotter ones, which, in contrast, will have 
less opportunity to produce large amounts of segregated residual melts. 

The crystallization paths in H20-C02-bearing magmas will be detailed for the DK 
composition only, because GB and· RD display qualitatively the same features. 
Crystallization paths for COr H20 bearing magmas having the same initial H20 content 
and temperature (5.5 wt.% Hp, 800°C), but initial fluid/melt mass ratios of 1.0, 0.1 
and 0.01, are shown on Fig. 5, together with the C02-free path, plotted for comparison. 
For a ratio of 1.0, the crystallization path is essentially vertical with a nearly constant 
melt H20 content. The solidus temperature in this case is 40°C higher than that of the 
C02-free system (645°C, Table 1). For a ratio of 0.1, a significant departure from the 
C02-free path is observed once the melt fraction exceeds 20 wt. %, and the solidus is 
attained at a temperature of 652°C. For a ratio of 0.01, no significant deviations from 
paths for C02- free magmas can be seen. As shown on Fig. 6a, the melt fraction trends 
obtained in the presence of C02 depart significantly from the eutectic-like behaviour of 
C02-free systems, at ratios of 1.0 and 0.1. Similarly, the H20 contents of melts differ 
from those for C02-free systems (Fig. 6), but only for an initial fluid/melt ratio in 
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excess of 0.1. In all cases, as shown previously by Holloway (1976), HzO-saturated 
conditions are never achieved in C02-bearing magmas (Fig. 6b). 

Variations in melt viscosity are shown in Fig. 7a. A fluid/melt ratio of 0.01 does 
not affect the viscosity significantly compared to the C02-free system. A fluid/melt ratio 
of 0.1 suppresses the decrease in viscosity caused by H20 that occurs in C02-free 
systems near the end of crystallization (Fig. 4). For a fluid/melt ratio of 1.0, there is a 
progressive increase in melt viscosity attributable to decreasing temperature, because the 
H20 content of the melt remains constant during crystallization. However, the viscosity 
of the melt does not change by more than one order of magnitude over the full 
crystallization interval. Regarding the magma viscosity, fluid/melt mass ratios of 1.0 
and 0.1 produce an increase in magma viscosity of 1 to 2 orders of magnitude after 70 % 
of cooling, whereas this increase occurs only after 95 % of cooling in the C02-free 
magma (Fig. 7b). Clearly, this is related to the greater decrease in melt fraction during 
cooling when a H20-C02 fluid phase is present (Fig. 6a). With a mass ratio of 0.01, 
results are essentially identical to the pure H20 case. 
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Figure 5. Crystallization paths for a COz-HzO-bearing magma with initial fluid/melt mass ratios of 1.0, 0.1 
and 0.01 (mass of COz+HzO in the fluid over the mass of silicate melt including its HzO content before the 
magma begins to crystallize). Also shown for comparison is the crystallization path for an HzO-bearing, 
COz-free magma (see figure 2). 

Therefore, depending on its initial fluid/melt mass ratio, a C02-H20-bearing magma 
will be able to evolve between two end-members. If the fluid mass is very small 
compared to that of the melt (ratio< 0.01), the amount of H20 partitioned into the fluid 
phase during crystallization will be small. In this case the crystallization path is similar 
to that of the C02-free system. Also, the magma displays the largest possible 
crystallization interval (Fig. 5), with a temperature of final solidification close to that 
for an HzO-bearing, C02- free magma. 
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Figure 6. (a) Changes in melt fraction (wt.%) during crystallization of a COz-HzO-bearing magma (DK 
granite) for different initial fluid/melt mass ratios. Note the departure from eutectic-like behaviour once the 
mass ratio is > 0.1. (b) Changes in the HzO contents of corresponding residual melts. Note that, in all cases, 
HzO saturation conditions are never achieved. To calculate HzO contents, multiply by the corresponding 
initial melt HzO contents listed in Table 1. Solidus temperatures are 685, 652 and 647 °C for initial fluid/melt 
mass ratios of 1.0, 0.1, and 0.01, respectively. 

On the other hand, if the fluid/melt mass ratio is large (>0.5), the fluid composition 
does not change with crystallization, buffering the HzO content of the residual melt to a 
constant value (by virtue of the small temperature dependence of HP activity in silicate 
melts). In this case, the final solidification temperature is approximatively given by the 
solidus temperature in the haplogranite system at a H20 activity corresponding to that of 
the Hz0/C02 ratio in the fluid phase (see Ebadi and Johannes, 1991). In such a scenario, 
the granite will display the smallest crystallization interval (Fig. 5). 
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Figure 7. Changes in melt (a) and magma (b) viscosity versus temperature for the crystallization paths of 
figure 5. no is the initial viscosity of the melt (Table 1). Solidus temperatures are 685, 652 and 647 oc for 
initial fluid/melt mass ratios of 1.0, 0.1, and 0.01, respectively. Note that the presence of COz increases both 
melt and magma viscosity, especially at high fluid/melt mass ratios. 

It should be noted that the results obtained here are in all respects qualitatively 
similar to those obtained by Holloway (1976), using albite-Hz0-C02 as a model system 
for magmatic crystallization. This agreement validates the approach followed in this 
study and serves to emphasize the critical influence that C02 may have on the 
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rheological properties of granitic magmas. In all cases, the effect of C02 on the 
rheological properties of magmas is to increase bulk viscosity, in some instances by as 
much as several orders of magnitude compared to hydrous magmas. It should be noted 
that this increase in bulk viscosity is probably a minimum estimate because the role of 
bubbles has not been taken into account. 

Thus, the characterization of the rheological behaviour of a granite during 
crystallization requires two essential questions to be answered. First was it a H20- or a 
C02-H20 bearing magma? Second, in the latter case, what was the fluid/melt ratio 
prevailing at the time of emplacement. Magmas generated under fluid-absent conditions 
will have their volatile content limited to that locked into the phases participating to the 
melting reaction (Clemens and Vielzeuf, 1987) which are dominantly hydrous (micas, 
amphiboles). C02 activity in these magmas should be low and conditions close to H20 
saturation should prevail at the end of crystallization (i.e., aH20- 1), as is observed for 
some peraluminous granites or associated volcanics (e.g., Pichavant et al., 1988). The 
rheological characteristics of these magmas will probably be similar to those of H20-
bearing, C02-free magmas. On the other hand, fluid-present conditions cannot always be 
ruled out for the genesis of some crustal magmas (see Johnson et al., 1994). For 
instance, intrusions displaying mineralogical and textural features consistent with 
attainment of solidus conditions at aH20 < 1 (e.g., Emslie and Stirling, 1993), are 
potential examples of magmas having crystallized in equilibrium with a large mass of 
H20-C02 fluid. Other examples include magmas generated in overthrust terranes where 
melting is triggered by large-scale fluid influx in a hot-slab-over-cold slab regime (e.g., 
LeFort, 1981). There are numerous processes that can influence fluid compositions and 
abundances, and this makes it difficult to predict the rheological patterns of the latter 
category of granites. Nevertheless, they probably display a more viscous behaviour than 
magmas generated under fluid-absent conditions. 

EFFECTS OF PRESSURE 

The effects of pressure on melt viscosity can be viewed as either intrinsic or extrinsic. 
The former are structural changes in the melt produced by a pressure change, such as the 
change of AI coordination number (e.g., Kushiro, 1976), or the influence of pressure on 
the FeO/Fe203 ratio of the melt (Kress and Carmichael, 1992). However, these changes 
occur over a pressure range on the order of 3-4 GPa, which is far in excess of the 
pressure drop commonly undergone by most granitic magmas generated in the crust 
(usually less than 1 GPa). Intrinsic pressure effects on the viscosity of granitic melts are 
thus not anticipated. Extrinsic pressure effects are mainly exemplified by the increasing 
solubility of volatile components (H20, C02) in silicate melts with pressure. High 
pressure magmas have a greater ability to dissolve H20 and, consequently, they have 
lower viscosities as indicated by the GB leucogranite. Another extrinsic influence of 
pressure, related to that of H20, is the effect on phase relations. This effect can be seen 
by examining isobaric "rock-water" phases diagrams for the same "rock" at various 
pressures (e.g., Whitney, 1975; Clemens and Wall, 1981). These diagrams show that, 
for a given melt H20 content, the stability curves of the major phases rarely exhibit 
negative dP/dT slopes (Clemens and Wall, 1981). The first impression gained from this 
observation is that the crystal content of an adiabatically ascending magma should 
decrease. In detail, however, the amount of crystallization will depend on how fast the 
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magma is transferred upward, i.e., on the efficiency of the mechanisms of heat transfer 
between the magma and surrounding country rocks (e.g., Marsh, 1982; Sykes and 
Holloway, 1987; Nekvasil, 1992; Holtz and Johannes, 1994). This problem is in turn 
related to the mode of magma ascent through the crust (dykes or diapirs), a question still 
hotly debated today (e.g., Clemens and Mawer, 1992; Weinberg and Podladchikov, 
1994; Rubin, 1995). Although this issue cannot be directly addressed with isobaric 
phase diagrams, it should be noted that the results gathered from phase equilibria studies 
place strong constraints on the rheological state of the magma at the end of its crustal 
travel (i.e., at the level of emplacement). This state is characterized, in all the 
investigated cases, by a low to very low crystal content of the magma which suggests 
rapid ascent. Thus, although the restricted number of phase equilibria studies precludes 
any general conclusions about the mechanisms of ascent of granitic magmas, results 
obtained to date are consistent with dyking as the dominant mode of intrusion. 

EFFECTS OF f02 

Experimental work carried out on the RD granite under two different f02 (NN0+2 and 
FMQ-0.5) shows that f02 has a profound influence not only on the stability of ferro
magnesian phases but also on iron-free phases such as the tectosilicates (Dall'Agnol et 
al., 1994; Scaillet and Pichavant, 1994; Scaillet, Pichavant and Dall'Agnol, in prep.). 
Under reduced conditions (FMQ-0.5) and for a given melt HP content, the thermal 
stabilities of the tectosilicates are depressed by ca. 50-40°C relative to those under 
oxidized conditions (NN0+2, Fig. 2). Thus, because the tectosilicates make as much as 
90-95% of the volume of the final granitic assemblage, any change in f02 conditions 
will strongly affect the rheological state of the magma. As a rule, for a given 
temperature and H20 content, oxidized conditions correspond to a higher crystal/melt 
ratio than reduced conditions (Fig. 2). 
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Figure 8. Changes in melt (a) and magma (b) viscosity versus temperature for the crystallization paths of 
the RD granite under reduced (RD-FMQ-0.5) and oxidized (RD-NN0+2) conditions (Figure 2). Note that 
magma viscosities are nearly identical for both sets of redox conditions. T]o is the initial viscosity of the melt 
(Table 1). 
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The crystallization paths obtained for RD FMQ-0.5 display the same characteristics 
as its oxidized counterpart (Fig. 2). The RD FMQ-0.5 melt has a slightly higher 
viscosity than that of RD NN0+2 (Fig. 8a), a fact due to the lower temperature of 
crystallization prevailing under reduced conditions (50°C, Fig. 2). However, when the 
crystal effect is taken into account, the two trends of magma viscosities are nearly 
identical (Fig. 8b ). 

A case in point is a magma that starts crystallizing under reduced conditions and 
becomes oxidized at a later stage of its evolution, a circumstance often called upon to 
account for some chemical and mineralogical trends reported for granites (e.g., 
Czmanske and Wones, 1973; Linnen eta!., 1992; Scaillet et a!., 1995a). For example, 
consider the emplacement of a magma containing 5 wt% H20 in melt at 920°C under 
reduced conditions. Its early crystallization path will be that given in Fig. 2d. If, at a 
given temperature and H20 content, for example 720°C and 6 wt.% H20, the redox state 
of magma shifts from FMQ-0.5 to NN0+2, then, in order to reequilibrate, the 
crystaVmelt ratio of the magma must also shift, because this parameter depends on f02. 
If oxidation occurs with no gain or loss of Hp, magma viscosity after oxidation at the 
same temperature will be identical to that for the magma that crystallized under oxidized 
conditions. In the example described above, the crystal content at 720°C would change 
from approximatly 30 wt.% at FMQ-0.5 to approximately 40 wt.% at NN0+2. 
However, as shown on Fig. 8b, this does not introduce a major change in bulk 
viscosity, because the effects of increasing crystal and melt HP content (from 6 to 7 
wt.%) cancel each other. On the other hand, an entirely different result is obtained for a 
system where the total H20 content of the melt may vary. The most extreme and 
interesting case is when the melt H20 content remains constant during oxidation, being 
buffered by some external or internal mechanism. In such a situation, fixing both 
temperature and melt HP content during oxidation necessarily imposes a strong crystal 
fraction increase, from 30 wt.% up to 60 wt.% in the specific example described above, 
thereby dramatically affecting magma viscosity. 
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Figure 9. Effects of oxidation at constant melt H20 content on (a) melt fraction and (b) the magma 
viscosity, for the RD granite. Note that, at temperatures below - 775 °C, oxidation increases the magma 
viscosity by several orders of magnitude. 

The increase in crystal content during oxidation at constant melt H20 content 
increases progressively from 15 wt.% at 900°C, up to 30 wt.% at about 725°C with an 
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average increase of 20 wt.% (Fig. 9a). The effect of this change in crystal content in 
terms of bulk viscosity is shown on Fig. 9b, where the increase in magma viscosity 
arising from oxidation at constant melt HP content is illustrated for different 
temperatures. It is clear that, under these conditions, a magma undergoing oxidation may 
undergo huge variations in viscosity, in contrast to closed system behaviour. 
Significantly, magmas undergoing oxidation can cross the rheological critical melt 
percentage (RCMP) at much higher temperatures than similar magmas that crystallize 
under constant redox conditions. As a result, ascending magmas undergoing progressive 
oxidation may congeal at deeper levels and at various times depending on the rate of the 
oxidation event. 

Although in the preceeding discussion we have considered only instantaneous 
variations in redox state it is clear that these changes can also occur progressively 
throughout the crystallization interval. The final result is the same. In view of the 
important effects of redox state on the rheological properties of granitic magmas on their 
rheological behaviour, the next section describes the redox mechanisms most commonly 
invoked for magmatic systems and compares the relative rates of magma ascent, cooling 
and oxidation. 

RATES OF OXIDATION MECHANISMS vs. RATES OF ASCENT AND 
COOLING 

The oxidation mechanisms considered are (a) Hz diffusive loss (Sato, 1977), (b) 
fractionation of an HzO-Hz fluid phase (Candela, 1986), and (c) fractionation of Fez+ rich 
phases (e.g., Carmichael and Ghiorso, 1990; Carmichael, 1991). 

All three mechanisms are based on the assumption that the redox state of the magma 
is fixed by the following coupled equilibria: 

2Fe0melt + 1/202 <----> Fe20 3 melt 

H20 <----> H2 + 112 Oz 

(3) 

(4) 

These reactions show how mechanisms (a), (b) and (c) will affect the redox state of 
the magma. Mechanisms (a) and (b) imply an open system with loss of either H2 or 
HzO-Hz which would drive equilibria (3) and (4) toward the right, while mechanism (c) 
depletes the melt in Fez+ and increases its Fe3+ /Fez+ ratio (Carmichael, 1991). The rates 
of these three mechanisms are significantly different. Mechanism (a) is related to the rate 
of diffusion of Hz in silicate melts, the driving force being the difference in chemical 
potential of Hz between the magma and its host rock. This hypothesis can be evaluated 
by calculating the characteristic time needed for Hz to diffuse out of a 10 m thick (d) 
dyke or 2 km sized diapir, using the H2 diffusivity (k) given by Watson (1994) and the 
following equation: 

(5) 

Mechanisms (a) and (b) are affected by the fluid-magma or crystal-magma density 
contrasts. Their rates can be obtained using the Stokes' law: 
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V = 2 g r2 (df!uidlcrystal- dmelt) /9 11 (6) 

where V is the settling (crystal) or rising (fluid bubble) terminal velocity, g is the 
gravitational constant, r is the radius of the bubble or crystal, dfluidlcrystal is the density 
of the fluid or crystal, dmelt is the melt density, and 11 is the melt viscosity. 
Calculations were performed using average values of 10000 Pa.s (4 in log units) and 2.3 
g/cm3 for the melt viscosity and density, respectively. The range of fluid density (0.4- 1 
g/cm3) corresponds to fluid compositions under normal crustal conditions (1-10 kbar, C-
0-H system and an f02 between FMQ-0.5 and NN0+2). Crystal sizes (1-2 mm) are 
those reported for many plutonic intrusions (Brandeis and Jaupart, 1987) with crystal 
densities varying between 3 and 5 g/cm3 (e.g., biotite, amphibole, ilmenite). Finally, 
the rate of dyke propagation was obtained from Clemens and Mawer (1992) and Petford 
et al. (1993). For granitic diapirs we used the fastest rate determined in the numerical 
simulations performed by Mahon eta!. (1988). 

TABLE 2. Comparison between rates of magma ascent and rates of three oxidation 
processes. 

rate 
(m/year) 

time 

(year) 

diapir 

0.3 

dyke 

31000 

crystal settling bubble ascent H2loss * 
1000 1 

0.4-1.0 1000 

31000 3.1 

* time needed for H2 to diffuse out of 10 m thick dyke or out of a 2000 m sized diapir (half 
thickness of 1000 m) is given. 

The results are listed in Table 2. Clearly, a magma ascending along dykes is 
insensitive to any oxidizing process, rates of dyke propagation being 2 to 5 order of 
magnitude faster than any of the oxidation mechanisms considered. In contrast, granitic 
diapirs, which rise through the crust very slowly, are highly sensitive to nearly all 
oxidation processes. Each of the mechanisms can be shown to be operative under 
specific circumstances. For instance, H2 diffusive loss may occur in the case of a reduced 
magma passing through oxidized levels in the crust (i.e., hematite-bearing rocks). One 
may then expect to find a reduced halo centered around the intrusion, corresponding to 
the zone affected by H2 escape from the granitic magma at the time of H2 diffusive loss. 
Given that rates of bubble rise are four orders of magnitude greater than that of diapiric 
ascent (Table 2), fluid fractionation appears to be the most powerful mechanism for 
oxidizing a magma. However, this can work only if the melt is fluid-saturated. In a case 
of an H20-bearing magma, such a situation occurs only very late in the crystallization 
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history (Fig. 3b ), which considerably limits the mechanical consequences of the 
oxidation process. In contrast, in C02-H20-bearing magmas, fluid saturation occurs very 
early, and oxidation of the magma via upward fluid migration is possible. Although 
there are no data on Fe2+/Fe3+ partitioning between biotite or amphibole phases and 
granitic melt, the large stability fields reported for both of these phases in most phase 
equilibria diagrams for felsic systems (e.g., Clemens and Wall, 1981; Naney, 1983; 
Scaillet et al., 1995a), indicate that crystallization of these minerals may induce 
oxidation of the magma. Of course, removal of phases such as ilmenite could also have 
a significant effect on the redox state of the magma. It should be noted that the last two 
mechanisms (fluid migration and crysatllization of hydrous, iron-bearing minerals) 
imply that, during the oxidation process, the system undergoes a depletion in its bulk 
HP content. In particular, fractionation of an HrHP-rich fluid phase would reduce the 
HP content of the residual melt and possibly prevent build-up of H20 resulting from 
crystallization of anhydrous phases. Thus oxidation of granitic magma at constant melt 
Hp content is possible. 

Concerning the relative rates of cooling and oxidation, there is no general answer 
given the complexities of the fluid dynamics at work in a magma chamber. However, a 
back-of-the-envelope calculation can be made by considering the time scale of conductive 
cooling for a normal sized granite (4 km thick), because recent studies have shown that 
convective motions in granitic magma chambers are probably weak (Brandeis and 
Jaupart, 1986). The cooling time (t) of such a granite intrusion can be calculated using 
equation (5), k being the thermal diffusivity of the magma and d its half thickness. With 
k = 7 10-6 m2/s (e.g., Brandeis and Jaupart, 1986), the calculated cooling time is about 
I 05 years, suggesting that the aforementioned oxidation processes have sufficient time to 
operate during the solidification of most granitic plutons. Thus, the rheological 
properties (i.e., the fluid dynamics) of granitic magmas at their emplacement level will 
also depend on variations in f02• 

CONCLUSIONS 

This study has shown how phase equilibria diagrams can be used to constrain the 
rheological behaviour of crystallizing granitic magmas. For the first time it is shown 
that variations in f02 can have important effects on the rheological properties of granitic 
magmas. The results obtained from such an approach clearly demonstrate that changes in 
the viscosity evolution of a granitic magma are strongly dependent on its initial H20 
content. The abundances of other less soluble volatiles, such as C02, are also of major 
importance in determining the rheology of the crystallizing granite. In particular, melt 
fraction trends are significantly affected by the introduction of C02 into the system. This 
has important implications for strain analyses carried out on igneous intrusions. 
Magmas displaying a eutectic-like behaviour (Fig. 3a), will develop most of their 
mineral fabrics very late in the congealing period. In contrast, HP-C02-bearing granitic 
magmas may have melt fraction trends much more linear with respect to temperature, 
with a significant amount of crystallization occurring over a much wider temperature 
interval. Thus, the mineral fabric of such intrusions can record a larger fraction of the 
total amount of strain undergone by the magma than that recorded by C02- poor granites. 
Nevertheless, it is clear that in both cases (H20- and H20-C02 bearing magmas), less 
than 10-15% of the crystallization occurs during the first 50% of the crystallization 



28 B. SCAILLET et al. 

interval (Fig. 3a, 6a). Therefore, given the inference of crystal-poor-melts at the time of 
intrusion, the mineral fabrics preserved in granites probably do not reflect the intrusion 
mechanism. Similarly, the melt fraction trends obtained in this study show clearly that 
the release of latent heat from granitic magmas cannot be considered as occurring 
uniformly across the crystallization interval (e.g., Lange et al., 1994). In addition, the 
pattern of release of latent heat may vary between magmas of similar composition but 
with different initial fluid/melt ratios. This implies differences in cooling rates. 
Accordingly, shape preferred fabrics preserved in granites may indicate crystallization 
over wide temperature ranges. Interpretation of these data in terms of strain rates in 
granitic magmas are therefore not straightforward. 
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APPENDIX: ISOBARIC CRYSTALLIZATION PATHS IN GRANITIC SYSTEMS 

Before calculating isobaric crystallization paths, melt fraction contours for the four phase diagrams in 
Figure 2 were obtained by mass balance calculations and graphical analysis. Mass balance calculations 
were performed mainly for the melt-rich field. For the melt-poor region, a graphical analysis was done, 
based on the following assumptions. First, all along the solidus curve, the modal composition of the solidified 
granite is considered to be equal to the modal analysis of the natural rock. Second, only quartz and feldspar 
are taken into account in this calculation, because these phases make up more than 95 wt.% of the total final 
assemblage. Third, for each of these phases, it was assumed that, at a given temperature, mass fraction 
varies linearly between 0.01 wt.% at the liquidus and its modal abundance at the solidus. The third 
assumption was tested whenever possible by mass balance calculation, and both methods agreed within a 
few wt.%. When H20 is the sole volatile present, the basic assumption used to determine crystallization 
paths from phase equilibrium diagrams is that H20 behaves as a perfect incompatible component during 
crystallization in a closed system. This is because it can be shown that the amounts of H20 taken up by the 
hydrous phases are negligible (very low amount of hydrous crystals at high temperature ( < 1 wt.% ), larger 
at low temperatures but largely counterbalanced by the effect of anhydrous phases). Therefore, fixing an 
initial melt H20 content and temperature permits a crystallization path to be calculated using the mass 
balance constraint: 

(1) 

When an H zO-COz fluid phase is present during crystallization, the crystallization paths obtained are as 
follows: first it is assumed that equilibrium in H20 activity (aHzO) between the melt and the fluid phase is 
maintained throughout the crystallization interval. Second, the H20 solubility model of Burnham (1979) was 
used to relate aHzO and wt.% H20 in the melt (using the bulk composition), with the assumption that C02 
does not affect H20 solubility (see Blank et al., 1993). The fluid phase composition was assumed to be a 
HzO-COz binary mixture (a valid assumption for f02 higher than FMQ, e.g., Holloway, 1987; Scaillet et al., 
1995a) and values for aHzO in the fluid phase were obtained from the MRK equation of state of Kerrick 
and Jacobs (1981). Third, it was assumed that all C02 remained in the fluid phase, a reasonable assumption 
considering the very low solubility of COz in granitic melts at pressures prevailing during emplacement of 
most granitic magmas (< 4 kbar). The calculation was performed in stepwise fashion. First the initial 
fluid/melt ratio was fixed at liquidus conditions (i.e., no crystals present), for a given wt.% HzO and 
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temperature. Then assuming aHzOmelt = aHzOfluid it was possible to calculate the mass of HzO in both 
the fluid phase (HzOfluid) and melt (HzOmeitl which gives the total amount of HzO (and COz) in the 
system (Hz0101, COz101). Consequently, for any given temperature below the liquidus, the equilibrium melt 
fraction is that established by aHzOmelt = aHzOfluid• using the mass balance constraint Hz0101 = HzOmelt 
+ HzOnuid and C0z101 = COzfluid· The starting point of this step is the melt fraction/wt.% HzO value for 
the COz-free system, with subsequent calculations completed by decreasing the wt.% HzO of the melt (i.e., 
by increasing the amount of crystallization). The end point of the crystallization path is the crossing point on 
the solidus curve. At the solidus all the volatiles are in the fluid phase, so the molar fraction of HzO (and 
thus aHzO) is given by HzOz /(Hz0101 + C0z101). Therefore, knowing aHzO fixes the solidus temperature, 
here taken to be that of the haplogranite system (Ebadi and Johannes, 1991). 
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The permeability of a partially molten rock is one of the primary factors controlling the 
melt segregation rate. With decreasing melt percentage, permeability becomes 
increasingly sensitive to the grain-scale geometry of partial melt. At low melt 
percentages, the ratio of grain-boundary energy to solid-melt interfacial energy, 
[ y;JI[ y;.J, is the fundamental physical property that determines the equilibrium melt 
geometry, including the wetting angle (}at a solid-solid-melt triple junction, the area-to
volume ratio s/v of melt pockets at grain corners, and the permeability threshold l/J, ( l/J, 
is the volume melt percentage at which melt interconnection is established). The trends 
of increasing (} and l/J, or decreasing s/v with decreasing [ Yss]/[ y;1] are well established in 
the case of a monomineralic system with isotropic interfacial energies. We argue that 
these general trends must apply as well in natural systems where solid-melt interfacial 
energies are essentially anisotropic. 
Measurements of wetting angles at quartz-quartz-melt, feldspar-feldspar-melt and 
amphibole-amphibole-melt triple junctions consistently yielded low to very low median 
values, in the range 10°-60°. These low angles result from high values of [YssJI[Ys1], up 
to 2.0 for the lowest angles. They ind1cate that the permeability thresholds of partially 
molten crustal protoliths should be very low: < l vol. % to a few vol. %. This result is 
confirmed in a series of melt-infiltration experiments in which a hydrous granitic melt 
was placed in contact with a texturally-equilibrated, polycrystalline aggregate of quartz, 
at 900 °C-l GPa. Secondary electron imaging of the quartzite close to the melt 
reservoir revealed the presence of an interconnected network of grain-edge melt channels 
at a melt percentage< 0.04 vol. %. 
The major implication of the experimental studies is to show that melt segregation may 
potentially operate at very low degrees of melting (theoretically, any value :;::: l/JJ. 
Because of the high viscosities of granitic melts, melt segregation is presumed to be 
inefficient at such low degrees of melting. There may exist therefore a range of melt 
percentages above l/J, over which the partial melt is interconnected but nearly stagnant. 
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INTRODUCTION 

The dynamics of melt segregation from crustal protoliths is poorly understood (e.g., 
Brown et al., 1995). The permeability of partially molten rock is, along with the visco
sities of partial melt and its crystalline matrix, one of the main physical properties that 
control the segregation rate. At moderate melt percentages (say > 10 vol. % ), the per
meability, k, is primarily a function of grain size, a, and volume melt percentage, (/J 
(McKenzie, 1989). In the special case of a granular, partially molten rock-type (e.g., a 
protolith with abundant quartz, feldspar and garnet in the solid residue), the variation of 
permeability with melt percentage may conveniently be approximated by the permeabil
ity-porosity relationships in sandstones. In particular, high values of permeability, 
ranging from 5 10"12 m2 (a- 1 mm, (/J- 10 vol. %) to 10"9 m2 (a- 3 mm, (/J- 30 vol. 
%) may be inferred from measurements in Fontainebleau sandstones (see Laporte, 1994). 
A much more complex behaviour may, however, be anticipated at low melt percentages 
( (/J ~ 10 vol. % ): 

(1) First, permeability can no longer be expressed as a simple function of (/Janda. 
With decreasing melt percentage, permeability becomes increasingly sensitive to the 
grain-scale geometry, including the frequency of dry grain edges (i.e., direct contact of 3 
grains at a triple junction), the tortuosity of melt channels, and the minimum channel 
cross-sections. Because very different grain-scale melt geometries may prevail depending 
on the mineralogical make-up of the solid residue, the k-(/1 relationship is expected to be 
different from one protolith to the other. 

(2) Second, the partially molten system may be impermeable below a critical value 
of the melt percentage, labelled (/Jc, and thereafter referred to as the permeability threshold 
(Maal~. 1985), or the interconnection threshold. (/Jc is the melt percentage at which 
melt interconnection is established; below (/Jc, the partial melt occurs as isolated pockets 
and is therefore unable to separate from the solid residue. The establishment of an inter
connected melt network at (/Jc results in a dramatic increase of permeability. For exam
ple, von Bargen and Waff (1986) calculated that k increases from 0 up to 10·13 m2, as (/J 
increases by only a few 0.1 vol. % above (/Jc. 

Experimental and theoretical studies of the grain-scale geometry of melt in partially 
molten crustal protoliths are few. Early studies by Mehnert et al. (1973) and Busch et al. 
(1974), and more recent investigations by Hacker (1990), Wolf and Wyllie (1991) and 
Rubie and Brearley (1991), address the case of disequilibrium melt textures, where the 
spatial distribution of melt and its geometry are primarily controlled by the location of 
the reactants and by the volume change on melting. Studies of Jurewicz and Watson 
(1984, 1985), Laporte (1994) and Laporte and Watson (1995) are, in turn, devoted to 
equilibrium melt textures, in which the melt geometry at the grain scale is dictated by 
the principle of interfacial energy minimization. Experiments under non-hydrostatic 
conditions by van der Molen and Paterson ( 1979), Dell' Angelo and Tullis ( 1988), 
Rushmer (1995) and Rutter and Neumann (1995) provide an insight into the effect of 
stress on partial melt geometry. 

The main purpose of this work is to present a synthesis of equilibrium melt 
geometries in crustal protoliths. We first summarize the theoretical aspects of textural 
equilibrium in partially molten systems, then review the experimental studies of the 
wetting properties of partial melts in crustal protoliths. New experimental results dem
onstrating that interconnection of a hydrous granitic melt in a polycrystalline aggregate 
of quartz is established at (/J < 0.04 vol.% are summarized. Finally, the implications of 
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the wetting data for melt interconnection at low melt percentage, and the segregation of 
granitic melts are discussed. 

EQUILIBRIUM MELT GEOMETRY AT LOW MELT PERCENTAGE: 
THEORETICAL BACKGROUND 

THE IDEAL MODEL: A SINGLE MINERAL SPECIES WITH ISOTROPIC INIERFACIAL 
ENERGIES 

In a partially molten system, at fixed pressure and temperature, textural adjustments 
such as rearrangement of grains, interparticle welding, grain growth, and change in grain 
shape, occur to reduce the total interfacial energy. With time, melt distribution ulti
mately approaches an equilibrium configuration that corresponds to a minimum total 
interfacial energy per unit volume. In the special case of a monomineralic, partially 
molten rock with single-valued solid-solid and solid-liquid interfacial energies, that is 
subject to hydrostatic stress, the equilibrium melt distribution is characterized by 
(Smith, 1964; Beere, 1975; Bulau et al., 1979; von Bargen and Waff, 1986; Hunter, 
1987): 

(1) a constant wetting angle() (or dihedral angle; see Fig. la), whose value is deter
mined by the ratio of solid-solid interfacial energy Yss (or grain-boundary energy) to 
solid-liquid interfacial energy Ys1 (or surface energy): 

2 cos(!!_) = r ss 
2 Ysl 

(1) 

a 

Figure 1. Equilibrium melt distributions in an ideal partially molten system, at low melt percentage (from 
Laporte, 1994, Fig. I, p. 487, reproduced here by kind permission of Springer-Verlag, Heidelberg). a: 
Sketch showing melt (stippled) in contact with two crystals at a grain boundary ss; the apparent wetting 
angle '1', in the plane of polished section P, is defined by the tangents to the grain surfaces sl at their point of 
intersection; the true wetting angle a is measured in a plane perpendicular to the grain-grain-melt junction 
line JL. b: for a< 60°, melt forms an interconnected network of grain-edge channels. c: for a ;;:: 60° (and 
melt percentage less than cl>c), melt forms isolated pockets at grain corners. 
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(2) a constant mean curvature of solid-liquid interfaces (the mean curvature is defined 
at any point of the interface as the quantity 1/2[ IIR,.;. + 1/Rmax], where Rmin and Rmax repre
sent the two principal radii of curvature. In the following, the sign of curvature is con
sidered positive if the center of curvature lies on the liquid side of the interface, and 
negative in the other case; positively and negatively curved interfaces are referred to as 
convex and concave, respectively). 

Two contrasted types of equilibrium melt geometry at low melt percentage result 
from the aforementioned requirements: ( 1) if 0° ::; 9 < 60°' the melt forms an intercon
nected network of channels along grain edges (Fig. lb), and melt inter-connection is 
theoretically achieved for an infinitely small melt percentage; and (2) if 9 ~ 60°, the 
melt occurs either as isolated pockets at grain corners (Fig. lc) if the melt percentage lfJ 
is lower than the critical value l/Jc, or as an interconnected network of grain-edge chan
nels if l{J ~ l/Jc· The permeability threshold l/Jc increases from - 0.6 vol. % at 9 = 60° to 
- 27.8 vol. %at 9= 180° (Fig. 2; Wray, 1976; Bulau et al., 1979; von Bargen and 
Waff, 1986). 

That two contrasting geometries exist at low melt percentage may be demonstrated 
by considering the equilibrium shape of a melt pocket at a grain corner in a polycrystal
line aggregate (Fig. 3). The equilibrium shape is determined by a balance of surface
tension forces at the point 0 where the melt is in contact with 3 grains (Fig. 3b). In the 
special case where all three grains are of the same mineral and interfacial energies are 
independent of orientation, the equilibrium condition may be derived as follows. Interfa
cial energy minimization along the four line junctions radiating from 0 requires that (1) 
the grain boundaries that meet along the 3-grain line junction (sss in Fig. 3) make dihe
dral angles of 120° and (2) the wetting angle 9 is the same along the 3 solid-solid-melt 
line junctions (ssl in Fig. 3b) and is given by equation (1). In addition, symmetry con
siderations require that all 3 ssl junctions make the same angle f3 with the 3-grain junc
tion (Fig. 3b). These geometrical requirements yield the simple equilibrium condition at 
0 (e.g., von Bargen and Waff, 1986, p. 9263): 

( 9 )-1 
cos f3 = - .f3 tan 2 (2) 

Equation (2) shows that the point junction 0 can only be stable if 9 ~ 60°. For 
9 < 60°, equation (2) has no real solution, and a melt domain cannot pinch off any
where along a 3-grain line junction. Therefore, the equilibrium geometry is such that all 
3-grain line junctions have been replaced by continuous melt channels, as depicted in 
Fig. lb. 

For 9 ~ 60°, the melt geometry at 0 is strongly dependent on 9: for 9 increasing 
from 60° to 180° (that is, Ys/Yst decreasing from 1.732 to 0), f3 decreases from 180° to 
90°. This results in a dramatic evolution of the shape of an isolated melt pocket at a 
grain corner (see Bulau et al., 1979). For 60°::; 9 < 70.53°, the melt pocket is bounded 
by concave solid-melt interfaces, at 9= 70.53° (= arccosl/3), the melt pocket is a regu
lar, plane-faced tetrahedron, and for higher wetting angles, the melt pocket is bounded by 
convex solid-melt interfaces as depicted in Fig. 3b. The final term of this evolution is a 
spherical melt pocket at 9 = 180°. This trend corresponds to a significant decrease of the 
area-to-volume ratio of melt pockets with decreasing r./r.1, as discussed below. 



WETIING PROPERTIES OF GRANffiC MELTS 35 

30 ,--------------------------------------------------, 

20-

10 

0 ~~--~~--~~~--~~--.-~--~-,~--~~--.-~~ 
0 60 e 120 180 

Figure 2. Permeability threshold, 4>, (in volume percent), as a function of the wetting angle, 9, in ideal 
partially molten systems (thick line; corrected from Wray, 1976). Experimentally determined permeability 
thresholds in fluid-bearing rocks are shown by the boxes and the filled circles (see Table I for numerical 
data; the labels correspond to the reference numbers in Table 1). Box widths correspond to the estimated 
error in wetting-angle measurements; the upper and lower sides of a box give the upper and lower limits of 
4>,, respectively; an open box means that only an upper limit or a lower limit has been determined. The filled 
circles (±5° error in wetting-angle measurements omitted for clarity) are the data for carbonate melt in 
polycrystalline olivine (Minarik and Watson, 1995), and granitic melt in polycrystalline quartz (this study). 

For()~ 60° and ¢ < cf>c, a melt pocket may be modelled as a spherical tetrahedron 
(Fig. 3b; e.g., von Bargen and Waff, 1986). The area-to-volume ratio of a pocket, s/v, 
may therefore be expressed analytically (see Clemm and Fischer, 1955, and Wray, 1976, 
though their expressions are incorrect near () = 70.53°), and is a function of the shape 
and size of the melt pocket. The size effect may be eliminated by calculating the dimen
sionless ratio s/vu3• For a given value of () ~ 60°, the shape of the melt pocket remains 
constant within the range of melt percentages 0 to cf>c, and s/vu3 depends only on e, that 
is, on Ys!Yst· slv213 is plotted as a function of rs/Yst in figure 4 (curves for 0 < 60o in 
Fig. 4 were obtained from von Bargen and Waffs (1986) numerical calculations; note 
that, for () < 60°, slv213 is a function of both Ys/Yst and the melt percentage). Fig. 4 
shows a large increase of s/vu3 with increasing Ys/Yst . In other words, with increasing 
Yss or decreasing Ysz• a given volume of melt is accommodated by creating more and 
more solid-melt interfacial area. For a melt percentage of 1 vol. %, for instance, the 
solid-melt interfacial area at Ys/Ys1 = 2 is larger than at rJYs1= 1 by a factor of 3.2. 

For the ideal model, we conclude that the ratio Ys/ Yst is the fundamental physical 
property controlling melt distribution at low melt percentages, including the wetting 
angle at a solid-solid-melt triple junction (equation [ 1]), the shape of a melt pocket at a 
grain corner (equation [2]; Figs. 3-4), and the permeability threshold (Fig. 2). We em-
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phasize in the following section that the ratio of grain-boundary energy to solid-melt 
interfacial energy is also the primary factor controlling the geometry of partial melts in 
non-ideal systems. 

Figure 3. a: Sketch of a grain comer in a polycrystalline aggregate. 4 grains are in contact at the vertex 
junction X (ss: grain boundary; sss: 3-grain line junction). In the case where all 4 grains are of the same 
mineral, and grain-boundary energy is isotropic, the vertex junction has a tetrahedral symmetry, and the 
angle between any two 3-grain line junctions radiating from X is~= 109.47°. b: Equilibrium shape of a melt 
pocket at a grain comer (sl: solid-melt interface; ssl: solid-solid-melt line junction); if solid-melt interfacial 
energy is isotropic, the melt pocket is a spherical tetrahedron: it has a tetrahedral symmetry, and is bounded 
by four equivalent spherical surfaces, either convex (b, for 9 > 70.53°), or concave (not shown, for 
600 ~ e < 70.53°). 

EFFECT'S OF CRYSTAlliNE ANISOTROPY ON MELT INffiRCONNECTION 

The assumptions of a single-valued r.,. and to a lesser extent, of a single-valued Ys. are 
inadequate for partially molten systems of geological interest. For most silicates, inter
facial energies are significantly anisotropic, that is, the interfacial energy per unit area 
depends on the orientation of the interface relative to the crystalline lattice (Cooper and 
Kohlstedt, 1982; Laporte and Provost, 1994). The major effect of anisotropy that one 
may anticipate is the development of facets parallel to the crystallographic planes of 
minimum Ys1(e.g., Wortis, 1988). This texture is confirmed by the experimental studies 
ofWaff and Faul (1992), Laporte (1994) and Laporte and Watson (1995). The equilib
rium textures in these experiments are characterized by the repeated occurrence of crystal
lographically-controlled silicate-melt facets. The development of planar solid-melt inter
faces is a marked deviation from the ideal model that predicts smoothly curved interfaces 
with a constant mean curvature. 

The effects of anisotropy on the equilibrium melt geometry at low melt percentage 
were discussed in detail by Laporte and Watson (1995). Their conclusions are as follows: 

(1) At a high degree of y,1 anisotropy and a low melt percentage, melt should form 
isolated, plane-faced pockets at grain comers. 
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(1) At a high degree of y,1 anisotropy and a low melt percentage, melt should form 
isolated, plane-faced pockets at grain comers. 

(2) The overall shape of these pockets, and as a consequence, the value of the 
permeability threshold t/Jc, depend primarily on the ratio of solid-solid to solid-liquid 
interfacial energies, [ r,.,]/[ r.tl. where [ r,.,] and [ r.tl are weighted averages of the 
anisotropic r,., and y,1 (see Laporte and Watson, 1995, p. 178, for a mathematical 
expression of [ r,.1]). Increasing [ r,.,] or decreasing [ r.tl favours the extension of solid
melt interfaces at the expense of grain boundaries, and should therefore result in a higher 
area-to-volume ratio of melt pockets and a lower permeability threshold. 
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Figure 4. Dimensionless ratio s/v213 plotted as a function ofyjy,,. s and v are the area and the volume of a 
melt pocket, respectively. Fore< 60°, s/v213 depends on both yjy,1 and the melt percentage (curves for «1> = 1 
vol. % and «1> = 3 vol. % are shown for comparison; data for e < 60° were obtained from von Bargen and 
Waffs [1986] numerical calculations). The curve fore;::: 60° applies to any melt percentage lower than «<>c· 

(3) Melt pockets with a high area-to-volume ratio, low but non-constant wetting 
angles, and a low value of cl>c should prevail at high [t.J/[t1]; and vice-versa, low values 
of [ r,.,]l[ r.tl should result in a low area-to-volume ratio of melt pockets, high wetting 
angles, and higher values of t/Jc 

Most importantly, the ratio of grain-boundary energy to solid-melt interfacial energy 
is the main parameter that dictates melt geometry at low melt percentage, as in the ideal 
model (Fig. 4). Specifically, the general trends of increasing (J and t/Jc or decreasing s/v213 
with decreasing r./r,1 (equations [1-2], Figs. 2-4) should hold in the natural case of 
anisotropic interfacial energies. Experimental data that may be used to constrain the 
values of t/Jc in anisotropic systems are discussed in the next section. 

EXPERIMENTAL CONS1RAINTS ON THE PERMEABILITY THRESHOlDS IN ANIS01ROPIC 
SYS1EMS 

Experimentally determined permeability thresholds, t/Jc.meas• for fluid-bearing rocks are 
listed in Table 1. For each measurement, an ideal value of t/Jc, t/Jc.ideat• is given for 
comparison. This value was computed from the wetting angle in column no. 2, with the 
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assumption that the solid-fluid system behaves ideally (the relationship between C/Jc and 
()in an ideal system is shown in figure 2). 

Most measurements in Table 1 were obtained by diffusion experiments. The presence 
of an interconnected fluid phase (partial melt or supercritical C-0-H mixture) in a rock 
results in a marked enhancement of diffusive mass transport because fluid diffusion 
coefficients are several orders of magnitude greater than solid diffusion coefficients (e.g. 
Watson, 1991). The transition from isolated fluid pockets to a continuous network of 
fluid-filled channels at C/Jc should therefore correspond to a dramatic increase of bulk-rock 
diffusion coefficient, as observed by Watson and Lupulescu (1993) in a series of 
diffusion experiments in water-bearing clino-pyroxenites at 1500 MPa and 950 oc. In 
these diffusion-couple experiments, a cylinder of Fe-rich clinopyroxenite was placed 
against another of Mg-rich clinopyroxenite, and run with various water contents (0, 0.6, 
1.3, 2.7, 4.0 and 8.0 vol. %). Only the most fluid-rich couple showed evidence of Fe
Mg interdiffusion, indicating that aqueous fluid interconnection in clinopyroxene-rich 
rocks is established at somewhere between 4 and 8 vol. % (Table 1 ). 

Three important results emerge from the studies summarized in Table I: 
(1) As a whole, there is good agreement between measured and computed values of 

C/Jc (Table 1; Fig. 2). Systems with very low wetting angles (10-30°) yield vanishingly 
small measurements of C/Jc: 0.07 vol. % for carbonate melt in dunite (Minarik and 
Watson, 1995), and <0.04 vol. % for hydrous granitic melt in quartzite (this study). In 
contrast, most systems with () close to or above 60° yield distinctly non-zero 
permeability thresholds that compare well with ·the ideal values. For example, for a 
C02-H20 mixture in quartzite, the measured value is 1.4 vol. % < C/Jc.meas < 2.8 vol.% 
(Brenan, 1993), as compared to a computed value of 3.3+0·91-10 vol. % (() = 70°; the 
range of C/Jc.ideal accounts for the ±5° error in wetting-angle measurements; see Table 1). 

(2) In detail, the behavior at low fluid percentages deviates from the ideal behavior in 
two respects. First, systems with () significantly below 60° may have a non-zero 
permeability threshold: at melt percentages less than - 0.07 vol. %, carbonate melt in 
polycrystalline olivine is not interconnected, despite a median wetting angle of 20-30° 
(Minarik and Watson, 1995). Second, dry and wet grain edges may coexist at a given 
fluid percentage, as described by Brenan (1993; Fig. 6a); in addition, the diffusion 
studies suggest that the frequency of wet grain edges increases with increasing fluid 
percentage (Watson, 1991). The consequence is thus a progressive development of 
interconnection and permeability, rather than a sudden establishment of a high
permeability network at C/Jc, as predicted by the ideal model. 

Two factors contribute to the coexistence of dry and wet grain edges at a given fluid 
percentage. The primary factor is the anisotropy of interfacial energy: in an anisotropic 
system, the melt configuration at a grain edge depends on the relative orientation of the 
crystalline lattices in contact, and may therefore vary from one grain edge to the other. 
In particular, dry grain edges may occur in systems with a median wetting angle much 
less than 60°; at low fluid percentages, the frequency of dry grain edges may be high 
enough to prohibit the establishment of an interconnected fluid network at a scale larger 
than a few grains, resulting in a non-zero permeability threshold. The second factor that 
may contribute to the coexistence of dry and wet grain edges (but only for systems with 
() ~ 60°) is the dispersion of grain sizes. The unique value of C/Jc in ideal systems with () 
~ 60° results from the assumptions that all grain edges have the same length and that 
melt pockets at grain comers are equal-sized (e.g., Wray, 1976): at a given fluid 
percentage < tPc• the length of the dry portion along a grain edge is equal at all triple 
junctions, and it decreases with increasing fluid percentage until it reaches 0 at C/Jc· On 
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the contrary, if grain sizes, and therefore grain-edge lengths, are variable, the shorter 
grain edges may then be wetted while the longer ones remain partly dry. 

(3) The only measured value of t/Jc that deviates noticeably from the ideal value was 
obtained in the most distinctly anisotropic system, clinopyroxene-Hp (Watson and 
Lupulescu, 1993). The measured value, 4 vol. % < t/Jc.meas< 8 vol. %, is higher than the 
ideal value, 0.6 vol. % < t/Jc.ideat< 4 vol. % (Table 1), although it is not yet possible to 
tell if it is much higher (by several vol. % ), or just marginally higher. 

The data set in Table 1 may help constrain the relationship between t/Jc and (} in 
anisotropic systems. In the case of a moderate degree of anisotropy (quartz- or olivine
rich rock-types), a reasonable estimate of the permeability threshold may be obtained 
from the median wetting angle using the ideal relationship between t/Jc and (} in figure 2 
(note that the error on t/Jc is - ± 1 vol. % if an error of ±5° is assumed for the median 
wetting angle). For (} < 60°, however, the concept of a zero permeability threshold 
should in general be irrelevant: fluid interconnection will be established at a very small 
but non-zero fluid percentage (for instance, < 0.1 vol. % for granitic melt in 
polycrystalline quartz, or carbonate melt in polycrystalline olivine). 

In more strongly anisotropic systems (clinopyroxene-, amphibole- or plagioclase
rich rock-types), a more substantial deviation from the ideal value of t/Jc is suggested by 
the only available data in the clinopyroxene-HzO system; at present, there is no 
evidence, however, for a dramatic effect (for instance, an increase by several vol. %to 10 
vol. %) of anisotropy on t/Jc· Low permeability thresholds(< 1 vol. %to a few vol. %; 
see below) may therefore be anticipated for anisotropic systems with low median 
wetting angles, say 10-60°, the range of interest in crustal anatexis. 

WETTING PROPERTIES OF CRUSTAL PARTIAL MELTS: A REVIEW OF 
EXPERIMENTAL DATA 

SOLID-SOLID-MELTWEillNG ANGLES 

Table 2 lists experimentally determined wetting angles of interest for crustal anatexis. 
Most data are from the literature. We performed 2 additional experiments, Qan22c and 
QOrH2, to complete the data set (information on experimental techniques and run 
product analysis are summarized in the Appendix). 

Each wetting angle in Table 2 is the median value of fifty to more than one hundred 
apparent wetting angles (ljlin Fig. 1a). For an ideal system with a single-valued wetting 
angle(}, the median of the frequency distribution of 1jf is indeed equal to (}within ±1° 
(Riegger and van Vlack, 1960). Apparent wetting angles were measured at 
magnifications ranging from 1500-2000x (optical microscopy; for instance, Jurewicz 
and Watson, 1985) to 35000x (back-scattered scanning electron [BSSE] microscopy; 
Laporte, 1994). For coarse-grained experimental samples, wetting-angle measurements 
at magnifications of a few 1000x yield satisfactory results. We contend, however, that 
measurements at higher magnifications are commonly required due to the fine grain-size 
of many experimental partially molten systems, with an average grain diameter of a few 
Jlm to 10 Jlm. 
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Quartz-quartz-melt wetting angles 

A detailed study of wetting angles at quartz-quartz-melt triple junctions in the quartz
anorthite-water and quartz-albite-orthoclase-water systems, at pressures of 650 to 1000 
MPa and temperatures of 800 to 900 °C, has recently been published (Laporte, 1994). 
The principal results of this study may be summarized as follows: (1) quartz-quartz-melt 
wetting angles are invariably very low (10° to 19°; Table 2); they seem almost 
insensitive to melt composition (including water content), as well as to pressure and 
temperature; (2) in all experiments, smoothly curved quartz-melt interfaces coexisted 
with planar facets of the form {lOll} (Fig. 5a). These facets demonstrate that quartz
melt surface energy is not isotropic. 

TABLE l. Measured versus predicted permeability thresholds <ellcmeas and ellc.ideal' respectively; 
both in vol. %) in fluid-bearing rocks. · 

System • wetting angle ellc.meas 
6 

ellc.ideal 
c ref. a 

ol-carb (1300 °C-1 GPa) 25-30° e -0.07 0 

ol-C02 (1200 °C-1 GPa) 76° 0 >4! 4.4±0.9 2 

oi-COH (1200 °C-1 GPa) 60-65° e 1.5 <ell,< 3.6 I. 7+!.6/-1.7 2 

ol-H20 (1000 °C-I GPa) 69° 0 <1.2!· g 3.1+0·91'1.1 2 

ol-H20 (1100 °C-I GPa) 62oe <l.6f,g J.5+1.21-l.S 2 

ol-basalt (1350 °C-1.5 GPa) 26-30° <1.2!, g 0 3 

ol-Fe (1150 °C-I GPa) 107-110° 10 <ell,< 25 10_0+2.1/-z.o 4 

qtz-H20 (1000 °C-1 GPa) 55° 0.3 <ell,< 1.0 o+o.6 5 

qtz-COH (1000 °C-1 GPa) 70° 1.4 <ell, <2.8 3.3+0.9/-1.0 5 

qtz-granite (900 °C-I GPa) 14° < 0.04 0 6 

amph-granite (800 °C-I GPa) 53-58° <121• 8 o+l.s 7 

amph-tonalite (800 °C-1 GPa) 46-48° <12f.g 0 7 

cpx-HzO (950 °C-IGPa) 65-69° 4.0 <ell,< 8.0 2_rl.3/·2.1 8 

"Rock-type and fluid symbols: ol, dunite; qtz, quartzite; amph, amphibolite; cpx, 
clinopyroxenite; carb, carbonate melt; COH, Hz0-C02 mixture (with Xc02= 0.4 in ref. 5 and 
0.5 in ref. 2); basalt, basaltic melt; Fe, solid Fe-metal; granite, granitic melt; tonalite, tonalitic 
melt. 
bAll measurements were obtained by diffusion experiments, except the one in ref. 4 
(electrical conductivity measurement) and our own measurement. 
' The ideal values of ell,. ell, ideal• are computed from the wetting angle in column no. 2 assuming 
that the solid-fluid system behaves ideally (the relationship between ell, and e in an ideal 
system is shown in Fig. 2). Fore close to or above 60°, a range of tPc~tual is given to account 
for the estimated error of ±5• in wetting-angle measurements (±l0°'in ref. 4): considering, 
for instance, a median wetting angle of 70°, one has tPridtaF 2.28, 3.30, and 4.22 vol. % for 
9=65, 70, and 75°, respectively, which we summarize a8 3.3+0·9'·LO vol.% in column no. 4. 
d References: 1, Minarik and Watson (1995); 2, Watson (1991); 3, Daines and Richter 
(1988); 4, Jurewicz and Jones (1995); 5, Brenan (1993); 6, this study; 7, Lupulescu and 
Watson (1994, 1995); 8, Watson and Lupulescu (1993). 
• From Watson and Brenan (1987), and Watson et al. (1990). 
1 Only an upper limit or a lower limit of ell, has been determined. 
8 Recalculated to vol. % from original data in wt %. 
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TABLE 2. Experimentally determined solid-solid-melt wetting angles relevant 
to crustal anatexis. 

Solid phases' Melt composition6 p T median Ref.C 

in contact GPa "C wetting angle 

qtz-qtz qtz-ab (0) 0.8 1250 600 

qtz-qtz qtz-ab-or (0) 1.0 1000 59° 2 

qtz-qtz qtz-ab-or (0) 1.0 1150 19° 3 

qtz-qtz qtz-ab-or ( 6) 1.0 900 14° 3 

qtz-qtz qtz-ab-or (sat.) 1.0 900 100 3 

qtz-qtz qtz-ab-or (sat.) 1.0 800 16° 3 

qtz-qtz qtz-ab-or (sat.) 0.4 850 49° 4 

qtz-qtz granite 1.0 900 22° 5 

qtz-qtz granite 1.0 950 23° 5 

qtz-qtz qtz-an (sat.) 0.65 900 130 3 

qtz-qtz qtz-an (sat.) 1.0 900 14° 3 

an-an qtz-an (sat.) 1.0 1000 28° QAn22c 

pi-pi basaltic andesite 0.8 1050 600 6 

pi-pi n.d.d 1.0 1150 45° 7 

sa-sa qtz-or (sat.) 0.2 850 20° QOrH2 

alkf-alkf qtz-ab-or (0) 1.0 1000 440 2 

hbl-hbl intermediate• 1.2 915 25° 8 

amp-amp basaltic andesite 0.8 1050 33° 6 

amp-amp granite 1.0 800 53-58° 9 

amp-amp tonalite 1.0 800 46-48° 9 

bt-bt intermediate' 1.2 915 23°(1/)-90°(.l)f 8 

alkf-qtz qtz-ab-or (0) 1.0 1000 49° 2 

amp-pi basaltic andesite 0.8 1050 54° 6 

'Mineral symbols: qtz, quartz; an, anorthite; pi, plagioclase; sa, sanidine; alkf, alkali 
feldspar; hbl, hornblende; amp, amphibole; bt, biotite. 
bFor synthetic systems, we report the components of the system (qtz: Si02; 

ab:NaAISi30 8; or: KA!Sip8; an: CaAI2Sit08), followed, in parentheses, by the 
water content in melt (in wt %; "sat" stands or water saturation). 
•References: 1, Jurewicz and Watson, 1984; 2, Jurewicz and Watson, 1985; 3, 
Laporte, 1994; 4, Holness, 1995 (many data from ref. 3-4 omitted for conciseness); 
5, Laporte and Vielzeuf, 1994 and in preparation; 6, Vicenzi et al., 1988; 7, Longhi 
and Jurewicz, 1995; 8, Laporte and Watson, 1995; 9, Lupulescu and Watson, 1994, 
1995; QAn22c, QOrH2: this study. 
dThe melt composition in the partially molten anorthositic gabbro is not specified. 
•silicic melts with Si02 in the range 60 to 65 wt %. 
fJ! and .l apply to sections parallel and perpendicular, respectively, to the foliation of 
a biotite-rich rock-type. 
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Figure 5. BSSE microphotographs showing the textural relationships of a: quartz and b-e: anorthite with a 
H20-saturated CAS melt. Quartz and anorthite are light grey, melt is darker; dark voids in a-b are bubbles 
(filled with H20 at run conditions). Note in a the very low apparent wetting angles, and the coexistence of 
smoothly curved quartz-melt interfaces and planar facets (run QAn2la, equilibrated at 1.0 GPa-900 °C, in 
Laporte, 1994). b-e; Overall texture and a close-up view of sample Qan22c; note the nearly systematic 
development of planar facets, and the low apparent wetting angles . Scale bars: 20 J.lm in a-b. 5 j.lm in c. 
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Figure 5 (continued) 

Wetting angles at quartz-quartz-melt junctions in the pelitic system are just slightly 
larger than those measured in the synthetic systems above; namely, 22° at 1000 MPa-
900 °C, and 23°' at I 000 MPa-950 oc (Laporte and Vielzeuf, 1994 ). These two meas
urements are the most directly relevant to natural partially molten crustal sources. They 
clearly show that, at the pressures and temperatures of crustal anatexis, a very low wet
ting angle is the rule for quartz in contact with a HP-undersaturated granitic melt. 

Feldspar-feldspar-melt wetting angles 

Melt geometry in feldspar-rich partially molten systems is controlled by the general 
development of planar, crystallographically-controlled solid-melt interfaces (Longhi and 
Jurewicz, 1995). This point is best illl!strated in figures 5b-c which shows the textural 
relationships of anorthite with a Hp-saturated CAS melt (sample Qan22c equilibrated at 
1000 MPa-1000 oc for 149 h; CAS stands for Ca0-Al20 3-Si02). The most striking 
features are the euhedral shape of anorthite grains and the general development of facets, 
both of which demonstrate that anorthite-melt surface energy is strongly anisotropic. 

The frequency distribution of 118 apparent wetting angles measured at anorthite
anorthite-melt triple junctions in sample Qan22c is shown in figure 6a. It displays a 
main class of low to moderate angles (If/~ 65°) and a few large angles (up to 127°); the 
median angle is 28°. The theoretical distribution of If! expected for a single-valued wet
ting angle 8 = 28° is shown for comparison (see Jurewicz and Jurewicz, 1986, for the 
computation of theoretical distributions of apparent wetting angles). The observed dis
tribution is distinctly broader and blunter than the theoretical one, indicating a dispersion 
of (Js on either side of the median due to anisotropy of anorthite-melt surface energy. 
The moderate departure from the theoretical distribution in figure 6a, in particular the 
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scarcity of large apparent angles, implies, however, that the dispersion of 9s is narrow 
and that 9s at anorthite-anorthite-melt triple junctions have low values close to 28°. 

A low median wetting angle (20°, Table 2) was also measured at sanidine-sanidine
melt junctions in our sample QOrH2 (equilibrated at 200 MPa-850 °C; see the Appen
dix for phase compositions). The frequency distribution of apparent wetting angles in 
sample QOrH2 is shown in Fig. 6b; it is characterized by a well-defined peak at low 
angles ( $; 40°) and a long tail of moderate to large angles, up to 139°. We do not know 
if the elevated number of large apparent wetting angles is due to the anisotropy of sur
face energy or if it results from a lower degree of textural maturity of sample QOrH2 
compared to sample Qan22c (due to the lower pressure of run QOrH2, and the lower 
water content of the melt). Wetting-angle measurements at quartz-quartz-melt triple 
junctions in the dry granitic system do indeed suggest that immature textures are charac
terized by anomalously high frequencies of large apparent angles by comparison with 
near-equilibrium textures (see Fig. 7d in Laporte, 1994). 
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Figure 6. Relative frequency distribution, F, of apparent wetting angles at a: anorthite-anorthite-melt triple 
junctions (sample Qan22c, 118 measurements) and b: sanidine-sanidine-melt triple junctions (sample 
QOrH2, 96 measurements). For both samples, the thick line is the observed distribution, and the thin line 
shows the theoretical distribution computed for a single-valued wetting angle equal to the median angle of 
the observed distribution (28° in a, 20° in b). r is the chi-squared value (the number of degrees of freedom 
is given in parentheses; see Laporte, 1994, p. 495, for details); for both distributions, r is larger than the r 
variable at the 95% confidence level (=12.6 and 15.5 for 6 and 8 degrees of freedom, respectively). 

Other published feldspar-melt wetting angles are higher than our own values, but 
still $; 60°: 44° for alkali feldspar (with Na20 - K20 in weight) in contact with a dry 
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granitic melt at 1000 MPa-1000 oc (Jurewicz and Watson, 1985); 45° for plagioclase in 
a partially molten anorthositic gabbro at 1000 MPa-1150 oc (Longhi and Jurewicz, 
1995); and 60° for plagioclase in equilibrium with a basaltic andesite in dehydration
melting experiments of a natural, powdered amphibolite, at 800 MPa-1 050 oc (Vicenzi 
et a!., 1988). 

Biotite-biotite-melt wetting angles 

The layered structure of biotite results in a very pronounced anisotropy of y,1 (Spry, 
1969). Layer-parallel facets of the form { 001} have a much lower interfacial energy per 
unit area than facets of the forms { 110} and {010}. In biotite-rich rock-types, such as 
melanosomes in migmatites, the combination of crystalline anisotropy and a marked 
preferred orientation of mica flakes is predicted to lead to very contrasted wetting rela
tionships in sections parallel and perpendicular to the foliation (Laporte and Watson, 
1995). In sections parallel to the foliation, apparent wetting angles at biotite-biotite
melt junctions are low, mostly< 60° (with a median value of 23°; Table 2); in contrast, 
large apparent angles, typically around 90°, dominate in sections perpendicular to the 
foliation. The ultimate result is a very low permeability to melt flow normal to the 
foliation in biotite melanosomes. 

Amphibole-amphibole-melt wetting angles 

In an attempt to estimate the permeability threshold in a partially molten amphibolite, 
five studies have been focused on the textural relationships of amphibole with melt 
(Vicenzi eta!., 1988; Wolf and Wyllie, 1991; Laporte and Watson, 1995; Lupulescu and 
Watson, 1994, 1995). All five studies concluded to a strong anisotropy of amphibole
melt interfacial energy, as indicated by the systematic development of planar facets, 
especially of the form { 110}. Median apparent angles at amphibole-amphibole-melt 
junctions are consistently low to moderate (Table 2); 33° for amphibole in equilibrium 
with a basaltic andesite at 800 MPa-1050 oc (Vicenzi eta!., 1988); 25° for hornblende 
in equilibrium with a melt of intermediate composition at 1200 MPa-975 oc (Laporte 
and Watson, 1995); and 46-48° and 53-58° for a calcic amphibole in equilibrium with a 
tonalitic melt and a granitic melt, respectively, at 1000 MPa-800 oc (Lupulescu and 
Watson, 1994, 1995). 

The frequency distribution of apparent wetting angles at hornblende-hornblende-melt 
junctions obtained by Laporte and Watson (1995) is quite similar to that shown in fig
ure 6a for anorthite: it is characterized by a broad peak of angles VI < 70°, with a fre
quency maximum of 16.8% for the class 20° :<;:; VI< 25°, and almost no large angles. 
This distribution implies that, although hornblende-melt interfacial energy is strongly 
anisotropic, the dispersion of (Js is narrow and that wetting angles at hornblende
hornblende-melt triple junctions have low values close to 25°. 

DIRECI' INSIGHTS INTO MELT INTERCONNECTION AT LOW MELT PERCENT AGE 

Secondary electron imaging of fracture surfaces 

Imaging the fracture surfaces of a polycrystalline aggregate may provide a three
dimensional insight into the geometry of any fluid phase present in the aggregate, as 
exemplified by the study of fluid geometry in synthetic quartzites by Laporte and Wat-
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son (1991). In the case of silicate partial melts, this technique was first applied with 
success to two melt-poor polycrystalline aggregates of quartz containing, respectively, -
11 wt % of a water-saturated CAS melt, and - 5 wt % of a water-saturated granitic melt 
(volume melt percentages are just slightly larger than these figures; Laporte, 1994 ). The 
two samples were annealed in a piston-cylinder apparatus at, respectively, 1000 MPa-
900 oc for 327 h and 1000 MPa-800 °C for 333 h. Cold depressurization at the end of 
the experiments produced unloading cracks that were observed with a scanning electron 
microscope. Secondary electron imaging revealed the presence of an interconnected net
work of melt channels along grain edges in both samples; no dry grain edges, i.e., direct 
contacts of 3 quartz grains at a triple junction, were observed. We demonstrate in the 
following section that this type of geometry still holds at much lower melt percentages. 
For instance, the secondary electron microphotograph in figure 7 shows a fracture sur
face in a polycrystalline aggregate of quartz containing - 0.2 vol. % of a hydrous grani
tic melt; that the partial melt is interconnected is evident, and the similarity with the 
network of grain-edge melt channels idealized in figure 1 b is striking. 

Figure 7. Secondary electron microphotograph of a fracture surface in a polycrystalline aggregate of 
quartz containing - 0.2 vol. % of a hydrous granitic melt (run INFIL#7). Melt forms an interconnected 
network of channels along grain edges. Melt channels are well preserved in the depressions left behind by 
grain plucking (center right); elsewhere, the flattened grain edges (arrow) betray the presence of former 
grain-edge channels that have been destroyed during sample preparation. Scale bar: 5 J.Lm. 

Diffusion experiments 

The principle of the diffusion experiments was summarized above. The sole diffusion 
study that addressed the problem of melt interconnection in a crustal protolith is the 
ongoing work of Lupulescu and Watson (1994, 1995). Lupulescu and Watson's experi-
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ments show that tonalitic and granitic melt interconnection in an amphibole-rich residue 
is achieved at melt contents less than 10 wt% (- 12 vol. %; Table 1). This result is 
consistent with the wetting angles measured at amphibole-amphibole-melt triple junc
tions (53-58° for the granitic melt, 46-48° for the tonalitic melt; Table 2). Because these 
angles are significantly lower than the wetting angles at clinopyroxene-clinopyroxene
water triple junctions (65-69°; Watson and Lupulescu, 1993), the permeability threshold 
in partially molten amphibolite should be lower than in a water-bearing clinopyroxenite 
(4 vol.% < ¢c5, 8 vol. %): 5, 3-4 vol.% according to Laporte and Watson (1995). 

SUMMARY 

Two general results emerge from the studies summarized in Table 2: (1) wetting angles 
in partially molten crustal systems are low to very low: all median wetting angles are 
5,60°, and most fall in the range 10-30°; and (2) in all systems investigated, silicate-melt 
surface energy is anisotropic: moderately anisotropic for quartz, strongly anisotropic for 
feldspar, biotite and amphibole. The degree of anisotropy was determined experimentally 
for ~-quartz in a water-saturated CAS melt at 1000 MPa-900 oc (Laporte and Provost, 
1994). Quartz-melt surface energy is found to be maximum parallel to the basal plane 
(0001) and minimum parallel to facets of the form {lOll}; the ratio of the maximum to 
the minimum value is - 1.4. 

Due to anisotropy of surface energy, the interpretation of median wetting angles in 
terms of melt interconnection is delicate; in particular, interconnection at an infinitely 
small melt percentage cannot be inferred from the measurement of a median wetting 
angle < 60°. We argue, however, that the low wetting angles in Table 2 result from 
high values of the ratio [ Yss]/[ rsa and imply very low values of the permeability thresh
old (presumably, < 1 vol. % to a few vol. % ). In the ideal case of single-valued Yss and 
r,1, the exact value of r,)r,1 could be obtained from the median wetting angle by using 
equation (1). Because quartz-melt surface energy is just moderately anisotropic, and Yss 
anisotropy is negligible for quartz (Laporte and Watson, 1995), values of [ r,JI[ r,J in 
the range 1.9 to 2.0 may be inferred from the median wetting angles for quartz in contact 
with hydrous melts (10 to 23°; Table 2). In the following section, we demonstrate that a 
hydrous granitic melt in polycrystalline quartz is interconnected at a vanishing melt 
percentage, in agreement with this high value of [Yss]I[Ys1]. 

PERMEABILITY THRESHOLD OF HYDROUS GRANITIC MELT IN 
POLYCRYSTALLINE QUARTZ 

The evidence for a very low permeability threshold of hydrous granitic melt in polycrys
talline quartz comes from an ongoing series of infiltration experiments. The process of 
melt infiltration that we are referring to was defined by Watson (1982; see also Riley et 
al., 1990, and Riley and Kohlstedt, 1991). On the basis of interfacial energy considera
tions, Watson (1982) anticipated that a pool of melt in chemical and thermal equilib
rium with its surroundings would tend to infiltrate the dry grain edges of the host mate
rial if the wetting angle is< 60°. The driving force for melt infiltration is the reduction 
of total interfacial energy that results from replacing a dry grain edge by a continuous 
melt channel when solid-melt interfacial energy per unit area is much lower than grain-
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boundary energy. Melt infiltration presumably occurs via a process of solution (along 
grain edges) and precipitation (within the melt pool). 

The high values of [ Y,5 ]/[ r,d inferred from the wetting-angle measurements in Table 
2 suggest that melt infiltration may play an important role in the evolution of crustal 
source regions. To test this hypothesis, we undertook a series of infiltration experiments 
in which a cylinder of synthetic, texturally-equilibrated quartzite was placed in contact 
with a quartz-saturated, hydrous granitic melt, at 1.0 GPa and 900 oc for 3 to 7 days. 
These experiments are basically similar to those described by Jurewicz and Watson 
(1984), except that the latter used an anhydrous quartz-albite melt at 0.8 GPa and 
1250 oc. A detailed account of our infiltration experiments will be given elsewhere; 
only the results concerning the grain-scale geometry of melt at very low melt percent
ages are discussed below. 

The synthetic quartzites were prepared from a fine powder of quartz(< 81..1m) that was 
loaded into a platinum container and annealed for 4 hours at 1.0 GPa and 1600 °C in a 
piston-cylinder apparatus. The melt reservoir was made from a mixture of 84 wt % 
granitic glass (GminH1, which contains - 6.4 wt% HzO; Laporte, 1994) and 
16 wt % powdered quartz. Because the amount of quartz that is dissolved into GminH 1 
at 1.0 GPa-900 °C is small (Laporte, 1994), the water content of the granitic melt 
during the infiltration tests was just slightly lower than the initial 6.4 wt %. In pre
liminary attempts (exemplified below by run INFIL#7), the texturally equilibrated 
quartzite was first retrieved from its platinum container; a short cylindrical fragment, 0.5 
to 1 mm long, was then embedded in- 15-20 mg of the reservoir mixture in a 3-mm
OD platinum container. In subsequent experiments (exemplified below by run 
INFIL#10), the quartzite was kept within its precious metal container whose upper part 
had been first ground and polished to expose the sample; the decapitated container was 
then fitted into a 3-mm-OD platinum capsule along with 8-10 mg of the reservoir mix
ture. After being welded, the infiltration couple was placed horizontally into a piston
cylinder assembly of the type described by Perkins and Vielzeuf (1992). Both runs 
INFIL#7 and INFIL#1 0 were conducted at 1.0 GPa and 900 oc for a duration of 159 hr 
and 151 hr, respectively. 
The principal results of interest may be summarized as follows. 

(1) Back-scattered electron imaging of a polished, longitudinal section of sample 
INFIL#IO revealed no quantitative infiltration of melt (Fig. 8a); by quantitative, we 
mean the infiltration of a significant amount of melt, at least a few vol. %. The abun
dance of plucked grains in the quartzite is also indicative of the absence of a significant 
amount of penetrating melt (Jurewicz and Watson, 1984). 

(2) '1nfiltration" was more extensive in our preliminary experiments (e.g., 
INFIL#7). The process involved in these experiments is, however, predominantly melt 
injection into open fractures, rather than surface-energy-driven infiltration. For instance, 
injection of melt into two dilational fractures was observed in sample INFIL#7. Our 
interpretation is that, in these earlier experiments, removing the quartzite from its plati
num container favoured the opening of unloading cracks and grain boundaries; these 
open features were subsequently injected by melt at the beginning of the infiltration 
experiment. In particular, melt injection into open grain boundaries produced domains 
with a low melt percentage in which textural equilibrium was approached at the end of 
the experiment. The 3-dimensional geometry of melt in such a domain is characterized 
by a pervasive network of grain-edge channels (Fig. 7). Using the formula derived be
low, an estimate of - 0.2 vol. % for the melt percentage in figure 7 may be inferred 
from the channel thickness (- 0.65 !liD) and the grain size of quartz (- 20 !liD). 
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(3) The most striking result was obtained by imaging a fracture surface of quartzite 
INFIL#lO close to the melt reservoir (within 500 f..Lm from the reservoir). At high mag
nifications (Fig. 8b ), secondary electron imaging revealed the presence of an intercon
nected network of narrow melt channels, typically 0.3-f..Lm wide, along grain edges: 
locally, these channels are well preserved, specially in the depressions left behind by 

Figure 8. (a) BSSE microphotograph of a polished section of sample INFIL#IO showing the quartz
saturated melt reservoir (top) and the quartzite (bottom); except for a short pod of melt - 30 ~-tm long 
(arrow), there is no evidence for melt infiltration in the quartzite. Systematic opening of grain boundaries 
and grain plucking in the quartzite result from the P-ta transition at the end of the experiment; (b) Secon
dary electron microphotograph of a fracture surface in sample INFIL# I 0 showing the quartzite texture in 
the vicinity of the melt reservoir. This photograph reveals distinct melt channels along grain edges (or 
flattened grain edges where the melt channels have broken away during sample preparation; arrow); melt 
percentage is 0.04 vol. %. Scale bars: 100 ~-tm in a; 10 ~-tm in b. 
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grain plucking; more commonly, the channels have been partly or totally destroyed 
during sample preparation, yet the presence of a former channel is still betrayed by the 
flattened grain edges of quartz (arrow in Fig. 8b; a dry grain edge would appear as a sharp 
crest). We emphasize that the texture displayed in figure 8b is not restricted to a few 
grain diameters from the melt reservoir but that it extends to at least 500 J..Lm from the 
reservoir. 

To our knowledge, figure 8b provides the first direct illustration of the interconnec
tion of a partial melt at a vanishing melt percentage. It displays a topology very similar 
to that predicted by the ideal model (for()< 60°; Bulau eta!., 1979, p. 6105). In particu
lar, almost all the melt resides in grain-edge tubules that commonly achieve a nearly 
prismatic geometry, as shown by the constant width of flattened grain edges in figure 
8b. In many areas, the channel width is quite constant from one grain edge to the other, 
with an average value of 0.3 J..Lm (from 12 measurements of the width of near-horizontal 
flattened grain edges); wider channels (- 0.5 J..Lm) and thinner channels (0.1-0.2 J..Lm) are 
present locally, however, as well as channels whose width decreases from the grain 
comers toward the middle of the grain edge. One puzzling feature of melt topology in 
figure 8b is that it does not show compelling evidence of interfacial energy anisotropy, 
whereas similar systems with a higher melt percentage are characterized by the general 
development of facets (for instance, Fig. Sa). Rare dry grain edges observed in quartzite 
INFIL#lO in the vicinity of the melt reservoir could, however, be ascribed to crystalline 
anisotropy. 

Because the grain-edge channels can be approximated by prisms (an approximation 
that is only valid for melt percentages ~ 1 vol. %; von Bargen and Waff, 1986), an 
estimate of the melt percentage in figure 8b may be inferred from the average channel 
width and grain size. The channel width, w, is defined in figure 9, and is related to the 
radius of curvature, r, by w = 2r sin(30-0/2), where ()is in degrees. 

Let the quartzite be modelled as a packing of equal-sized, regular tetrakaidecahedra, of 
diameter a (between square faces). The volume of a tetrakaidecahedron is a 3/2, and it has 
36 edges of equal length: l = a/--JS. The expression relating the cross-sectional area of a 
channel, S,, to its width and to the wetting angle ()is 

2[J3 n(30-0/2) 3 ] 
s, = w 4- 240sin 2 (3o -ep r 4tan{3o- ep) (3) 

Every tetrakaidecahedron is edged by 36 channels, and every channel is shared by 3 
adjacent tetrakaidecahedra. The volume melt fraction/is therefore given by 

(4) 

,J wJ2[J3 n(30- 0/2) 3 ] 
/= 6~1_-; 4 240sin 2(3o-ept 4tan(3o-ep) 

(5) 
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Grain sizes in quartzite INFIL#lO were measured on BSSE micrographs of the pol
ished sample (after 10 s etching with HF), using the linear intercept method; the average 
grain size a was obtained by multiplying the mean linear intercept length by 3/2 (e.g., 
Olgaard and Evans, 1988), yielding a= 21 j.l.m. Setting a= 21flm, w = 0.3 j.1.m and 6 = 
14° (the median wetting angle measured for quartz equilibrated with glass GminHl at 1.0 
GPa and 900 °C; Laporte, 1994) in equation (5) yields f = 3.9 10·4, that is a melt per
centage of tfJ - 0.04 vol. %. Note that this is a conservative estimate. For instance, 
Fig. 8b shows an interconnected melt network with w - 0.3 flm (the channel width at 
the arrow is 290 nm), but a grain size closer to 30 f.Lm, corresponding to a melt percent
age of- 0.02 vol. %. 

Textures in the infiltration experiments demonstrate that the interconnection of a hy
drous granitic melt in a polycrystalline aggregate of quartz is established at an extremely 
low melt percentage: t/Jc < 0.04 vol. %. At present, however, the possibility of a non
zero permeability threshold cannot be discarded because of the observation of a few dry 
grain edges in INFIL#lO. We may therefore conclude that the permeability threshold lies 
somewhere within the range 0 ~ t/Jc < 0.04 vol. %. This result is in very good agree
ment with a median wetting angle< 60°. On the contrary, the failure to infiltrate sig
nificant amounts of melt in the quartzites is in contradiction with the predictions at such 
low 6. For 6 = 14°, melt infiltration could theoretically proceed until the melt percent
age equals- 30 vol. %, at which point a minimum state of total interfacial energy per 
unit volume would be reached (Laporte and Watson, 1995). The absence of extensive 
penetration of melt within the quartzite in our experiments is presumably due to a very 
poor kinetics of the solution-precipitation process by which melt infiltration progresses. 
The dry quartz-albite melt in Jurewicz and Watson's (1984) study also showed no ten
dency to infiltrate the grain edges of a quartzite. 

f 

Figure 9. Cross-section of an idealized grain-edge melt channel (stippled); w is the channel width, r is the 
radius of curvature of solid-melt interfaces, 9 is the wetting angle. 
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DISCUSSION AND GEOLOGICAL IMPLICATIONS 

TO WHAT EX1ENT IS TEXTURAL EQUILIBRIUM ACHIEVED DURING CRUSTAL 
ANA1EXIS? 

Experimental data on equilibrium melt geometries in crustal protoliths were reviewed 
above. The very long duration of crustal melting events (typically > 106 years; Brown et 
al., 1995) suggests that textural equilibrium may commonly be approached during crus
tal anatexis (see Laporte and Watson, 1995, for a discussion). The possibility of dise
quilibrium melt geometries resulting from either deformation at a high strain rate or 
from a high rate of melt production cannot be ruled out, however. In any case, the fol
lowing considerations must be kept in mind: 

(1) Because an interconnected melt network provides a rapid pathway for diffusive 
mass transport, the time-scale for textural equilibration should be much shorter in a 
partially molten rock than in a subsolidus rock. In this context, the observation that 
near-equilibrium textures are common in subsolidus, high-grade metamorphic rocks 
(Kretz, 1966; Vernon, 1968) is a strong argument for the attainment of textural equilib
rium during crustal anatexis. 

(2) At low melt percentages and slow strain rates, the dominant deformation mecha
nisms are expected to be dislocation creep and/or diffusion creep, not cataclastic flow 
(Dell' Angelo and Tullis, 1988). Under these conditions, melt distribution at the grain 
scale may still be governed by the principle of interfacial energy minimization, as e;;:
emplified by the experimental studies of Dell' Angelo et al. (1987) for crustal protoliths, 
Cooper and Kohlstedt (1984) and Hirth and Kohlstedt (1995) for olivine-basalt systems. 

(3) Wetting angles are small-scale features that require only the operation of a very 
localized dissolution-precipitation process and short-distance transport to establish the 
equilibrium value. 

(4) Melting experiments using solid-rock cores as starting materials (Mehnert et al., 
1973; Busch et al., 1974; Rubie and Brearley, 1991; Wolf and Wyllie, 1991) show 
partial melt textures that are similar to the textures described at the contact of shallow 
intrusions of basic to intermediate magmas (e.g., Kaczor et al., 1988) or in xenoliths 
embedded in lava flows (Maury and Bizouard, 1974; Harris and Bell, 1982). Because the 
grain size is basically equal to that in crustal protoliths and the run durations are typi
cally a few days or a few weeks, the disequilibrium textures in these experiments cannot 
resemble the partial melt textures established even in short-lived crustal melting events 
(102-103 years for roof melting above basaltic sills in the deep crust; Huppert and 
Sparks, 1988). 

From these considerations, the assumption that partial melt geometries are primarily 
dictated by the principle of interfacial energy minimization is considered a reasonable 
one. Some important implications for the permeability threshold of crustal protoliths, 
melt segregation and source evolution may therefore be inferred from the equilibrium 
studies summarized above. 
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PERMEABILITY THRESHOLDS IN PARTIALLY MOLTEN CRUSTAL PROTOLITHS 

The principal contribution of the experimental studies is to show that melt inter
connection in crustal protoliths is established at a low melt percentage. The only direct 
measurement of l/J, is our value of < 0.04 vol. % for a hydrous granitic melt in poly
crystalline quartz. Precise measurements of l/J, in protoliths more realistic than pure 
quartzite are presently not available. For most crustal rock-types, a very low value of l/J, 
may, however, be inferred from the median wetting angles summarized in Table 2 for 
the following reasons: 

(1) The ratio of grain-boundary energy to solid-melt interfacial energy is the primary 
factor controlling melt distribution at low melt percentage. The general trends of increas
ing (} and l/J, or decreasing s!v213 with decreasing YslYs1, that are well established in ideal 
systems with isotropic interfacial energies, must apply as well in natural systems where 
solid-melt interfacial energy may be strongly anisotropic. In particular, a low median 
wetting angle results from a high ratio of grain-boundary energy to solid-melt interfacial 
energy and implies a low permeability threshold. 

(2) Permeability thresholds measured in systems where solid-melt interfacial energy 
is just moderately anisotropic, as in quartz- or olivine-fluid systems, are basically equal 
to those predicted by the isotropic model (Fig. 2 and Table 1). 

(3) The only detailed study of l/J, in a strongly anisotropic system (clinopyroxene
HzO; Watson and Lupulescu, 1993) suggests that the deviation from the ideal value of 
l/J, is only moderate, at most a few vol. % (Fig. 2 and Table 1). 

Therefore, very low values of l/Jco < 1 vol. % to a few vol. %, may be inferred from 
the low median wetting angles summarized in Table 2 (10°-60°). Waiting for precise 
measurements, a value of 3.4 vol. % is considered to provide a reasonable upper limit 
for the permeability threshold of most crustal protoliths. l/J, = 3.4 vol. % is the perme
ability threshold for an ideal system with (} = 70.53°, in which melt pockets at grain 
comers are regular, plane-faced tetrahedra. Because wetting angles in synthetic crustal 
protoliths are much lower than 70.53°, and melt pockets are bounded by concave solid
melt interfaces, l/J, should indeed be < 3.4 vol. %. A much lower value, close to zero, 
is even probable in quartz-rich protoliths, such as greywackes, due to the very low wet
ting angles at quartz-quartz-melt junctions and to the low degree of anisotropy of quartz
melt interfacial energy. 

IMPLICATIONS FOR THE SEGREGATION OF GRANITIC MELTS 

The major implication of the experimental studies is to show that melt segregation may 
potentially operate at very low degrees of melting (theoretically, at any melt percentage 
;::: l/JJ. Simple compaction calculations for melt percentages in the range 10-30 vol. % 
indicate that the segregation of granitic melts may occur within time-scales of ~105 to 
106 years (Laporte, 1994); deformation-enhanced melt extraction could yield much 
shorter time-scales. Because of the relatively high viscosities of typical crustal melts 
( 103-104 Pas for partial melts produced by dehydration-melting of greywackes; Monte! 
and Vielzeuf, 1996), it is not clear, however, whether the separation of melt from the 
solid residue may be efficient at melt percentages below 5-10 vol. %. Three general 
conclusions may be drawn from these remarks: (1) melt viscosity, not melt interconnec
tion, should in general be the limiting factor in the segregation of granitic partial melts; 
in particular, the amount of melt that is ultimately left behind within the solid residue at 
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the end of a segregation event is likely to be dictated by the high melt viscosities, and 
may be significantly larger than lPc; (2) there may exist a range of melt percentages 
above tPc over which the partial melt is interconnected but nearly stagnant; and (3) the 
concept that granitic melts in source regions with melt percentages below 20-30 vol. % 
are immobile and cannot lead to the generation of large plutons (Wickham, 1987) is 
questionable. Because large volumes of the continental crust in collision zones and other 
tectonic settings should experience incipient melting (with melt percentages never ex
ceeding a few vol. % to 10 vol. %) for durations of 106 to several 107 years, the process 
of low-melt fraction segregation, and the possibility to generate some form of granite 
magmatism at melt percentages < 10 vol. %, deserve further investigation. 
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APPENDIX: TECHNICAL INFORMATION ON RUNS QAN22C AND QORH2 

For run Qan22c, the experimental techniques and starting materials are the same as those described by 
Laporte ( 1994, p. 487 -489) for the experiments in the quartz-anorthite system. 8 mg of a mixture of 95 wt % 
anorthite + 5 wt % quartz were loaded in a platinum container, along with - 0.3 J..LI distilled water to ensure 
water saturation. The container was then welded shut, placed in a piston-cylinder assembly, and subjected 
to a pressure of 1000 MPa and a temperature of 1000 "c for 149 hours. The starting composition and the P
T conditions were chosen to produce about 10-20 wt % melt in equilibrium with anorthite (and excess 
water; Stewart, I 967). Sample QAn22c shows the expected three-phase paragenesis anorthite + melt + 
vapor. 9 electron microprobe analyses of glass (quenched melt) yielded an average composition of 65.9 
(0.8) wt% Si02, 16.1 (1.0) wt% Al20 3, and 9.7 (0.5) wt% CaO (numbers in parentheses are standard 
deviations; see Laporte, 1994, p. 489, for analytical conditions). 

For run QOrH2, the starting composition was a mixture of 88 wt% K-feldspar + 12 wt% quartz, and 
yielded - 35 wt % melt at 850 •c and a water pressure of 200 MPa (Shaw, I 963). The quartz powder 
(:5 20J..Lm) was that prepared by Laporte (1994); the K-feldspar powder (:5 22J..Lm) was obtained by grinding 
and sieving a gem-quality monocrystal from Madagascar (whose yellow color indicates the presence of 
Fe3• in substitution for At3•). 28 mg of the mixture were loaded in a platinum container, along with 0.9 J..LI 
distilled water. After welding, the container was subjected to the P-T conditions of 200 MPa-850 •c for 328 
hours in a cold-seal pressure vessel. The resulting paragenesis is K-feldspar (sanidine) + melt + vapor. K
feldspar forms euhedral grains that show a faint zoning; e.g. in BSSE microphotographs, rims, a few J..Lm 
thick, appear slightly darker than cores, presumably because of a lower iron content. The average phase 
compositions in wt% are as follows: Si02= 68.5 (0.3), AIP3= 11.5 (0.1), K20 = 9.9 (0.2), N~O = 1.0 (0.1) 
for 9 glass analyses (analytical conditions for the electron microprobe are 15 kV, 5 nA, a counting time of 
10 s, and a beam size of 8x8 J..Lm; FeO was not analysed); and Si02= 64.4 (0.4), Al20 3= 16.8 (0.1), K20 = 
16.4 (0.3), N~O = 0.4 (0.0), FeO = 1.2 (0.1) for the cores of K-feldspar (9 analyses at the following con
didions: 15 kV, 10 nA, a counting time of 10 s, and a beam size of 5x5 J..Lm). 

For both samples, the frequency distribution of apparent wetting angles was characterized by measur
ing with a protractor about 100 angles from BSSE microphotographs of polished sections (see Laporte, 
1994, for details); magnifications ranged from SOOOx to 14000x for sample QOrH2, and from 7000x to 
15000x for sample Qan22c. 
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Foliated sheet-like structures in a quartz dioritic to granodioritic pluton complex (Lago 
della Vacca suite) in the southern Adamello Massif, Italy, provide insight into the 
process of magmatic fracturing and melt segregation during crystallization of a pluton. 
These structures occur as anastomosing, sinuous circumferential zones, which vary in 
width from millimetres to hundreds of metres, extending for one to hundreds of metres 
along strike. The composition of the zones is very similar to their lesser deformed host 
rocks. Microscopic evidence for melt migration and segregation in these zones comes 
from intra- and intergranular fractures and veinlets. With increasing melt volume, 
intergranular fractures coalesce and form through-going sheets (melt segregations). 
Larger melt segregations show a strong shape preferred orientation, which indicates 
substantial shortening normal to the sheet walls. The shortening direction remained 
constant throughout emplacement. 
If, at low melt fractions, melt pressure exceeds cohesion along the foliation, fractures 
can open normal to the shortening direction. Alternatively, dikes may also form as shear 
fractures parallel to the plane of anisotropy (at a 1 = 30-45° to the foliation). At higher 
melt fractions, segregated melt may flow down a pressure gradient (along the extension 
direction) into the foliation plane. Deformation will in any case be localized in zones of 
weakness, which consist of partially solidified material, and leads to deformation-assisted 
melt segregation, a potentially important deformation process during pluton 
emplacement. 
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INTRODUCTION 

Geologic evidence for the generation, segregation, ascent and emplacement of silicic 
magmas is fragmentary at best. Much progress has been made in understanding the 
petrogenesis (source and evolution) of silicic magmas through experimental, isotopic 
and geochemical studies. There is much controversy however, regarding the 
mechanism(s) of migration of silicic magma from its source, through significant 
thicknesses of the crust, to the final site of emplacement. The mechanism of melt 
segregation during the crystallization of melt has received little attention to date. 
Experiments and/or natural examples documenting the processes of silicic melt 
segregation during emplacement are rarely observed. Good natural examples of 
inhomogeneous melt distribution in a silicic magmatic system are preserved in the 
southern Adamello Massif, Italy, and provide insight into the processes of magmatic 
fracturing and melt segregation during pluton emplacement. 

The term 'melt segregation' is used to refer to the separation of a melt fraction from 
its residuum and/or source or crystallization products, and may occur during either 
melting or crystallization. Melt segregation is usually considered a phenomenon 
responsible for the extraction of melt from a rock undergoing partial melting (e.g. 
Spera, 1980; Wickham, 1987; Sawyer, 1994; Brown, 1994). The conditions for melt 
segregation during crystallization differ from those associated with anatexis, in that the 
preferred orientation of crystals, the melt composition, and crystal/melt ratios of the 
framework crystals are different (Brown et a!., 1995; Vigneresse et a!., 1996). Melt 
segregation during crystallization produces an inhomogeneous distribution of melt and 
crystals, potentially leading to deformation concentrated in the mechanically weakest 
parts of a material, that is in the zones of highest melt-fraction. This inhomogeneous 
distribution of melt is of great interest for the potential localization of deformation in 
melt-rich sections of the crust. 

The purpose of the present study is to document the geometry and microstructures of 
naturally occurring silicic- to intermediate composition melt in granitoid rocks frozen in 
the process of segregation. The migration and segregation of melt in this instance 
occurred during magma emplacement and crystallization rather than anatexis, and resulted 
from horizontal compaction segregation into dilatant fractures. Such melt segregations 
appear to be common features in granitoid plutons during emplacement (Cuney et a!., 
1990; Brun et a!., 1990; Nicolas, 1992; Pons et a!., 1995), and their study may help 
reveal mechanisms of magmatic deformation (fracturing and fabric development) related 
to melt distribution. 

GEOLOGIC FRAMEWORK OF THE ADAMELLO MASSIF 

The Adamello Massif, in the Italian Alps, is the largest of the Tertiary intrusions 
emplaced during the Alpine orogeny. The batholith is exposed over an area greater than 
670 km2 with up to two kilometres of vertical relief, and is elongate in a northeast
southwest direction with a maximum length of about 80 km (Fig. 1). The southern 
Adamello Massif was emplaced at intermediate to shallow crustal levels into the 
southern Alpine crystalline basement and cover rocks. The cover rocks were deformed 
during the Orobic phase of the Alpine orogeny into a series of variably tight, upright 
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folds striking roughly WSW-NNE, and subsequently intruded by the massif (Brack, 
1983; 1984). Intrusive relations within the Massif indicate that it evolved as a series of 
discrete magmatic pulses, emplaced progressively from the southwest to the northeast, 
resulting in a composite batholith of at least twelve distinct plutons of quartz diorite, 
tonalite and granodiorite composition (Bianchi et al., 1970). Existing estimates of the 
emplacement pressure vary from 1.5 to more than 3.5 kbar over the southern part of the 
Massif (Riklin, 1983; John and Blundy, 1993). This study focuses on the Lago della 
Vacca Suite (L VS), a small pluton in the southernmost part of the Re di Castello Group 
of the southern Adamello Massif (Fig. I; Bianchi et al., 1970; Brack, 1983; Ulmer et 
al., 1983). 

X X 

X 
X 

X 

N 

1.:-.._~,1 melt segregations SOOm I 
Figure 1. Lago della Vacca suite (southern Adamello Massif, Italy): simplified geologic map showing the 
distribution of rock types, and melt segregations within the marginal series. 

STRUCTURAL AND PETROLOGIC FEATURES OF THE LAGO DELLA 
VACCA SUITE 

The Lago della Vacca Suite forms a small semi-circular intrusion, roughly 4.5 km by 
4.7 krn, emplaced into folded Mesozoic sedimentary rocks and precursor Tertiary 
intrusive rocks, including coarse-grained mafic and silicic granitoids (Biundy, 1989; 
Blundy and Sparks, 1992), and a layered mafic/ultramafic cumulate sequence, the 
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Blumone complex (Ulmer, 1986). Biotite Rb-Sr (Del Moro et al., 1983), and U-Pb 
zircon geochronology (Hansmann, 1986; Hansmann and Oberli, 1991) data imply that 
the L VS was emplaced and cooled to temperatures of less than 400°C between -43 and 
40 Ma. The suite is truncated to the north and west by younger intrusive rocks (Fig. 1). 
Structural considerations imply that emplacement of these later intrusive bodies, as well 
as subsequent Alpine deformation have not affected the original geometry and orientation 
ofthe Lago della Vacca Suite (John and Blundy, 1993). 

The Lago della Vacca Suite exhibits crude concentric compositional and temporal 
zonation from hornblende quartz diorite, through tonalite to granodiorite. Intrusive 
relations indicate that age decreases and silica content increases inward from the margins 
(Fig. 1). The suite was divided by John and Blundy (1993) into four members based on 
texture and mineralogy, including the outer or marginal units comprising heterogeneous 
quartz diorite, tonalite, and their sinuous zones of segregated melt. The marginal units 
are intruded inward by homogeneous, equigranular tonalite and granodiorite, the Vacca 
tonalite, which in turn is cut by a medium-grained granodiorite, the Galliner 
granodiorite, forming the core of the pluton. Irregular, penetrative contacts between core 
and marginal units, though only rarely observed, indicate that the core units are younger 
than the marginal units. 

Evidence for melt segregation within the suite comes from small sheet-like features 
associated with intense foliation development. The long axes of oblate mafic enclaves in 
the host granitoids are parallel in orientation to margins of the dikelets. The most 
intensely foliated rocks occur in the older marginal units (tonalites and quartz diorites), 
and form anastomosing and sinuous ring-like zones of quartz diorite and tonalite that 
wrap around lenses of less intensely foliated granitoid of the same composition. These 
zones vary in width from millimetres to hundreds of metres, extend for tens to hundreds 
of metres along strike, and show a strong shape preferred orientation of plagioclase and 
hornblende parallel to their margins. The wider zones contain mafic enclaves. 

CONTACf RELATIONS AND FABRIC DEVELOPMENT 

Contacts between the four major units in the L VS are sharp in some places while in 
others they are marked by mineralogical and textural changes that may be diffuse over a 
distance of several metres. This implies that successive magma pulses or units of the 
L VS were emplaced before the precursor pulse had fully solidified. The outer contact of 
the L VS with surrounding country rocks is variable in nature and orientation, depending 
on host rock type. Intrusion of the marginal units, the earliest pulses of magmatism, 
generated dikes and thin sheets in adjacent granitoid rocks and stoped fragments of 
country rock (Fig. 1). Deformation of host rocks by intrusion of the LVS is almost 
exclusively brittle in character. Subvertical dikes and apophyses of the marginal quartz 
diorite exploited pre-existing fractures in the host rocks, producing stoped blocks of 
coarse-grained gabbro now widespread in the southern and eastern parts of the suite (Fig. 
1 ). The arcuate trend of these trains of stoped blocks suggests that they were displaced 
and rotated by the later, forcefully emplaced inner units. In contrast to external relations, 
contacts between the marginal and core units are typically vertical or steeply inward 
dipping (>60°) toward the center of the suite, and are associated with well-developed 
foliations (Fig. 2). 

The dominant fabric in the intrusive rocks of the LVS is a foliation (Fig. 2). 
Magmatic foliation, defined by the planar alignment of igneous plagioclase, amphibole 
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and biotite, and by mafic enclaves, is developed to varying degrees in all units of the 
LVS. Linear mineral fabrics are rarely observed: where present, they are subvertical. 
Foliations define steeply inward-dipping (or funnel shape) concentric trajectories that 
roughly parallel the marginal contact and, in general tend to be less well defined towards 
the core of the pluton. A similar trend is observed in the axial ratios of mafic enclaves 
which tend to decrease towards the pluton core (John and Blundy, 1993). Adjacent to the 
southern and eastern borders of the Vacca tonalite, foliation trajectories are oblique to the 
contact between the tonalite and the surrounding marginal units. This relationship is 
particularly evident where the contact is irregular (north west of Cornone di Blumone), 
and suggests that fabric development and magma intrusion occurred synchronously 
during emplacement. In other words, early fonned fabrics were repeatedly truncated and 
reoriented by subsequent magma pulses . 

0 soom .... ---· 
igneous foliation trajectory 

Figure 2. Lago della Vacca suite (southern Adamello Massif, Italy): generalized foliation trajectory map 
(after John and Blundy, 1993). 

PE'IROLOGY AND GEOCHEMIS'IRY 

Units of the L VS fonn a chemically related suite of granitoid rocks which define smooth 
linear trends on Harker variation diagrams (Kagami et al., 1991; John and Blundy, 
1993). Quartz diorite and tonalite from the marginal units range in silica from 50 to 64 
wt.%, and were divided into low- and high-potassium members (Fig. 1), based on biotite 
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content. Those with more than 10 vol.% biotite form the high-potassium units (K20 
greater than 1.3 wt.% ), while those with amphibole in greater proportion than biotite 
form the low-potassium units (K20 less than 1.3 wt.%). The younger Vacca and 
Galliner units form the core of the suite, with a small range of 60 to 65 wt.% silica, 
high potassium concentrations, and biotite in excess of hornblende. The fine-grained 
marginal units described as melt segregations show large variations in Si02-content (52-
64 wt.%) and modal mineralogy (John and Blundy, 1993). They were mapped on the 
basis of their relatively fine grain size and intensity of foliation development, rather than 
on mineralogy or chemistry. Consequently, the marginal units represent a textural 
facies, rather than a facies based on composition. Major and trace element concentrations 
indicate a complete overlap in composition between strongly and less foliated samples 
of both low and high-K marginal units. This implies a local origin for the melt 
segregations, rather than new magma input (John and Blundy, 1993). 

The LVS was emplaced at -350 MPa pressure, with estimated temperatures ranging 
from 580° to 850°C, with the vast majority clustering around 680°±50°C, at or close to 
the water-saturated granitoid solidus at pressures of 250 to 350 MPa (John and Blundy, 
1993). 

MELT SEGREGATION IN THE LAGO DELLA VACCA SUITE 

The most intensely foliated rocks in the L VS occur as sinuous, anastomosed, concentric 
lenses, sheets or dikelets of fine-grained diorite, quartz diorite, and tonalite within the 
marginal units. These zones are labeled "melt segregations" in Figure 2, and are 
traceable in a 200° arc around the margin of the suite; they do not intrude into the 
surrounding country rocks. 

MACROSCOPIC FEATURES OF MELT SEGREGATIONS 

The melt segregations are characterized by aligned grains of plagioclase, hornblende and, 
rarely, biotite in a fine-grained foliated matrix of the same mineralogy. These zones vary 
in width from centimetres to hundreds of metres and extend for tens to hundreds of 
metres along strike. The melt segregations are characterized by relatively higher 
concentrations of mafic enclaves: 11-35 inclusionsfm2 compared to 2-1 Ofm2 in adjacent 
less intensely foliated rocks. Contacts between the fine-grained zones and their host 
rocks are remarkably sharp with no intermediate grain sizes on the scale of one to two 
millimetres (Fig. 3). Some of these foliated rocks have textures similar to synplutonic 
mafic dikes, whereas others resemble fine-grained porphyritic equivalents of adjacent 
marginal rocks. 

Three-dimensional strain analysis using mafic enclaves from throughout the pluton 
indicates that these bands represent zones of very high flattening strain (John and 
Blundy, 1993). The enclaves are weakly prolate in the core of the pluton, and become 
increasingly oblate as strain increases towards the pluton margin. Their short axis (Z) is 
uniformly sub-normal to the foliation, implying radial flattening. Within the marginal 
units themselves considerable local variations in the amount of shortening over short 
distances are recorded, with the highest percentages of shortening (up to 84%) 
corresponding to the zones of melt segregation and intense foliation development. These 
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zones therefore represent loci of very high strain separating lenses of relatively low
strain. The oblate nature of enclaves in the most deformed rocks, and the ring-like 
geometry of the foliated high-strain zones suggests that deformation involved 
dominantly radial flattening, associated with successive pulses of magma intrusion. 

In the marginal units, widespread, subvertical, aplite dikes (1-20 em wide) intersect 
the foliation and melt segregations at high angles. This late distribution of melt is 
consistent with expulsion of evolved interstitial melt along radially propagating 
fractures during the final stage of magma emplacement. 

Figure 3. Macroscopic character of the Lago della Vacca Suite marginal series rocks and associated melt 
segregations. (a) Weakly foliated low-potassium marginal quartz diorite, with poorly aligned amphibole 
grains in matrix of plagioclase and quartz. Coin is 1.8 em in diameter. (b) Within the same host rock type as 
(a) intensely foliated melt segregation and deformed mafic enclaves. 2.8 em coin. (c) Slab cut normal to 
thin foliated melt segregation (dark fine-grained zone) cutting low-potassium marginal quartz diorite. Host 
rock type equivalent to Fig. 2a. 
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MICROSTRUCfURE OF MELT SEGREGATIONS 

In the least foliated marginal rocks the groundmass has a grain size greater than 200 !liD, 
and comprises an assemblage of amphibole (often showing reaction to biotite), biotite, 
plagioclase, quartz, alkali feldspar, oxides and apatite. Plagioclase, biotite and amphibole 
show a strong grain shape preferred orientation. Quartz and alkali-feldspar are interstitial 
and show no sign of plastic strain. Groundmass plagioclase is zoned from calcic cores 
(An51-85) to sodic rims (An40-48). This zoning pattern is observed in both coarse
grained and groundmass plagioclase in undeformed marginal rocks, and is considered to 
be a primary magmatic feature. 

The melt segregations are characterized by anastomosing zones of fine-grained (50-
200 !liD) quartz diorite and tonalite that cut the original coarser-grained matrix. Biotite 
and hornblende within these zones define a strong foliation, though plagioclase and 
quartz (±alkali feldspar) are polygonal. The groundmass comprises the same mineralogy 
as the host, although biotite is more abundant, typically at the expense of amphibole, 
plagioclase is more homogenous (An 32.54), and the grain size is substantially finer (50-
100 !liD). Quartz in particular shows no evidence of grain flattening or other 
intracrystalline deformation features such as subgrain formation, indicating that all 
deformation has occurred in the magmatic state. 

Microscopic evidence for melt migration and segregation associated with late-stage 
emplacement of the L VS comes from intra- ahd intercrystalline fractures and veinlets 
that characterize the marginal units. In some samples, fractures are confined to a few 
plagioclase grains, while in others the thin fracture linings coalesce to form through
going dike lets, or anastomosing bands, of fine-grained material. 

The smallest traces of melt are present as trans granular fractures through plagioclase 
and hornblende grains (Fig. 4a). The material filling these small intragranular fractures 
has the same crystallographic orientation as the host grain (epitaxial growth). Fracture 
fills across zoned plagioclase grains have anorthite contents equivalent to the rim of the 
host plagioclase (Fig. 4a). These microstructures are similar to those described by 
Hibbard (1987), and Bouchez eta!. (1992). Some, usually wider, transgranular fractures 
have rim overgrowths of plagioclase, while the center portion of the fracture fills are 
composed of small grains (Fig. 4b). Transgranular fractures are typically apophysical 
cracks extending from wider, polyphase, fine-grained melt segregations (Fig. 4e). These 
wider melt segregations almost exclusively fill intergranular fractures. The fact that 
these larger melt segregation features have a fracture character is shown by the transition 
from the major melt-filled zones into their extremities, where the crystallized material is 
transitional between epitactic growth and polyphase grain aggregates (Fig. 4e). The 
filling melt forms networks through the already solid framework of crystals (Fig. 4f). 
Generally, these networks are parallel to the foliation in the host rock defined by the 
preferred orientation of hornblende and plagioclase. 

With increasing melt abundance, melt segregated into layers, a few grain diameters to 
-3 em in width. The average grain size ranges from 30 to 60 11m in the melt networks 
and thin layers, to 0.2 to 1.2 mm in the wider layers. Isolated large grains (3-4 mm) of 
hornblende and plagioclase removed from the already solidified host, are commonly 
suspended in the fine-grained melt segregations (Figs. 4a, b, e, and f). These larger 
grains or porphyroclasts are characterized by either plagioclase inclusions in hornblende 
or cores of high-An-content in plagioclase grains, and make up roughly 0-20 modal 
percent of the thicker segregations. Mafic enclaves are common in the wider melt 



MAGMA TIC FRACfURING AND SMALL-SCALE MELT SEGREGATION 63 

Figure 4. Magmatic fractures and melt segregations in the Lago della Vacca Suite. Sequence by increasing 
melt percentage. (a) Healed intergranular fracture (-10-30 IJ.m wide) in a normally zoned plagioclase 
grain. The fracture fill comprises epitaxially grown plagioclase of equivalent composition to that of the 
grain rim. Scale bar =250 IJ.m; (b) Trans granular fracture ( -30 IJ.m) of plagioclase grain. The fracture fill 
consists of plagioclase grown against the fracture walls and individual plagioclase grains with a different 
orientation in the crack center. Scale bar= 50 IJ.m; (c) Transgranular fractures constitute the extremities of 
the larger, vertically oriented, intergranular fracture filled with fine-grained hornblende, biotite, plagioclase 
and quartz (center). Transgranular fractures of plagioclase grains (left and right of the center material) are 
filled with plagioclase of the same composition as the rim of the clast (right). Scale bar =250 IJ.m; (d) 
Overview of the melt segregation in (c) . The intergranular fractures form networks along grain boundaries 
of the host. Scale bar= I mm; (e) Overview of the central part of a thick melt segregation with inclusions of 
host rock plagioclase (arrows) removed from the dike wall and fully surrounded by the fine-grained 
material of the segregated melt. Scale bar =250 IJ.m; (f) Close-up view of aligned, zoned plagioclase cores 
and overgrowths (coming from the surrounding host rock) incorporated in subequigranular matrix of 
plagioclase, biotite, amphibole and quartz forming the melt segregation. Scale bar =250 IJ.m. 
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segregation veins. These enclaves have their long axis parallel to the foliation of the 
veins. Their grain size is smaller than that of the surrounding melt segregations (40 -
200 11m), and composition more mafic than that of their host matrix (Table 1 ). 

Grain shapes in the segregation networks and narrow melt segregation layers are 
typically equigranular; in wider segregation layers, both hornblende and plagioclase 
crystals have elongate and prismatic shapes. Generally, the hornblende grains occur 
between the idiomorphic plagioclase grains, whereas in the surrounding host rock of 
similar composition, both plagioclase and hornblende have hypidiomorphic shapes with 
short prismatic hornblende crystals and more elongated plagioclase crystals (Figs 4e, 5). 

TABLE l. Modal composition of adjacent host rock, melt segregations and 
included mafic enclave in one sample of the Lago della Vacca suite marginal 
series diorite. 

melt segregation host rock mafic enclave 

plagioclase 62 61.5 50.4 
hornblende 31.3 29.5 45 
magnetite 3.4 3 2 
biotite 2.3 3.5 2.4 
sphene 0.3 0.6 0 
quartz 0.8 1.6 0.2 

Microstructural analysis by Autocorrelation Function 
The preferred orientation of minerals, mainly plagioclase and hornblende, in both the 
melt segregations and surrounding host rocks were analyzed using the autocorrelation 
function (ACF) described in detail by Panozzo-Heilbronner (1992). The fabrics were 
studied in thin sections cut normal to the foliation and parallel to any weak lineation 
visible in hand specimen. 

The autocorrelation function can be envisaged as a brightness distribution, obtained 
when an image is superimposed on itself at all possible x and y translations (Panozzo
Heilbronner, 1992). The brightness distribution reflects the spatial frequencies of the 
fabric elements in all directions, that is the ACF reflects the fabric as a whole without 
distinguishing between individual fabric elements. The ACF is represented as a stepped 
and grey-level-contoured diagram of the brightness distribution (Figs. 5 and 6). Images 
used for the analysis are digitally recorded optical micrographs taken under crossed nicols 
with both the polarizer and analyzer oriented at 45° with respect to the foliation. Under 
these conditions, the polysynthetic twinning in plagioclase, and hornblende pleochroism 
stand out most ostensibly. As both hornblende and plagioclase display a crystallographic 
as well as shape preferred orientation in the magma, this fabric is analyzed most 
favorably under these conditions. The ACF uses the integral image without separation 
of individual features such as grain outlines or twin lamellae. The crystallographic fabric 
of plagioclase, visible through the subparallel alignment of its twin lamellae of grains, 
and the shape fabric of hornblende and plagioclase, visible as parallel alignment of grain 
boundaries and long axes, both contribute to the ACF analysis. The result of the ACF 
analysis is therefore a composite signal, reflecting both shape and crystallographic 
fabric. This combination of different types of data is justified in the case of magmatic 
fabrics, because the crystallographic fabric of plagioclase and hornblende arises from the 
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Figure 5. Microstructure and ACF analysis of a melt segregation within the marginal series, coarse grained 
quartz diorite. (a) The section shows parts of coarse grained host rock (top and bottom) with fine grained 
melt segregation in the middle. The ACF fabric diagrams on the right refer to the adjacent parts of the 
section (top and bottom to the coarse grained part, middle to the melt segregation). The analysed region 
corresponds approximately to half of the area of the individual parts of the section. The fabric anisotropy is 
greater in the melt segregation than in the coarse grained host rock. This suggests that the fabric in the melt 
segregation developed when the host rock was nearly solidified. (b) Another section of coarse grained host 
rock (top) and finer grained melt segregation (below). The very fine grained portions represent mafic 
enclaves. The upper ACF fabric diagram corresponds to the coarse grained host rock, the lower to the melt 
segregation. The fabric anisotropy is greater in the melt segregation than in the host rock. For fabric 
analysis of the mafic enclave see Fig. 6. 
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alignment of these grains as rigid particles in a melt, and therefore depends on their 
shape anisotropy. Technically, the half-peak-height of the ACF as a good measure of the 
grain size, and anisotropy (Panozzo-Heilbronner, 1992), has been used to obtain the 
aspect ratio, grain size and inclination of the anisotropy, with respect to a reference line 
identical for all domains within a single thin section. 

Typical microstructures associated with the zones of melt segregation were analyzed 
(Fig. 5). Host diorite (low-K-marginal series) shows a moderately to well-developed 
fabric anisotropy of 1.39, 1.44 and 1.28. The inclination of the fabric long axis does not 
vary more than a few degrees between samples. Included melt segregations show a 
significantly greater fabric anisotropy of 1.53 and 1.68. 

The grey-level-contours of the ACF are directly related to grain size, the smaller 
inner ellipses corresponding to finer grain size, the larger outer ellipses to coarser grains. 
A systematic feature of all fabrics is that the melt segregations have a constant fabric 
symmetry (ACF ellipses) independent of their grain size, whereas in the surrounding 
host rock the ellipse of the larger grains is more inclined to a reference line than that of 
smaller grains. The asymmetry of the coarser grained host material is due to poor 
alignment of the larger particles relative to the finer-grained material. The melt 
segregations have a rather uniform and finer grain size, and therefore tend to show a 
stronger and more symmetric alignment of particles. However, the overall orientation of 
alignment remains identical for both melt segregations and host material. 

The fabric of a mafic enclave within a melt segregation has the same orientation as 
the melt segregation itself (Fig. 6). The fabric anisotropy of the enclave is weaker than 
that of the melt segregation, and similar to that of the coarse grained host rock. As with 
the host rock, the fabric is inclined to the reference line. The fabric is weaker near the 
margin of the enclave and stronger at its centre, where the grain size is larger; note that 
the ACF diagrams are all scaled in Fig. 6, and thus record the differences in grain size. 
The weaker fabric at the margin of the enclave is in part due to smaller aspect ratios of 
the individual hornblende and plagioclase grains. The finer grains at the margin are 
interpreted to be due to more rapid cooling, in tum time was lacking for the particles to 
develop a shape fabric. Such microstructures are often observed in mafic enclaves 
(Vernon, 1990), and indicate quenching of the mafic melt against the host rock with a 
lower solidus temperature (in this case the melt segregation). Distribution of fabric 
anisotropy in the enclave shows a trend similar to that observed in the melt 
segregations: the fine-grained, narrow networks show smaller aspect ratios of grains than 
wider layers and therefore do not develop a preferred orientation. 

PHYSICAL AND CHEMICAL CONDffiONS OF MELT SEGREGATION 

Geochemical and modal analyses of the host and adjacent melt segregations in the 
marginal series rocks were carried out to document both the composition and conditions 
of melt segregation. Care was taken to analyze segregations as much as possible 
without large porphyroclast or xenocrystic grains of plagioclase and hornblende. Melt 
segregations in the L VS vary from quartz diorite to tonalite, and have the same 
mineralogy as their local host rocks. Data in Table I indicate that the adjacent fine
grained melt segregations and surrounding diorite of the low-K marginal series have 
identical modal abundance of mineral phases. Similarly, the major and trace-element 
geochemistry (Fig. 7 and Table 2), shows that the composition of the melt segregations 
are virtually identical to their adjacent host. Chemical equilibrium between the host and 
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Figure 6. Microstructure and ACF analysis of a mafic enclave within a melt segregation dike, whole rocK 
and plagioclase chemistry: The mafic enclave is from the lower ponion of figure 4. The numbers of the 
ACF fabric diagrams correspond to the location of the analysed regions of the enclave. The fabric 
anisotropy is weaker at the margins (1, 2, 5) than in the center (3, 4) of the enclave, where the grain size is 
larger. The fine grained margins are interpreted as more rapidly cooled against the host rock, which has a 
lower solidus temperature. 

melt segregations may have been enhanced by high diffusion rates due to the presence of 
melt. Yet these relations imply that the melts must have been derived from the same 
melt, and are of non-eutectic composition. Variations in Ti02, MgO, and K20, and also 
Ni, Cr not shown in Figure 7, are likely due to the incorporation of small, xenocrystic 
amphibole grains that were incorporated during stoping of the nearby Blumone 
Complex. 

Mineral chemistry 
Amphibole compositions in the melt segregations have relatively high concentrations of 
potassium, with consistently lower titanium contents and Mg number than in their 
adjacent host (John and Blundy, 1993). The increase in KP and decrease in Mg number 
is consistent with petrographic evidence of amphibole breakdown to biotite, common in 
natural and experimental systems of igneous hornblende. At temperatures between 
800°C and 900°C evolved interstitial melt reacts with hornblende to produce biotite 
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(Naney, 1983). Therefore during segregation, migration and emplacement of late-stage, 
slightly peraluminous silicic melts, there is a continuous reaction: hornblende shows 
progressively increasing Kp-contents and decreasing Mg number, and is eventually 
replaced by biotite (John and Blundy, 1993). 
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Figure 7. Whole rock chemistry and plagioclase composition. (a) Histogram comparing whole-rock major 
element chemistry of host rock and melt segregations in a sample of the marginal series of the Lago della 
Vacca Suite (same sample as in Table 1). Percentages give the differences between host and melt. (b) 
Mean and range in plagioclase compositions (% anorthite) for melt segregations and associated marginal 
series rocks of the Lago della Vacca Suite. Note the high anorthite content and nearly complete overlap in 
composition (both core and rim) between the segregations and their surrounding host implying non-eutectic 
conditions in their formation. 

Small (50-100 Jlm), subeqt.ant grains of plagioclase in the melt segregations have a 
range in anorthite content (An32_54) that overlaps completely with plagioclase rim 
compositions (An33.54) in the adjacent host (Fig. 7). Captured porphyroclasts of 
plagioclase in the segregations locally show myrmekitic intergrowths along their grain 
boundaries, and show the full range in anorthite content noted in their surrounding host. 
All of these observations indicate that the melt segregations are of very similar 
composition to their host rock. 

Temperature 
Emplacement temperatures for melt segregations were calculated using the amphibole
plagioclase thermometer of Holland and Blundy (1994 ). All temperature estimates for 
each rock type of the L VS given in John and Blundy ( 1993), were made on adjacent 
amphibole and plagioclase grains assuming an estimated emplacement pressure of 3.5 
kbar. Detailed amphibole-plagioclase thermometry on melt segregations from two 
samples overlap within error with their adjacent host rock temperatures: host 1, 
762°±50°C; melt segregation I, 736°±50°C, and host 2, 748°±50°C; melt segregation 2, 
758°±50°C, and indicate that the segregation process occurred in the magmatic or "sub
magmatic" state. 
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TABLE 2. Comparison of whole-rock major and trace-element 
geochemistry for both host rock and melt segregation from one 
outcrop of the low-potassium marginal phase of the Lago della Vacca 
suite. 

SAMPLE JJ13A JJ13C JJ13D JJ13E 
melt melt host host 

Si02 53.16 53.62 53.90 53.56 

Al203 19.25 19.01 19.53 19.54 

Ti02 0.91 0.88 0.78 0.91 

Fe203(tot) 8.86 8.72 8.99 8.96 
MgO 4.54 4.60 3.99 4.03 

CaO 9.63 9.46 9.41 9.58 

Na20 3.88 3.82 3.92 3.80 

K20 0.59 0.59 0.55 0.54 

MnO 0.22 0.22 0.21 0.22 
P205 0.31 0.30 0.33 0.30 

Total 101.35 101.23 101.62 101.44 

Ba 218 239 215 200 

Co 22 20 21 21 

Cr 53 60 29 14 
Cu 40 26 67 29 
Ga 19 19 20 20 
Ni 19 21 7 6 
Nb 8 6 6 8 

Pb 3 6 4 4 
Rb 12 11 10 9 
Sr 514 500 527 517 
v 220 215 227 226 
y 28 27 23 27 
Zn 82 79 79 81 
Zr 73 76 75 61 

DISCUSSION 

The following observations have to be reconciled for an emplacement model of the melt 
segregations in the Lago della Vacca suite: 

1. The melt segregations fill fractures parallel to igneous foliation in their host 
rocks. 

2. The fabric in the melt segregations is parallel to the walls of the dykes and 
foliation of the surrounding host rock. The fabric in the melt segregations is stronger 
than that of their host. 

3. The composition of the melt segregations is only slightly more evolved than that 
of the host rock. 

4. Mafic enclaves occur in the melt segregations, also with a fabric in the same 
orientation as the segregations. 
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ORIENT A TION OF MELT SEGREGATIONS AND FABRIC DEVELOPMENT 

The fact that the fabric of the melt segregations is parallel to that of the igneous host 
rock suggests that both the shortening and flow directions remained relatively constant 
during solidification of the host rock, and during fracture and emplacement of the melt 
segregations. The fabric in both the host and melt segregations indicates bulk shortening 
normal to fracture orientation, requiring the greatest compressive normal stress (01) to 
be oriented at a large angle or normal to the fracture walls. If the intrusion of segregated 
melt is considered to have filled extension fractures under high melt pressure, the inferred 
stress field for the initiation of such fractures would be such that <J 1 be oriented parallel 
to the fracture walls (e.g. Anderson, 1951; Shaw, 1980). The stress field for initiation of 
fractures, and that implied for the magmatic fabrics therefore appear inconsistent. Several 
possibilities are suggested to reconcile these apparently contradictory observations: 

1. A difference in tensile fracture strength exists, due to the anisotropy of the 
material resulting from the fabrics of hornblende and plagioclase. If the tensile strength 
parallel to the foliation exceeds the strength normal to the foliation, and if the difference 
of effective normal stresses does not exceed that difference, fractures parallel to foliation 
may form at magma overpressures greater than <J 1• This explanation has been proposed 
for foliation-parallel veins by Gratier (1987) and Wickham (1987), and for larger scale 
intrusions by Lucas and St. Onge (1995). This explanation requires that the difference in 
effective stress (<J 1 - <J3) be very small, as the difference in tensile fracture strength in 
different directions of the anisotropic fabric will be very small and fractures do not open 
parallel to <J 1• 

On a crustal scale, alternate models have been proposed for sill-dike emplacement at 
high angles to the regional 01 direction, principally to explain the development of 
horizontal crustal layering during lithospheric extension (McCarthy and Thompson, 
1988; Parsons et al., 1992). These models suggest that differences in deviatoric stress 
supported by layers of contrasting rheology, coupled with high magma pressure can 
result in principal stress interchanges in the weaker layers that enable extension 
fracturing normal to <J}. In this orientation, the well developed crystallographic fabric 
may enhance the seismic velocity anisotropy character of the layering. 

2. The shear strength of anisotropic material is the smallest at an angle of 30 to 45° 
between the plane of anisotropy and <J 1 (Donath, 1964 ), and fracture occurs parallel to 
the plane of anisotropy. The local stress field in the host rock may have produced such 
shear fractures parallel to foliation, and flow of the melt inside the segregations may 
have aligned the particles parallel to the fracture surfaces. 

The first explanation assumes both a minimum tensile strength and limited strength 
differences in the host rock during emplacement of the segregations. This assumption 
may only be valid for nearly solidified rocks, that is for very small melt fractions, as the 
tensile strength of the grain boundaries (the melt segregations mainly form intergranular 
fractures) in such grain aggregates must not be zero. A similar argument applies to shear 
fracture development, because a finite strength between grain boundaries is needed to 
constitute an anisotropy. These two explanations may only apply to the development of 
melt segregations in almost completely solidified rock. 

A certain width (and presumably cooling time) of the melt segregation is necessary 
to develop grains with high aspect ratios, and more appropriate to give rise to a preferred 
orientation. In mafic enclaves, the ACF analysis implies a minimum width for 
development of a strong fabric of approximately 4-5 mm in mafic enclaves. Planar melt 
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segregation layers do not show marginal quench zones, as both their composition and 
solidus temperature are equal to those of the host rock, and develop a strong fabric even 
at minimal thicknesses. Where mafic enclaves occur in the melt segregations, they have 
a finer grain size (Fig. 6), and a hornblende/plagioclase ratio higher than the melt 
segregations and adjacent host rock (Table 1). 

ROLE OF INTERNAL ANISOTROPY DURING PLUION EMPLACEMENT 

An interesting aspect of repeated emplacement of the melt segregations in the pluton is 
that fracturing took place parallel to an existing foliation. The fact that the fabric in the 
melt segregations is better developed than that of the host rock can be explained by 
intrusion of the melt segregations into a largely solidified host. The host in turn acted as 
a mechanically rigid carapace, affording stronger fabric development in the melt 
segregations due to continued shortening normal to the dike walls. The development of 
anisotropy or foliation is therefore a self-stabilizing process through the formation of 
sheet-like melt segregations. Thus, inhomogeneous distribution of melt due to 
crystallization and repeated melt segregation and re-injection into the more solidified 
host rock is not only controlled by, but also enhances the anisotropy, and therefore 
appears to be an important process for fabric development in plutonic rocks during 
emplacement. 

Layer and foliation parallel emplacement of granitoid magma is an important process 
in the regional development of compositional layering in the middle and lower crust 
(Lucas and St. Onge, 1995). Syntectonic intrusion of dikelets into extension fractures 
sub-parallel to layering is interpreted to have occurred due to the inherent anisotropy and 
high magma pressure (see Gratier, 1987; Wickham, 1987; Bolliger and Lavander, 1994; 
McCarthy and Thompson, 1988; Parsons et al., 1992). The geologic observations 
outlined above from the marginal series of the L VS support a model for the origin of 
foliation parallel melt segregations emplaced along extension or shear fractures (cf. 
Etheridge, 1983; Clemens and Mawer, 1992), subparallel to igneous layering/foliation 
formed during the emplacement and deformation. In addition, syntectonic intrusion may 
in this way focus deformation into transiently weak zones (ie. melt-rich, cf. Hollister 
and Crawford, 1986; Davidson et al., 1994) by partitioning deformation into partially 
solidified granitic rocks/magma and/or pluton margins. 

SOURCEOFTHEMELTSEGREGATIONS 

The melt segregations inject almost completely solidified host rock and are chemically 
only slightly more evolved than their host material. Thus, they must be of local origin, 
i.e. do not result from a new magmatic pulse. By the very nature of the problem (only 
the intrusion of segregated melt into the host rock is preserved), inferences about the 
source conditions remain speculative and are based on experiments or modeling. Models 
involving percolation theory, suggest that crystals in a crystallizing melt form a 
framework capable of supporting hydrostatic stress at approximately 55% crystals 
(Vigneresse et al., 1996). At this third or "rigid percolation threshold" of Vigneresse et 
al. (1996) melt may segregate from the framework during compaction. Such melt 
segregation is enhanced by deformation (Rutter and Neumann, 1995; Brown et al., 
1995). Thus, two types of domain may have existed in the pluton: one, where 
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crystallization of the melt is almost complete (the host. to the. melt segreg~tions), and 
another domain, where melt segregated from a deformatiOn-assisted compactmg crystal 
framework that contained a high melt fraction. The exact melt fraction, of course, is 
impossible to determine, but that the melt fraction was rather high is show~ by the ?n~y 
slightly more evolved composition of the melt segregations (Table 2). This sc~nano IS 
also supported by the fact that the melt segregations contain mafic enclaves, which may 
inject into or be present in larger melt fractions, but are difficult to explain by only 
locally segregated melt. The exact spatial distribution of these domains is difficult to 
reconstruct in the L VS, but it is likely that the high melt fraction domains were located 
below the more solidified domains. 

Once melt has segregated, it will flow down the pressure gradient, i.e. parallel to the 
cr3 direction, as observed in the experiments by Dell' Angelo and Tullis (1988), in 
natural examples (Stevenson, 1989), and in melt percolation models (Vigneresse et al., 
in press). The cr3 direction coincides roughly with the preferred orientation of the grain 
boundaries of the already existing anisotropy, approximately normal to cr 1• Segregated 
melt along axial planes of folds and other flattening planes have been observed by 
Ramsay (1958), McLellan (1988), Stevenson (1989), Hand and Dirks (1992), and 
Williams et al. ( 1995). This flow of segregated melt, associated with fracturing, 
produces the intrusion of the dikes into the largely solidified domains of the pluton. The 
rate of flow of the melt has to be faster or equal to the strain rate of the material as a 
whole for this mechanism to occur (Dell' Angelo and Tullis, 1988). This condition 
appears to be satisfied, as the melt segregations developed a stronger fabric than their 
host, indicating higher strain. 

The processes of melt transfer from large-volume melt domains to nearly solidified 
ones is similar to models of filter pressing (Robin 1979, Sawyer and Robin, 1986, 
Brown et al. 1995), but involves fracturing and flow rather than diffusion. Squeezing 
melt down a pressure gradient along grain boundaries has been observed in experiments 
with melt percentages of at least 10-15% (Dell'Angelo and Tullis, 1988). The 
importance of fracturing for the segregation of melt has been emphasized by Wickham 
(1987), Clemens and Mawer (1992), Davidson et al. (1994), and Rutter and Neumann 
(1995). Although the actual mechanism(s) for filter pressing by fracture and flow are not 
clear, the injection of such melt segregations into the largely solidified host rock by 
fracturing along the existing anisotropy is observed. Repeated segregation of melt and 
injection into the partly solidified material by fracturing have been proposed as a 
mechanism of magmatic differentiation by Mahood and Cornejo (1992). A similar 
mechanism is envisaged here, although very little chemical differentiation is observed, 
in part due to melt segregation at higher melt fractions. As a consequence, the melt 
should be distributed inhomogeneously throughout the pluton during emplacement. 

RELATIONSHIP OF MELT SEGREGATIONS AND MAAC ENCLA YES 

Extremely elongate mafic enclaves commonly resemble melt segregations of the L VS in 
the field, as both have are finer grained and show similar fabric development. Enclaves 
can only be distinguished from melt segregations by their more mafic composition 
(Table 1). Mafic enclaves within melt segregations show finer grained margins and 
weaker shape fabrics than the cores (Fig. 6). These features are difficult to interpret, 
because quenching of the margin against a lower-solidus-temperature medium would 
have occurred during the emplacement of the enclave into the melt segregation. Since 
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the melt segregations have moved from their source, the enclaves would then be 
transported and injected together with the melt segregations as a an object with an outer, 
more solid shell. The feasibility of this explanation is supported by the fact that the 
melt segregations have developed a stronger fabric than the enclaves (Figs. 5, 6), 
indicating a mechanically weaker matrix and stronger enclave. 

As the segregations continue to flow into the plane of flattening after the enclaves 
developed quenched margins, melt from the core of the enclave may inject its host rock 
along the plane of flattening by fracturing the enclave margin (Vernon et al., 1988). In 
such cases, the shapes of the enclaves cannot be used as strain markers, as they have not 
deformed as passive markers, but by fracturing. However, qualitatively they indicate the 
orientation of the flattening plane and perhaps the relative magnitude of strain. 

MELT SEGREGATION AND CRITICAL MELT FRACTION 

Natural examples of magmatic systems where evidence is preserved for crystallization 
process(es) are rare. Bryon and others (1994) have outlined evidence from natural 
examples in the Peruvian Cordillera, and discuss three crystallization intervals and their 
respective rheological character. Their conclusions, similar to those drawn from melting 
experiments (van der Molen and Paterson, 1979), argue that melt volumes below the 
'critical melt fraction' cannot escape, whereas volumes of melt above the 'critical melt 
fraction' can aggregate and migrate to form plutons. Evidence outlined above, indicates 
that the idea of a 'critical melt fraction' applied to naturally occurring silicic plutonic 
rocks may not be appropriate. That is, even at small percentages of melt (::;I% to 10-
15% ), migration and segregation are possible processes under conditions of non
hydrostatic stress. 

It is essential to distinguish between melt 'creation' and melt introduction when 
dealing with the melt segregation process, that is whether the melts are due to 'in situ' 
melting or are crystallizing during or after transport or migration (Nicolas, 1986, Brown 
eta!. 1995, Vigneresse et al., in press). The melt segregations described from the LVS 
have formed during transport and crystallization of melt once a touching framework of 
crystals capable of transmitting stress was established. Two spatially adjacent domains 
have to be distinguished; one, probably at the rigid percolation threshold (more than 
55% crystals), where the crystal framework was compacted under differential stress and 
deformation, and acted as a source for the segregating melt, and the second, certainly 
below the particles locking threshold, at less than 5-10% melt (Vigneresse et al., in 
press), where the grain boundaries have some tensile strength. Melt is transferred from 
the source region to the nearly solidified region, intruding the latter. Deformation is 
concentrated in the melt segregation dikelets, so that it is difficult to define a 
"rheologically critical melt percentage" on the scale of the melt segregations, as the melt 
is continuously redistributed by the process above. As little as 5% melt can 
significantly affect rock strength (Cooper and Kohlstedt, 1984) by enhancing diffusion 
of material along fluid- or melt-filled triple points (Pharr and Ashby, 1983). Therefore, 
the melt injected along grain boundaries of the almost solidified rock leads to intense 
deformation in those regions of the pluton where the melt segregations intrude. 

Our geologic observations from the marginal series of the L VS support a model for 
the origin of foliation parallel melt segregations emplaced along extension fractures (see 
Etheridge, 1983; Clemens and Mawer, 1992), subparallel to the igneous foliation 
formed during the emplacement of consecutive magmatic pulses. If correct, our model 
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for syn-emplacement layer-parallel diking may have important implicati~ns for ~e 
layered middle-lower crust, especially where identified indirectly from seism1c reflection 
data (McCarthy and Thompson, 1988; Holliger and Levander, 1994). 

CONCLUSIONS 

From our detailed study of the emplacement history of the Lago della Vacca suite, the 
following conclusions are drawn: 

1. Melt segregation may occur during the emplacement and crystallization of magma 
potentially leading to development of foliated plutons. Their composition is similar or 
only slightly more evolved than that of the solidified crystal mush into which the melt 
segregations intrude, 

2. The melt intrudes the nearly solidified host by fracturing; the fractures are mostly 
intergranular and follow the pre-existing foliation of the host rock; this foliation is a 
purely magmatic fabric, defined by preferred orientations of plagioclase and hornblende, 

3. Melt segregation veins formed by fracturing develop a fabric which has the same 
orientation, but is often stronger than that of their host rock; thus the shortening 
direction has remained the same (normal to foliation) during emplacement of the veins 
or dikes. 

4. The fractures have probably formed by flow of segregated melt from regions with 
large melt fractions (more than 55% crystals) in the direction ofthe least compressive 
normal stress; the large number of melt segregation veins found suggests that the 
segregation of melt from crystal frameworks and fracturing parallel to the foliation is a 
repeated process. The fractures may generate as extension or shear fractures due to high 
melt pressure. The nearly solidified host rock (with a low melt fraction) has a tensile 
strength equivalent to that of the prismatic grain boundaries of plagioclase and 
hornblende. 

5. Mafic enclaves within the melt segregation veins have less anisotropic fabrics 
than the surrounding material of the veins with the same orientation. Fine-grained rims 
of the mafic enclaves are interpreted as quenched margins, with still lesser fabric 
anisotropy observed, 

6. As the melt fractures tend to follow the already existing foliation, and the melt 
segregation dikes typically have a stronger fabric than their surrounding host rock. 
Fabric development in granitoid plutons may be strengthened through repeated melt 
segregation and injection of melt into portions of the almost solidified rock. This is a 
way by which foliation development may be self-stabilizing. 
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RHEOLOGICAL ASPECTS OF MAGMA TRANSPORT INFERRED 
FROM ROCK STRUCTURES 

ABSTRACT 
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La Rtibida 21819-Huelva, Spain. 

Field relationships from plutonic complexes are used to infer rheological properties of 
magmas, mainly of granite composition. The interpretation of structures acquired during 
magmatic flow as well as the contact relationships observed between magmatic rocks of 
contrasted compositions is based on both theoretical and experimental constraints on the 
rheology of partially melted rocks. Exceptional examples of structures in granitoid 
complexes from the Hercynian massif of Spain are shown. They support many critical 
phenomena on the rheology of granite magmas, such as Bingham behaviour, unstable 
flow, mixing and mingling in conduits. 

INTRODUCTION 

Magmas are a mix of crystals and silicate melts. Accordingly, magmatic flow consists 
of relative displacements within the melt together with the consequent rigid-body rota
tion of suspended crystals, with no-intracrystalline plastic deformation (Paterson et al., 
1989). Magmatic flow may produce fabrics very similar to those originated in metamor
phic rocks as a consequence of tectonic deformation in the solid state (Nicolas, 1992). 
Classical kinematic criteria, based on the study of structures in igneous rocks, may be 
used to know the flow regime, the flow plane and direction of flow, as well as the shear 
sense in the case of non-coaxial flow (Blumenfeld and Bouchez, 1988; Nicolas, 1992), 
in a way similar to the study of metamorphic and magmatic rocks deformed in the solid 
state. 

Furthermore, theoretical and experimental forward modeling on magma rheology, in 
which a given magmatic structure is produced under well constrained conditions, has 
supplied important advances in our understanding of magma flow in ·the Earth crust and 
mantle. This understanding coming from forward modeling is crucial to apply the in
verse problem in magma rheology; that is, to reconstruct the original flow regime and 
rheological evolution from the study of structures in magmatic rocks. Consequently, a 
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comprehensive knowledge of magma rheology is necessary to infer rheological aspects 
of magma transport from rock structures. Although many uncertainties remain about the 
rheological behaviour and the physical properties of silicate magmas, the following 
features may be stated on the rheology of magmas. 

THE RHEOLOOICAL BEHAVIOUR OF CRYSTAlLIZING MAGMAS UNDERGOES 
QUALITATIVE AND QUANTITATIVE CHANGES DURING CRYSTAlLIZATION 

It seems to be well established from theoretical and experimental works the fact that if 
the volume fraction of crystals (<I>) is lower than 0.3, the behaviour is close to a New
tonian flow model. If <I> is higher than 0.3, the first rheological threshold (Fernandez and 
Barbarin, 1991) is reached, and a very narrow transition to visco-plastic behaviour (e.g. 
Bingham body) is predicted (Shaw, 1969). This kind of rheology, though not wholly 
supported by the available experimental data to date, may explain the presence of mafic 
microgranular enclaves within large masses of plutonic rocks of granite to granodiorite 
compositions (e.g. Fernandez and Barbarin, 1991). This special behaviour imposes a 
particular kinematics to the magma in such a way that large portions of magma may 
flow as a plug, bounded by narrow bands of high strain rates and flow velocity gradients. 

For a value of <I> higher than 0.65 to 0.7, the melt fraction is within the rheological 
critical melt percentage (RCMP, Arzi, 1978; van der Molen and Paterson, 1979; Marsh, 
1984; Wickham, 1987), also called second rheological threshold by Fernandez and Barba
rin ( 1991 ). Above the RCMP, magma behaves as a solid body capable of being fractured 
and brecciated. However, the experimental work of Rutter and Neumann (1995) on 00. 
formation of partially molten Westerly granite at strain rates of w-ss-1 shows a smooth 
decrease in the flow stress with increasing melt fraction, without any evidence for a 
dramatic loss of strength as implied by the concept of the RCMP. These results come 
from experiments carried out on partially molten rocks and not on crystallizing magmas. 
In this case, the melt is homogeneously distributed at crystal intersites even for very 
low melt percentages. Therefore, these experimental results may not be directly extrapo
lated to describe magmatic systems. Furthermore, Brown et al. (1995) provide a com
prehensive review of the distinct geological conditions (volume fraction melt, strain 
rate, fluid- absent or fluid-present deformation, composition of the system) under which 
a dramatic weakening is expected in a mix of crystals and silicate melts. Thus, the 
RCMP still provides a rough, qualitative way to describe the critical transition from 
melt dominated to crystal dominated behaviour. 

THE RELATIVE RHEOLOOY OF COEVAL MAGMAS OF CONTRASTED COMPOSffiONS 
SHOWS CRmCAL PHENOMENA DURING CRYSTAlLIZATION 

The study of the structural patterns resulting from magma interactions in nature consti
tutes a powerful tool to clarify some important features in magma rheology. This is due 
to the fact that mingling/mixing processes provide a great number of good kinematic 
markers. In this sense, the works of Fernandez and Barbarin (1991) and Fernandez and 
Gasquet (1994) emphasize the influence of the contrasted rheological evolution in the 
coeval magmas over the resulting structures. Several authors (Sparks and Marshall, 
1986; Frost and Mahood, 1987; Williams and Tobisch, 1994) unequivocally establish 
that the interaction between both magmas depends upon their initial temperatures, the 



RHEOLOGICAL ASPECTS OF MAGMA TRANSPORT 77 

mass fraction of mafic magma, the variation in the effective viscosities and the magma
tic flow velocities. 

These points are used in this paper as the conceptual base to infer magma flow pro
cesses from the observation of structures in the rocks. For that, we have studied excep
tional outcrops of plutonic rocks on which we carried out comprehensive geological and 
geochemical works published elsewhere. 

GEOLOGICAL SETTING OF SELECTED CASES 

The Iberian Massif constitutes one of the largest exposures within the Variscan belt in 
Western Europe. At the end of the Paleozoic it was affected by important metamorphic 
and deformational processes; and at the late stages of the orogeny it was intruded by 
large masses of granitic rocks, with subordinate basic and intermediate rocks (Fig.l, 
Corretge, 1983). 
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Figure I . Geological location of the studied selected areas. 
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One of the best outcrops of granitic rocks in the Iberian Massif is the Central Sys
tem batholith, with an areal extent of more than 15000 km2 (Fig. 1a). Migmatites and 
anatectic granites coexist with basic rocks, and with the intermediate products of hybri
dization between basic and felsic magmas (Castro eta!., 1990, 1991; Moreno-Ventas et 
a!., 1995). An extensional tectonic regime has been proposed to account for the empla
cement of this large batholith (e.g., Dobias, 1991). Up to now, there are no studies 
about the influence of the bulk tectonic regime upon the magmatic fabrics of the 
igneous rocks in the Central System. However, it is broadly accepted that these rocks 
were affected by late brittle-ductile shear zones after their complete consolidation 
(Dobias, 1991 ). 

For this study we have chosen magmatic flow structures appearing in the granodiori
tes and granites of Puente del Congosto, south of Salamanca (Fig. 1a), in a zone near 
the contact with the metamorphic host. This zone offers excellent outcrops on the bed of 
the river Tormes which are used to study the structures originated by the relative move
ment of granitic masses with slightly different compositions. Flow processes that may 
account for the disruption of synplutonic dikes and magma mingling and mixing will be 
also discussed on the basis of the observed structures. 

Other cases are located in the Seville Range batholith (De Ia Rosa, 1992) at the 
southern part of the Iberian massif (South portuguese zone). This batholith is mainly 
composed of basic and intermediate (hybrid) rocks disposed in large, elongated bodies 
parallel to the trend of regional structures. The selected area in this batholith (Fig. 1b) 
supplies important information about distinct rheological processes during magma mo
vement and the interaction of magmas of contrasted compositions flowing through an 
ascent conduit (Gil Marquez complex). 

INTRA-MAGMA CHAMBER DYNAMIC PROCESSES. THE EXAMPLE OF 
PUENTE DEL CONGOSTO (SPANISH CENTRAL SYSTEM) 

The outcrop of Puente del Congosto, in the Spanish Central system, offers a good sce
nario to study the influence of magma flow patterns on the extreme heterogeneity and 
anisotropy of plutonic rocks. The granodiorites of Puente del Congosto are normally 
peraluminous rocks with biotite and cordierite. In transition with these facies, there are 
metaluminous granodiorites with biotite and amphibole. All the facies are more or less 
rich in magmatic microgranular enclaves of tonalite to quartz-diorite composition. A 
magma mixing origin has been proposed for these heterogeneities (Castro eta!., 1991). 

FLOW COMPLEXITIES WITHIN THE MAGMA CHAMBER 

Structural description 
Several granodioritic bodies may be distinguished according to slight compositional 
differences and relative contents of mafic microgranular enclaves and schlieren. The 
contacts between these bodies are orientated along an E-W direction, coincident with the 
orientation of the main contact with the country rocks. 

Figure 2a shows one of these contacts between two granodiorite bodies. The contact 
is marked by a schliere band cross-cutting a set of older schlieren previously developed 
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in the intruded granodiorite body. At both sides of the contact, the granodiorite shows 
differences in the content and size of K-feldspar megacrysts and in the biotite content of 
the matrix. The preferred orientation of the K-feldspar megacrysts in the intruding body 
is nearly parallel to the contact. A similar fabric is truncated in the intruded body. In the 
sketch drawn from this photograph (Fig. 3), discrete shear zones are depicted. They 
displace the schlieren of the intruded body but without affecting the granodiorite. They 
are interpreted as intramagmatic shear zones developed in the flowing magma before its 
complete consolidation. 

Figure 2. Field aspects of relevant magmatic flow structures in the Puente del Congosto area (Central 
System batholith). Scale bars: 25 em. (a) Cross-cutting relationship between schlieren in the contact of two 
major granite masses.(b, c, d) Magmatic flow structures in elongated mafic microgranular enclaves and 
their felsic host. (e) Magmatic foliation in a mafic enclave; a feldspar xenocryst indent the mafic enclave. 
(f) Mafic synplutonic dike showing a hybridized contact with incorporation of feldspar xenocrysts. 
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Figure 3. Sketch drawn from figure . 2a. highlighting the intramagmatic shear zones affecting the mafic 
schliere. 

A similar structural pattern may be observed in a zone, close to the former one, in 
which a body of homogeneous and isotropic granodiorites intruded a very heterogeneous 
mass with abundant elongated enclaves and schlieren, both included in a matrix with a 
well developed magmatic foliation defined by biotite and K-feldspar megacrysts (Figs. 
2b-e). The enclaves show distinct degrees of hybridization, and their magmatic foliation 
is parallel both to the long axis of the enclaves and to the foliation in the granodiorite 
(Fig. 2e). Figure 4 shows a geological sketch of this zone. The intramagmatic shear 
zones (isz) affect the microgranular enclaves, mainly near the contact with the homoge
neous granodiorite body. Two conjugate systems of isz may be identified: iszl (sinistral) 
and isz2 (dextral). The first system is more abundant than the second one and it has a 
WNW-ESE orientation, approximately parallel to the contact between the two igneous 
bodies. The second system (isz2) has in some places a listric geometry and a N-S ave
rage orientation. According to kinematic criteria, the isz induced (1) local rotations of 
the planar fabric of the enclaves, (2) local displacements near the boundaries between 
enclave and host granodiorite and (3) .the reorientation of the K-feldspar megacrysts of 
the granodiorite (Fig. 2b-d), but their effect in the granodiorite matrix is not appreciable. 
In places, a single isz affects two adjacent enclaves but no fabric is developed in the 
granodiorite band separating the enclaves (Fig. 2b and Fig. 4). The rose diagram of 
figure 4 shows the relative distribution of the two isz systems, as well as the average 
orientation of the magmatic foliation (Smg). From these observations a simple, two
dimensional kinematic model is proposed, attempting to explain the development of 
such structures related with a band of simple shearing which is associated with the rela
tive movement of two granodiorite masses. 

Rheological inferences 
The structures described above suggest that several pulses of granodiorite magma intru
ded into other granodiorite magmas of similar composition within the same magma 
chamber. This process is inferred to have occurred in the following stages: 
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Figure 4. Geological sketch of a contact between two granite masses in the Puente del Congosto area. Insets 
represent sketches drawn from figures 2b, c and d. Intensity of grey patterns qualitatively reflect the per
centage of mafic magma in hybridized enclaves. Smg: Magmatic foliation. isz: intramagmatic shear zones. 
Asymmetric arrows indicate the apparent sense of shear in the isz. Right of the field sketch: rose diagram of 
traces of isz (19 measurements). Left of the field sketch: kinematic interpretation of the contact. See text for 
further explanation. 
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Figure 5. Sketch based on figure 2f. (a) First stage: a granite magma with schlieren is intruded by a second 
granite magma; in the contact, a mafic magma starts to open a synplutonic dike. (b) Second stage: the mafic 
dike is emplaced, and the relative movement between both granite magmas is concentrated in one of the 
margins of the basic dike. See text for details. 
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1) The process may start with a granodiorite magma flowing near the walls of a large 
magma chamber. This flow may be due either to convective movements within the 
chamber or to the ascent of the magma through the crust. There are no data to discern 
between both hypotheses. The magma included mafic microgranular enclaves (MME) 
during its ascent. The mechanism by which the enclaves were incorporated to the grano
diorite.magma is beyond the scope of this paper. At some early stage, both granodiorite 
and enclaves are magmas that behave as nearly-Newtonian fluids. Assuming that (1) 
thermal equilibrium is reached, due to the fact that the mass of enclave magma is less 
than the mass of granodiorite host, (2) that this equilibrium temperature may be near 
1000° C, and (3) that the flow rate may be high, the deformation of the whole magmatic 
body, granodiorite plus enclaves, may be strong with aspect ratios of elongated enclaves 
exceeding 15:1 (Williams and Tobisch, 1994). The extreme distortion of the enclaves 
and development of schlieren increases significantly the ability for chemical diffusion to 
produce hybridization between enclaves and host magma (Blake and Koyaguchi, 1991). 
The effective viscosity of the MME at the equilibrium temperature may be either higher 
or lower than that of the host magma depending on the local volume fraction of the 
mafic magma (Frost and Mahood, 1987). 

2) As the process is developing near one of the walls of the magma chamber, the 
high thermal gradient induces the rapid cooling of the magma chamber, making both 
magmas, enclave and host granodiorite, increase their respective crystallinities (cl>) and 
reach the first rheological threshold. The differences in composition between both mag
mas make possible that the enclave magma reaches this critical point before the host 
granodiorite magma. Consequently, the MME start to behave as a Bingham body. In 
zones with a high content of MME (Fig. 2b-e and Fig. 4), where a wide diversity of 
hybrids is developed, the viscosity of the granodiorite may be for a short time higher 
than that of the enclave magma (Frost and Mahood, 1987). At this stage, fabrics related 
with the shape preferred orientation of the K-feldspar megacrysts floating within the 
granodiorite magma may develop (field II of Fernandez and Gasquet, 1994), as well as 
planar fabrics in the elongated enclaves. When the viscosity inversion temperature is 
reached, the enclaves do not deform plastically and may fracture if the flow rate is larger 
than several rnlyear (Williams and Tobisch, 1994). The absence of this kind of structure 
indicates that the flow rate may have been strongly reduced with time along with a high 
increase in the crystallinity of both magmas. 

3) At a later stage, the crystallinity of the granodiorite magma and consequently its 
viscosity, is high enough to be near the rheological critical melt percentage (RCMP). 
Although it is still a magma, the behaviour of the whole body, granodiorite plus encla
ves, is that of a highly viscous Bingham fluid that may be easily fractured. Newly deve
loped intramagmatic fractures, cross-cutting the pre-existing structures, allow the intru
sion of new pulses of magma from the inner parts of the magma chamber carrying more 
magmatic enclaves (granite magma 2 in Fig. 4). This new pulse may be Newtonian due 
to its higher temperature and lower crystallinity. At the contact, the nearly-solid intruded 
body undergoes a local increase in temperature and may behave as a Bingham fluid 
again. Consequently, the intruded granodiorite magma (magma 1 in Fig. 4) behaves as a 
fluid in a narrow band in which the shear stress is greater than the yield strength. The 
width of this band depends mainly on magma viscosity and strain rate, and is on the 
order of several metres (Fig. 4). The magmatic foliation of magma 1 is reoriented toward 
parallelism with the contact (Fig. 4). This reorientation is partly due to the development 
of intramagmatic shear zones (Fig. 4: isz). Close to this flowing band, to the south, 
magma 1 behaves as a solid plug and does not develop any visible structure. 
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DISRUPTION AND DEFORMATION OF SYNPLUfONIC DIKES 

Structural description 
In places, the contacts between distinct bodies of granodiorites are intruded by quartz
diorite magma forming narrow dikes with synplutonic signatures. These dikes have a 
composition, texture and grain-size, identical to those of the mafic rnicrogranular encla
ves. Figure 2f shows one of these dikes cross-cutting one of the pre-existing schliere of 
the intruded granodiorite. This granodiorite is slightly different in composition and struc
tures from the granodiorite appearing on the opposite wall of the same dike (see sketch 
in Fig. 5). Furthermore, the shapes of each contact are different: one of the contacts is 
lobate as a response to the intrusion of a magma into another magma; the other one is 
more planar and is marked by the presence of a mesocratic, narrow band very rich in 
feldspar crystals similar to those of the host granodiorite. 

In other places, the mafic rocks appear forming enclave swarms. A good example 
outcrops in the vicinity of Puente del Congosto, under the Roman bridge. This is a 5 m 
wide band and more than 20 m long, in which abundant mafic enclaves, different in size, 
colour, composition, etc, are enclosed in a granodiorite matrix slightly darker than the 
normal granodiorite outside of this band (Fig. 6a-d and sketches in Fig. 7). Some rele
vant features of this band are: 

1) The composition of the enclaves is varied. Some of them are the typical mafic 
rnicrogranular enclaves (MME) with a composition of diorite to quartz-diorite, with 
some amphibole clots, with no feldspar phenocrysts and with a rounded shape. Another 
type is characterized by the presence of feldspar phenocrysts (mainly plagioclase) and 
rounded quartz crystals included in a dark matrix nearly identical to that of the typical 
MME described above. A third type is characterized by a more elongated shape and a 
composition intermediate between that of the host granodiorite and the typical MME. 
These are disposed parallel to the main foliation of the host granodiorite, which is mar
ked by the orientation of the K-feldspar megacrysts, coinciding with the orientation of 
the whole band. 

2) The boundaries between the feldspar-bearing MME and the host granodiorite are 
sharp. They occasionally show angular shapes when they are in contact with the leuco
cratic facies of the matrix granodiorite. By contrast, the contacts are diffuse and rounded 
if they are enclosed in the intermediate facies. In these enclaves, feldspars and amphibo
les are oriented defining a magmatic fabric parallel to the long axis of the enclave. The 
magmatic foliation in the host granodiorite is defined by the orientation of K-feldspar 
megacrysts and by the orientation of extremely elongated bands with a composition 
intermediate between the normal granodiorite and the MME. The enclaves are embraced 
by the external foliation indicating that they are more viscous than the host. The long 
axis of the enclaves and their internal foliation are oriented at 60° with respect to the 
external foliation (Fig. 6a), suggesting that these enclaves were rotated into a magma 
matrix, less viscous than the enclaves, during the waning stages of the magmatic flow 
in the magma chamber. 

3) Other kind of enclaves are mafic bodies with lobate, crenulated contacts (Fig. 6b ). 
The contacts are interpenetrated by the host granodiorite. These relationships may result 
from the flow deformation of pre-existing structures of back-veining. Any intermediate 
relationship between those described above and sharp fractures in the enclave filled by 
granodiorite magma may be observed in this outcrop (Figs. 6b and 7). Internally, these 
enclaves show a local foliation defined by the orientation of amphibole clots. This folia-
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tion is preferably developed near the margins. The magmatic foliation of the host grano
diorite surrounds the enclaves indicating, as in the former case, the existence of a visco
sity contrast during the late stages of magmatic flow. 

4) Some MME, with a globular shape, show zones very rich in feldspar and quartz 
phenocrysts (Fig. 6c ). These zones are disposed near the margins of the enclave and are 
transitional to the typical MME facies . These enclaves are, as in the former cases, em
braced by the external foliation of the host granodiorite. 

Figure 6. Field aspects of mafic enclaves in the Puente del Congosto area. They belong to the same enclave 
swarm. Scale bars: 25 em. (a) Rotated mafic enclave, with an internal magmatic foliation; the external 
magmatic foliation embraces the mafic enclave; see also the extremely elongated enclaves with an inter
mediate composition. (b) Partly disrupted mafic enclave, showing crenulated contacts with respect to the 
host. (c) Rounded mafic enclave; an external, curved band with feldspar megacrysts partly encloses a 
microgranular inner facies . (d) Rectangular mafic enclave with rounded venices; the contact with the host 
is sharp in the bottom and diffuse in the top of the photograph, where incipient mixing takes place; note the 
grey, elongated enclaves of intermediate composition. 

Rheological inferences 
The sequence of processes inferred from the observed features in figure 2f may be as 
follows: 

I) A dike of mafic magma is injected at the boundary between two distinct granodio
rite magmas that in turn are flowing one, with respect to the other (Fig. Sa). This pro
cess requires a transitory brittle behaviour of the granodiorite host, possibly enhanced by 
a locally high fluid pressure near the tip of the intrusion. This special behaviour may 
take place in magmas with crystal fractions under the RCMP, within field II of Fernan-
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dez and Barbarin (1991), accompanied by locally-high flow rates (Williams and Tobisch, 
1994~ -------------------------------------------------. 

:o:50m 

-

Figure 7. Model explaining the genesis of mafic enclave swanns in the Puente del Congosto area. (a) A 
local transtension zone develops in-between two independently flowing granite magmas; the gap is filled by 
mafic magma giving a synplutonic dike. (band c) Magmatic flow favours the progressive disruption of the 
dike and the genesis of distinct types of mafic and hybrid enclaves. Inset: sketches drawn from figure 6 are 
presented as snapshots of a long-lived process preserved in the fmal frozen stage. Grey pattern intensities 
reflect the percentage of mafic magma preserved in hybridized enclaves. 
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2) The injection of the mafic magma may locally increase the temperature of the 
host granodiorite magma, inducing a slight decrease of its crystallinity, and consequently 
of its viscosity. However, as the volume of the injected mafic magma is reduced in 
comparison with the volume of host magma, the effect of the intrusion will be the 
quenching of the mafic magma, which quickly reaches the viscosity inversion tempem
ture. At this point, the viscosity of the mafic magma may be close to that of the host 
granodiorite, a favourable rheological situation for mechanical mixing between dike and 
host (Fernandez and Barbarin, 1991). For a short period of time, it may be possible that 
the movement between the two granodiorite masses may be transfered to the dike. Due 
to the viscoplastic behaviour of the mafic magma, the imposed velocity gradient is only 
able to deform the margin of the dike. This margin is hybridized with the host granodio
rite incorporating feldspar xenocrysts (Fig. 5b). 

3) Finally, the temperature of the dike decreases under the RCMP and the dike beco
mes rigid. The flow between the two adjacent granodiorite magmas may continue but 
not affecting the structures previously developed in the interior of the dike. 

In order to explain the enclave swarm illustrated in figure 6, a similar mechanism 
may be invoked; the main difference is in the volume of injected magma. The relative 
movement of two adjacent granite masses, with a rheological behaviour of field II of 
Fernandez and Gasquet (1994), may locally induce the opening of large cavities by tran
sitory brittle fracture of the interface separating the two masses of magma (Fig. 7a). 
This fracturing may be a consequence of the following factors: (a) local instabilities in 
the flow with the development of transtension zones; (b) hydraulic fracturing assisted by 
the high fluid pressure at the tip of the ascending mafic dike (e.g., Shaw, 1980; Spera, 
1980), or (c) a combination of these two factors. 

Once the dike is injected, the dynamics of the two granodiorite pulses starts to affect 
the dike, but due to its relatively large size (larger than the above described dike), it may 
maintain over a larger period of time its lower viscosity, as compared with the viscosity 
of the host granodiorite, favouring the possibility of mixing with the host felsic magma 
(Fig. 7b-c). The margins of the dike may become enriched in feldspars coming from the 
host granodiorite by a mechanism similar to that depicted in the former case. A perva
sive back-veining is developed resulting from the propagation of shear zones and tensile 
fractures related to the relative movement of the two granodiorite masses as they have 
rotational kinematics as shown in figure 6a. For simplicity, we have considered these 
kinematics as due to simple shearing (Fig. 7). 

By this mechanism, granitic magma is introduced into the mafic dike, still hot and 
less viscous, allowing the magma mixing process to occur repeatedly in space and time 
with the development of new structures. As a consequence, a wide variety of enclave 
types is developed. The examples of figure 6 are consistent with the theoretical results 
of Williams and Tobisch (1994) predicting that the enclaves of intermediate composition 
are much more deformable than the mafic enclaves. 

MAGMA TRANSPORT IN CONDUITS: THE EXAMPLE OF THE GIL
MARQUEZ COMPLEX (SEVILLA RANGE BATHOLITH) 

The Gil-Marquez complex is located in the westernmost part of the Sevilla Range batho
lith (Fig. 1b). It was described in a recent paper (Castro et al., 1995), where we suggest 
that it represents a notable field example of magma mixing within a deep-seated conduit. 
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Comparison with the experimental models conducted by Blake and Campbell (1986) and 
Koyaguchi (1987) seems to be supported on the basis of the petrography, structure and 
geochemistry of the Gil-Marquez complex. The Gil-Marquez intrusion has an elongated 
shape. It is essentially composed of biotite granites, intermediate (hybrid) granodiorites 
and biotite-hornblende tonalites, and hornblende quartz-diorites. The quartz-diorites ap
pear as a synplutonic dike intruded within partially melted tonalite. A remarkable feature 
of the complex is the presence of a conspicuous zoning in rock types and structures, 
with basic rocks in the center. Castro et al. (1995) consider the distinct rock types of 
the Gil-Marquez complex as a result of the interaction between two end-member mag
mas: a quartz-diorite basic magma and a granite, felsic magma. The outcropping structu
res in the consolidated conduit represent frozen, snapshots belonging to different stages 
of the magma-mixing evolution, because the same process of intrusion and granodiorite 
digestion by basic magmas occurred repeatedly in space and time. The study of such 
structures, presently appearing telescoped in space, is essential to understand the inter
mediate stages by which both end-members interact within the conduit. The structures 
recognized within the tonalites and granodiorites, as well as in the contact between 
quartz-diorites and tonalites (Fig. 8), led Castro et al. (1995) to propose the following 
model of dike evolution. 

1) A body of magma of quartz-diorite composition intrudes as a synplutonic dike wi
thin a silicic magma. This can be either of granite, granodiorite or tonalite composition 
depending on the maturity of the mixing process within the conduit. Cooling of the 
external boundaries of the mafic dike results in the development of chilled margins 
(Figs. Sa and 9a). Furthermore, the transfer of heat from the mafic magma allows the 
granitoid (or tonalite) magma to become remobilized; as a result, the chilled margins are 
disrupted by the relative movement between the mafic dike and its felsic host (Blundy 
and Sparks, 1992). 

2) Tension cracks, oblique to the intrusion direction, develop in the chilled margins. 
As a consequence, back-veining favours the forced intrusion of leucocratic magma wi
thin the mafic dike (Figs. 8b and 9b ). 

3) Within the dike, back-veining generates elongated septa with lobate magma
magma contacts, as felsic melt interacts with mafic magma of the dike interior (Figs. 8c 
and 9c). 

4) Deformation of felsic septa by flow within the dike may lead eventually to their 
disruption and the isolation of rounded enclaves of granite magma. Mafic magma still 
has a lower viscosity than felsic enclaves, as evidenced by the pattern of the magmatic 
foliation in the quartz-diorite, that embraces granite enclaves (Figs. 8d and 9d). This 
apparently abnormal viscosity contrast can be established even after the equilibrium 
temperature has been reached, but in this case, this viscosity contrast is only possible 
when the mass fraction of the mafic member is large (Frost and Mahood, 1987). 

5) Progressive deformation continues by the stretching and folding of enclaves (Figs. 
8e-f and 9e-f). A slow decrease in temperature allows the system to reach the inversion 
point at which mafic and felsic magmas have identical viscosities (Fernandez and Gas
quet, 1994). During this stage the mixing between the strained enclaves and the mafic 
magma is highly enhanced (Figs. 8g and 9g). 

6) Finally, the enclaves evolve from irregular bodies with diffuse contacts to elonga
ted patches resulting from complete disaggregation of the felsic magma (Figs. 8h and 
9h). Mixing proceeds to produce hybrid tonalites by matrix homogenization and incor
poration of feldspar megacrysts within the mafic magma. 
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Figure 9. (a to h) sketches drawn respectively from photographs a to h of figure 8. The distinct structures 
are presented as stages of a complete cycle of magma interaction and mixing between a mafic magma (dark 
grey) and a felsic magma (light grey). This process takes place in the interior of a deep-seated conduit, and 
it is triggered by the intrusion of a mafic dike within felsic or intermediate (hybrid) magmas. 

Figure 8. (opposite) Field aspects of magmatic flow structures in the Gil-Marquez complex (Sevilla Range 
batholith). Scale bars: 25 em. (a) Chilled margin developed at the contact between the quartz-diorite magma 
and the host hybrid tonalite. (b) Back-veining of the mafic dike by the remobilized felsic magma. (a) Lobate 
contacts between quartz-diorites and granodiorites; highly deformed contacts lead to partial individualiza
tion of granodiorite blobs. (d) Granitic enclaves included within the quartz-diorites; note the magmatic 
foliation in the mafic rock embracing the felsic enclave. (e) Granitic enclaves strongly elongated. (f) 
Granitic enclaves folded, disrupted and partly disaggregated. (g) lsoclinally folded enclaves with diffuse 
contacts with respect to the hosting mafic magma. (h) Heterogeneous hybrid produced by disaggregation of 
felsic enclaves, matrix homogenization and incorporation of feldspar xenocrysts into the mafic magma. 
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Figure 10. Schematic model of the process of flow and mixing in the Gil-Marquez complex. (a) A tensional 
fracture is opened and a composite dike injected through the crust. (b) Injection of new mafic dikes initiates 
the hybridization of the host felsic magma (hybrid granodiorite with enclaves). (c) Late mafic dikes hybri
dize with the previous magmas, resulting in hybrid tonalites. (d) The process stops by cooling of the whole 
complex; new pulses of granite magma intrude the conduit. After complete consolidation of the complex, 
the external tectonic regime starts to deform it, developing heterogenous discrete shear zones. Solid-state 
foliations appear in the felsic rocks. 
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This process, repeatedly occurring in space and time, gave rise to a complex facies 
pattern within the deep-seated ,conduit. Figure 10, modified from Castro et al. (1995), 
represents an idealized sketch of the proposed evolution model. Once the RCMP is 
reached in the felsic facies, external tectonic stresses start to deform the dike. Granites 
and granodiorites are less competent than tonalites and quartz-diorites. As a consequence, 
plastic intracrystalline deformation structures appear in quartz and phyllosilicates, and a 
solid-state foliation develops in the felsic facies. The basic rocks suffer a more heteroge
neous, solid-state deformation, generating discrete conjugate ductile-brittle shear zones 
(Fig. lOd). 

CONCLUDING REMARKS 

The natural examples of magmatic structures described in this paper and interpreted in 
terms of magma rheology, clearly indicate that the study of structures in magmatic rocks 
is a useful tool to infer flow processes during magma transport. Magma dynamics can 
therefore be reconstructed using the field relationships as the main reasoning base. Ho
wever, to address this complex inverse problem it is necessary to have a clear understan
ding of the physical properties of silicate magmas obtained from numerical and experi
mental forward modeling. 
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FABRICS IN GRANITE 



GRANITE IS NEVER ISOTROPIC : AN INTRODUCTION TO AMS 
STUDIES OF GRANITIC ROCKS 

ABSTRACT 

Jean Luc BOUCHEZ 
Universite Paul-Sabatier, CNRS UMR n ° 5563 
Laboratoire de Petrophysique et Tectonique, 
38 rue des Trente-Six-Ponts, F-31400 Toulouse, France 

This paper develops the author's and co-workers' findings that well-organized crystal
line fabrics are ubiquitous in granitic rocks. Traditional structural and microstructural 
measurements of foliation and lineation in granites, performed directly in the field, in 
the laboratory from macroscopic oriented samples, and applied to entire plutons, reveal 
that magmatic structures may be homogeneous over huge areas. Hence structural map
ping of granitoid massifs is of great interest in the understanding of magma emplace
ment and deformation in the crust. The low-field magnetic fabric measurement (AMS), 
a low cost, quick and easy technique, gives a quantitative description of the crystalline 
fabric and is now used systematically for structural mapping of granites. The present 
state of the « art » on the magnetic fabrics in granites is reviewed, based on the distinc
tion between the paramagnetic, or magnetite-free, and the ferromagnetic, or magnetite
bearing granites. Magnetic fabrics in granitic rocks are discussed in relation to their 
variability at various scales and their kinematic and rheological significance. Finally, 
the relationship between fabrics and modes of emplacement is discussed. 

INTRODUCTION 

The presence, or absence, of a macroscopically visible planar structure in a granitic rock 
is the source of the old distinction between « oriented » or « structured », and « equant » 
or « massive » rock types. The former, with structures in the granite generally parallel 
to those of the country rocks, was often considered to characterize syntectonic plutons. 
In contrast, the latter rock type, with no conspicuous internal structures, was generally 
considered to be post-tectonic. Furthermore, the syn- or post-tectonic character of a 
pluton is often deduced from regional, geochemical and isotope chronology considera
tions that have nothing to do with the structure within the magma body. A closer look at 
the rock with an experienced eye, depending on the quality of the outcrop, often reveals 
that anisotropic features are ubiquitous. The various forms these features take (elongate 
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enclaves and schlieren, aligned megacrysts .. ), the intensities and distributions they have 
with respect to contacts, among other things, are worth studying. 

In a given outcrop, the structural anisotropy, or fabric, of a granite is marked by the 
preferential grain-shape orientation, or shape fabric of the populations of crystals (Fig. 
1). The term subfabric refers to the preferred orientation of a given category of crystals, 
principally K-feldspar, plagioclase or biotite. A planar fabric defines a magmatic folia
tion, usually marked by polyhedral K-feldspar megacrysts and/or by tabular plagioclase 
grains or biotite flakes. A major step forward in magmatic fabric studies was to realize 
that a linear fabric, or magmatic lineation, although difficult to evidence, is always as
sociated with the foliation. 

Measurements of magmatic fabrics were first determined by « traditional » means 
(see next heading). They revealed that the magmatic structure that is locally recorded in 
a pluton may be fairly constant in orientation, or at least may vary gradually, over the 
entire pluton or batholith. The kinematic and the rheological significance of the remar
kable consistency of the magmatic structure will be, at the end of this contribution, brie
fly hinted at in relation to fabric acquisition mechanisms. Traditional fabric mea
surements were tedious and time consuming, not easily reproducible from one observer 
to the other and, above all, did not provide information easy to handle quantitatively. 

Magnetic fabric determination, a quick and easy method which provides a semi
quantitative fabric description both in fabric orientation and in fabric intensity, has ex
perienced a rapid development during the last decade. Its potential is considerable in 
structural mapping of granitoid domains, a geological field which remains under
developed. A statement of the current knowledge of magnetic fabrics of granitoids is the 
object of the second part of this contribution. 

TRADITIONAL STRUCTURAL MEASUREMENTS 

The magmatic fabric orientation of a granite may be worked out by detailed examina
tion of favourable outcrops in 3D. The foliation plane is determined first. This is done 
by measuring the orientation of the average plane intersecting at least two natural sec
tion planes parallel to the biotite subfabric trace, and/or the K-feldspar subfabric trace, 
determined on these natural section planes (Oertel, 1955, p. 21 ). Then, a natural surface 
of the outcrop that happens to be parallel to the foliation plane is looked for, in order to 
find out whether crystals define a lineation by their statistical orientation in one direc
tion of this plane. The lineation may be easy to trace by using elongate markers such as 
the long axis of the K-feldspar megacrysts or amphiboles. When biotite is the only fa
bric marker present in the rock, deciphering the lineation may prove difficult since bio
tite is not elongate. In fact, the lineation marked by the biotite grains, and more ge
nerally by tabular and platy crystals, is a «zone axis », or axis around which the largest 
faces of crystals are statistically disposed (Fig. 1). In other words, the zone axis is the 
statistically defined axis of rotation of the population of crystals. 

The zone axis is generally found to be parallel, or very close within the measure
ment uncertainties, to the lineation directly measured from the K-feldspar, plagioclase 
or amphibole crystals (Fig. la: lineation). 3D analogue experiments of biotite fabric 
evolutions indicate that the zone axis is likely to be close to the maximum principal 
finite stretch (Arbaret et al., this volume). This is apperently due to a predominance, at 
the grain-scale, of vorticity parallel to the flow line over vorticity perpendicular to it. 
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This also attests that the overall strain regime is close to simple shear, otherwise clearly 
defined angular obliquities between the zone axis and the stretch axis would be obser
ved (see Schulmann et al., this volume). 

.L (001) 
biotite 

.L(O lO) 
plagioclase 

Figure I . Magmatic foliation and lineation defined from the subfabrics of biotite and plagioclase. a: the linea
tion is defined by both the linear fabric of the plagioclase crystals and the zone axis of the biotite crystals. b 
and c: equal area diagrams from the Guerande granite (200 Universal-stage measurements projected into the 
foliation plane; in Bouchez et al., 1981) illustrating a magmatic lineation defined by a zone axis represented 
by the black triangle, and calculated as the pole to the best fit plane; the fabric maximum, or short axis of the 
shape fabric ellipsoid, defines the normal to the foliation plane. b: poles to the (001) cleavage of biotite; con
tours: 0.5, 1.5, 2.5, 3.5 and> 4.5%. c: y optical index of plagioclase-oligoclase (An 5-10), very close to the 
(010) normal; (010), the polysynthetic twin plane, is parallel to the morphological flattening plane of plagio
clase; contours: 0.5, 1.5, 2.5, 5.0 and > 7%. 

Inappropriate orientations of the observation planes, low quality of the outcrop, or 
particularly weak fabrics may prevent one from obtaining a fabric measurement from a 
given outcrop. The measurement itself may be long and tedious to obtain, inaccurate 
and not necessarily reproducible. Preferably, oriented specimens may be collected in the 
field and their fabric determined in the laboratory using statistical countings on several 
saw-cut sections (Fig. 2). To obtain the structural map of the Brame-St Sylvestre-St 
Goussaud granite complex of Limousin (Fig. 3), Mollier (1984) performed such syste
matic measurements of biotite and K-feldspar subfabrics. He collected 256 specimens 
of about five kilograms each. Hence rather more than one (metric) ton of rocks was 
handled in the laboratory! Note that this granite complex of the French Massif Central 
was formerly almost everywhere considered as « massive ». To the best of our know
ledge, the resulting structural map, covering hundreds of square kilometres (Fig. 3; see 
also Ameglio et al., this volume: their figure 7), was the first publication concerning a 
whole granite massif and for which both the planar and the linear crystalline fabrics 
were determined. At that time, this contribution suggested that structural mapping of 
entire massifs, or batholiths, could provide keys to the understanding of the emplace
ment modes of granites, and to the determination of syn-magmatic regional kinematics . 

In this granite complex, it was discovered (i) that the whole massif underwent SE
NW subhorizontal shear deformation during magma emplacement (Fig. 3: stereoplot of 
the magmatic lineations), and (ii) that a N20°E striking dextral shear zone had deformed 



98 J .L. BOUCHEZ 

the early horizontal foliation in the magmatic state (Fig. 3: shaded and foliation trajecto
ries). 

30cm 

A\W ~ .... 
c 

c 

Figure 2. Mesoscopic <<traditional >> fabric measurements in a granite (after Mollier, 1984). a: oriented sam
ple from the field. b: saw-cut sections for determination of foliation traces (dotted lines). c: saw-cut section(s) 
parallel to foliation for determination of lineation. d: preparation of a thin section (section normal to foliation 
and parallel to lineation). e: orientation measurement of foliation and lineation with respect to geographical 
frame, sample resting on modelling clay. 

These « traditional » fabric measurements, based on two-dimentional orientation 
measurements of populations of crystals, are now greatly facilitated by the recent de
velopments in numerical image analysis techniques (Panozzo-Heilbronner, 1992; Allard 
and Benn, 1986; Launeau et al., 1990, 1994). They allow specific fabric quantification 
such as the comparison between the subfabrics of biotite and magnetite (see below), 
both in orientation and intensity. These techniques do not solve, however, the problem 
of time consumption and cost when mapping large areas, and the difficult problem of 
3D fabric reconstruction from 2D-based data (see Fernandez and Fernandez-Catuxo, 
this volume). 

MAGNETIC FABRIC MEASUREMENTS 

The magnetic susceptibility K (SI units = 41t CGS units) of a body relates the induced 
magnetisation M to the magnetic field H into which the body is immersed by the rela
tion M=[K] x H (Fig. 4a). In low magnetic field (Collinson, 1983), [K] is a second rank 
tensor geometrically represented by a triaxial ellipsoid with axes K1;:::Kz;:::K3, whose 
mean value, K=1/3 (K1+K2+K3) is the bulk susceptibility magnitude. Graham (1953) 
first predicted that the anisotropy of magnetic susceptibility (AMS), or magnetic fabric, 
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held great potential for imaging in 3D the internal fabric of a rock. A wealth of papers 
have been published on this subject, applying the AMS to granites, among which Daly 
(1959), Stacey (1960), King (1966), Birch (1979), and Ellwood and Whitney (1980) are 
some of the milestones. 

Figure 3 . The Briime-St Sylvestre-St Goussaud (BR-SS-SG) granite complex in the western French Massif 
Central: map of the magmatic foliation trajectories (determined from 256 different stations) and orientation 
diagram (equal area, lower hemisphere) of the magmatic lineations (141 measurements). Foliations and linea
tions determined as indicated in figure 2. Grey shading: magmatic shear zone discovered through this study. 
After Mollier and Bouchez (1982) and Mollier (1984). 

Numerous papers have discussed, or reviewed AMS as applied to rocks (Hrouda, 
1982; Rochette, 1987; Borradaile, 1988; Rochette et al., 1992, Tarling and Hrouda, 
1993, among others). In the following, only the elements that closely relate with the 
current structural study of granites will be presented, but applications to lavas and sedi
ments bear on the same principles. Other magnetic techniques, such as the anisotropies 
of magnetic remanences (Jackson, 1991), because they have not yet been used routine
ly, will not be discussed. Our instrumental experience for the measurement of AMS 
includes the « Minisep » apparatus of Molspin Ltd (Newcastle-upon-Tyne, UK) based 
on a specimen rotating in an alternative field (7x10-4 T; 10kHz), with a sensitivity of 
about Sxl0-7 SI, and the KLY2 « Kappabridge » apparatus of Agico (Brno, Czech Re
public) measuring axial susceptibility with an alternating current ( 4x w-4 T; 920 Hz), 
the inductance variation being measured with a bridge (Jelinek, 1977). The high sensiti-
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vity of the Kappabridge instrument, of the order of 5xlo-8 SI, is particularly well adap
ted to the study of the anisotropy of low susceptibility rocks, such as paramagnetic gra
nites (see below). These low-field instruments, although very practical, have the draw
back of giving a measurement of all magnetic contributions (see below). Therefore, they 
do not allow separation of the paramagnetic and ferromagnetic subfabrics. The ideal 
instrument, which would be based on a variable field, does not yet exist for routine 
measurement. 

ELEMENTS OF MAGNETIC MINERALOGY 

Iron, the principal element responsible for the magnetic signal, confers to the rock two 
main magnetic behaviours (Fig. 4a), depending on the lattices into which its atoms en
ter. Paramagnetism is the slightly positive magnetic susceptibility , Kpara• generated by 
the iron-bearing silicates. In granites, those minerals are mainly biotite, iron-bearing 
muscovite, amphibole, and accessorily pyroxene, garnet, cordierite, epidote and tour
maline; although being an oxide, ilmenite belongs to this category. Ferromagnetism s.l. 
(i.e . including ferromagnetism stricto sensu, weak ferromagnetism and terri
magnetism), Krerro• has a positive susceptibility becoming null at high field strengths. 
The residual magnetisation, or remanence, at zero inducing field is at the base of pa
laeomagnetic studies. In granites, magnetite is the main mineral having this property, 
along with accessory monoclinic pyrrhotite. Strictly speaking these are ferrimagnetic. 
At low field, they have a strongly positive susceptibility magnitude. In contrast, hema
tite and goethite are antiferromagnetic, with susceptibility magnitudes lower than Kpara 
(Fig. 4). Finally , the diamagnetic susceptibility, ~ia• is always slightly negative and 
concerns every mineral. In granites, more than 80% of the minerals, principally quartz 
and feldspar, display a diamagnetic behaviour only. The bulk magnetic susceptibility of 
a granite is the addition of all the contributions: K = Kpara+Krerro+Kantiferro+Kdi~ "" 
Kpara+Kferro• since Kantiferro and I ~ia I are almost negligible. Note that Kferro becomes 
null at high field (Fig. 4a), with a saturation threshold depending on the mineral species 
(around 1 Tesla for magnetite). 
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Figure 4 . Magnetic susceptibility behaviours. a: magnetization (M) as a function of the induced magnetic field 
(H); Ms: saturation magnetization; Mr: remanent magnetization. b: susceptibility magnitudes ~s a fun~tion of 
iron-content for different mineralogies; shaded: the iron-content domain for the leucogranites to quartz
diorites of Mont-Louis-Andorra (see figure 5) . The -Kdia line represents the absolute value of the diamagnetic 
contribution (after Rochette, 1987). 
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Therefore, a magnetite-free granite, or « paramagnetic granite », has a bulk suscep
tibility K"'Kpara whose magnitude is generally below 500~ w-6 SI, c?rrespondin_g to _the 
total susceptibility magnitude of the paramagnetic species. To a firSt approximatiOn 
Kpara is proportional to the iron content of the rock. More precisely, a theoretical K 
value may be calculated using the formula of Rochette et al. (1992) for « matrix » sus
ceptibility, from known Fe2+, Fe3+ and Mn2+ weight contents (Fig. 5a). This proportio
nality between iron-content and K, hence between the biotite(± amphibole) fraction and 
K, allowed Gleizes et al. (1993) to map out the different paramagnetic granite-types of 
the Mont-Louis-Andorra pluton, Pyrenees. The susceptibility magnitudes of the dif
ferent rock-types are given (in w-s SI) in the frequency histogram of figure 5b. 

Magnetite has a specific susceptibility about three orders of magnitude higher than 
that of biotite. Thus, for a given total iron content, the bulk susceptibility of a magne
tite-bearing granite will be much higher than for a paramagnetic granite (Fig. 4b). This 
explains why magnetic susceptibility magnitudes of granitoids are bimodal, which fits 
with the classification of Ishihara (1981) into « magnetite-series » and « ilmenite
series » granites. 
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Figure 5. Paramagnetic-type Mont-Louis Andorra pluton (Pyrenees). a: correlation between the measured 
magnetic susceptibility (K) and the calculated paramagnetic susceptibility (Kic), using chemical analyses, for 
34 samples. b: frequency histogram of the susceptibility magnitudes (254 sampling stations) and correspon
dence with rock-types. From Gleizes et al. (1993). 

MAGNETIC FABRIC IN PRACTICE 

The long axis of the AMS ellipsoid is the magnetic lineation, and the short axis is the 
normal to the foliation plane. Determining the orientation of this ellipsoid with respect 
to the geographical frame constitutes a chain of operations (Fig. 6) which is at the base 
of the structural mapping of granitoids. 

The planar and linear magnetic structures are spatially well-described over a pluton 
by using a regular grid of sampling of about one-kilometre spacing for the usual scales 
of mapping. This is illustrated by a number of recently published studies, such as in this 
volume, those of the Los Pedroches batholith (Southern Spain; Aranguren et al.), Sierra 
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Nevada batholith (California; Saint Blanquat and Tikoff) and Rahama Complex 
(Nigeria, Ferre et al.). The striking homogeneity, at least in orientation, of the magnetic 
fabrics and therefore shape fabrics, over considerable areas (often >> 103 km2), consti
tutes a major result of AMS mapping in granitoids. The specific question of the magne
tic fabric variability at various scales is addressed in Olivier et al. (this volume). 

y 

Figure 6. Sample collection procedure for AMS measurement. a: after drilling with a portable machine, the 
core is oriented with a compass and a clinometer; p is the strike of the plate perpendicular to the core axis; p' 
(= p ± 90°) and o: are the trend and plunge of the core axis; line along core materializes the vertical plane 
passing through core-axis, and top-arrow of core points down-plunge parallel top'. b: specimens AI and A2 
are collected from core A; the same is done from core B, thus giving 4 specimens per station, i.e., a rock 
volume of 4x10.8 cm3; chunks A3 and B3 may eventuallyprovide additional AMS specimens and are used for 
thin section preparation and microstructural determination. c: the AMS measurement yields the declination 
and inclination of each AMS axis with respect to the specimen's axes. d: using p' and o: the AMS ellipsoid is 
calculated back to the geographical frame. 

The AMS ellipsoid provides a wealth of scalar information. In addition to the bulk 
susceptibility magnitude (Fig. 5), it gives the relative magnitudes between axes. The 
most commonly used parameters are (see Jelinek, 1981; Ellwood et al., 1988): 

P = K1/K3, or total anisotropy degree; 
L = K1/K2, or linear anisotropy degree; 
F = K2/K3, or planar anisotropy degree; and 
T = [Log(K2/K3)-Log(K1/K3)]/[Log(K2/K3)+Log(KJ/K2)],the shape parameter 

of Jelinek (1981) which varies from T=-1 (cigar shaped ellipsoid) to T=+l (pancake). It 
describes the shape with no reference to anisotropy (Borradaile and Werner, 1994). It is 
easier to handle than the famous parameter of Flinn (1962), PF!imF (L-1)/(F-1), which 
varies from zero to infinity as in figure lOb, and involves both shape and anisotropy. 
Note that plotting T and P together allows shape and anisotropy to be described by two 
independent parameters. Note also the frequent use of PJelinek = exp[2 L (In Ki/K)2]112 
(i = 1 to 3), which takes the shape of the ellipsoid into account in the calculation of the 
anisotropy degree. PJelinek is slightly larger that P for prolate ellipsoids, smaller than P 
for oblate ellipsoids, and very close toP for K2 = 1/2 (K 1+K3). Finally, note the wides
pread use of the parameters given as percentages, such asP%= (P-1)x100, L% and F%. 

The degree of paramagnetic anisotropy « Ppara » is sometimes used for rocks having 
very low susceptibility magnitudes. This parameter avoids the « artificial » increase of 
the anisotropy parameter due to K3 tending to zero, by adding the diamagnetic contri-
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bution Kdia• considered to be isotropic, to each axis of the ellipsoid (Rochette, 1987; 
Bouchez eta!., 1987). In a granite, Kctia is estimated to be around -14 x w-6 Sl, the ma
gnitude of quartz diamagnetism (Hrouda, 1986). Therefore, Ppara=(Kt-Kdia)/(K3-Kdia)· 
Calculation of Lpara and Fpara is similar. 

MAGNETIC FABRICS OF PARAMAGNETIC GRANITES 

A granite containing biotite as the only iron-bearing phase constitutes the simplest case 
of paramagnetic fabric. Although less frequent, this is also the case for a granite contai
ning iron-bearing muscovite in addition to biotite (Bernier et al., 1987), or containing 
only amphibole. In a biotite-only granite, the orientation of the magnetic fabric of a 
population of biotites is similar to that of its petrofabric, or lattice fabric, since biotite 
has a magneto-crystalline anisotropy. The magnetic axes of biotite are parallel to its 
crystallographic axes, and therefore to its shape axes. The minimum specific anisotropy 
magnitude k3 for biotite, and more generally phyllosilicates, is normal to the cleavage 
plane: k3<k2=k 1; k3 j_ (001). Thus K3, the short axis of the rock magnetic ellipsoid, is 
coaxial with the long axis of the fabric ellipsoid of j_ (00 I), the poles to the cleavage 
planes of biotite (Fig. I b). Hence K3 represents the statistical normal to the biotite fo
liation. Conversely, K1, the long axis of the rock magnetic fabric, equates with the mi
nimum of the fabric of j_ (001), which, in essence, is also the zone axis of (001) (see 
Fig. 1a, and related discussion concerning the zone axis). 

Percentage of statiOns 30r% 
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Figure 7. Anisotropy degrees of paramagnetic granites of the Pyrenees (France and Spain). Frequency histo
gram of 774 stations compiled from Gleizes ( 1992). including the granite massifs of Erce, Lacourt, Malad eta, 
Mont-Louis-Andorra and Trois-Seigneurs; I% of the data have Ppara <: I 0%. Note that, in the calculation of 
Ppara• the diamagnetic contribution has been subtracted (see text). 

The magnitude of the magnetic fabric varies between P = 1 for a random orientation 
of biotite (isotropy), and P =k1/k3 =Pc, which is around 1.35 (Borradaile et al., 1987; 
Zapletal, 1990), the intrinsic magneto-crystalline anisotropy of biotite, for a perfect 
planar orientation of all biotite grains. The anisotropy degree of biotite-bearing granites 
hardly exceeds P=l.IO (Fig. 7). This ideal paramagnetic fabric behaviour must be tem
pered, however, since minute inclusions or exsolutions of ferromagnetic material may 
be present in biotite (Borradaile and Werner, 1994). Traces of ferromagnetic material, 
easy to detect with the Microrriag apparatus (see Borradaile and Werner, 1994), seem to 
affect mainly the shape parameters of the resulting fabric. 
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If not perfect, this simple interpretation for the magnetic fabric in the biotite
granites, and more generally for rocks whose magnetic behaviour is entirely controlled 
by phyllosilicates, is particularly favourable for numerical modelling of magnetic fa
brics (e.g., leucogneisses, Siegesmund et a!., 1995). In a two-mica granite, the role of 
muscovite, if iron-bearing, is exactly the same as the role of biotite, except that it has a 
lower intrinsic susceptibility. Modelling considers the susceptibility tensor of the ma
gnetic marker (biotite), which is introduced into the orientation model of March (1932) 
for slates and schist, or into the model of Jeffery ( 1922) for biphasic materials such as 
magmas (Arbaret eta!., and Schulmann eta!., this volume). Therefore, the sensitivity of 
the magnetic fabric to strain intensity, initial fabric, strain overprints, and departures 
from simple shear can be explored (Hrouda, 1987; 1993; Vergne and Fernandez, 1990; 
Richter eta!., 1993; Benn, 1994; Schulmann eta!., this volume). 
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Figure 8. Anisotropy degree versus magnetic susceptibility K, of ferromagnetic granites of Northeast Brazil 
(Gameleiras, Barcelona, Picui and Pombal); shaded: maximum paramagnetic domain of granitoids; n: number 
of different stations; after Archanjo (1993). Abrupt steepening of the broken line in Pombal underlines onset 
of magnetic interactions in magnetite-bearing granites. 

Other iron-bearing silicates in the granite, such as amphibole, yield composite fa
brics that are less easy to model. The simplest case is the biotite-amphibole granite. 
Although specific magnetocrystalline data on amphibole are incomplete, this mineral is 
thought to have its magnetic long axis parallel to its shape long axis, or at a moderate 
angle to it. This is suggested by the numerous magnetic studies of amphibolites showing 
that K 1 is parallel to the prominent amphibole lineation (Pearce and Fueten, 1989). The 
experiments of Arbaret (1995) also show that in suspensions of amphibole deformed in 
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torsion, similar to the biotite experiments of Arbaret et a!. (this volume), K 1 strongly 
concentrates parallel to the finite strech direction as soon as y> 1. This suggests that K 1 

is parallel to the mean elongation of amphibole. With a specific anisotropy magnitude 
of Pc,l.6 (Borradaile eta!., 1987), and supposed to be more linear than planar, amphi
bole in a biotite-granite is therefore expected to amplify the prolateness of the magnetic 
ellipsoid. 

Other iron-bearing silicates may occur in addition to biotite and amphibole. The ad
dition of minerals having an inverse magnetocrystalline fabric (i.e. magnetic short axis 
of mineral is parallel to its shape long axis), may lead to anomalous magnetic fabrics 
that may be difficult or impossible to analyse (Rochette et al., 1992). One such uncom
mon case, the tourmaline-biotite-leucogranites of the Higher Himalayas, has been do
cumented in detail by Rochette et a!. (1994) and Scaillet et al. ( 1995). Another case with 
cordierite has been reported by Amice (1990). 

MAGNETIC FABRICS OF FERROMAGNETIC GRANITES 

This concerns granites for which the oxygen fugacity of the magma favoured magnetite 
crystallizing with ferro-magnesian silicates. The sizes of magmatic magnetite grains 
range from a few tens of microns to 1 or 2 millimetres. These large grain sizes result in 
the multidomain magnetic behaviour of magnetite. Magnetic mineralogy techniques, 
such as alternating field and thermal demagnetisation of Isothermal Remanent and An
hysteretic Remanent Magnetisation, confirm the predominant multidomain nature of 
magnetite in many granites (Benn et a!., 1993; Archanjo et al., 1995). Multidomain 
magnetite has a specific magnetic anisotropy degree which, to the first order, is propor
tional to the grain shape ratio (Uyeda et al., 1963). Therefore, the shape fabric of ma
gnetite is expected to control the magnetic fabric. 

In terms of magnetic fabric magnitudes, the large range of anisotropy values of ma
gnetite-bearing granites, up to P=1.6 for Log K > -2.5 (Fig. 8), cannot be entirely ex
plained by the magnitude of the shape fabric of magnetite (Archanjo eta!., 1995). Ro
chette eta!. (1992) stressed that the positive correlation between P and K (Fig. 8) indi
cates that a composite magnetic fabric exists. In a granite in which biotite and magnetite 
are present, both mineral species contribute to the anisotropy degree up to about P=1.15, 
i.e., the maximum value observed in paramagnetic granites. 
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Figure 9. Role of magnetic interaction between elongate grains of magnetite (after Gregoire et aL, 1995). a: 
susceptibility ellipse of a grain of magnetite. b: in the << aligned » configuration, the resulting susceptibility 
ellipse is stretched parallel to lineation. c: in the « side by side » configuration, the resulting susceptibility 
ellipse may become elongate perpendicularly to lineation, thus lowering the bulk anisotropy degree of the 
rock. 



106 J .L. BOUCHEZ 

The sudden increase of P at « ferromagnetic » values of K (Log K > -2.5) can be ex
plained only by the complementary effect of distribution anisotropy. This effect, based 
on the fact that an elongated cluster of equant grains produces a similar anisotropy as a 
single elongated grain, was suggested to be the principal source of anisotropy in basalts 
by Hargraves et al. (1991). It has been studied experimentally by Gregoire et aL (1995) 
for different arrangements of slightly elongate magnetite grains (Fig. 9), on the basis of 
Stephenson's analysis (1994). Due to magnetic interactions, for a distance between grain 
centres less than twice the grain size, the susceptibility magnitude increases parallel to 
grain alignment (Fig. 9b). Note that, for a given concentration of magnetite, the proba
bility of magnetic interaction is larger for small grain sizes of magnetite, as in basalt, 
than for large grains, as in granite. Similarly, for a given average grain size, the magne
tic interactions increase with the amount of magnetite: this explains the strong increase 
of P with Kin the high susceptibility domain (Log K > -2.5; Fig. 8). Note that the ma
gnetite grains in inclusion within silicates, such as in the clinopyroxenes of the syenite 
of Triunfo in Brasil (Archanjo, 1993), may preferentially interact in the «aligned» 
configuration (Fig. 9b ), hence increase the suscetibility magnitude parallel to the linea
tion. In contrast, grain interactions in the "side-by-side" configuration may lower the 
susceptibility magnitude parallel to lineation (Fig. 9c). This may explain the frequent 
scattered values of P within a given specimen of ferromagnetic granite, and the common 
presence of a wide range of P values in the P vs. K diagrams of figure 8. 

COMPARISON BETWEEN PARA- AND FERROMAGNETIC FABRICS 

This question is essential for the use of AMS in the structural analysis of granites. The 
orientations of the subfabrics of biotite and of magnetite are more-or-less parallel. This 
is exemplified by ferromagnetic granites in which the magnetite content, as estimated 
by the susceptibility magnitude, varies considerably from place to place without a signi
ficant variation in the magnetic ellipsoid orientation (Archanjo, 1993). The precise mea
surement of biotite and magnetite subfabrics, with an automatic shape fabric analysis 
procedure from carefully oriented 2D sections of the Gameleiras ferromagnetic granite 
in Brazil, also supports the coaxiality of both fabrics (Archanjo et al., 1995). Quite sur
prisingly, in the latter study where the contribution of magnetite to AMS predominates, 
the statistically measured angle between K1 and the subfabric of biotite, and variation of 
this angle, are smaller (7°±8°) than between K1 and the subfabric of magnetite 
(12°±18°). This is attributed to the small number of magnetite crystals used in the sta
tistics, to the poor shape fabric of magnetite, which has grain shape ratios barely 
reaching 1.5, and to the fact that image analysis is not sensitive to distribution anisotro
py. Magnetite, either as individual grains or as elongate clusters, has a tendency to align 
preferentially parallel to the other crystals in the magma such as biotite. This kind of 
mimetic orientation could be responsible for the parallelism between the subfabrics of 
biotite and magnetite. 

Since several factors, namely grain shape, shape fabric and distribution of magnetite, 
play a role in the AMS of the non-paramagnetic rocks, the use of the magnetic aniso
tropy degree (P) to quantify the fabric strength, hence the strain intensity, should be 
restricted to the paramagnetic granites, say for Log K (SI) < -3.5 (shaded in Fig. 8), and 
if possible to biotite-alone (or amphibole-alone) bearing granites. Indeed in the latter 
granites, the variations of P may be attributed to strain gradients such as those observed 
to increase towards a pluton's border (Leblanc et al., 1994; Aranguren et al., this vo-
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lume), or towards late magmatic shear zones (Bouchez and Gleizes, 1995). In ferroma
gnetic granites, the contribution of strain intensity to anisotropy becomes secondary 
with regard to other factors such as magnetic mineralogy (Bennet al., 1993) and inter
action anisotropy (Gregoire et al., 1995). Variations inK and P, however, may be used 
as magnetic mineralogy variation indicators, hence help to track p~ variations, solid
liquid partitions, traces of hydrothermal activity , etc ... 

FABRICS IN GRANITIC ROCKS: DISCUSSION 

LOCAL AND REGIONAL VARIABILITIES OF AMS MEASUREMENTS 

In contrast to the palaeomagnetic technique, which requires a dozen specimens per site, 
the AMS technique needs only a few specimens, four in the procedure described in 
figure 6, i.e. about lZO grams of rock, to correctly characterise a given site. This is due 
to the remarkable homogeneity of grain shape fabrics in granites, down to volumes as 
small as a few tens of cubic centimetres. 

PARAMAGNETIC FERROMAGNETIC 
(a) Foix (b) Trois-Seigneurs (c) Maladeta (d) Pombal (e) Gameleiras 

69 stations 51 stations 253 stations 93 stations 45 stations 
Variability Kt K3 Kt K3 Kt KJ Kt K3 Kt KJ 

aK<l0° in% 9 I 5 40 38 26 38 49 51 62 47 
- < 20° - 59 63 51 64 51 64 80 82 82 89 
- < 30° - 79 85 68 77 68 77 95 88 90 99 

Table I. Compilation of within-site variabilities of the AMS measurements in the paramagnetic plutons of 
Foix, Trois-Seigneurs and Maladeta (Pyrenees), and ferromagnetic plutons of Pombal and Gameleiras (North
East Brazil). aK3 (respectively aK3) is the maximum angular departure between the mean direction of KJ 
(resp. K 3) of the four specimens per sampling site. The figures give the percentages of sites having aK 1 and 
aK3 less than 10°, 20° and 30°. Origin of data: a: Bouchez et al., 1990; b: Gleizes, 1992; c: Leblanc et al., 
1994; d: Archanjo et al., 1994; e: Archanjo et al., 1995. 

At the scale of a sampling site (where a pair of specimens is a few meters apart from 
the other pair), the variability may be measured by aK 1 (and aK3), the maximum an
gular departures between the mean direction of K1 (and K3) and the direction of the 
individual K1 and K3 of the four specimens per site. Table I gives the sampling site 
percentages that have aK 1 and aK3 less than 10°, zoo and 30°. Local variabilities are 
generally rather small since more than 30% of sites (except for the Foix pluton) have 
maximum departures of less than 10°, and more than 50% have maximum departures of 
less than zoo. Note that, in Table I, variabilities are much smaller in ferromagnetic gra
nites (>80% of sites <Z0°) than in the paramagnetic granites (> 50% of sites <Z0°). 
Strong within-site grouping of orientation measurements seems to be common in calc
alkaline magnetite-bearing granites (Saint Blanquat et al., this volume). As expected, at 
least in paramagnetic granites, the fabric variability decreases with increasing anisotro
py (Fig. lOa), and K1 is better defined than K3 (aK1-aK3<0) in prolate magnetic ellip
soids than in oblate ones (Fig. lOb). 
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Fabric variability from the scale of the sampling site to the scale of the whole pluton 
is merely represented by the maps of the magnetic foliations and lineations, and by the 
stereoplots of their orientations. Several examples of remarkably smooth regional varia
bilities in fabric orientation, particularly in lineation trends can be cited. This was the 
topic of the study of Darrozes et al. (1994), who compared the subfabric of the K
feldspar megacrysts with the magnetic fabric in a quarry of the Sidobre pluton. This is 
also the object of Olivier et al. (this volume) who examine the fabric variability at in
termediate scales in different granite massifs. 
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Figure 10. Within-site directional variability of K 1 and K3 in the paramagnetic granite of Maladeta (253 

different sites). a: role of the total anisotropy. b: role of the shape of the magnetic ellipsoid: dashed line; aK1 

> aK 3 in oblate ellipsoids; and aK 1 < aK 3 in prolate ellipsoids for which the lineation is best defined; plain 

line: cumulative percentage of sampling sites. After Leblanc et al. ( 1994). 

ORIGIN AND KINEMATIC SIGNIFICANCE OF FABRICS 

The different rotation rates of crystals having different shapes within the magma is the 
source of shape fabric development. Based on Jeffery (1922), fabric development was 
modelled numerically by Willis (1977), Fernandez et al. (1983) and Jezek et a!. (1994 ). 
When the axes of the magnetic ellipsoid correspond to the morphological axes of the 
crystals whose subfabric is measured, these numerical models also apply to magnetic 
fabrics. Hence, the application is straightforward, and it is « exact» for biotite granites 
(e.g., Housen and van der Pluijm, 1990; Vergne and Fernandez, 1990; Richter eta!., 
1993), but only approximate when the paramagnetic mineralogy becomes more com
plex (Hausen et al., 1993). Numerical modelling fails in magnetite-bearing granites, due 
to the complex interplay of the fabric of magnetite having various intrinsic shape ratios, 
and anisotropic magnetic interactions related to magnetic grain distribution. 

3D analogue experiments in simple shear of suspensions of biotite (Arbaret et al., 
this volume) show that the biotite subfabrics are much more stable with increasing 
strain, both in orientation and magnitude, than predicted by numerical models. In a 
well-sorted suspension, i.e. where particles have consistent shape ratios, fabric stabili
zation is attributed to the mechanical interactions between crystals, even at low solid 
fractions (Arbaret et al., 1996), that slow down the crystal rotation rates. In a real mag
ma where the crystals more-or-less form a continuum of shape ratios, the fabric is also 
efficiently stabilized by the averaging effect of the various rotation rates (see Ildefonse 
et al., this volume). Returning to the experiments of Arbaret et al. (this volume) the 
fabric patterns are observed to become stable at y around 2 or slightly more, and remain 
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more-or-less identical up to y = 20. K1 is observed to be very close to the maximum 
principal finite stretching axis, and K3 very close to the shortening axis. 

This parallelism between the finite stretch (at least during the final increments of 
magmatic strain) and the magnetic lineation is demonstrated, in the pluton of Monte 
Cappanne, Italy (Bouillin et al., 1992), and in the Sidobre pluton (Fig. 11 ), southern 
French Massif Central (Darrozes et al., 1994), by the remarkable orthogonal trajectories, 
in maps views, between the independently measured K 1 axes and strike directions of the 
late magmatic dikes. 
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Figure II. The Sidobre granite pluton (Southern French Massif Central): the magnetic lineations almost 
everywhere are nonnal to the aplo-pegmatitic dikes. The overall sigmoidal trend of the lineations, mapped 
from 103 sampling sites, is interpreted as resulting from dextral shear parallel to the long sides of the pluton 
during emplacement. Adapted from Darrozes et al. ( 1994 ). 

More detailed kinematic analyses, such as the determination of the sense of shear 
and amount of an eventual coaxial contribution to the progressive strain history, are still 
the object of sophisticated petrofabric studies in 2D. These must be based on the orien
tation distributions of the crystals, taken either as individual directions (Benn and Al
lard, 1989) or globally (Panozzo-Helbronner, 1992; Launeau and Bouchez, 1992), 
eventually in combinaison with their size distributions (Launeau et al., 1995; Schul
mann et al., this volume). 
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RELATIONS BETWEEN MAGMATIC FABRICS AND EMPLACEMENT MODES 

Crystalline fabric axes therefore represent rather exact and stable indicators of the prin
cipal axes of the strain undergone by the magma at the end of its emplacement, but the 
magnitude of the strain is poorly recorded. For example, the existence of a magmatic 
lineation indicates that, say, the last 2y of the magmatic shear have been undergone 
parallel to the extension direction represented by the lineation, but no indication is given 
concerning the overall strain magnitude itself which may be very large. Since the kine
matic memory of a fabric appears to be quite short, other strain intensity markers have 
to be sought, such as the shape ratios of enclaves (John and Blundy, 1993; John and 
Sttinitz, this volume). 

Note that, up to now, we have implicitly considered the basic mechanism of magma 
deformation to be simple shear, but a component of flattening may be present, for 
example perpendicularly to the shear plane when the late-magmatic melt is expelled 
from its matrix into aplitic dikes. In this situation the crystalline planar fabric may get 
stronger in intensity, more-or-less parallel to the shear plane, and the linear fabric may 
weaken (see Schulmann et al., this volume). 

We can now try to apply our knowledge concernic magmatic fabrics to the analysis 
of the emplacement modes of plutons. If the magmatic lineations are vertical, as in the 
whole pluton of Zaer, Morocco (Bouchez and Diot, 1990), and more locally in the plu
tons of Plouaret, France (Guillet et al., 1985) and Cabeza de Araya, Spain (Amice et al., 
1991), it will be concluded that the increments of vertical displacement gradients recor
ded by the fabric were much larger than the horizontal ones. This situation is suggested 
at level 2 of figure 12. At this level of magma transfer, the fabric pattern gives no in
formation on what happened closer to the surface, within the more brittle crust, nor on 
what happened deeper in the crust that might have been more ductile. 

Widespread subhorizontal magmatic lineations parallel to the large-scale shear zo
nes where regional strains are concentrated, as in Northeast Brazil (Archanjo et al., 
1992; Vauchez et al., this volume), indicate that the magma has been highly strained 
along theses fault-zones, as suggested by level 1 in figure 12. Large volumes of magma 
may have been transferred to upper crustal levels but we have no record of this stage 
since horizontal displacement gradients dominated over the vertical ones in the magma 
body, at least during the last 2y of strain. These granite massifs are often elongate and 
narrow, with subvertical foliations parallel to the shear zones. Other bodies, with also 
low-plunge lineation, may occupy rather large areas and point to sill-like emplacement, 
or occupy several thousands of square kilometres in area and form layers parallel to 
which crustal scale decoupling may have occurred, as in the Variscan granitoids of the 
French Massif Central (Faure, 1995) or in the PanAfrican stratoid granites of Madagas
car (Nedelec et al., 1994). 

Finally the largest fabric variability in plutons is found in the upper section of the 
crust (Fig. 12: level 3). Near a pluton's roof, the fabric patterns depend on the local 
differential mouvements between the magma and its country rocks, and at a distance, on 
the irregular geometry of the overlying brittle crust. In the Maladetta pluton, Pyrenees 
(Leblanc et al., 1994), several more-or-less interpenetrated cupolas have been demons
trated, called polydiapirs, and the fact that these were preserved in the fabrics is inter
preted as due to the high-level section of observation in this high-emplacement- level 
pluton. A common case is provided when the lineation pattern in the pluton is oblique 
(30°- 40°) almost everywhere with respect to the pluton elongation, as in the Sidobre 
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(Fig. 11), or, as suggested in figure 12 (level 3), a case inspired by the study of the Tes
nou Complex (Djouadi and Bouchez, 1992). In both the latter examples, the dominant 
structures in the country rocks that are likely to be coeval and related to the pluton's 
emplacement, are dextral shear zones parallel to the pluton's elongation. Using the late
magmatic dikelets (sketched in Fig. 12) as normal-to-stretch indicators of the very late 
increments of strain, this may well be a case where the strain magnitude recorded by the 
fabric could be very low, say y< 2. 

Figure 12 . Relationship between magmatic fabrics and emplacement kinematics of granite plutons associated 
with transcurrent fault-zones, after Djouadi (1994). The sketches correspond either to three levels of pluton 
emplacement, or to three sections of a high-level emplaced pluton. ( 1 ): the shear zone is localized, and the 
highly deformed granitic magma forms elongate bodies whose fabrics are parallel to elongation. (3): the 
transcurrent shear zone is distributed heterogeneously and dilatant volumes may appear, within which the 
gathered granitic magma is slightly deformed hence its magmatic fabric is at an angle with the fault trace; 
sigmoidal fabric patterns may form depending on the relative rates of lateral displacement and magma upwell; 
note the late magmatic tension gashes infilled by aplitic magma (see figure 10). The intermediate stage (2) 
may represent the basal part of a pluton where the vertical shear of the ascending magma may result in domi
nant vertical lineations (see text). 

In conclusion, these case studies, which will be complemented by many others in the 
next decade, clearly show that the fabric pattern of a pluton in map section does not 
provide, by itself, the key to the emplacement mode. Since the crystalline fabric has a 
short memory and the magma flow pattern may completely change depending on the 
section level in the crust, only partial conclusions may be drawn from the examination 
from the fabric patterns. The other main pieces of information that are required to com
plement any analysis of emplacement mode are (i) a description of the microstruc-tural 
state (fully magmatic, subsolidus, HT solid-state and LT solid-state) at every location in 
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the pluton where a structural measurement has been performed, and its comparison with 
the fabric pattern (see for example de Saint-Blanquat and Tikof, this volume), and (ii) 
geophysics, mainly gravity modelling, which helps in inferring the extent at depth, the 
dips of the contact planes, and the location of eventual root-zones (see Ameglio et al., 
this volume). 

CONCLUSION 

The scientific value of studying crystalline fabrics in magmatic rocks, and particularly 
in granites, has been highlighted. Information they contain relative to a part of the plu
ton's deformation history, and possibly to its emplacement mode, are obtained by ap
plying simple considerations. The structural study of granite plutons has been greatly 
improved by the use of the AMS technique. An introductory review of this technique 
has been given, with particular emphasis on the magnetic mineralogy point of view 
which must not be neglected. The AMS technique is easy to handle and efficient since, 
for example, a little less than 12 kilograms of oriented specimens is sufficient to cons
truct a foliation-lineation map based on 100 stations. The most spectacular result of 
structural mapping in granite plutons remains the remarkable structural homogeneity of 
the fabric patterns, and their smooth variability, over very large areas, a phenomenon 
totally unsuspected less than a decade ago. These fabric patterns now require more nu
merous data and better modelling to improve the interpretations of the modes of empla
cement of granite plutons. 
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Magnetic fabrics of biotite-bearing granites were systematically determined, at the metre 
and dekametre scales, in three plutons previously studied for their overall magnetic struc
tures, in order to characterize the spatial homogeneity and variability of the fabrics. 
These granites, with typically magmatic microstructures, have different mean magnetic 
anisotropies (P% ): Sidobre (southwest Massif Central of France; P%=2.3), Bassies and 
Trois-Seigneurs (French Pyrenees; respectively P%= 3.3 and P%=5.6). In each site, two 
grids of 50 oriented specimens each, respectively one and ten metres apart from each 
other, have been studied in detail. The directional data, especially the lineations, strongly 
cluster around their means and have similar orientations on both scales. In map view, 
the fluctuations of these data are generally gradual and tend to form sigmoids but no 
clearly defined pattern, such as a C/S system was observed. The magnetic anisotropy and 
the bulk susceptibility are homogeneous as a whole, and display spatial organizations 
with no simple relationships with the structures. These results confirm, however, the 
validity of the homogeneous structural patterns obtained from entire plutons. 

INTRODUCTION 

Magmatic structure of granitic plutons is the topic of many recent studies, based either 
on direct measurements (e.g., Guineberteau et al., 1987; Pesquera and Pons, 1990; Gas
quet, 1992; John and Blundy, 1993), or on the Anisotropy of Magnetic Susceptibility 
(AMS) measurements (see Bouchez, this volume). Many studies based on AMS point 
out the homogeneity of magmatic structures over wide areas and therefore permit better 
constraining of the modes of emplacement proposed for the studied plutons. In all these 
studies, the density of sampling is rather low, usually one site per km2, which raises 
several questions, such as: i) does the homogeneity observed at the kilometre scale also 
exist at the lower scales and with which characteristics? ii) how does the fabric varies 
from one site to the next? iii) how representative is a site characterized by a few sam
ples? To answer these questions, the magnetic fabrics of three different granites, chosen 
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for their different fabric intensities and grain sizes, have been studied on the scales of 
metre to several tens of metres, particularly focusing on the characterization of the spa
tial homogeneity and variability of the fabrics. 

METHODOLOGY 

MAGNETIC FABRIC MEASUREMENTS 

The granites studied here belong to the group of the ilmenite-bearing granitoids 
(Ishihara, 1977; Bouchez, this volume), for which the iron-bearing silicates, in this case 
biotite, induce a dominantly paramagnetic behaviour, as confirmed by the low magnitu
des of magnetic susceptibility, ranging from 5 to 50 x w-5 S.I. In these rocks a varia
tion of one w-5 S.I. unit corresponds to a variation of about 0.15% in iron content 
(Gieizes et al., 1993). 

Magnetic susceptibility measurements ~erformed at low field (3.8 x w-4 T, 920 Hz, 
Kappabridge KL Y-2 apparatus) on ""11 em cylindrical rock samples, allow us to define 
the intensity and direction of the three principal axes kl ~ k2 ~ k3 of the ellipsoid of 
susceptibility anisotropy. Tensor means of the axes corresponding to the n samples 
measured at a site are Kl ~ K2 ~ K3. Km, the mean susceptibility, is the arithmetic 
mean of Ki (i=l, 3). Kl, the long axis of the anisotropy ellipsoid, is the magnetic linea
tion, K3, the short axis, is the normal to the magnetic foliation. Uncertainty on suscep
tibility measurement may be estimated at a maximum of 3% (2% due to imprecisions in 
sample volumes and 1% due to the apparatus). 

The total anisotropy percentage is given by P% = ((Kl/K3)-1) x 100, or, to isolate 
the paramagnetic component, Pp% =((KI-D)/ (K3-D)-1) x 100, which is the ratio cor
rected for the diamagnetic component D, considered as constant and isotropic (D = -1.4 x 
w-5 S.I.). This assumes almost constant modal compositions and an extremely weak 
intrinsic anisotropy of quartz and feldspar (Bouchez et al., 1987). The linear and planar 
anisotropy ratios are respectively denoted Lp% = ((Kl-D)/(K2-D)-l) x 100 and Fp% = 
((K2-D)/(K3-D)-l) X 100. 

RELATIONSHIP BETWEEN MAGNETIC FABRIC AND MINERAL FABRIC 

Various studies using independent measurement techniques (e.g. Heller, 1973; Guillet et 
al., 1983; Darrozes et al., 1994) have demonstrated that in dominantly paramagnetic 
granites, the magnetic fabric is parallel to the mineral fabric. In biotite-bearing granites, 
the magnetic foliation and lineation correspond respectively to the orientation mean 
plane and zone axis of the biotite flakes. 

As the granites studied here have entirely magmatic microstructures, i.e. display no 
solid-state deformation features (Paterson eta!., 1989; Bouchez eta!., 1992), the folia
tion and lineation respectively correspond to the flattening plane and stretching direction 
acquired by the end of crystallization of the magma. The relationship between the ma
gnetic anisotropy ratio and the finite strain suffered by the granite depends on the strain 
path and strain intensity (see Arbaret eta!., this volume) and several parameters intrin
sic to the rock such as the shape of the iron-bearing minerals, their magneto-crystalline 
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anisotropy, the relative abundance of mineral species and the grain size homogeneity. A 
quantitative evaluation of the finite strain undergone by the crystallizing magma is 
therefore difficult, but a qualitative evaluation may be proposed: Pp < 3% corresponds to 
weakly oriented granites, 3%< Pp< 7% corresponds to a clearly visible planar orienta
tion of the rock, and Pp > 7% characterizes a strongly oriented granite. 

SAMPLING 

Three sites in fresh granites displaying different mean bulk magnetic anisotropies were 
sampled (Fig. 1 ). The least anisotropic site (Pp = 2.3%) is located in a quarry in the 
Sidobre (SI) monzogranite pluton (French Massif Central); the second site (Pp = 3.3%) 
is on a recently eroded glacial surface in the monzogranitic part of the Bassies (BA) 
pluton (French Pyrenees); and the most anisotropic (Pp = 5.6%) is on a recently eroded 
glacial surface in the Trois-Seigneurs (TS) granodiorite (French Pyrenees). These three 
Variscan plutons were recently studied for their magnetic structures (Moisy, 1993; Dar
razes et al., 1994; Gleizes et al., 1991; Leblanc et al., in press). 

BASSlES 
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Figure 1. The Sidobre, Bassies and Trois-Seigneurs plutons. The studied sites (Sl, BA and TS) are located 
on the corresponding maps of magnetic lineations. NPF: North Pyrenean fault . All three plutons.are at the 
same scale. 

At each site, two square grids with 7 x 7 sampling points, plus one outside (Fig. 2), 
i.e. 50 sampling points, were core-drilled. There were a dekametric grid (dam) for which 
the cores are ten metres apart, and a metric grid (m) included in the large grid, for which 
the cores were taken one metre apart. Each core yielded two specimens, about 11 cm3 in 



116 Ph. OLIVIER ET AL. 

volume each, which were separately measured. The mean of both measurements charac
terizes each core. The mean grain areas, determined on thin sections (Fig. 3), are the 
following: SI: 0.9 mm2 (standard deviation cr = 2.6 mm2); BA: 0.5 mm2 (cr = 1.2 
mm2); TS: 0.2 mm2 (cr = 0.3 mm2). 
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Figure 2. Sampling grids. The small grid is located close to point 12 of the large grid for SI, point 32 for BA 
and point 17 forTS. 

DATA 

The raw data, calculated from the sets of 50 cores, are given for each grid in Tables 1 and 
2 for the mean orientations of the lineations and foliations, Table 3 for the mean suscep
tibility magnitudes, and Table 4 for the mean anisotropy percentages. An elementary 
statistical analysis is given for each sample set, i.e. standard deviation (cr) and coefficient 
of variation (cvl =crimean), providing an estimate of the within-grid variability. The 
within-core variability is estimated by the mean (mdsp) and standard deviation (crsp) of 
the departures between both specimens of the cores, and either, for the directional data, 
by the percentage of cores displaying a departure between both specimens from 0° to 
20°, or, for the scalar data, by a coefficient of variation cv2 = crsp/mean. The variability 
of the directional data is also represented' by orientation in equal-area diagrams (Fig. 4 ). 
Spatial organization of the data is depicted on maps of figures 5 to 8 respectively corres
ponding to the lineations and foliations orientations, susceptibility and anisotropy ma
gnitudes. On these maps, the fiftieth sample is omitted for the sake of simplification. 
Each data point represents the mean of the two specimens (22cm3) of the core drilled at 
this point. 

LINEATIONS AND FOLIATIONS 

The main results arising from this study are i) the good clustering of the magnetic linea
tions, and to a lesser extent foliations, around a mean direction; ii) the similar orienta
tions of these structures, for a given site, on both metre and dekametre scales. 
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Magnetic lineations KI are the directional data which display the most homogeneous 
groupings (Table I; Fig. 4). Their variability is weakest forTS and BA (Table I, cr), 

Figure 3. Thin sections perpendicular to core axis (core diameter ~ 25 mm), of representative textures of 
SI, BA and TS. 
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slightly higher for Sl, particularly on the large grid (a = 25°). The angular dispersion on 
the small grid is lower than on the large grid for all three sites. The angular departure 
between the mean lineations of both grids of a site is lowest for TS (2°: 290° 119° 
against 290° I 17°), highest for BA (9°: 47° I 41 o against 56° I 35°). 

TABLE I. mean Kl and a: mean and standard deviation of the 
lineations of 50 cores (100 specimens); mdsp, asp: mean and 
standard deviation of the departures between the two specimens of 
a same core; 0°-Z0°: percentage of cores for which departure 
between lineations of individual specimens lies in the range 0° to 
Z0°. 

mean Kl a mdsp asp 0°-Z0° 
(%) (0) (0} (0) (%) 

SI-dam Z48/9 Z5 Z8 zo 46 
SI-m Z43!9 17 zz 15 50 

BA-dam 47/41 Zl 16 IZ 70 
BA-m 56/35 14 IZ 6 90 

TS-dam Z90 /19 19 II 7 88 
TS-m Z90 /17 IZ 9 6 94 

The within-core variability of the lineations (Table 1) is low forTS (asp = 7°-6°; 
88%-94% of the cores have an angular departure between individual kl ranging from 0" 
to 20°), and, to a lesser extent, for BA (asp = 12°-6°; 70%-90% of the cores have well
grouped individual specimens), clearly higher for SI (asp = 20°-15°; 46%-50% of the 
cores have well-grouped individual specimens). In spite of these intrinsic variabilities, 
the overall lineation trends and plunges appear to be well organized, the transitions from 
one direction to another generally being gradual (Fig. 5). 

TABLE Z. mean K3 and a: mean and standard deviation of the K3 
of 50 cores (100 specimens); mdsp, asp.: mean and standard 
deviation of the departures between the two specimens of a same 
core; O-Z0°: percentage of cores for which departure between k3 
of individual specimens lies in the range 0° to zoo. 

mean K3 a mdsp asp O-Z0° 
(%) (0) (0) (0) (%) 

SI-dam 146/5Z 39 35 Z3 3Z 
SI-m 149/ZZ 52 41 Z5 Z8 

BA-dam 179/35 Z3 14 15 86 
BA-m 173/30 15 II 7 88 

TS-dam 34/41 34 IZ IZ 86 
TS-m 3Z/4Z Z6 15 18 84 
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Figure 4. Principal axes of the ellipsoid of magnetic susceptibility plotted on stereonets (equal area, lower 

hemisphere). Squares: Kl, magnetic lineation; triangles: K2; circles: K3, normal to the magnetic foliation. 

Open symbols: values of the 50 cores (I 00 specimens) per grid; black symbols: grid mean. 

- For SI, the lineations fluctuate between NE-SW and ENE-WSW, with shallow 
plunges. This is particularly apparent on the small grid which displays a sigmoidal 
pattern, but harder to characterize precisely on the large grid; 

- For BA, the lineations plunge moderately to the NE, displaying gradual fluctua
tions which outline a sigmoidal pattern, between NNE and ENE in trends on the large 
grid, compared with NE to ENE on the small grid; 

- ForTS, the lineations vary on both grids between NW and W in trends, with shal
low plunges generally to the NW. 
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K3 axes, the normal to magnetic foliations, are generally more variable than Kl 
axes, as attested by cr (Table 2) ranging from 15° (BA-m) to 52° (SI-m). For SI, and to a 
lesser extent forTS, this variability is partly due to the zonal distribution of the folia
tions around a mean direction close to the mean lineation (Fig. 4), a phenomenon fre
quently observed in granitoids. For SI, this results in a significant difference in plunge 
between the mean K3 axes of both grids (30°: 146° I 52° against 149° I 22°), while, for 
TS both mean K3 axes are very close (34° I 41° against 32° I 42°). For BA, which dis
plays no zonal distribution of K3, mean K3 of both grids are also similar (179° I 35° 
against 173° I 30°). 

Within-core variability (Table 2) is the lowest for BA (crsp = 15°-7°; 86%-88% of 
the cores have an angular departure between individual k3 from 0° to 20°) and TS (crsp = 
12°-18°; 86%-88% of the cores have well-grouped individual specimens), more impor
tant for SI (crsp = 23°-25°; 32%-28% of the cores have well-grouped individual speci
mens). The latter variability may account for the poor organization of the foliations in 
map view for Sl, for which however, a NE-SW trend is visible, particularly on the 
small grid (Fig. 6). For the other two sites, the clustering of the foliations around a 
mean value is obvious. For BA, the dominantly E-W striking, northward steeply dip
ping foliations vary rather regularly between ENE-WSW and ESE-WNW for the large 
grid, and between ENE-WSW and E-W for the small grid. For TS, the dominantly SE
NW striking, southwestward moderately dipping foliations fluctuate between E-W and 
SE-NW, with rather sharp transitions from one direction to the other on the large grid, 
changing more gradually between ESE-WNW and SE-NW on the small grid. 

TABLE 3. Km, MKm, mKm and cr: mean magnetic susceptibility, maximum, minimum and 
standard deviation of 50 cores (100 specimens); cv1 = (0" I Km) x 100; mdsp, crsp: mean and 
standard deviation of the departures between both specimens of a same core; cv2 = (crsp I Km) 
X 100. 

Km Mkm mKm 0" cvl (%) mdsp O"Sp cv2 (%) 
·5 ·5 ·5 

(10 Sl) (10 Sl) (10 SI) 

SI-dam 11.5 14.0 8.1 1.2 10 1.0 0.8 7 
SI-m 11.9 13.1 10.2 0.7 6 1.0 0.7 6 

BA-dam 17.3 18.8 15.5 0.8 5 0.9 0.7 4 
BA-m 17.5 19.4 15.1 1.1 6 0.9 0.8 5 

TS-dam 29.0 41.8 21.8 3.2 II 2.0 1.5 5 
TS-m 29.2 34.9 22.5 2.4 8 2.0 1.9 7 

MAGNETIC SUSCEPTIBILITY 

Magnetic susceptibility magnitudes are very homogeneous for the three sites, as shown 
by the low values of cr and the coefficient of variation cv1 (criKm) (Table 3). On the 
large grid, the variability is about the same for SI as forTS (cv1 = 10% and 11% respec
tively), while it is much lower for BA (cvl = 5%). On the small grids Sl, BA and TS 
display similar variabilities (respectively 6%, 6% and 8%), lower than those of the large 
grid, except for BA. 
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Figure 5. Magnetic lineations maps. The values at the tip of the arrows are the plunges. Black arrows 
correspond to the cores with an angular departure between individual k I from oo to zoo; higher than zoo for 
the white arrows. The square in the large grid represents the position of the small grid. 

Within-core variability (Table 3) is rather high, with respect to the within-grid varia
bility, for the three sites as shown by cv2 (= crsp/Km) spanning from 4% for BA-dam to 
7% for SI-dam and TS-m. Despite these variabilities, the susceptibility magnitudes 
generally constitute several rather extensive zones of similar values (Fig. 7), and isolated 
values very different from their neighbours are rare. The boundaries of the main isovalue 
zones display orientations that do not depend on the rock magnetic orientation, except 
for SI-dam. 
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ANISOTROPY OF THE MAGNETIC SUSCEPTIBILITY 

The total magnetic anisotropy percentages are moderately homogeneous for the different 
grids of the three sites. This is reflected by the rather large variation of cv 1 from 17% 
(BA-m) to 36% (SI-m) (Table 4). The mean total anisotropy percentages are equal on 
both the large and small grids for SI and BA, while TS displays a larger Pp% on the 
small grid than on the large grid. Amongst the large grids, SI displays the highest varia
bility, while BA and TS have weaker and similar variabilities. For the metric grids, SI 
is again the most variable, with a rather higher value than on the large grid, followed by 
TS displaying about the same value as on the large grid, and BA displaying a value 
weaker than on the large grid. 

Table 4. Pp, MPp, mPp and cr: mean total anisotropy ratio, maximum, minimum and standard deviation of SO 
cores (100 specimens); cv1 = (cr I Pp) x 100; mdsp, crsp: mean and standard deviation between both speci-
mens of a same core; cv2 = (crsp I Pp) x 100. Fp, Lp: mean planar and linear anisotropy ratio of SO cores 
(100 specimens). 

Pp MPp mPp cr cv1 mdsp crsp cv2 Fp Lp 
(%) (%) (%) (%) (%) 

SI-dam 2.3 4.1 0.9 0.7 32 0.9 0.7 32 1.2 1.1 
SI-m 2.3 S.4 0.8 0.8 36 1.0 1.4 60 1.1 1.1 

BA-dam 3.4 S.9 l.S 0.8 23 0.6 O.S 14 2.1 1.3 
BA-m 3.3 4.8 2.2 0.5 17 O.S 0.3 9 2.1 1.2 

TS-dam S.1 7.7 2.5 1.1 22 0.9 0.6 12 3.1 2.0 
TS-m 6.1 8.7 2.8 1.3 21 0.7 O.S 8 3.9 2.1 

Within-core variability is rather strong, compared to the within-grid variability, for 
SI (cv2 = 32%-60%), moderate for BA (cv2 = 14%-9%) and TS (cv2 = 12%-8%) (Table 
4 ). Despite these variabilities a zoned organization of Pp% appears on the different grids, 
with several large isovalue zones, and few isolated values (Fig. 8). The boundaries of the 
main zones of isovalues display slight tendencies to be oriented, for example parallel to 
N-S forTS-dam, and parallel toE-Won BA-m. 

DISCUSSION 

Homogeneity of the directional data, particularly the lineations, and their stability bet
ween scales, constitute undoubtedly the most spectacular result of this study. As an 
example, for the Sidobre site, the most variable amongst the three sites, the mean linea
tion is 248° I 9° for the dekametric grid, and 243° I 9° for the metric grid. Comparison 
between the lineations patterns at the grid scale (Fig. 5) and at the pluton scale (Fig. 1) 
also illustrates this homogeneity. Spatial variations of the directional data constitute an 
other important aspect of this study which is discussed hereafter with regard to intrinsic 
and external parameters. Scalar data, particularly the susceptibility magnitudes, also 
display bulk homogeneity. Spatial variations of these data, which are less clearly orga
nized than for the directional data, are then briefly discussed. 
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DIRECTIONAL DATA 

In map view (Figs. 5 and 6) the directional data generally vary gradually, but abrupt 
variations appear locally. These abrupt variations with respect to both the general trend 
and the neighbouring values, may be induced by different "intrinsic" causes, i.e. sample 
scale heterogeneities: 

- i) grain size heterogeneity may explain some large differences between directional 
data of the two specimens of a given core (Tables 1 and 2: <rsp), particularly in SI, 
which has the largest and most heterogeneous grain-size (Fig. 3). In this porphyritic 
granite, K-feldspar megacrysts may perturb the biotite sub-fabric, and therefore the ma
gnetic fabric around them; 

- ii) the deformation regime of the magma may cause specific variations. For exam
ple, the tendency for the foliations to be distributed in a zone around a mean direction as 
in SI and to a lesser extent TS (Fig. 4: partial girdles of K3), may correspond to a 
strong linear component of the fabric. This is observed at the grid scale, but is also 
evidenced at the core scale, particularly for SI where about 15% of the cores display very 
different plunges for both k3 of the same core. Note that the shape of the magnetic 
ellipsoid being dependent on the mineral marker, here the biotite flakes, the Lp%/Fp% 
ratio (see Table 4) cannot be used directly to determine whether the fabric of the rock is 
linear or planar; 

- iii) the anisotropy magnitude is certainly, in most cases, the controlling factor for 
orientation variations, i.e. the lower the anisotropy, the less well defined will be the 
directional data. Within a given sample, this is reflected by kl-k2 axes permutations for 
one or two specimen(s) of the same core when the linear contribution of the total aniso
tropy is especially weak: this occurs in 5% of the samples in SI, the least anisotropic 
site. Similarly k2-k3 axes permutations are observed for specimens having particularly 
weak planar anisotropy: this concerns 8% of the samples in Sl, 2% in TS and 1% in 
BA. 

These different factors of within-core variability may combine, as for Sl, the least 
anisotropic site, making variations at the grid scale difficult to interpret. On the contra
ry, when within-core variability is low, as for BA and TS, the variations of the directio
nal data probably represent grid scale variations of the magmatic fabric. These variations 
are generally gradual, and some of them describe sigmoidal features, particularly in BA. 
For this site, the lineations mainly trend between N40° and N70° in the small grid, and 
between N20° and N70° in the large grid. This accounts for the rather high difference (9°) 
between the lineation means of both grids and indicates that the small grid represents a 
subdomain of the larger sigmoid evidenced in the large grid. In other words, the lineation 
strikes and plunges in the small grid do not reproduce the pattern observed in the large 
grid. It is proposed therefore that the wavelength of the undulations are larger than the 
size of the small grid. Conversely, forTS, the important angular departures sometimes 
observed between neighbouring directional data, particularly foliations in the large grid 
(Fig. 6), could be due to undulations with wavelengths smaller than the mesh of the 
grid. 

It is tempting to ascribe the sigmoidal structures that appear on both the lineations 
and foliations maps to CIS patterns like those encountered in solid-state defonned rocks 
(Berthe et al., 1979). For such an interpretation, a C orientation close to a shear plane 
must be identified along which the rock should be more strained than along a S orienta
tion parallel to the finite stretch. But our maps do not display correlation between the 
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highest magnitudes of Pp and particular structural directions, and so we cannot certainly 
identify C and Sin our magnetic orientation patterns. Moreover, there is no evidence on 
the stereonets for bimodal distribution of the structural data. Alternatively, the waviness 
of the mineral fabric could be related to mechanical interactions in the crystal mush 
during crystallization of the magma, resulting in a fluctuation around a mean direction 
of stretch. Hence, even if the non-random nature of these sigmoids appears to be esta
blished, their significance is not clearly understood. 
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Figure 6. Magnetic foliations maps. The values are the foliation dips. Solid lines correspond to the cores 
having an angular departure between individual k3 ranging from 0° to Z0°; larger than zoo represented by 
open lin:es. 
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SCALAR DATA 

The magnetic susceptibility magnitudes are characterized by a rather strong clustering of 
the data around their means, while the anisotropy values are more variable (see cv1, 
Table 3 and 4). The scalar data have in common their rather heterogeneous spatial orga
nizations. They are distributed, in map view, in different zones of isovalues, which 
might correspond to geologically organized domains having homogeneous biotite con
tents (K), and homogeneous strains (Pp). 

Both for K and Pp, and for the three sites, several values of the small grids fall out
side the range of values of the corresponding zones in the large grids, thus indicating 
heterogeneities in these zones. The most striking example is given by TS for which the 
average Pp of the small grid (6.1%) is clearly higher than for the large grid (5.1% ). 
These heterogeneities may be attributed to the within-core variability, which is rather 
high compared with the grid scale variability, in particular for Pp for which cv2 ranges 
from 8% (TS-m) to 60% (SI-m). The within-core variability is probably mostly due to 
grain size and distribution heterogeneities, particularly for SI for which a single mega
cryst of K-feldspar can induce in a specimen important changes in biotite content and 
fabric. However, grain heterogeneity cannot account for all the variability of the scalar 
data. For instance, TS, the site having the most homogeneous grain size, displays a 
within-core variability similar to SI and BA for K values, and similar to BA for Pp 
values. 

It may also be noted that it is difficult to correlate the isovalue lines, either between 
K and Pp, or between one of these parameters and the structural trends, or sigmoids that 
are observed on the lineation and foliation maps. For example, although in the large grid 
of SI the K-value zones display a NE-SW trend, more-or-less parallel to the lineation 
trend (Fig. 5), this correlation is not found at the metre scale, where the isovalue lines 
of K display an approximately N-S trend. Nevertheless, the presence of rather large 
zones of isovalue tends to demonstrate the robustness of zonation in K and Pp, on both 
scales. 

The spatial organization of K is thus attributed to rock areas of several metres to 00-
kametres, either enriched or depleted in biotite. This results either from an incomplete 
homogeneisation of the magma, or from a local partition between the solid fraction and 
the melt, by the end of crystallization. The spatial organization of Pp values probably 
indicates strain heterogeneities at the grid scales. As no clear correlation is evident bet
ween the orientation of the zones of anisotropy and the structural trends, no kinematic 
interpretation is proposed. 

CONCLUSION 

This study, which demonstrates the homogeneity of the directional data from a few 
metres to several tens of metres, complements fabric analyses previously performed in 
granites for which the directional data are often remarkably homogeneous in orientation 
on the scale of the whole pluton. This study also deals with the organization and random 
variations that appear in map views for both directional and scalar data. Transitions 
between neighbouring sampling points are generally gradual, and display consistent spa
tial organizations, such as sigmoids for directional data. Random variations are represen-
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ted by few isolated and scattered values, at variance with the general trend. These are 
taken to be a function of heterogeneous grain size and local inhomogeneities of the 
magma. 
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Figure 7. Magnetic susceptibility magnitude maps. Vertical bars on both sides of the scale include 90% of 
the values, and the position of the mean of the corresponding grid. 

More extensive statistical analyses, based on these raw data, are now necessary in or
der to quantify better the spatially organized variations, like the geometry of sigmoidal 
features (Kl, K3), the localisation of the strain (P%), or petrographic zoning (K). 
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Figure 8. Anisotropy of magnetic susceptibility maps. Vertical bars on both sides of the scale include 90% 
of the values, and the position of the mean of the corresponding grid. 
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Experimental simple shear withy ::;; 20 was applied to three-dimensional shape fabrics 
of biotite grains embedded in a viscous matrix. This used a ring-shear apparatus 
deforming a medium made of silicone + plasticine + biotite grains at room pressure and 
50°C temperature. The low-field anisotropy of magnetic susceptibility characterised the 
fabric of the samples. Two sets of experiments were performed: (1) with 5% and 10% in 
volume of biotite as the single solid fraction (Bi5% and BilO%), and (2) with solid 
fractions augmented by wood-prisms (BilO% + W6%) and spherical beads of Diakon 
(Bi15% + Di30% ). Despite variations in biotite and total solid fractions, the resulting 
magnetic fabrics are all very similar. Fory ::;; 2 , the general fabric pattern and strength 
are greatly influenced by the initial fabric. For 2 < y < 8, the fabric orientation varies 
like in the model of Jeffery, but does not rotate as much and deviates 10° from that 
expected. For larger shear strains, the fabrics are consistently oriented, but a 10° off
shear-plane deviation remains. From these experiments we conclude that, even at low 
concentrations of crystals, magmatic biotite subfabrics are not expected to behave 
cyclically. Instead, with increasing shear strain, they should be constant both in 
orientation and magnitude. This behaviour is mainly attributed to the averaging effect of 
the various aspect ratios of the natural population of particles, and to the cumulative 
effects of their mechanical interactions. 
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INTRODUCTION 

The relationships between grain shape preferred orientation, or shape fabric, and the 
direction of flow in rocks has been modelled previously in simple shear, pure shear and 
more general strain histories. Passive models consider markers rotating along with their 
matrix (March, 1932; Ramberg & Gosh, 1977), and the model of Jeffery (1922) applies 
to rigid markers (Bhattacharyya, 1966; Gay, 1966; Tullis, 1976). In the latter model the 
particles may behave cyclically, i.e. undergo multiple revolutions during bulk straining. 
In a magma, and at low concentrations of the solid fraction, the behaviour of the crys
tals is expected to be described numerically by the equations of Jeffery. They give the 
period of rotation of a revolution ellipsoid (the best approximation of an axisymmetrical 
particle) immersed in a fluid subjected to homogeneous simple shear flow. The azimuth 
and plunge of the particle long-axis with respect to the shear plane can be written as a 
function of the initial azimuth and plunge of the particle, its shape ratio (n) and the 
shear strain (y) (see Fernandez & Laporte, 1991). 

Several theoretical and experimental studies have tested the model of Jeffery and 
extended it to pure shear. Reed & Tryggvason (1974) modelled numerically the rotation 
of revolution ellipsoids and, using the equations of Gay ( 1968), compared the fabrics of 
populations of particles embedded in a matrix deforming in pure shear, with the case of 
simple shear. The experiments of Willis ( 1977) confirmed the validity of the model for 
axisymmetrical objects having various shapes, and Ferguson ( 1979) extended the do
main of validity to particles immersed in a slow non-Newtonian flow, at low strains. On 
the same theme, Reed & Tryggvason (1974) and Freeman (1985) investigated the beha
viour of isolated axi- and non axisymmetrical particles in simple shear, pure shear and 
simultaneous pure and simple shear. During such conditions of strain, Borradaile and 
Puumala (1989) investigate the domain of AMS fabric using ferromagnetic particles 
embedded in a plasticene medium. 

More recently, several experimental simulations in two-dimensions, i.e. at the free 
surface of a deforming matrix, of the development of shape fabrics have been reported. 
The cyclic evolution of a whole population of mechanically non-interacting particles 
has been studied by Fernandez et al. (1983) and Ildefonse et al. (1992). Our experi
ments investigate the 3D fabric evolution of biotite grains embedded, at low concentra
tions, in a viscous fluid subjected to simple shear. These experimental fabrics may si
mulate those of biotite-bearing granites (Bouchez, this volume). The anisotropy of ma
gnetic susceptibility (AMS) quantifies such fabrics and is commonly used in structural 
studies of rocks (Hrouda, 1982; Borradaile, 1988; Rochette et al., 1992). The principal 
susceptibility axes of biotite closely approximate its principal dimensions, with the 
shortest susceptibility axis nearly normal to the cleavage plane, one axis precisely pa
rallel to cleavage and the other nearly parallel to cleavage plane (see Borradaile & Wer
ner, 1994). It is confirmed from field studies to the first order, and more precisely from 
laboratory studies, such as texture goniometry, that the magnetic fabric of populations 
of biotites, and more generally micas, closely reflect their shape fabrics, at least in 
orientations (Richter et al., 1993; Bouchez, this volume). 

First, we studied the fabric of biotite alone, at volume concentrations of 5% (Bi5%) 
and 10% (Bi 10% ). Then, we tested the effect of increasing the solid fraction, hence the 
frequency of mechanical interactions, by adding some « non magnetic » particles To 
test the influence of the presence of large, « non magnetic » crystals on the fabric, a 
small fraction (6%) of subrectangular wooden blocks about ten times larger than the 
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individual biotite crystals was added to the suspension (Bil0%+W6%). This simulates 
the presence of large diamagnetic feldspar megacrysts. The case of a microcrystalline 
magma was simulated with spherical beads of Diakon, an acrylic material with a parti
cle size comparable to the average biotite grain, where the fraction of Diakon largely 
exceeded that of biotite (Bi 15%+Di30% ). The resulting fabrics are presented as a func
tion of the imposed shear strain, and discussed in terms of the effects of shape ratios and 
mechanical interactions between particles. 

EXPERIMENTAL PROCEDURE 

APPARATUS 

Simple shear strains of up toy= 20 were obtained using a ring-shear apparatus (Fig. 1 
and caption), similar to that used by Passchier & Sokoutis (1993). 

b 

Figure 1. The shear apparatus: a: plan view, and b: cross-section. The inner cylinder (I) is driven by an elec
tric motor with a reduction gear (4) ; the outer cylinder (2) is driven by a sprocket-wheel system (3). Interface 
between the matrix (5) and the immobile base of the apparatus is lubricated by a film of liquid soap. Shear 
deformation is vertical , shear direction is at a tangent. 

A modification optimises strain homogeneity in the fluid (see Masuda et al., 1995) 
by using two counter-rotating cylinders (Arbaret, 1995). The available ring section bet
ween the rotors is 107 mm-wide and 40 mm-thick, and provides a volume of up to 1650 
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cm3 of material to be deformed by torsion. Equal and opposite angular velocities of the 
cylinders yield a constant shear strain rate of cty I dt = 8 x w-4 s-1, at T = 55°C, the wor
king temperature which is maintained inside a hood surrounding the shear box. To 
avoid ferromagnetic contamination, the base of the box is lubricated with a 3 mm-thick 
layer of liquid soap; not with mercury as previously used in similar experiments 
(Passchier & Sokoutis, 1993). 

ANALOGUE MATERIAL. 

The analogue material derives from pink silicone putty, Silbione 70009 (Rhone-Poulenc 
Company), that was purified of its additives (barite, titanite and paramagnetic colour 
components) by washing in acetone. The substance remaining after this treatment is 
pure boropolysiloxane, a diamagnetic medium rheologically similar to the non-treated 
putty (Weijermars, 1986). This silicone putty is better suited to sample extraction than 
the classic, non-magnetic PDMS silicone, which remains fluid at low temperature, and 
is not easy to mix with other components. The fluid finally chosen for the experiments 
is thus a mixture of 56% boropolysiloxane, and 44% plasticine, a modelling material. 
The plasticine ("La Pierre Humide" Company, France) is itself a mixture of wax and 
colouring components of organic origin since no crystalline matter has been detected by 
X-ray diffraction. 

The resulting fluid is diamagnetic (susceptibility magnitude: -7.5 ± 0.7 x I0-6 Sl), 
highly viscous at the experimental temperature of 55°C, and rigid at the temperature of 
sampling ( -18°C). More precisely, the apparent viscosity of the matrix, measured on a 
Couette viscometer apparatus, is 5.6 x 103 x Pa.s at 50°C, the temperature of the expe
riments, and increases to about 4.6 x IQ4 x Pa.s at 20°C, the temperature of magnetic 
fabric measurements. Since the boropolysiloxane is a shear-thickening material, the 
Newtonian rheology of the mixture is not ascertained. Therefore, shearing tests at the 
experimental strain-rate have been performed to verify strain homogeneity in the matrix 
(Fig. 2). 

Outer cylinder 

------~,-,~~~-:-~·:~::~ 
.:--- -

inner cylinder 

3cm 

Figure 2. Experiment using a passive ink line perpendicular to the shear axis (full line), in order to test the 

homogeneity of the shear in the box with increasing strain (dashed lines). Shear strain is homogeneous in the 

sampling area (circle), and becomes inhomogeneous close to the cylinders. 

The inhomogeneous shearing located close to the cylinders is explained by both the 
strain rate gradients in proximity to the cylinders and the non-Newtonian behaviour of 
the putty. However, in the central area of the apparatus (Fig. 2: circle), the shear strain 



30 SIMPLE-SHEAR EXPERIMENTS 133 

is observed to be homogeneous at all shear strains. This is where we sampled our me
dium for AMS determination. 

The biotite grains in the matrix were separated from various magnetite-free grains 
using high density liquids and the Frantz magnetic separator. For all experiments, we 
used the same 400-500 11m sieve fraction of biotite. Impurities, < 3% in volume, con
sisted principally of quartz and feldspar. We estimated biotite grain-morphology from a 
random collection of 100 grains (Fig. 3). 

They are flat-shaped (mean c/a = 0.16) and, probably due to crushing, they appear 
rectangular (mean b/a= 0.74). The wooden particles used for the Bi 10%+W6% experi
ments are much larger than the biotite grains (a=4.0±0.3 mm, b=2.8±0.4 mm; c=0.8±0.3 
mm) but have similar aspect ratios (mean b/a= 0.7; mean c/a= 0.2). In the Bi5%+Di30% 
experiments, we added 30% of almost perfectly spherical Diakon pellets, which are 
diamagnetic and are from the same sieve fraction as biotite ( 400-500 !liD). 
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Figure 3 . Morphology of the biotite used in the experiments. a, b and c are, respectively, the long, interme
diate and short morphological axes of the grains (sieving fraction : 400-500 J.lm; 100 grains). 

EXPERIMENTS 

For each strain increment that we sampled for fabric measurement, the fabric of the 
medium was "randomized" before it was placed in the shear apparatus, being careful to 
minimise any development of an initial fabric. After deformation, the whole apparatus 
was cooled to +20°C, the cylinders and the sandwiched ring of medium was extracted 
and placed in a freezer at -18°C. After 3 hours, six 2lmm-diameter and 40mm-long 
samples were cored with a non magnetic drill, from the homogeneous strain region bet
ween the cylinders (Fig. 2). These were strategically spaced and oriented with respect to 
the shear plane and sense of shear. From each core, a 18.5 mm-long specimen, 5.53 cm3 

in volume, was placed in a cylindrical plastic holder to facilitate transport, measurement 
and preservation. The remaining material was re-used for the next experiment, with 
supplementary material to maintain the volume. 



134 L. ARBARET et al. 

FABRIC MEASUREMENTS 

Measurements of the specimens were performed using the Kappabridge KL Y2 appara
tus (Geofyzika Brno), working at± 3.8 x w-4 Tesla and 920Hz. It is a high-precision 
technique for quantitative determination of the magnetic fabric, and thus interpretation 
of the shape fabric of our paramagnetic particles (Bouchez, this volume). The magnetic 
fabric is defined by the principal axes K 1~K2~K3 of the susceptibility ellipsoid which 
has a mean susceptibility Km = [(KJ+Kz+K3)/3]. 

The parameters used to characterise the shape of the magnetic ellipsoids are P or PJ, 
and T. P= K 1/K3 gives a simple representation of the strength of the magnetic fabric. 
However, in order to reflect the role of the intermediate K2 axis (Jelinek, 1981; see also 
Borradaile & Werner, 1994), we preferred the use ofP1: 

The shape of the fabric ellipsoid is represented by the shape parameter of Jelinek 
(1981), which varies from T=-1 for a pure prolate ellipsoid to T=+l for a pure oblate 
ellipsoid, and is defined as: 

T = _In_,_( K-=2:;_/K---=3_,_) -_l_n (,_K...:.;_J /_K-=-2) 
ln(K2/K3) + ln(K1/K2) 

MAGNETIC PROPERTY OF THE ANALOGUE MATERIAL. 

The experimental medium and its cylindrical plastic container yield a diamagnetic sus
ceptibility of -10. ± 0.7 x w-6 Sl. Their AMS measurements (Fig. 4) give erratic values 
for both the directions and the relative magnitudes of the principal susceptibility axes, in 
relation with confidence angles of Jelinek (1977) as large as ±36°, ±44° and ±36° for 
respectively y=O, y=l and y=3, suggesting near random orientations. At y=3, however, 
K3 clusters vertically, i.e. normal to the surface of the experiment. This may be attribu
ted to increasing anisotropy of the matrix. However, such weak fabrics in the suscepti
bility domain of diamagnetism cannot interfere with the strong paramagnetic fabrics of 
the experiments. 

Initial isotropy of the experimental medium is an ideal prerequisite in a study of fa
bric evolution; particularly for comparison between experiments and theory. Anisotropy 
may be inherited both from the stage when the particles were mixed with the matrix, 
and from its insertion in the apparatus. The experimental medium, once hardened by 
cooling and cut into small bricks is inserted randomly in-between the driving cylinders. 
Unfortunately, this procedure did not eradicate all initial fabric as shown in figure 5. 

The initial fabric formed mostly by spreading of the material after its emplacement 
in the apparatus, and warming to the temperature of the experiments. The tendency of 
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K3 to be vertical (i.e. biotite cleavage horizontal), and Kt to be at a tangent to the ring 
(i.e. biotite cleavage in a zone around the extension direction during spreading) corrobo
rates this. Thus we infer that very small strains suffice to imprint a fabric here related to 
coaxial strain during setting. This is also valid for the simple shear experiments. 

BIOTITE-ALONE EXPERIMENTS 

The two first sets of experiments were performed with 5% and 10% volume biotite. 
Specimens were collected at r=0.5, 1, 2, 3, 4, 8, 12 and 20. Supplementary shear strain 
steps were sampled at "f=6, 10 and 16 for the Bi5% experiments, and at r=0.25 and 
"f=0.75 for the BilO% experiments. Shear strain steps at "f=0.5, I, 2, 3, 4, 8, 12 and 20 
are represented in the orientation diagrams (Figs. 6a and 6b ), and all steps are represen
ted in the a; versus y plot (Fig. 6c). We observe that, at the lowest y values, "f=0.25 and 
r=0.5, K1 clusters parallel to the shear direction, and K3 is vertical. Since the latter fa
bric is observed at r=O (Fig. 5), the fabrics at very low strains are interpreted as due to 
strain of the medium during the preparation of the experiment, i.e. during spreading 
parallel to the ring. 

Matrix 

"(=0 'Y=l 

____::,. 

I(T\J D K1 

WoK3 
~ 

Figure 4. Diamagnetic fabric of the matrix at J-0, J-l and J-3 shear strains. Six specimens per diagram were 
measured. Note the very high values 'of the "confidence angle" between K 1 and K3 at the 0.95 confidence 
level (after Jelinek, 1977), but noneless the tendency for K 3 to be vertical at J-3. Full symbols: tensor avera
ges. Lower hemisphere, equal-area projections. 

The a(y) plot of figure 6c shows that the orientation of K1, characterized by its an
gle a; with the shear direction, approaches its theoretical value at shear strains y>2 . At 
still larger shear strains, the orientation of K 1 remains almost constant at an angle 
"above" the shear plane (Fig. 6c), i.e. counter-clockwise from the shear plane for the 
dextral senses of shear represented everywhere in this paper. Similarly, we observe that 
the magnetic foliation plane becomes vertical at y>2, i.e. K3 migrates to the periphery 
of the orientation diagram, then remains almost constant in orientation, at an angle close 
to a; with the trace of the shear plane. Theses low simple shear AMS results are very 
similar to those obtained by Borradaile & Puumala (1989) using magnetite sand. In our 
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case however, higher shear strain (Figs. 6 and 7) reveals that the foliation plane dips 
steeply toward the outer cylinder of the experimental device. This asymmetry may arise 
from the local distribution of the friction forces against the ring. 

Analogue material 
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' 0 ' 
' 

' 
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~ 

' :o 
Bi5% 

Y=O 

0 

Figure 5. Magnetic fabric of the analogue material (BiS% and Bi I 0%) at zero shear strain. Note the tendency 
for K3 to be vertical and K1 tangential in orientation, suggesting gravity spreading of the material during 
preparation of the experiment. Full symbols: tensor averages. Lower hemisphere, equal-area projections. 

BIOTITE+SOLID FRACTION EXPERIMENTS 

Figure 7 represents the orientation diagrams of the shear strain steps sampled at y =2, 3, 
4, 8, 12 and 20. In figure 7a, the diagrams of Bil0%+W6% resemble those of figure 6, 
except for the K 3 axes tending to rotate around K 1, as indicated by the partial girdles of 
K3 at y =2, 8 and 20, and by a more prolate magnetic ellipsoid attested by a lower mean 
T value (Fig. Sa). The a versus y plot also reveals larger a values at shear strains "{>2 
for these experiments (Fig. 7c). In figure 7b, the Bil5%+Di30% experiments give si
milar results except that the biotite fabric tends to be more planar, as shown by tight 
clustering of K3, at least in some experiments, and by the shape parameter T being 
more oblate (Fig. 8a). Another minor difference seen is the overall lower fabric strength 
for both kinds of solid fractions (Fig. 8b). This is due to the greater tendency for biotite 
to vary in its orientation, hence lowering the overall fabric strength, in the presence of 
an added solid fraction which increases the local flow heterogeneity. 

DISCUSSION 

The primary result of this study is the striking similarity between the orientation dia
grams obtained from varying strains, particle concentrations and particle types. In parti
cular the biotite and the biotite+solid fraction experiments differ only slightly. These are 
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now considered and discussed using PJ and T as a function of shear strain, and departu
res of the observed a(y) results from theoretical behaviour issued from shape fabric 
models. Geological applications will be considered subsequently. 

PJ AND T VERSUS YBEHAVIOUR 

Although rather large variations in PJ and T may occur from one specimen to an other, 
and from one strain step to the next, the narrow range in the average values of PJ and T 
illustrates the little real variation between the different experiments. 
All fabrics in all experiments are dominantly oblate (mean T=0.15) and rather strongly 
anisotropic (mean PJ=I.20). For comparison with real rocks for which the anisotropy 
degree P is commonly used to evaluate the fabric strength, the latter value of PJ corre
sponds to P=l.13 (=anisotropy percentage of 13%). This value is amongst the strongest 
anisotropy magnitudes observed in biotite-alone bearing granites (see Bouchez, this 
volume). 

The highest positive T values are for Bi5% experiments, and the negative values of 
Tcome from some of the BilO% and the Bi10%+W6% runs (Fig. Sa). 

This suggests that mechanical interaction effects related to the increasing content in 
anisometric particles (biotite, wooden particles) enhance rotation of the biotite around 
the local stretch axis of the experiment. By contrast, the T values of the Bi 15%+Di30% 
are positive despite the high biotite concentration. This is due to the sphericity of the 
Diakon beads, enhancing grain-scale rotation around a vertical axis, i.e. around their 
own vorticity axes within the shear plane and perpendicular to the plane of deformation, 
and thus opposing the tendency for grain rotation around the stretch axis. 

The PJ values vary surprisingly little, from PJ=l.l5 to PJ=I.30 (Fig. 8b). Except at 
low strains which are influenced by the initial fabrics, we observe a net inverse correla
tion between the solid fraction and the fabric strength. In particular, the Bii5%+Di30% 
runs have the lowest PJ at an almost constant value close to 1.16. 

a VERSUS yBEHAVIOUR 

a represents the angle made by the long axis of the fabric ellipsoid of a population of 
particles with the direction of shear. The a versus y curve is determined by calculating 
the tensor average, as a function of y, of the orientation distribution of the different par
ticles forming the population. Assuming simple shear, in 2D-flow with axisymmetrical 
particles having their long axes in the plane of deformation, the orientation 9 of the long 
axis of an elliptical particle with respect to the shear direction, as a function of the parti
cle aspect ratio (n=a!c) and shear strain (y) may be derived from the following equation 
of Fernandez et al. (1983), based on Jeffery (1922) and Willis ( 1977): 

.JI-k2 
Arctan(n tan(8 + d8) = Arctan(n tan 8)- dy; 

2 

with n= ale and k= (n2-l) I (n2+ 1 ). This equation may be applied to a whole popula
tion of particles to determine its a fabric angle, by calculating the tensor average of the 
population as a function of y. If we assume that all particles are identical with alc=6.1 
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Figure 6. Biotite-alone simple shear experiments at 5% and 10% volume concentrations. a and b: orientation 
diagrams (lower hemisphere, equal area); values in left corners: P 1 values, the fabric strength. c: angle of the 
fabric axis with the shear direction, a, as a function of the shear strain y, the experimental data (symbols) are 
compared with the calculated ones (equations of Fernandez et al., 1983), using the "real" grain shape ratio 
distribution (grey stippled), and the average grain shape ratio, n = 6.1, of Fig. 3 (solid curve). 



3D SIMPLE-SHEAR EXPERIMENTS 139 

D 
~ 

D K1 

0 K3 

lliJ Bi15%+Di30% 

---1:!.-- Experimental BilO'Yo + W6o/o 

50 --&-- Experimental BUS% + 0130% 

30 
1- Calculated using "real" distribution 

'Y 

-30 

Figure 7. Biotite + solid fraction simple shear experiments. a: orientation diagrams (lower hemisphere, equal 
a...-ea) for 16% solid fraction (in volume) including 6% of wooden parallepipedic particles and b: 45% solid 
fraction including 30% of Diakon beads; values in left comers: PJ values, the fabric strength. c: same legend 
as in figure 6. 
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(the average aspect ratio of the biotites used in the experiments), this gives the solid 
curves of figures 6c and 7c. In fact, the particles are not identical, and the same calcula
tion can be performed using the ale values of the real population of 100 biotite grains 
(Fig. 3). This calculation gives the grey curve of figures 6c and 7c. 

Departures between the two model-behaviours are naturally attributed to the varying 
aspect ratios of the real population. The fact that a becomes negative at 1"'8 in the mo
del-behaviour using the real distribution (grey curve) is attributed to the rapid rotation 
of the shortest particles. At higher strains, a remains slightly negative, and this is likely 
the effect of the longest grains, before becoming positive again at y=20. This simple 
model shows that a real population of grains will hardly develop a cyclic fabric, and this 
is the basis for the steady state magmatic foliation concept of Ildefonse et al. (this vo
lume). 

Figure 8. Evolution of PJ (a) and T (b) with the shear strain y for all experiments. Full symbols: biotite-alone 
experiments; open symbols: biotite + solid fraction experiments. 

In fact, our experimental data depart quite strongly from the model-behaviours with 
an evolution of the fabric which may be subdivided into three domains: 

(i) For y :5: 2, the scattering of a, T and PJ individual values, is naturally attributed to 
the influence of the initial fabric; 
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(ii) For shear strains up toy= 8, a steadily decreases as in theory, but remains at 
more than + 10°, i.e. counter-clockwise, with respect to the theoretical values and to the 
shear plane, and 

(iii) Finally, for y?. 10, a becomes constant at a value around + 10° with respect to 
the shear plane. 

Although we do not understand all possible micromechanical effects in the matrix, 
the discrepancy, at y > 2, between the measured and the theoretical a values are to be 
looked for in the assumptions for the model behaviours, namely 2D-flow, axisymmetri
cal grains, and no interaction between grains. Departure from 2D behaviour, along with 
(i), triaxial-shaped particles and (ii) interactions between particles are now considered 
sequentially. 

(i) The 2D equation of Fernandez et al. (1983) assumes that the particles are two
dimensional. In three dimensions, as shown by Freeman (1985) and Ferguson (1979), 
the axisymmetrical particles may swing away from the plane of deformation, and the 
real triaxial particles may follow more complex trajectories. In fact, for shape fabrics 
with triaxial particles, both the period of revolution and fabric intensity drastically de
crease with increasing strain (Jezek et al., 1994). 

(ii) Fabric "stabilisation" due to mechanical interactions in 2D concentrated suspen
sions, and very similar to our experimental a(y) curves, has been reported by Ildefonse 
et al. (1992). If mechanical interaction readily explains the behaviour of the experi
ments with a high solid fraction (Bi 15% + Di30% ), it is proposed that it also stabilises 
the fabrics at low concentrations. Arguments for this are found in the 2D analogue ex
periments at low concentrations of Arbaret et al. (1996), in which the particles imbri
cate, or form tiling features, with a fabric orientation (a) remaining at an angle "above" 
the shear axis, contrary to fabric models which predict that fabric axis becomes parallel 
to shear axis. 

Our biotite grains possess different aspect ratios ale and grain sizes from those of 
natural rocks due to crushing and separation from the host-rock. However, our grain 
populations are more realistic than the identical particles used in the 2D experiments of 
Ildefonse et al. (1992) and Arbaret et al. (1996). 

The concentration of particles also differs from nature. In the experiments, a large 
range of solid fractions, between 5% and 45%, has been considered. This could repre
sent the concentrations at various crystallization stages in a magma, during which crys
tal shape fabrics develop. Unfortunately, our analogue experiments do not explore the 
case of syn-shearing concentration changes as in magmas. However, our experiments 
with varying solid fractions show that the orientation a of the fabric appears to be rather 
independent from the concentration of particles whatever the strain, as also noted by 
Arbaret et al. (1996). The only important deviations that we observed were those ofT 
and PJ, at the lowest shear strains. 

APPLICATION TO GRANITOIDS 

We can predict three principal fabric patterns if the present experiments are realistic 
simulations of fabric acquisition in magmas with biotite as the main magnetic carrier. 
These are based on the three domains of the a(y) experimental behaviour, and hence 
only on the fabric orientations since neither the fabric strength nor shape parameters are 
particularly distinctive of the fabric evolution with increasing strain. 
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The first type corresponds to a fabric pattern in a pluton, or part of a pluton, which is 
poorly organised as in low strain experiments (y < 2). The pattern may be near random 
due effectively to low strain. However it is difficult to invoke low strain not knowing 
the complex history of the magma during its ascent and emplacement in the pluton. It is 
more realistic to consider, just like in our experiments, that the present ill-defined fabric 
results from the superimposition of previous fabrics that correspond to deformation 
episodes different in their geometries (in shear planes and directions), and that the latest 
homogenous strain episode (y < 2) was insufficient to produce a consistent fabric. This 
interpretation of ill-defined fabrics is illustrated in the western part of the Monte Cap
panne pluton (Elba Island, Italy), a zone where the vertical feeding of magma interferes 
with E-W lateral spreading under the pluton's roof, parallel to the local and regional 
extension direction (Bouillin et al., 1993; Daniel and Jolivet, 1995). 

In the two other cases, the fabric pattern is well-organised, a situation which is now 
well-established in plutons as attested by the many structural maps produced during the 
last decade, e.g. Bouchez and Gleizes (1995), Ferre et al. (1995) and Roman-Berdiel et 
al. (1995) among the most recent studies. The two cases differ by the intensity of the 
strain undergone by the magma. If the strain magnitude remains moderate (y < 5) the 
long axis of the fabric ellipsoid (i.e. the magmatic lineation) will remain at an angle of 
a> 10° with the regional direction of shear. This case is illustrated by the NW -SE tren
ding fabric of the Tesnou pluton (Haggar, Algeria) which is spectacularly oblique with 
respect to the N-S trending, dextral (i.e. compatible with the obliqueness), late Pan
African shear zones that characterize this region (Djouadi and Bouchez, 1992). If the 
obliqueness between the fabric orientation in the pluton and the regional shear cannot 
be proven because geological information is lacking, one should be able to demonstrate 
that the strain magnitude is indeed moderate. This may be difficult since the fabric 
strength parameter seems insensitive to the strain magnitude undergone by the magma. 

The third case is represented by plutons which are naturally qualified as syntectonic 
since they are involved in the regional deformational pattern. The corresponding mag
mas have undergone quite large strain magnitudes, either related to transcurrent shear 
zones, as in north-east Brazil (Archanjo eta~ 1992), or related to low angle shear pla
nes, as in the French Massif Central (Jover and Bouchez, 1986; Faure, 1995) or in the 
stratoid granite massifs of Madagascar (Nedelec et al., 1994), among many other exam
ples. In all these cases the magmatic lineations are considered as parallel to the direction 
of the regional shear over areas which may cover thousands of square kilometres. In 
comparison with these natural examples, it may remain, however an angle of a few de
grees, as in our experiments at large strains, between the shape fabric long-axis and the 
shear direction. In fact, we do not know if this angle remains at large strains, not kno
wing precisely the shear direction. In real granites, a slight coaxial strain component, 
related to volume change during the latest stages of magma deformation by melt ex
traction to yield aplites (Bouillin et al., 1993), may superimposed on the simple shear 
fabric, hence slightly modify the faint angular differences that may exist between shape 
fabric axis and plane and direction of shear. 

CONCLUSION 

Our experiments demonstrate that the magnetic fabrics, and therefore the shape fabrics 
of deformed suspensions of biotite crystals at various concentrations, are controlled by 
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the rotation of the particles. However, the rotation of the long axis of the fabric ellipse 
toward the shear direction is slower than predicted by 2D models considering axisym
metrical and non-impinging particles. At large strains, the fabrics are constant in orien
tation and magnitude, regardless of concentration. This is due to the averaging effect of 
the various shape ratios of the triaxial ellipsoids, and to the role of their mechanical 
interactions in lowering their rotation rates. Whatever the strain magnitude, the fabric 
orientations are easier to analyse, and provide more information than the fabric strength 
and shape parameters. 

Three stages of fabric evolution a(y) are distinguished and compared with the three 
main types of fabric patterns often encountered in plutons. For y < 2, the ill-defined 
fabric pattern is greatly influenced by the initial fabric; in plutons this stage corresponds 
to domains subjected to fabric superimpositions. For 2 < y < 5, the fabric orientation 
makes a significant angle with the shear direction. Although it is slightly higher than in 
theory, it reflects the obliqueness between the stretching and shear directions. Modera
tely deformed plutons may record obliqueness with the regional (or local) direction of 
shear, but this must be checked independently. At still higher shear strains, and for all 
sets of experiments, the fabric is in steady-state with respect to its orientation and ma
gnitude, with an orientation remaining at several degrees off the shear plane, counted 
counter-clockwise for dextral shear. This illustrates the case of syntectonic plutons 
stricto sensu which have lineations more-or-less parallel to the regional (or local) shear 
direction. 
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3D BIOTITE SHAPE FABRIC EXPERIMENTS UNDER SIMPLE 
SHEAR STRAIN 
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Twelve runs were perfonned with an analogue material consisting of a mixture of a 
synthetic resin mixed with kaolin, biotite and quartz grains. Mineral fabrics of biotite 
were obtained with the help of a 3D-reconstruction method using data obtained from two 
oriented sections, and confinned by means of anisotropy of magnetic susceptibility 
measurements. In low concentration suspensions, the fabric develops in close agreement 
with theory. In concentrated suspensions, the interactions between grains predominate, 
giving fabrics with flattening symmetry and low intensity parameters. In some 
experiments, and in agreement with mineral fabric data and magnetic measurements, a 
biotite zone-lineation parallel to the Y-axis of finite strain develops. This effect is 
attributed to the rotation of the biotite grains around the Y -axis, induced by their close 
interactions with the more spherical grains of quartz. Comparison of experimental 
results with data from real samples provides an explanation for the differences 
commonly observed between feldspar megacryst subfabrics and biotite subfabrics. 

INTRODUCTION 

Among the various approaches devoted to study the mechanisms of magmatic 
intrusions, the patterns of foliation (F) and lineation (L), the orientations and shapes of 
enclaves, orientation of co-magmatic dikes and veins, as well as relationships between 
intrusive rocks and country rocks, are the most frequently used criteria. In the last ten 
years, anisotropy of magnetic susceptibility data (AMS) have been used as an alternative 
to the direct measurement of magmatic F and L (Bouchez, this volume). The AMS 
technique has the advantages of being sensitive and easy to apply. 
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The use of mineral fabric criteria other than the orientation of F and L is not 
common. This is due mainly to the fact that fabric analysis is time consuming, and that 
fabric interpretation presents many difficulties and is still matter of controversy. 
However, since magmatic rock fabrics record a crucial part of the intrusion and 
crystallisation histories, they might contain valuable information about the 
emplacement mechanisms of the magma and thus deserves a careful study. 

Fabric development is complex since the growth and differential rotation of crystals 
with different shapes and sizes, their increasing interactions with progressive 
crystallisation and therefore change in magma rheology, play significant roles. 
Moreover, owing to the common late- to post-magmatic plastic deformation overprint, 
pre-full crystallisation textures of the magma may be significantly modified, although 
microstructural observations may detect these modifications (Paterson et a!., 1989; 
Bouchez et a!., 1992). Hence, a theoretical analysis cannot take into account all these 
factors and may be successful only in particular cases. 

MODELLING OF MINERAL FABRIC 

Three approaches have been followed to improve our understanding of magmatic fabrics, 
namely fabric measurements of rocks, theoretical modelling, and experimental 
modelling. 

Natural mineral fabrics have been analysed by means of direct field and Universal 
Stage measurements, or using other techniques such as X-ray or neutron texture 
goniometry. At present, many structural studies on granitic rocks are based on AMS 
measurements. It is generally assumed that the magnetic fabric reflects the pattern of 
mineral fabric, and thus, that the AMS technique gives an indirect description of mineral 
fabrics. Most methods of fabric analysis aim at describing precise foliation and lineation 
patterns. Note however that even if relevant information is obtained from the F and L 
maps of magmatic rocks, mineral fabric studies sensu Sander (1948) stress the 
importance of understanding the significance of the rock internal structure at the grain
scale. Our present appreciation of fabric significance remains however limited. Fabric 
experiments appear therefore appropriate to contribute to the interpretation of magmatic 
fabrics. Up to now most experiments of magmatic fabric development have been 
performed in 20. They have shown that, at low particle concentrations, needle-like 
markers develop preferred dimensional orientations (PDQ) in agreement with theory 
(Fernandez, 1987). In systems containing markers with lower aspect ratios, i.e. closer to 
the real shape of magmatic crystals, the particles overpass the shear plane as shear strain 
increases, conformably with the prediction of cyclic fabric evolution (Fernandez et a!., 
1983). At high concentrations, interactions impede particle rotations (Ildefonse and 
Fernandez, 1988; Ildefonse eta!., 1992). Studies in 30 are less common. After the early 
work of Tullis (1976) concerning uniaxial strain, it is only recently that experiments 
have been undertaken in simple shear (Fermindez-Catuxo, 1994; Fernandez eta!., 1995; 
Arbaret, 1995; Arbaret et a!., this volume). These works have highlighted the 
importance of particle interactions in fabric development. 

In this paper we present and discuss the results of experiments of 30 fabric 
development at low and moderate shear strains (y < 4). The effects of interactions are 
analysed and compared with the sub fabrics of natural specimens. 
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FEATURES OF MINERAL FABRICS 

A 3D PDO may be entirely described by a fabric ellipsoid. March (1932) has given an 
analytical relationship between the orientation density and the radius of the finite strain 
ellipsoid in the corresponding direction in 3D, provided that markers are passive and 
perfectly linear or planar. In the March's model, the fabric ellipsoid and strain ellipsoid 
are alike for linear markers and inverse to each other for planar markers. Fernandez 
( 1981, 1988) has given a generalisation of March's model for any population of axial 
rigid markers. Fabric constraints inferred from this generalised model are discussed 
below. 

FABRIC PARAMETERS 

Let X, Y and Z be the axes of the finite strain ellipsoid, its symmetry may be 
characterised by K (Flinn, 1962), where K= [(X/Y)-1]/[(Y/Z)-1]. Using the natural 
principal strains £1, £2 and £3 (Ramsay, 1967), the Lode's symmetry parameter v can be 
defined as v = (2~-£ 1-£3)/(£ 1 -£3). To define entirely the shape of the ellipsoid, an 
additional intensity parameter is also necessary, like for instance the octahedral natural 
strain (Nadai, 1963), £,= 0.577 [(£1-£2) 2 + (£2-£3) 2 + (£3-£1) 2] 112 • Similar parameters may 
be used to describe fabric ellipsoids. 

Let us deal with a population of axial markers with a shape parameter K, where 1C = 
(n2-1)/(n2+1) and n the axial shape ratio of the marker (Willis, 1977), or with a real 
population modelled by axial ellipsoids with the same shape parameter. Generalisation 
of March's model yields the following relationships between the finite strain and the 
fabric ellipsoids for prolate markers under coaxial strain regimes: 

(1) 

where Ai are the principal quadratic semi-axes of the fabric ellipsoid, and A;, the 
principal quadratic extensions of the finite strain ellipsoid; for oblate markers, A1 

(respectively A3) becomes A3 (respectively A1). Another important parameter is the 
maximum density of the conventional pole figures, expressed in multiples of the 
uniform distribution, and given by: 

~ 3Ki2 1 3KI2 DM = ""t , or DM = '":l , for prolate and oblate markers. (2) 

Note that, for a given total strain characterised by principal quadratic extensions A1, 

A2 and A3 , the highest anisotropy magnitude possible of the mineral PDO for coaxial 
strain is given by the fabric ellipsoid defined in (l), and whatever the strain intensity, 
the orientation density has a maximum value given by (2). Values given by (1) and (2) 
correspond to fabrics developed under slow flow and quasi "free-rotation" conditions 
under coaxial strain. For the same total strain, the intensities of fabrics developed under 
simple shear strain are lower than, or at most equal to the values given by (1) and (2), 
owing to the periodicity effect and/or interactions between particles. Thus, whatever the 
strain regime, the fabric intensity developed at a given total strain by a given population 
of particles in a concentrated suspension is lower than in dilute suspensions (Ildefonse et 
al., 1992). 
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For a given fabric of markers of shape K, expressions (1) define a "model strain 
ellipsoid" which is very useful for comparing different subfabrics corresponding to 
different mineral populations in a rock. This model strain ellipsoid also represents the 
minimum strain ellipsoid responsible for the observed fabric. Note again that the real 
strain may be much larger than the strain of the model strain ellipsoid. 

3D BIOTITE FABRICS EXPERIMENTS 

EXPERIMENTAL DEVICE AND ANALOGUE MA1ERIAL 

The shear box used in the experiments (Fig. 1) is similar to that of Willis (1977). It 
consists of a 40 mm-wide endless belt driven by two vertical drums, 98 mm high and 40 
mm in diameter, and placed inside a box made of plexiglas. One of the drums is driven 
by a variable speed electric motor ensuring that different strain rates can be applied. To 
perform the experiments, about 500 cm3 of the analogue material is introduced between 
the belts. At the base of the box, a thin layer of mercury (5 mm) prevents any 
significant mechanical coupling between the analogue material and the box. The main 
drawback of this apparatus is that the rotation of the drums creates a marked flow 
heterogeneity in their vicinities. In the central part of the box, however, the strain is 
quite homogeneous provided that the total strain remains moderate (y < 5). Even if data 
about the strain accumulated in a granitic rock during the intrusion history are still 
lacking, the latter value is considered to be large enough to cover most non-coaxial 
strain related to granitic intrusion processes. 

Our analogue material is a mixture of natural crystals, forming the solid fraction, 
embedded in a liquid matrix. The matrix is of a synthetic resin polyester (trade mark: 
Stratyls Chloe, supplied as "Inclusal" by the Pierron Company, France) to which 25% 
in volume of kaolin powder has been added. This mixture presents a sli~ht shear
thinning behaviour and, at the shear rate of the experiments, dEidt = 1.5 x 10- s-1, the 
apparent viscosity is 25 Pa.s. This viscosity prevents the solid fraction from sinking 
during experiments. The solid fraction itself is made of different proportions of biotite, 
0.2 to 1.0 mm in diameter, and quartz grains, 0.2 to 0.63 mm in diameter. 

The kaolin fraction, from Beauvoir (France), is very fined grained (48% by weight 
<2 /-LID; 96% <20 /-LID) and has an iron oxide content of less than 0.3%. The quartz 
fraction was separated from fluvial sands that was magnetically purified at high field. 
The biotite grains were separated from biotite-rich layers of the Confurco granite pluton 
(Spain), and purified magnetically to ensure elimination of the ferromagnetic fraction. 
Therefore, biotite is the only magnetic species in the analogue material, allowing AMS 
to be used to determine the magnetic fabric related to the PDO of biotite. In all 
experiments, the analogue material has the following properties: (i) constant 
resin/kaolin ratio in order to maintain a high enough viscosity, hence avoid grain 
sedimentation, and to keep the fluid rheology constant from one run to another; (ii) 
biotite volume fraction larger than 5% in order to maintain a good signal for the AMS 
measurement; (iii) total solid fraction (biotite + quartz) less than 40% to ensure that the 
magma analogue does not reach the solid-like behaviour of Arzi (1978). 
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EXPERIMENTAL PROCEDURE 

After deformation, the analogue material is heated up to 40°C in order to accelerate 
its polymerisation hence avoid grain sinking. After perfect solidification a first section 
was cut, then polished parallel to the XZ plane of the strain ellipsoid. In this section, 
the best axis x (close to X) of the apparent 2D preferred orientation was determined, as 
explained in the next paragraph. Then, at least three sections were cut perpendicularly to 
x (i .e. yz sections). Independently, three cores were drilled vertically (i.e . parallel to y) 
and oriented with respect to the shear direction. The cylindrical specimens were cut to 
the standard length for AMS measurement (25 mm in diameter; 22 mm in height), 
taking care that their bases were not contaminated by mercury. With this procedure, a 
two-fold control on the reference fabric frame is then possible: (i) within the YZ section 
plane, parallelism of the best axis of the 2D biotite preferred orientation with the Y axis 
(vertical in the experiments), and (ii) in 3D, coaxiality of the principal magnetic fabric 
axes with the reference frame. 

FABRIC ANALYSIS AND 3D RECONS1RUCTION 

Sections parallel to xz and yz were studied by optical goniometry and image 
analysis, following methods developed at Limoges University. The goniometer used 
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Figure 1. Shear box used in experiments. a: plan view; b: lateral view. I: PVC frame ; 2: plexiglas box; 3: 
endless belt; 4: drums; 5: analogue material ; 6: mercury layer; 7: motor. 
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consists of a circular stage whose rotation axis is linked to an optical encoder. With the 
help of a X,Y moving specimen guide fixed on the rotating stage, each mineral is set in 
the centre of the stage and oriented parallel to the same reference line. The optical 
encoder sends the signal to a computer, which performs the treatment of the angular data 
(program GONIO). Our image processing unit is equipped with a PC-Eye card designed 
and manufactured by the company CPE (Lyon, France). The software used is MIPS, 
developed by the company Misis Image (Saint-Etienne, France). The images are treated 
and converted to binary following the usual techniques of image processing. The 
orientation of the markers is determined by means of a program written in Turbo Pascal. 
The first operation is the labelling of the markers over the image. The orientation of 
each marker is then determined by: (i) calculating the position of the centre of gravity of 
the marker, and (ii) search, by an iterative procedure, of the angle of rotation of the 
image that minimises the sum of the squares of the distances between the pixels of the 
image and the horizontal line passing through the centre of gravity of the marker. In 
each sample, the orientations of about 600 grains of biotite were determined within ± 
0.5° with respect to the shear direction (in xz sections) and to the Y axis (in yz 
sections). The results are (Fig. 2): (i) the axial ratios of the fabric ellipses Rx (yz 
section) and Ry (xz section), and (ii) the corresponding histograms. 

The axial ratios obtained for a sample may then be used for 30 fabric reconstruction 
using the program FAB2D3D. This program aims at finding a fabric ellipsoid such that 
if the corresponding orientation distribution was cut parallel to yz and xz, the 
distribution of the traces of the markers in both sections would yield the fabric ellipses 
of axial ratios Rx and Ry. This ellipsoid is calculated by iterating the following steps: 

- set values of ellipsoid axes A I, A2, A3; 
-calculate OM (equation (2)); 
-simulate a 30 distribution corresponding to the ellipsoid of axes AI, A2, A3, 

using a rejection sampling technique; 
- for each orientation of this distribution, calculate the probabilities Px and Py 

that a particle having such an orientation cuts the yz plane and the xz plane; 
- taking Px and Py for each marker, simulate the distribution of the traces of 

the markers in the yz and xz planes using again a rejection sampling technique; 
- calculate the axis ratios Rx and Ry of the simulated fabric ellipses and compare 

them with the ratios Rx. and Ry of the real sample; 
- if IRx-Rxl and IRy-Ryl are smaller than a given precision, AI, A2, A3 are 

considered to fit the 30 orientation distribution of the sample; otherwise, the values of 
the axes are modified and the loop is repeated. 

EXPERIMENTAL SERIES 

Three series of experiments, totaling 12 runs, were performed: 
- Series A (EC211-EC214) was aimed at studying the development of biotite 

preferred orientation in low concentration suspensions, i.e., without quartz. Shear values 
increased from y - 1.8 (EC211) to y - 3.6 (EC214). The size of biotite ranged from 
0.4 to 1 mm; 

-Series B (EC206-EC210) was designed to test the effect of crystal content in 
the development of biotite preferred orientation. In these runs the grain-size of quartz 
was larger than grain-size of biotite. Three runs were performed at a constant y - 2.5, 
but with increasing volume fractions of quartz (Q), from 10% to 30%, OOded to the 
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mixture (EC206, EC207, EC208). Complementary runs EC209 and EC210 were 
performed at Q = 20%, with shear values y- 1.7 and y- 3.3. 

SERIES A EXPERIMENTS 
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Figure 2 a and b. Caption: see next page. 
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SERIES C EXPERIMENTS 
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Figure 2. Orientation distribution of biotite crystals in yz and xz sections (600 grains per histogram) and 
AMS measurements (3 cores; stereo plots parallel to shear plane and shear direction c) of the corresponding 
runs. a: Series A experiments; b: Series B experiments; c: Series C experiments. 

- Series C (EC215-EC217) had the same objective as series B but with the 
grain size of quartz smaller than that of biotite. The three runs were performed at a 
constant proportion of quartz (Q = 20%) but with increasing shear strains from y - 1. 7 
(EC215) toy- 3.3 (EC217). 

RESULTS 

The resulting fabrics are represented as orientation histograms for each structural section 
(xz and yz) together with the AMS ellipsoid in every run (Fig. 2). In general, good 
agreement is observed between mineral fabric data and AMS results. 

In the Series A experiments, here taken as a reference series, the orientation 
histograms for xz and yz become sharper with increasing shear strain, indicating an 
increase in PDQ intensity (Fig. 2a). The high symmetry of the orientation distributions 
in both sections enables the use of FAB2D3D to reconstruct the 3D fabrics (Fig. 3). 
The resulting pole figures correspond in all cases to fabrics with low K values, i.e., 
belonging to the flattening symmetry field. The fabric of sample EC211 has a low 
magnitude (~=4%) and presents an inversion of x and y fabric axes (x axis being 
subparallel to the Y strain axis). This inversion is probably related to the marked 
flattened shape of the fabric ellipsoid, and to the fact that a low total strain does not 
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entirely erase the anisotropy of the initial orientation distribution. The decrease of fabric 
intensity observed in run EC214 is attributed to the increasing interactions between the 
biotite crystals with increasing shear strain. AMS measurements correlate well with the 
mineral fabric data: good fits are observed between the magnetic data (Kl, K2, K3: 
stereoplots) and the PDO data (histograms). Moreover, the magnetic data from this 
series reveal that Kl varies similarly to the mineral fabric pattern, retaining parallelism 
with x in ten runs out of twelve. Figure 4 presents three micrographs of these runs from 
series A. Note that in yz sections, the vertical preferred orientation (i.e., parallel to the 
short sides of the photographs of Figs. 4a, and 4b) of biotite supports the choice of the 
reference frame. Figure 4c shows the excellent PDO of biotite in the xz plane. 
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Figure 3. Reconstructed pole figures corresponding to the fabrics of Series A experiments, obtained from the 
FAB2D3D program. 

Series B and series C experiments show the marked influence of the concentration of 
solids in the fabric evolution. In general, for a given strain, the axial ratios of the fabric 
ellipses in both the xz and yz sections diminish with increasing solid fraction (EC206, 
EC207, EC208: Fig. 2b). At the same time, the difference between Rx and Ry 
diminishes, indicating that the fabric becomes closer to the axial flattening symmetry. 
In concentrated suspensions, increasing shear strain produces a similar fabric symmetry 
evolution (series C experiments: EC215-EC217; Fig. 2c ). The corresponding 
micrographs in xz sections illustrate the increasing disorder of the fabric with increasing 
shear (Figs. 4d, 4e and 4f). A surprising effect due to the interactions between the grains 
of biotite and quartz is observed in some cases. It is the inversion of the fabric axes x 
andy, revealed by the ellipse axis ratio in yz section, which is unexpectedly greater than 
the ratio in xz section (Fig. 2: runs EC207, EC210, EC216, and EC217). 
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Figure 4. Micrographs from six experiments (scale bar: I mm). A and B: yz sections; note the preferred 
orientation of biotite parallel to xy. C: xz section: low quartz fraction (Q = 0%) and strong preferred 
orientation. D: xz section: high quartz fraction (Q = 20%), but low strain and rather high preferred 
orientation. E and F: xz sections: high quartz fractions (Q = 20%) and weaker preferred orientations. A: 
EC206 (y= 2.36; Q = 10%); B: EC214 (y= 3.6; Q = 0%); C: EC213 (y= 3.1; Q = 0%); D: EC215 (y= 1.9; Q 
= 20%); E: EC 216 (y= 2.5; Q = 20%); F: EC217 (y= 3.28; Q = 20%). 
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This change in the orientation of the biotite lineation is, in all these cases, 
accompanied by a change in the orientation of Kl. The change in AMS pattern 
concurrent with the fabric axes inversion, strengthens our belief in the reality of this 
phenomenon. However, in runs EC208 and 209 (Fig. 2b), Kl (AMS) and x (PDO) oo 
not coincide, but IRx-Ryl 5 0.3 suggests that this discrepancy is related to an almost 
axial fabric symmetry. 

The evolution of a, the angle between x (PDO) or KI (AMS) and the shear direction 
c, as a function of shear strain in the low concentration suspensions of series A 
experiments, is close to that of the theoretical models (Fig. 5). For comparison, Cl of 
previous runs using plaster as the matrix (Fernandez et al., 1995) are also given in 
figure 5. From these, a of run EC212 (y = 2.25) differs by no more than 7° from the 
theoretical value that can be read on the K =- 0.85 curve. Finally, the most conspicuous 
result of the experiments in concentrated suspensions is the development of flattening 
symmetries (v > 0) with increasing shear strain, and the low intensity parameters, 
whatever the solid fraction. 
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Figure 5. Experimental fabrics (PDO and AMS measurements), and theoretical behaviour (solid lines; see 
Fernandez, 1984) for particles ranging from equant (K = 0) to perfectly flat (K = -I), on a a(y) plot. For 
comparison, the experiments of Fernandez et al. ( 1995), using plaster as an analogue material, are also 
given. 

DISCUSSION AND CONCLUSIONS 

Analogue experiments simulating 3D fabric development in simple shear, low 
concentration suspensions (- 6% vol.) and moderate strains (Y < 5), are in good 
agreement with theoretical models, but the tendency to a pronounced flattening 
symmetry with increasing shear is observed. Concentrated suspensions under similar 
strain conditions clearly emphasize the role of the interactions between particles on 
fabric development. The principal effects of interactions are: 

- the development of fabrics with fabric intensity lower than predicted by 
theory, or than in fabrics that developed in low concentration suspensions. Lower fabric 
intensity is attributed to the increasing disorder introduced in the structure of the 
suspension. This phenomenon, observed in both series B and C experiments, seems to 
develop independently of the relative sizes of biotite and quartz, at least in the range of 
the size ratios of the experiments (Bi/Q = 0.6-2.3); 
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- the general tendency to the development of flattening symmetries. In almost 
all the experiments the symmetry evolves from close to plane strain (v = 0), as in 
theory, to flattening types (v > 0), up to almost axial symmetry (v = 1). This evolution 
is attributed to the rotation of the flat biotite grains around the Y strain axis, induced by 
their contacts with the sub-spherical but irregular quartz grains, which themselves may 
have a strong tendency to rotate around Y; 

- the frequent inversion of x and y fabric axes, with the development of a 
parallel-to-Y lineation. This surprising effect was observed, and confirmed by AMS 
measurements, in samples from the porphyritic facies of the Confurco granite pluton, 
Spain (Fernandez-Catuxo, 1994), where the biotite lineations were almost perpendicular 
to conspicuous K-feldspar lineations in many parts of the massif. 

Es Es 

Figure 6. Hossak's or (Es, v) diagram for a: the experiments of this study; note the strong development of 
fabric symmetry in the flattening field; and b: biotite (full dots) and feldspar (squares) subfabrics from the 
pluton of Confurco (data from Fermindez-Catuxo, 1994); tie lines identify the different samples; note the 
significantly lower strength for biotite than for feldspar. 

In the present experiments, a Y-lineation also develops in several runs (EC216, 
EC217, EC207, EC208, EC210) under conditions of the two main contributing factors, 
y>2 and quartz% >10. Therefore, in experiments as well as in nature, some conditions 
related to solid fraction or strain intensity may favour the development of a Y -axis zone
lineation. Both flattening symmetry and occasional Y -axis lineation could thus be 
related to the tendency of the biotite crystals to rotate around the Y -axis of finite strain, 
as a consequence of their interactions with the other grains. The PDQ of biotite having 
both the well-known zone dispersion around X and a strong tendency to rotate around Y, 
may be at the origin of the observed flattening symmetry as well as the inversion of x 
and y. This effect is considered to be responsible for the structures observed in some 
samples from the Confurco granite pluton (Fernandez-Catuxo, 1994). 

Comparison of theoretical and experimental results with the subfabrics observed in 
natural cases permits a more robust interpretation of the fabrics of magmatic rocks. 
Differences in subfabric patterns may be better interpreted when using the concept of 
"model strain ellipsoid", which represents minimum strain values, allowing an almost 
quantitative comparison between subfabrics. Figure 6b presents subfabric intensity data 
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for biotite and K-feldspar megacrysts from seven different outcrops of the Confurco 
massif. In all the cases, the intensity of the biotite subfabric is significantly lower than 
that of the feldspars. The low fabric intensity displayed by biotite cannot be explained 
by fabric stabilisation, e.g., steady-state fabrics with weak PDO's, as suggested by the 
3D fabric experiments at high shear strains (Arbaret, 1995; Arbaret et al., this volume). 
Even if the strain regime responsible for these fabrics is not perfectly defined, since both 
biotite and feldspar have undergone the same strain history, subfabric strengths should 
be similar in both cases. 

In the range of the biotite/quartz size ratios explored in these experiments (0.6 to 
2.3) no significant difference in fabric development was observed as a function of the 
size ratios. However, the marked difference in the strength of subfabrics of feldspar 
megacrysts and biotites measured in seven outcrops of the Confurco granite (Femandez
Catuxo, 1994), and also observed in other porphyritic granites, where size of feldspar I 
size of biotite :::::10, suggests that under identical strain conditions, interference 
phenomena have a stronger dispersive effect on biotite than on the larger feldspar 
crystals. 

We conclude, on the basis of our experiments and the observed differences in feldspar 
and biotite subfabrics in the Confurco pluton, that different subfabrics may develop as a 
function of the relative sizes of the markers responsible for the subfabrics and of the 
other crystals which constitute the solid matrix. When the markers are much larger than 
matrix crystals the subfabric in the markers develops in agreement with theoretical 
models, at least in low concentration suspensions. For markers similar in size to the 
matrix crystals, the subfabric in the markers develops like in our high concentration 
suspensions, and have low intensity parameters. 
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PERPENDICULAR LINEAR FABRICS IN GRANITE: MARKERS OF 
COMBINED SIMPLE SHEAR AND PURE SHEAR FLOWS? 

ABSTRACT 

Karel SCHULMANN, Josef JEZEK and Zdenek VENERA 
Faculty of Science, Charles University, Albertov 6, 
128 43 Praha 2, Czech Republic 

Recent results of numerical modelling of crystallographic fabrics of biotite and feldspar 
found in the porphyritic granite of the borehole EPS-1 at Soultz-sous-Foret, France, are 
described and interpreted. Preferred orientations of biotite (001) planes and feldspar (010) 
and (100) cleavages, were measured by means of an optical goniometer. The poles of 
(001) biotites show stable orientations throughout the core with maximum eigenvector 
vi oriented vertically, and minimum eigenvector v3, or biotite-lineation, constantly 
oriented in the NE-SW direction. Within the subhorizontal magmatic foliation plane, 
also defined by feldspar (010) planes, two mutually orthogonal linear fabrics were found 
to beNE and NW trending, defined by the feldspar long axes. Variations in biotite fabric 
intensity and symmetry in different sections of the vertical profile were used to 
determine a plausible flow geometry in these sections. Numerical modelling involving a 
component of coaxial flattening, with various amounts of extension parallel and 
perpendicular to stretch, in addition to simple shearing, agrees qualitatively with the 
observed data. The models demonstrate that, under combined coaxial and simple shear 
flow regimes, mutually orthogonal linear fabrics may result from progressive rotation of 
the shortest crystals. 

INTRODUCTION 

The problem of fabric development in magmatic rocks is often solved using a model of 
behaviour of rigid particles in slowly moving viscous fluids with Newtonian properties. 
Numerous papers have been devoted to numerical modelling based on the theories of 
Jeffery (1922) and March (1932). Most studies dealt with the motion of a spheroidal 
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particle in relatively simple flow geometries like simple shear (Jeffery, 1922), pure 
shear (Gay, 1968), axial compression (Debat et al., 1975). Particles of more general 
shapes were treated only exceptionally (Hinch & Leal, 1979; Freeman, 1985). 

Systems composed of a large number of particles were first modelled by Reed & 
Trygvasson (1977) giving an insight into the possible fabric patterns of natural rocks. 
An important result of this model is the concept of cyclicity of fabric development and 
orientation in simple shear flows. 

Progress in numerical methods and software has permitted the simulation of the 00.. 
velopment of fabric in any type of homogeneous flow, e.g. Willis (1977) for kinematic 
models of axial grains and Jezek et al. (1994) for general ellipsoidal particles. Willis 
(1977), Fernandez & Laporte (1991) and Jezek et al. (1994; 1996) studied more compli
cated flow systems involving combinations of coaxial and simple shear components and 
heterogeneous particle populations. Willis (1977) showed that unstable mutually ortho
gonal linear fabrics could develop as a result of a combined simple shear and axial flatte
ning regime. These fabrics were produced by instantaneous superimposition of the dif
ferent subfabrics characterised by shorter and longer particles, all tending towards the 
rotation axis of simple shear, although with different velocities. The development of 
stable mutually orthogonal linear fabrics was demonstrated by Jezek et al. (1996) for 
combined coaxial and simple shear flows with unequal elongation components of 
coaxial flow: the shorter particles rotated towards the rotation axis of simple shear while 
the longer ones found their stable orientations parallel to the flow direction. Occurrences 
of orthogonal feldspar lineations have also been reported from magmatic bodies, e.g. 
Bouchez et al. (1981). 

Results of numerical modelling in more complicated flows cannot easily be tested by 
experimental analogue modelling nor compared with natural rocks. Analogue modelling 
(e.g. Ghosh & Ramberg, 1976; Fernandez, 1988; lldefonse et al., 1992a,b) remains for 
technical reasons constrained to the simulation of simple flow regimes (mostly 2D and 
simple shear) and has more recently concentrated on the study of the effect of particle 
interactions. Moreover, simple shear analogue experiments permit the simulation of 
only small finite shear strains (Fernandez, 1988) except for the most recent experiments 
(Arbaret et al., 1995). 

One of the most common techniques of fabric determination in natural magmatic 
rocks is the anisotropy of magnetic susceptibility (AMS) method which provides the 
bulk preferred orientation of magnetic minerals (Hrouda 1982, 1994; Bouchez, this 
volume). However, this technique provides integral information, i.e. it does not distin
guish the shapes and axial ratios of individual particles. The Universal Stage mounted 
on a microscope provides more complete information since the size, axial ratio and 
orientation of crystals can be measured individually. However, this technique allows us 
only to measure very small minerals, and this is a serious restriction. 

To avoid the above limitation, a biaxial reflection goniometer was constructed at the 
Institute of Petrology and Structural Geology, Prague (Venera et al., in press). It allows 
orientation measurements of large crystals like feldspars and biotite in rocks and was 
successfully used to compare natural with the results of numerical modelling of fabric 
development in complex types of flow. 

This paper describes natural fabrics defined by the preferred orientations of biotite 
(001) planes and feldspar (010) and (100) planes which were obtained from the porphyri
tic granite recovered from the borehole at Soultz-sous-Foret (France). An attempt is 
made to explain the two orthogonal linear fabrics observed in the rock using the numeri
cal model of Jezek et al. (1994) which simulates combined pure shear and simple shear. 
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MEASUREMENT TECHNIQUE: OPTICAL REFLECTION GONIOMETRY 

Magmatic planar fabrics or foliations are generally marked by flattened mafic enclaves, 
schlierens and shape preferred orientations of different platy minerals, principally biotite 
and feldspar (review in Paterson et al., 1989). Measurement of their orientations is pos
sible when the enclaves are sufficiently planar and/or when the mineral shape preferred 
orientation (SPO) is sufficiently anisotropic. In the case of general triaxial-shaped encla
ves and/or slightly anisotropic fabric, the XY plane of the finite strain ellipsoid is not 
simple to determine in the field. The magmatic lineation is even more difficult to define 
reliably due to the scarcity of elongate particles. The preferred orientation of the long 
axes of triaxial-shaped crystals, like feldspars, may definitely point to the direction of 
bulk stretch but only in the case of constrictional flow. Any other type of fabric sym
metry may exhibit complex orientations of feldspar faces rendering the determination of 
the stretch direction ambiguous. 

Coll1mator and source 
of l1ght beam 

Reflection goniometer 

Rock sample fixed 
1n plastiCine 

Figure 1. The reflection goniometer used for orientation measurements of cleavage planes (010) and (001) 
of large feldspar phenocrysts, and (00 I) cleavage of biotite 

The technique of optical goniometry enables the determination of the SPO of feld
spar phenocrysts, biotite crystals, and therefore precise determination of magmatic folia-
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tion and lineation. A detailed description of the technique is given in Venera et al. 
(1996) but the principles are summarised below. The two-axes optical goniometer (Fig. 
1) provides orientation measurements of well-formed cleavage planes of crystals which 
are visible in the rock sample. Two angles, <p and 't, define the position of the measured 
reflecting cleavage plane. One essential component of the goniometer is the stage car
rying the sample, permitting 360° rotation around the vertical axis. On the stage the 
sample can move along two perpendicular tracks. The sample is fixed on the tracks with 
plasticine in such a position that its oriented surface is parallel to the stage and the 
strike and dip marks are parallel to the tracks. Once fixed, the sample may be moved 
together with the stage in the vertical direction. The other rotating part of the apparatus 
is a vertical circle, bearing a collimator combined with a source of light beam, and 
which can rotate around the horizontal axis. The measurement technique consists of 
finding an orientation of maximum reflection of cleavage which is located when the 
light beam is exactly perpendicular to the measured plane. The selected cleavage is set to 
this position by simultaneous rotations of the sample and collimator around the vertical 
and horizontal axes, respectively. Azimuth angle <p of the cleavage plane is then read on 
the rotating stage, and its inclination 't on the vertical circle (Fig. 1 ). 

DETERMINATION OF MAGMATIC FOLIATION AND LINEATION 

The goniometer is designed to measure relatively large crystals, up to several centime
tres in size, that have cleavage planes, mainly micas and feldspars in this study. In the 
case of micas, the orientations of their basal (001) plane may be determined. If applied 
to feldspar phenocrysts, the (001) and (010) cleavages may be measured. In most cases, 
these two cleavages may be distinguished during the process of measurement, according 
to crystal habit. The pole to the (001) surface, measured by reflection in the goniometer, 
is at an angle of about 25° with the long axis [c] of the crystal. Therefore the (001) 
poles form clusters disposed symmetrically around the main lineation defined by elon
gate shape of crystals. The pole to (010) is perpendicular to the largest face of the crys
tal. A minimum of 50 measurements is required to obtain a reliable picture of the phe
nocryst orientation distribution. If this number is not available in a given section, seve
ral sample sections are combined. 

Orientation of foliation and lineation is conveniently determined using orientation 
tensor statistics of Scheidegger (1965) which comprise evaluation of the eigenvectors 
and eigenvalues of the tensor. The eigenvectors define the X, Y and Z axes and the prin
cipal planes of the fabric ellipsoid. The corresponding maximum, intermediate and mi
nimum eigenvalues reflect the density of SPO around individual eigenvectors 
(Wallbrecher, 1986). The orientation of the magmatic foliation is determined precisely 
from the SPO of poles to biotite flakes or poles to feldspar (0 I 0) planes. The magmatic 
lineation is obtained from the SPOof feldspar (001). 

The results are presented in the form of pole figures of biotite (001) planes, and feld
spar (001) and (010) planes (Fig. 2). These data have been contoured using multiples of 
random distributions and treated by orientation tensor statistics (Fara and Scheidegger, 
1963). Calculated eigenvectors are presented both in contour and orientation rose dia
grams. Since the rocks under study come from a core-drill, variations of mean orienta
tions with depth are displayed as orientation histograms. Ratios of eigenvalues of biotite 
subfabrics were plotted in Woodcock's (1977) diagram. 
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GEOLOGY AND SAMPLING STRATEGY 

The granite chosen for this study comes from the deep borehole EPS-1 in Soultz-sous
Foret, France (Fig. 3), undertaken within the framework of the International Project 
'Geothermie profonde' , sponsored by the B.R.G.M. (the French Geological Survey). 
Variscan granitoids form a large part of the Vosges and Schwarzwald crystalline com
plexes (Boutin et a!., 1995). Large NE-SW trending granitic to gabbro-dioritic bodies 
occur in both Moldanubian and Saxothuringian parts of Vosges, Schwarzwald and 
Odenwald (Krohe, 1991; Boutin eta!., 1995). Granitoid massifs covered by Mesozoic 
sediments in the Rhine graben appear in magnetic and gravimetric maps where they 
form NE-SW trending structures (Edel, 1982). The Soultz granite belongs to the grani
toid suite of the Rhine graben. It is a porphyritic biotite-bearing, medium- to coarse
grained containing numerous phenocrysts of K-feldspar ranging from I to 5 em in size. 
The size of the biotite crystals varies between 0.2 and 0.5 em. 

Twenty four oriented samples from the EPS-1 borehole have been selected in the 
1420-2180 m depth range, separated by approximately 50m each. The sample selection 
for the purpose of this study depended mainly on the quality of core orientation determi-
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Figure 2. SPO optical goniometry measurements of feldspar and biotite. a: poles to feldspar (001) cleavage; 
b: poles to feldspar (010) plane, c: poles to biotite (001) cleavage. These diagrams point to a horizontal 
foliation . Lower hemisphere, equal area projection; contours: multiples of uniform distribution. d: corres
ponding orientations of the eigenvectors calculated from these SPO measurements, for biotite (open sym
bols) and feldspar (full symbols) . 
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ned by a diagraphy method; a moderate content of phenocrysts and a low degree of altera
tion of the rock were other important factors. 

For the purpose of reflection goniometry the cores were cut into 20 em long sections 
(Fig. 4). The preferred orientations of biotite basal planes and feldspar prismatic and 
basal planes were then measured on broken uneven surfaces of the core. The process was 
reiterated to obtain sufficient measurements. 
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Figure 3. Simplified geological map of the Vosges and Schwarzwald areas, and location of the EPS-1 drill 
hole in Soultz-sous-Foret. 

BIOTITE PREFERRED ORIENT A TIONS 

Each sample provided about IOO poles to (00 1) of biotite. The eigenvector v 1 giving the 
direction of maximum density of these poles is more or less subvertical throughout the 
length of the bore hole (Fig. 5a). This indicates a stable subhorizontal orientation of the 
foliation defined by orientation of the biotite flakes. The minimum eigenvectors v3 is 
oriented mainly in the NW-SE quadrant; however, at some depth levels, v3 trends para!-
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lei to NW-SE, inverting its orientation with v2 (Figs. 5b and c). The rose diagrams of 
Figure 5 underline the constant NE-directed fabric of v3, contrasting with the NW trend 
of v2. 

Fabric symmetry and intensity were determined using the following eigenvalues ra
tios, i.e. modified Flinn's parameter: 

K = ln(elle2)/ln(e2/e3) 

Figure 4. Photograph of a core-drill from the Soultz granite containing feldspar phenocrysts with well 
visible cleavages. 
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The corresponding plot (Fig. 6a) shows that almost all of the fabric ellipsoids are si
tuated in the field of apparent flattening. In addition, their overall negative slope shows 
their increasing fabric intensity with increasing degree of oblateness. In figure 6b, K is 
reported with respect to the fabric intensity I of Lisle (1985), where ei are the eigenva
lues: 

15 3 2 

I= -I(e; -113) 
3 i=l 

In this diagram, the low fabric intensities (I < 1) exhibit K-values ranging mainly 
from 0.4 to 0.8 whereas at higher fabric intensities (I = 1 to 1.6) K ranges from 0.35 to 
0.1, pointing to almost perfect oblate fabrics. The analysis of individual samples sho
wed that the direction of vl does not change with increasing fabric intensity nor with 
changing fabric symmetry. 

Max. 9 

a) v, 
b) v, C) V, 

Biotite eigenvector pattern 

d) v, e) v, 

Figure 5. Orientation diagrams of the biotite fabric from the whole drill hole EPS-1. a,b and c: contoured 

orientation diagrams of eigenvectors vI, v2, v3 calculated from individual biotite fabrics (measurements of 

biotite (001) cleavage from 37 samples). d and e: rose diagrams showing the orientation of the intermediate 

v2 and minimum v3 eigenvectors, within the overall subhorizontal foliation defined by the biotite fabrics. v3 

gives the direction of maximum stretch. 

FELDSPAR PHENOCRYST PREFERRED ORIENTATION 

On average, orientation measurements of fifteen basal (00 1) and twenty prismatic (010) 
cleavages were performed per sample. The study of preferred orientation of feldspars was 
more difficult because of the limited number of phenocrysts. Carlsbad twinning is a 
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common feature and, where possible, two (OOI) cleavages of twinned crystals were mea
sured. Moreover, it was not possible to distinguish in all cases between the basal and 
the prismatic cleavages. The maxima of poles to the prismatic planes were oriented 
systematically vertically clearly defining the subhorizontal foliation. The poles to the 
basal planes define great circles containing the v2 and vi eigenvectors lying in the sub
horizontal foliation plane. Note that vI , the direction of maximum density of poles to 
basal planes, shows two nearly orthogonal maxima in the NE-SW and NW-SE direc
tions, well defined in figures 7b and 7c. 
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Figure 6. Eigenvalue statistics of biotite fabrics from the EPS-1 borehole. a: Woodcock's plot of eigenvalue 
ratios for planar markers. Quartz [c) axes patterns from different depths are also given, measured in sam
ples having different fabric symmetries and intensities, as defined by biotite SPO. In samples 2385b ( 1528 
rn), 3464a (1855 rn) and 4215c (2045 m), NE-SW trending lineation was determined by both biotite and 
feldspar SPOs. Lower hemisphere, equal area projection; contours: multiples of uniform distribution. b: 
relationship between biotite fabric symmetry, K. value and fabric intensity, I. 
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The feldspar, measured on both cut sections and individual crystals, are triaxial tabu
lar in shape and elongated parallel to their [c] axes. Their long/short axial ratio varies 
between 1.5 to 4. , with an average close to 2.7; between intermediate and short axes the 
ratio ranges from l. to 2.3, with a maximum about 1.7. 

Feldspar eigenvector pattern 
21data of v, eigenvector 

Figure 7: Feldspar (001) planes. a: orientation diagram of eigenvectors vi from SPOof samples with well 
defined (001) cleavages; b: rose diagram of trends of calculated feldspar lineations using vi from all sam
ples where basal planes are not distinguished from prismatic ones. 

FABRIC VARIATION WITH DEPTH 

The subfabrics of biotites exhibit changes in symmetry and intensity throughout the 
borehole length (Fig. 8). Oblate fabrics, with K = 0.1 - 0.4, predominate in the whole 
profile except between 1700 and 1950 metres where prolate fabrics occur (K > 0.5, Fig . 
8). The fabric intensities associated with fabric oblateness are restricted to a narrow 
range, I= (1. to 1.4), while between 1700 and 1950 metres the fabric strength varies 
between I= 0.2 and 1.4. 

The eigenvector v3 of the biotite subfabrics, or X-axis of the shape fabric ellipsoid, 
shows dominant NE-SW trends (Fig. 5) along the whole profile with the exception of 
the deepest and shallowest parts of the borehole where NW -SE directions occur (Fig. 8). 
Since in the zones of high K values the NE-SW directed lineations do not fluctuate, the 
deviation from NE-SW is attributed to the oblateness of the fabrics. It is therefore pro
posed that the bulk flow direction effectively trends NE-SW along the whole profile, but 
that in zones of high flattening, the long axis of the shape fabric may scatter and depart 
from this mean direction, and may even be perpendicular to it. 

The NE-SW lineation trend exists in the whole profile, but its direction, as marked 
by the feldspars, is slightly inclined with respect to that marked by the biotites (compare 
Figs. 5 and 7). We note, in addition, that weaker and more prolate biotite fabrics are 
associated with the NE-SW trending feldspar lineation. NW-SE and NNE-SSW oriented 
feldspar lineations are developed in zones of intense and oblate fabrics defined by the 
SPO of biotite. Finally, perpendicular feldspar lineations occur principally in samples 
having strongly oblate biotite fabrics (Figs. 6 and 8). 
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Figure 8: EPS-1 borehole: depth profile giving the K-values and the representative fabrics of poles to biotite 
(001) (i.e., foliation) and poles to feldspar (001) (i.e., feldspar lineation). Grey arrows indicate biotite 
lineations defined by v3 eigenvectors. Black arrows represent feldspar lineation orientations defined by vI 
eigenvectors, calculated from SPOof (001) cleavages. The dark-shaded area has stable NE-SW lineations 
of both feldspar and biotite. The light-shaded area is a region of strongly oblate fabric and orthogonal biotite 
and feldspar lineations. 

QUARTZ C-AXIS FABRIC 

Quartz [c) axis measurement was employed as a complementary method on three test 
samples in which both biotites and basal planes of K-feldspars define the same zone-axis 
lineation trending NE-SW. Thin sections were cut parallel to this lineation and perpen
dicular to the foliation defined by biotite. In spite of a relatively small number of grains 
measured, between 35 and 110 (Fig. 6) due to the coarse grain size of quartz (0.5-1.0 
em), the three samples show similar fabric patterns. The quartz grains have lobate boun
daries and commonly exhibit cross-hatched undulatory extinction with sub grain bounda
ries parallel and perpendicular to the foliation trace. The [c) axis fabrics show concentra
tions within, or close to the XZ plane, with sub-maxima lying close the lineation direc-
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tion, and fall either close to Z or are distributed between X and Z (Fig. 6). We observe 
some correlation between the positions of the maxima of [c] axes and the fabric of bio
tite. Strong maxima of [c] axes close to the NE-SW lineation tend to occur in samples 
having higher K values; they may be interpreted in terms of the dominant activity of 
prism [ c] slip under closer to plane strain, possibly non-coaxial flow (Blumenfeld et al. 
1986). Small girdle distribution of [c] axes around the pole to foliation (Z) tends to 
occur in samples with intense oblate fabric and could be explained as due to flattening 
related to coaxial strain, and under conditions where [ c] and basal slips may be combined 
(Lister 1981 ). Evidence from natural tectonites (Blumenfeld et al. 1986, Gapais and 
Barbarin 1986, Melka et al. 1992) indicate activity of prism [c] slip as characteristic of 
very high temperature, near the granite solidus. This is consistent with our microstruc
tural observations suggesting high temperature plastic deformation of the Soultz granite. 

NUMERICAL MODELLING 

To understand how the observed shape fabrics may have developed, we used the model of 
Jeffery (1922) which studies the behaviour of rigid ellipsoidal particles (i.e. active mar
kers) in a slowly moving viscous fluid, under conditions of non interacting particles and 
homogeneous steady flow. We used the software developed by Jezek (1994) that enables 
numerical modelling of the fabric evolution of a multiparticle system. The input para
meters are (i) the axial ratios of the individual particles, and their initial orientations; and 
(ii) velocity gradient tensor describing the flow. 

(i) The biotite flakes have measured axial ratios close to 4:4: 1 on average, although 
up to 8:8:1 for some crystals. Thus, in the modelling biotite was represented by a popu
lation of spheroidal particles of axial ratios 4:4: I. Feldspars, with their me~ured 
long/short axial ratios ranging from 1.5 to 4, have been represented by three subpopula
tions of particles having long/short axial ratios of 2, 2.7 and 3.5. Therefore, four 
subpopulations have been considered. Initial isotropic distributions of the short axes of 
the biotites and of the long and intermediate axes of the feldspars were chosen. 

(ii) The input flow parameters deduced from the observed fabrics, are summarised as 
follows. Mean vector vl, the normal to biotite (001), is almost vertical, does not 
change in orientation with increasing fabric intensity and symmetry variation, and its e1 
associated eigenvalue is much greater than e2 and e3; mean v3 is mostly NE-SW and 
subhorizontal. 

The corresponding flow is therefore modelled as a vertical flattening combined with 
simple shear (Fig. 9). The shear direction is close to NE-SW, the plane of simple shear 
is close to horizontal, and the principal elongation components of the coaxial compres
sion are parallel to NE and NW in the horizontal plane. In such a model, the biotite 
fabric increases in strength with increasing degree of oblateness. Feldspar fabric confirms 
the subhorizontal biotite foliation by the subvertical orientation of its poles to (010) 
cleavages. It shows two weak and perpendicular maxima of long axes in NE-SW and 
NW-SE developed either in the same samples, and therefore coeval, or in separate sam
ples. 

Figure 10 shows some results of the modelling for three particular cases of the flow. 
In figures lOA and lOA', the following velocity gradient tensor was chosen and rotated 
in order to have the shear direction in NE-SW, and the shear plane slightly inclined with 
respect to horizontal: 
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Therefore the compression axis of the coaxial component was almost vertical, and the 
elongation rate along NE was greater than along NW . 
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Figure 9. Geometry of the flow used in the numerical models. The large arrow indicates the simple shear 
component (horizontal shear plane; NE-directed shear direction). The vertical small arrows give the com
ponent of shortening of the superimposed coaxial strain. and the horizontal small arrows indicate the princi
pal elongation directions of the coaxial strain component. 

The multiparticle system is composed of four subpopulations, forming an initially 
isotropic distribution (Fig. lOA: t = 0). Three subpopulations represent feldspars with 
short (32 particles of axial ratios I: 1.5:2), intermediate (80 particles; 1: 1.6:2.7) and long 
grains (32 particles; 1~1.7:3.5). The fourth subpopulation represents biotites (112 parti
cles; 4:4:1 ). During flow, the poles of biotite form strong vertical maxima that are 
weakly elongate parallel to NW-SE, and the biotite-zone axis becomes oriented parallel 
to NE-SW. Feldspar initially forms a strong concentration parallel to the NE-SW linea
tion (Fig. lOA: t = 50 and t = 100); then the short and intermediate feldspars start chan
ging their orientation towards NW-SE, the direction parallel to the rotation axis of sim
ple shear (Fig. lOA: t = 150, t = 200), while the long feldspars remain mostly in NE
SW. Figure lOA' shows the orientations of the feldspar short axes during modelling. 
The modelled subhorizontal foliation of feldspar is in good agreement with biotite folia
tion except that the zone axis of the feldspar fabric pattern switches progressively from 
parallel to the shear direction (Fig. 1 OA': t = 50) to perpendicular to the shear direction 
(Fig. lOA': t = 200). 

This example shows that, under a given velocity gradient, stable mutually orthogo
nal lineations may be created using both short and sufficiently long crystals. Based on 
the theory of Jezek et a!. (1996), figure 11 illustrates how long a spheroidal particle 
must be to remain parallel to the simple shear direction (NE-SW), under the conditions 
of our model. For a given ratio of coaxial/simple shear rate of flow, a spheroidal particle 
having an axial ratio above the boundary line of figure II tends to the direction of the 
simple shear (NE-SW) direction, otherwise it will move towards the vorticity axis. i.e. 
perpendicular to the simple shear direction (NW-SE). Points S, I, L of figure 11 corres
pond to our short, intermediate, and long feldspars, if considered as spheroidal. In fact, 
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the long feldspars (L) are slightly above to the boundary line, explaining why, in the 
model, they are mostly oriented parallel to NE-SW, with some parallel to NW-SE. The 
short (S) and intermediate (I) feldspars are below the boundary line and, therefore, rotate 
towards their stable NW-SE orientations. 
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Figure -10. Numerical modelling of multiparticle systems simulating the development of biotite and feldspar 
fabrics during combined coaxial and simple shear flows. Equal-area projections of biotite and feldspar 
crystallographic [c] axes in A, Band C columns, and feldspar [a] axes in A'. A and A'; elongation parallel 
toNE greater than parallel to NW. B: elongations parallel toNE equal to elongation parallel to NW. C: no 
elongation along NE. 



PERPENDICULAR LINEAR FABRICS 173 

Figure lOB simulates another flow reproducing the observed perpendicular lineations. 
The velocity gradient tensor was modified such that the elongation rate toward NE was 
equal to that toward NW: 

[
0.012 

0.05 

0 

0 

-o.024 

0 .L) 
This simulates an axial flattening flow combined with simple shear. Jezek et al. 

( 1996) showed that such a model cannot produce a stable orthogonal fabric since all the 
particles move towards the rotation axis of simple shear, i.e. NW-SE. Orthogonal fa
brics may however appear temporarily in this model as already shown by Willis (1977). 
Depending on axial ratios and the number of particles in subpopulations, the orthogonal 
fabrics may be observed simultaneously or sequentially. 

Finally, in the numerical modelling of figure I OC, the elongation parallel to NE-SW 
(the stretch direction of simple shear) was set to zero, and the elongation parallel to NW
SE (the rotation axis of simple shear) was set equal to the vertical compression: 
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0.05 -o.024 0 

0 0 -o.024 

In this transpression model, as in the previous model, no stable orthogonal fabrics is 
obtained. However, in contradiction to the two previous models, the biotite-zone axis 
rapidly becomes oriented parallel to NW -SE. 
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Figure 11. Stable subfabric orientations in transpressive flow as a function of the coaxial (press) I simple 
shear (trans) ratio and the particles axial ratio. The curve separates the area where the particles rotate 
parallel to the flow direction from the area where the particles rotate parallel to the axis of simple shear. 
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DISCUSSION 

COMPARING NATURE WITH MODELS 

The orientation data obtained in our study of the Soultz granite agree with structural 
studies in Schwarzwald-Odenwald and the Vosges crystallines, where the NE-elongation 
of plutonic bodies is associated with dominant NE-directed magma emplacement as 
suggested by several workers (e.g. Krohe 1991, Flottman and Oncken 1992). Our fabric 
data also show that the EPS-1 borehole is located somewhere in the central part of a 
possible laccolith where vertical shortening and NE-elongation is superimposed on 
simple shear with a NE-directed stretch, parallel to the elongation of the pluton. 

However, the model of Jeffery, used to simulate observed fabrics, is based on anum
ber of assumptions: 

1) Rigid particles in a viscous fluid are considered. This assumes that the observed 
phenocrysts crystallised early in the magma, and that they behaved rigidly with respect 
to the surrounding liquid. This also assumes that the concentration of phenocrysts is 
sufficiently low to allow free rotation of crystals; 

2) In the numerical modelling, we used a homogeneous steady flow which obviously 
cannot be valid for the whole profile. However, in view of the relatively consistent 
biotite data, this approximation is considered as valid; 

3) The shapes of biotites and feldspars are approximated by ellipsoids. This widely 
used and simplifying assumption seems to work quite well, as shown in some papers 
(e.g. Willis 1977). 

In the framework of the Jeffery's model and the above assumptions our numerical 
modelling shows that orthogonal lineations may, indeed, develop. Although having 
much higher fabric intensities, the modelled patterns agree well with observations. Seve
ral factors may explain the differences in intensities: i) the effect of interaction of parti
cles may be responsible for a strong fabric intensity decrease (Ildefonse eta!. 1992 a, b); 
ii) the shapes of particles may change during magma crystallisation, are far from ideal 
ellipsoids, and therefore may greatly influence the fabric intensity; iii) the biotites and 
feldspars may nucleate and grow at different times during a long time span during the 
cooling, hence these crystals are not present together in the flowing magma during its 
whole strain history; and iv) the initial distribution of crystals in the melt was possibly 
not random. We conclude that with respect to all the above assumptions of modelling 
and to the erratic character of our data, our demonstration is primarily qualitative. 

The model of Jeffery is purely kinematic and the fabric intensity is controlled by 
time increments. The geologist may be interested in knowing the amount of finite strain 
corresponding to the modelled fabrics. This can be done by integrating the velocity 
gradient tensor. Finite strains for models of Fig. lOA and C, for times up to t = 100, 
fall in the range of XJZ ratios from 10 to 150. This corresponds to commonly measured 
strains in crustal materials (Pfiffner and Ramsay 1982). Iterations up to t = 200 corres
pond to very high strains which may not be realistic, but the calculation was performed 
to show the evolution of the multi particle systems. 
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FABRIC CHANGES IN THE VERTICAL SECTION OF A MAGMATIC BODY 

Our study highlights variations in crystal fabrics with depth along a I km-long profile 
of a granite body. It suggests that the viscous flow regime may vary with depth. It is 
observed that the magmatic foliation defined by biotite and feldspar SPOs remains stable 
throughout the profile. The lineation direction, defined as the zone axis of the biotites 
(eigenvalue el of biotite SPO), is also observed to be stable with the exception of two 
samples. However, the linear fabric determined by feldspar basal planes exhibits noticea
ble variations. These variations tend to correlate with the intensity and symmetry of the 
biotite fabric: for a weak biotite SPO and rather prolate biotite fabric ellipsoids, both the 
biotite and feldspar lineations are subparallel and trend NE-S. In contrast, for a stronger 
and more oblate biotite fabric, the feldspars show both NE-SW and NW-SE trending 
lineations. The latter planar and oblate fabrics predominate in the upper and lowermost 
parts of the profile, while in its central part ( 1700m-1850m), plane strain fabric domina
tes with NE-SW trending lineations defined by both minerals. 

These fabric changes with depth call for two contrasting types of explanation: 
1) In the central part of the pluton magma flow exhibits combined pure shear and 

simple shear with the principal elongation parallel to the simple shear direction, while 
in the upper and lower parts it is governed by non-coaxial flattening. Such a flow distri
bution could be interpreted in terms of partitioning into laminae having different flow 
regimes. This would imply the existence of mechanical incompatibilities between adja
cent laminae. Arguments supporting different flow regimes could be looked for in the 
quartz [c]-axes fabrics which should reflect the symmetry of the imposed strain (Lister 
1981 ), at least during the very latest stages of magma flow. For example, if the [ c ]-axis 
fabric of sample 2385b (Fig. 6) is accepted to belong to the small circle distribution 
type around the vertical (Z), it may attest to non-coaxial flattening during the late in
crements of deformation of the magma. In contrast, the fabrics of samples 3464a and 
4215c could be seen as governed by dominant simple shear. Our poor quartz fabric data, 
however, based on a few measurements, should be interpreted with caution. The possible 
changes in the flow geometry could be related to successive supplies of magma during 
feeding, at different levels of the pluton having different degrees of crystallisation, hence 
different flow regimes. 

2) Another explanation of the observed fabrics throughout the profile can be conside
red as a reflection of different stages of fabric development under a constant flow regime. 
This interpretation is also consistent with our numerical modelling in that, with increa
sing increments, changes in symmetry of particle orientation fabrics are observed. This 
would imply that at the different levels, the magma would undergo different amounts of 
total strain. In fact, at the scale of a pluton it is conceivable that magma flow may be 
highly heterogeneous. 

Finally, to apply this approach correctly to a pluton and to discuss further the signi
ficance of linear fabric variations, a one-dimensional section, as in the present study is 
insufficient since the displacement of particles in a heterogeneously flowing magma is 
basically three-dimensional. 
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RIGID PARTICLES IN SIMPLE SHEAR FLOW: IS THEIR 
PREFERRED ORIENTATION PERIODIC OR STEADY-STATE? 
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The theory of the rotation of isolated rigid particles within a linearly viscous fluid 
deforming in progressive simple shear is often invoked in models of Shape Preferred 
Orientations (SPO) of crystals in igneous rocks. A classical result of the theoretical 
model is that the SPO should rotate and pulsate with increasing strain, with a periodicity 
equal to that of the rotation of an individual particle. However, the initial theoretical 
model makes a large number of assumptions, many of which are unlikely to be satisfied 
by actual crystalline suspensions in magmatic melts. The purpose of this note is to 
review three of the reasons why periodicity of rigid particle SPO may not really be 
expected in igneous rocks: (i) SPO in igneous rocks are generally defined by 
suspensions of crystals that are concentrated enough to allow mechanical interactions 
between the crystals; (ii) the porphyroblast/matrix interface may not always be 
coherent; and (iii) the aspect ratios of the crystals defining the SPO are unlikely to be 
unique and constant, as assumed in the model. The last point is discussed on the basis of 
some 2D simple calculations of the development of SPO defined by different types of 
heterogeneous populations of particles. The combined effects of these deviations from 
the standard model point to two fundamental conclusions: (i) there is no simple 
relationship between fabric and finite strain, and (ii) the SPO in magmatic rocks may be 
considered as good markers of the flow, whatever the significance of the inferred flow 
pattern in terms of geodynamics and/or emplacement processes. 
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INTRODUCTION 

The use of fabrics as strain and/or kinematic markers in igneous rocks has now become 
a popular technique for the structural analysis of magmatic intrusions. Shape preferred 
orientations (SPO) are obtained in rocks either from direct field measurements (e.g. 
Fernandez, 1988; Hippertt, 1994; Nicolas and Boudier, 1995) or from measurements 
and image analysis of sections/thin sections (e.g. Allard and Benn, 1989; Launeau et al., 
1990; Philpotts and Asher, 1994). On another hand, the Anisotropy of Magnetic Sus
ceptibility (AMS) technique is widely used for fabric measurements and has proved to 
be quite powerful when mapping fabrics otherwise difficult to recognize in the field 
(e.g. Guillet et al., 1983; Cogne and Perroud, 1988; Bouchez and Diot, 1990; Gleizes et 
al., 1993; Cruden and Launeau, 1994; Bouchez and Gleizes, 1995; Raposo and Ernesto, 
1995). 

It is widely recognized that fabrics in igneous rocks, when related to magmatic flow, 
are shape preferred orientations of rigid particles suspended in a viscous fluid (e.g. 
Blumenfeld and Bouchez, 1988; Paterson et al., 1989; Fernandez and Laporte, 1991; 
Nicolas, 1992). The theory of rotation of isolated rigid particles within a Newtonian 
fluid (Jeffery, 1922; Fernandez, 1987; Passchier, 1987; Jezek, 1994; Masuda et al., 
1995) is invoked in models of SPOof crystals in rocks. A classical result of this model 
is that, in simple shear flow, the SPO should rotate and pulsate with increasing strain 
(Fernandez, 1987; Fernandez and Laporte, 1991; Ildefonse et al., 1992a; Jezek et al., 
1994). This periodic behaviour contrasts with the steady-state orientation and progressi
vely increasing intensity of the fabric obtained in a coaxial flow (Ildefonse et al., 1992a; 
Jezek et al., 1994; Masuda et al., 1995). In intermediate non-coaxial flows, the fabric 
develops towards a stable orientation or otherwise, depending on the ratio between the 
particle aspect ratio and the degree of non-coaxiality of the flow (Passchier, 1987; Jezek 
et al., 1994; Masuda et al., 1995). 

Following this simple model, flow kinematics inferred from rigid particle SPO in 
igneous rocks may be highly questionable when the latter is periodic, i.e. when the flow 
is non-coaxial. However, the initial theoretical model makes a large number of assump
tions, many of which are unlikely to be satisfied by actual crystalline suspensions in 
magmatic melts. The purpose of the present paper is to review some of the natural cau
ses for a different rotational behaviour of rigid particle SPO in igneous rocks. 

MECHANICAL INTERACTIONS 

The most obvious modification of the rotational behaviour of the SPO is probably that 
due to mechanical interactions between the crystals of a magmatic suspension. The 
effect of interactions between rigid particles has been described experimentally 
(Ildefonse and Fernandez, 1988; Ildefonse et al., 1992a; Ildefonse et al., 1992b). It was 
shown that in concentrated suspensions, interactions are responsible for slowing down 
or blocking the rotation of neighbour particles, resulting in I) the decrease in intensity 
of the SPO in both coaxial and non-coaxial flows, and 2) the break-down of the periodi
city of the SPO development in simple shear flow. The latter is particularly important as 
the fabric then tends to align with the shear plane, resembling a passive fabric beha
viour. This is best illustrated by figure I, showing the difference in sub-fabric orienta-
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tion between the disturbed and undisturbed particles of the same population (aspect 
ratio 2.5) in a given experiment (Ildefonse et al., 1992a). 

More recent 2D experiments (Arbaret et al., 1996) have shown that the stabilising 
effect of interactions on the orientation of the fabric is still observed at lower concen
trations of particles (as low as 13%). 
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Figure 1. Experimental test of the effect of mechanical interactions between rigid particles on the develo
pment of shape preferred orientations (after Ildefonse et al., l992a). Particle aspect ratio is 2.5; the fabric 
orientation is given with respect to the shear plane. Particles are considered as undisturbed if they were able to 
rotate more than 90 degrees during the experiment (if no interaction occurs, a particle with aspect ratio 2. 'i 
should have rotated 180 degrees after a shear strain of 9.11 ). The results are compared with the evolution of a 
passive fabric. 

SLIP AT THE PARTICLE/MATRIX INTERFACE 

Another important parameter when considering the rotation of rigid particles in a vis
cous medium is the cohesiveness of the particle/matrix interface. Following Jeffery's 
model, the rigid particle suspensions in rocks have always been considered as a conti
nuous medium, with a perfectly cohesive particle/matrix interface. However, it was 
argued in a previous paper (Ildefonse and Mancktelow, 1993) that this interface may be 
discontinuous and slipping in several geological situations, including the melt
lubricated porphyroblast boundaries in a partially molten rock or a crystallising mag
matic mush. The effect of slip at the rigid particle/matrix interface has been studied 
experimentally using analogue paraffin wax models (Ildefonse and Mancktelow, 1993). 
In spite of the low maximum shear strain ("("' 3) that could be obtained in the simple 
shear apparatus, the result showed a marked tendency for the particles to rotate toward a 
stable orientation close to the shear plane, similar to passive markers. Compared to the 
case with a cohesive interface, the particle rotation becomes slower when approaching 
the shear plane; rotation may even be reverse (Fig. 2) for particles initially oriented 
between 0° and -30° (Ildefonse and Mancktelow, 1993). The corresponding SPO will 
thus be stronger at a given shear strain, and it will tend to acquire a stable orientation, 
approximately parallel to the shear plane. 



180 B. ILDEFONSE et a!. 

VARIABLE CRYSTAL ASPECT RATIOS 

So far, most theoretical and experimental studies of the development of rigid particle 
SPO considered the case of populations of particles with a unique aspect ratio. Howe
ver, this obviously does not apply to natural situations, where crystals in a suspension 
will usually display variable aspect ratios. Heterogeneous populations have been consi
dered by Fernandez et al. (1983) and Fernandez and Laporte (199n but they only dis
cuss the resulting SPO in non-coaxial flow in terms of symmetry and 3D shape of the 
fabric. The effect of having variable particle aspect ratios on the orientation of the glo
bal fabric as a function of strain was not discussed. We address this problem, on the 
basis of simple 2D calculations of SPO developed in simple shear flow with various 
types of heterogeneous populations (theoretical or real) of non-interacting particles. 
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Figure 2. Experimental test of the effect on rigid particle rotation of slipping at the particle/matrix interface 
(after Ildefonse and Mancktelow, 1993). The rotation of rigid particles with various orientations and slipping 
interface (black lines) is compared with the rotation calculated using Jeffery's model (grey lines). Particle 
aspect ratio is 2.5; the orientation gives the angle of the particle's long axis with respect to the shear plane. 
Reverse rotations were observed for particles initially oriented between oo and -30°. 

The angle ()' of each particle of the considered population with vertical is calculated, 
at any time, as a function of the shear strain y, its aspect ratio n and its initial angle (), 
using the equation given in Fernandez et al. (1983) : 

~ (FX ) (FX ) 2 y + arctg .,ji +X tgO = arctg .,ji +X tgO' 

n 2 -1 
with X= ·-2-- (shape parameter). 

n +I 
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At each calculated increment of deformation, the fabric intensity D and its orienta
tion a. are given respectively by the eigenvalues ratio and the first eigenvector of the 
orientation tensor (Harvey and Laxton, 1980). 

BIMODAL POPULATIONS 

We first calculated the evolution of a fabric developed within a mixture of two popula
tions of particles with aspect ratios 6/1 and 6/5. The low aspect ratio particles have a 
period of rotation (which is a function of the particle aspect ratio; Fernandez et al., 
1983) approximately three times shorter than the high aspect ratio particles. Calcula
tions were performed for various proportions of the two sub-populations (Fig. 3). 
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Figure 3. Evolution of SPO with various mixtures of two homogeneous populations of non-interacting parti
cles in a simple shear flow (aspect ratios 6/5 and 6/1 ). The fabric intensity D and its orientation a. are obtained 
respectively from the eigenvalues ratio and the first eigenvector of the orientation tensor (Harvey and Laxton, 
1980). 

The fabrics developed within the mixtures are significantly different from those cal
culated for the two end-member homogeneous situations. Within the "{range correspon
ding to the period of rotation of the high aspect ratio particle("{= 19.37), the fabrics 
evolve following an intermediate and more complicated pattern than the single cyclic 
rotation calculated for homogeneous populations; the fabric intensity presents 3 dif-
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ferent maxima. The most remarkable point is the reverse rotation of the fabric, which 
stays within a range of a--±20° around the shear plane approximately from Y = 4 to Y = 
12. It is also note worthy that the mixed fabric momentarily disappears (D=l) when 
passing through the orientation 90° (perpendicular to the shear plane), instead of ±45° in 
end-member situations, when reaching the critical shear strain for the high aspect ratio 
particles. 

GAUSSIAN POPULATIONS 

In the preceding example, the calculation was made with a mixture of two distinct po
pulations with a given aspect ratio. Practically, such a mixture may easily be divided in 
two sub-populations that can be analysed separately. Fernandez et al. (1983) have 
shown how one can use this situation to find the sense of shear. In nature, however, 
each determined sub-population (for instance each mineral phase) usually presents a 
heterogeneous distribution of aspect ratios. As a first attempt to estimate the effect of 
this heterogeneity on the development of the fabric, the calculation was made with a 
Gaussian distribution of aspect ratios. 

Populations of 1080 particles have been chosen, in order to maintain an isotropic 
distribution of the orientations in the initial stage (6 particles/degree). The mean aspect 
ratio was 2.5 in every population, the standard deviation ranged from 0 to 0.5 (Fig. 4). 

Results of the calculation show that with increasing standard deviation (i.e. increa
sing departure from the ideal homogeneous population) the curves slightly deviate from 
the classical cyclic behaviour inferred from Jeffery's model (Fig. 5); the fabric intensity 
D varies less and the fabric orientation evolves progressively within a shorter range of 
orientations around the shear plane. Again, one can note that when defined by a hetero
geneous population of particles, the fabric undergoes a reverse rotation instead of 
disappearing at -45° and instantaneously reappearing at 45°. However, the deviation 
from the homogeneous case remains weak. 
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Figure 4. Normalized Gauss distribution representing the variation of particle aspect 
ratio in the chosen populations. s =standard deviation; the mean value is 2.5. 
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Figure 5. Evolution of SPO with heterogeneous populations of non-interacting particles in a simple shear 
flow. The particle aspect ratios vary following a Gaussian distribution (Fig. 4). The curves = 0 corresponds to 
the end-member homogeneous distribution (aspect ratio 2.5). D and a are the same as in Figure 3. 

NATURAL POPULATIONS 

In order to have a better idea of the effect of the heterogeneity of particles aspect ratio 
on the development of the shape preferred orientation, the same calculation as in the 
previous examples has been performed with distributions of aspect ratios measured on 
natural populations of biotites and amphiboles (Fig. 6). 
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Figure 6. Distributions of the measured aspect ratios of 100 biotites (A) and 100 amphiboles (B) used as 
models of heterogeneous populations in the calculations. 
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These populations have been taken from 3D analogue experiments (Arbaret, this 
volume). The main characteristic of such natural populations is the heterogeneity of the 
measured shape, as shown by the histograms of the aspect ratios of the minerals (Fig. 
6). Note that the distributions grossly display a Gaussian shape, with high standard 
deviations, but also show an important asymmetry with respect to the mean value. 

Results are shown in comparison with the curves obtained for homogeneous popu
lations with an aspect ratio equal to the mean value of the natural populations (Figs. 7 
and 8). The discrepancy between the two situations is spectacular, in both cases (biotites 
and amphiboles). As soon as the fabric approaches the shear plane, the cyclic rotation 
inferred from Jeffery's theory totally disappears; the fabric remains sub-parallel to the 
shear plane, with a shorter range of orientations for the elongated particles (biotites, ± 
5°; Fig. 7) than for the shorter particles (amphiboles, ± 1 0°; Fig. 8). The intensity of the 
fabric rapidly decreases and remains around the same value as strain increases. Again, 
the best stability is achieved with the particles having the higher aspect ratio (biotites, 
Fig. 7); fluctuations of the fabric intensity are more pronounced in the amphibole case 
(Fig. 8). 
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Figure 7. Calculated evolution of SPO with a heterogeneous population of non-interacting biotites (see Fig. 
6a) in simple shear flow. The grey curve shows the evolution of a homogeneous population of particles with 
the mean aspect ratio (6.14), for comparison. The evolution is displayed for shear strain up to 50, in order to 
illustrate the quasi-steady-state nature of the SPO. D and a are the same as in Figure 3. 

DISCUSSION AND CONCLUSION 

The calculations presented herein demonstrate the influence of the variation in particle 
aspect ratio on the development of shape preferred orientation in a simple shear flow. 
The fabric tends to be more-or-less parallel to the shear plane while its intensity is de
creased. This is due to the fact that any elongated particle rotates slower when parallel 
to the shear plane than when perpendicular to the shear plane. Furthermore the longer 
the particle the longer the time of residence around the shear plane. Consequently, when 
combining a number of different periods of rotation, corresponding to the different 
particles, there is always a larger number of particles more-or-less aligned with the 
shear plane. The only case where this effect is not very important is that of the Gaussian 
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distribution, because of the symmetry of the aspect ratio distribution around the mean 
value 2.5, the slower rotation of the longer particles being then balanced by the faster 
rotation of an equal amount of the shorter particles. 

45 
(j 35 
z 25 
0 15 

~ 5 
~ ~~~~~~~~~~--~~~~--~~ 

W-15 

~-25 
-35 

"( 

Figure 8. Calculated evolution of SPO with a heterogeneous population of non-interacting amphiboles (Fig. 
6b) in simple shear flow. The grey curve shows the evolution of a homogeneous population of particles with 
the mean aspect ratio (3.1) for comparison. The evolution is displayed for shear strain up to 50, in order to 
illustrate the quasi-steady-state nature of the SPO. D and C:X are the same as in Figure 3. 

The heterogeneous distribution of the particles aspect ratio has an effect on the de
velopment of SPO similar to the mechanical interactions and to a slipping parti
cle/matrix interface, as reviewed above. Many deviations from the Jeffery's model may 
occur in rocks, and the present review is far from exhaustive. For example, the conti
nuous input of new particles into the system, which is probably the normal situation in a 
crystallising magma, will have exactly the same effect as the variability of the particle 
aspect ratios (P.Y. Robin and P. Launeau, personal communication; Launeau et al., 
1995). The triaxial shape of crystals, instead of the axisymmetrical shape assumed in 
Jeffery's model, should also be taken into account (Freeman, 1985; Jezek et al., 1994). 

The various processes, suggested by the observation of rocks, and that modify the 
rotational behaviour of rigid particles and/or of corresponding fabrics, point to the ina
dequacy of the Jeffery's model to account for natural SPO. The major observed effect, 
clearly illustrated by Figures 7 and 8, is a break-down of the assumed pulsating fabric 
evolution: instead of undergoing its predicted cyclic development, the fabric tends to be 
a nearly steady-state feature. This implies two fundamental consequences : 

1- there is no simple relationship between the fabric (both intensity and orientation) 
and finite strain, 

2- the SPO in magmatic rocks may be considered as indicating the local flow direc
tion, without any preconceived idea of the significance of the inferred flow pattern in 
terms of geodynamics and/or emplacement processes (see other contributions in this 
volume). 
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SYNTECTONIC GRANITES AND THE PRINCIPLE OF EFFECTIVE 
STRESS: A GENERAL SOLUTION TO THE SPACE PROBLEM? 

ABSTRACT 

Donald H.W. HUTTON 
Department of Geological Sciences 
University of Durham 
Durham DHJ 3LE 
United Kingdom 

Syntectonic granite emplacement in dip slip and strike slip contractional shear zones is 
now well documented by a number of case histories including the spectacular 1200 km 
long, 20 km wide Great Tonalite Sill of North America. These examples show 
fundamentally that magma driving forces can overcome compressional tectonic stresses 
and suggest that in a contractional orogen it is not in general a necessity to make space 
for plutons by localised dilation along faults and shear zones. There are a number of 
other magma driving forces that are available, in addition to buoyancy, which can 
combine to exceed the tectonic compression, including one which is derived from the 
compression itself. These extra forces are optimised when ascent and emplacement is 
achieved along major transcrustal faults and lineaments. The principle of effective stress 
is applied to the general case of granitic magmas in crust undergoing tectonic horizontal 
compressive stress and it is argued that the magma pressure is an indistinguishable part 
of the regional (effective) stress field. This allows a general solution to the space 
problem in granite emplacement since in the lower crust, where the host rocks are weak, 
the emplacement strain will also become an indistinguishable part of the regional 
deformation field. This principle is also likely to underlie space creation mechanisms in 
the often highly heterogeneous middle crust, where it may be obscured by the observed 
opportunistic exploitation of dilation along tectonic structures and other weaknesses. 

INTRODUCTION 

During the last 15 years individual solutions to the problem of the accomodation of 
large granitic bodies in the Earth's crust ("the space problem") have been greatly 
extended by the realisation that emplacement space can be created in association with 
major tectonic faults and shear zones. This approach, which arose from the application 
of structural, tectonic and magnetic methodologies to deformed plutons, has now 
yielded a large number of studies and case histories for plutons of varying age from all 
over the world. A common feature of many of these studies is the demonstration, 
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through field, microscopic and laboratory measurements, of a clear connection between 
emplacing (i.e., non-fully uncrystallised) magma and active major tectonic structures, 
this being usually achieved through the examination of: a) the relative timing of 
deformation and crystallisation stages in the granites; b) the structural kinematics, strain 
types and strain gradients present and; c) their relationship to pluton geometry and 
external faults/shear zones. Despite the reservations of some authors (Paterson and 
Fowler, 1993; Tobisch et al., 1995), the ease with which such solutions fit the observed 
data is reflected in the most recent literature by the increasingly numerous publications 
on the emplacement of plutons in such settings (e.g., Guineberteau et al., 1987; Lagarde 
et al., 1990; McCaffrey, 1992; Archanjo et al., 1994; Grocott et al., 1994; Hutton and 
Miller, 1994; Jacques and Reavy, 1994; Speer eta!., 1994; Fritz, 1995; Grocott and 
Taylor, 1995; Kohut and Janak, 1995; Musumeci and Pertusati, 1995; Rosenberg eta!., 
1995; Royse and Tarney, 1995; Schulmann and Venera, 1995; Verhaeren et al., 1995; 
Wilson, 1995; Aranguren et al., 1996, Ferre et al., 1996; Koukoukevlas eta!., 1996; 
Mattern, 1996; Saint Blanquat and Tikoff, this volume; Jacques eta!., 1997) 

The vast majority of the models published on the emplacement mechanisms of these 
"fault-zone" granites envisage space being created in tensional or potentially dilational 
sites in, or adjacent to faults and shear zones e.g. at releasing bends, at jogs, between 
step-overs and between bifrucations in transcurrent structures, and in ramp-flat bends in 
extensional structures. Granitic sheeting which may be the key to pluton construction in 
such settings (Hutton 1992), offers a fast enough intrusion rate to allow magmatism to 
keep pace with the rates of movement on major tectonic structures (Paterson and 
Tobish, 1992; Hanson and Glazner, 1995), as well as providing a viable and efficient 
alternative to magmatic ascent by diapirism (Hutton, 1992; Clemens and Mawer, 1992; 
Petford et al., 1993). This has led to a general enthusiasm that magmas will always be 
able to find such dilating zones in the continental orogenic crust and that, when 
combined with the other, more well established emplacement mechanisms (cauldrons, 
stoping, doming and diapirism), the space problem, if not generally solved, is at least 
very solvable (see Hutton, 1988; Karlstrom, 1991; Brown, 1994). However, the 
extension of this space solving mechanism from the particular to the general may be 
flawed since it avoids the fact that the vast majority of the world's granites are not 
generated in transtensional or extensional tectonic regimes (although some, clearly are), 
but rather are formed, ascend and emplace in convergent margins and convergent zones 
where the stresses are fundamentally horizontally compressive, the strains contractional, 
and where the crust is shortened and thickened. Therefore it is argued here, that to 
generally solve the space problem we must understand how magmas can mobilise, 
ascend and emplace in orogenic crust undergoing contraction. This does not mean that 
emplacement in extensional/transtensional orogens does not occur, nor does it mean that 
emplacement in extensional/transtensional zones in otherwise contractional orogens 
does not happen either, but rather that knowledge of this type of emplacement may not 
directly address the main problem. 

For many workers (e.g., Glazner, 1991) it would appear that emplacement of granite 
into active contractional structures such as thrusts and transpression zones is an unlikely 
scenario since it would seem intuitive that the tectonic compressive stress should keep 
the crust in contraction, that its magnitude would generally exceed the magmatic 
driving force and would thus prevent emplacement occurring. The essential objection is 
that compressional stress or contractional strain is space denying. Therefore a good 
place to begin this discussion is to draw attention to a number of documented field 
examples of granite emplacement in active contractional structures. If this is accepted 
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then there can be no a priori reason to doubt that granitic ascent can occur in 
contractional tectonic regimes. The discussion then moves on to the likely physical 
mechanisms involved in driving magmas, particularly in crust under active horizontal 
compression. Finally the principle of effective stress is applied to syntectonic 
magmatism leading to what may be a general solution to the space problem. 

EMPLACEMENT IN CONTRACTIONAL STRUCTURES 

Until just a few years ago descriptions of plutons emplaced along synchronous dip-slip 
thrusts and high-angle reverse structures and strike-slip transpressional faults and shear 
zones were very rare. Blumenfeld and Bouchez (1988) showed that magmatic state 
fabrics in a granite sheet emplaced along a thrust were concordant with the contacts, 
intensified towards them, were coeval and continuous with similar fabrics in the 
immediately adjacent migmatitic country rocks and, perhaps most importantly, 
contained abundant evidence (magmatic tiling structures etc ... ) for thrust sense 
movements as did the coeval and concordant fabrics in the adjacent migmatites. The 
Great Tonalite Sill of Southeast Alaska and British Columbia (Brew and Ford, 1981), 
remains the most spectacular world example for this proposed emplacement setting 
(Hutton and Ingram, 1992; Ingram and Hutton, 1994; Davidson et al., 1992; Erdmer and 
Mortensen, 1993). This steeply inclined concordant series of sheets is generally less 
than 25 km wide but has now been traced out along the Coastal Cordillera, between the 
southwest Yukon and British Columbia for over 1200 km. It is emplaced within a dip
slip high angle reverse shear zone of similar dimensions and shares the steeply inclined 
fabrics of this zone, with steeply plunging stretching lineations. Although intensely 
deformed in the high tempreature solid state, particularly around its margins, 
moderately developed magmatic state fabrics are preserved in its central portions, and 
these show kinematic evidence, throughout the length of the sill, of horizontal 
contraction, and inferred horizontal maximum compressional stress, at this early stage 
in the crystallisation history. Ingram and Hutton (1994) argued that the sill was 
emplaced along the tectonic boundary of two colliding superterranes (i.e., geological 
units of considerable, sub-plate size). So, that if one accepts the field evidence then we 
must believe that magmatic forces can overcome the orogenic contractional forces, i.e., 
they can overcome the high normal stress resolved at the steeply inclined collisional 
interface of two large-scale colliding masses. 

More recent papers in a variety of plutons of different age have reported similar field 
relationships between thrust zones, concordant axially emplaced granites, and dip-slip 
thrust sense kinematics from their magmatic state fabrics (McCaffrey et al., 1991; 
Druguet and Hutton, 1995; Howard et al., 1995; Kohut and Janak, 1995; Rosenberg et 
al., 1995; Koukoukevlas et al., 1996; Spanner and Krohl, 1996) and there seems little 
doubt that magmatic emplacement along synchronous contractional dip-slip structures 
does occur, however counter-intuitive this may be. 

In addition to contractional dip-slip structures emplacement can also occur in 
contactional strike slip faults and shear zones (D'Lemos et al., 1992, Tribe et al., 1996). 
It may also be that many of the earlier generations of models which invoked 
emplacement in tensional zones of strike slip faults could stand re-interpretation as 
emplacement into transpressional segments. 
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In conclusion emplacement of syntectonic granites into active contractional dip slip 
and strike slip faults and shear zones where there is no tendency for tectonic space to be 
created and where the tectonic stresses would appear to directly oppose the 
emplacement, does seem to occur. This implies that granitic magmas can have an 
internal magma pressure which is large enough to overcome the tectonic compressional 
stress, as well as the strength of the crustal rocks. In the following section a brief review 
is presented of the likely mechanisms, in contractional orogenic settings, which might 
combine to create this magma pressure. The implications of these enhanced magma 
pressures to the general space problem are then explored in the final section. 

MAGMA DRIVING FORCES IN CONTRACTIONAL OROGENIC SETTINGS 

DENSITY-CONTRAST DRIVEN BUOYANCY 

Much has been written about this driving force, which appears to be applicable to all 
ascent and emplacement mechanisms. In its simplest form the force per unit area 
produced is the difference between the density of the melt and the average density of 
the vertical crustal section it is attempting to traverse multiplied by the crustal depth and 
the acceleration due to gravity (ilphg). 

Petford et al. (1993) and Petford (1996) have modelled granitic ascent in dykes and 
shown for normal granitic viscosities that rapid ascent rates are possible as long as the 
dykes achieve a minimum critical width below which heat lost from the magma by 
advection into the surrounding country rocks will cause the dyke to freeze. The models, 
which do take into account friction between magma and country rocks, but otherwise 
assume a smooth open fracture from source to surface, rely only on density contrast 
buoyancy as a driving force and yet produce extremely high ascent rates (em/sec). If 
correct, the models would presumably provide ample overpressures to exceed even 
horizontal compressive differential stresses in the wall rocks. Notwithstanding this there 
may be other sources of magma pressure. 

CONFINING PRESSURE 

Any melt forming at depth in the Earth will acquire a hydrostatic pressure appropriate to 
that depth, being equivalent to the weight of a column of that melt reaching from the 
source up the Earth's surface. This pressure can however only be utilised if the magma 
in the melt region is connected to a lower pressure area into which it may then move. 
For the situation of the source connected directly to the earth's surface, the force per unit 
area acting upwards on the melt will be the melt density multiplied by the crustal depth 
and the acceleration due to gravity (phg): potentially significantly greater than the 
density-contrast buoyancy (ilphg). In general terms this force will only become 
important for substantial ascent lengths if considerable vertical crustal connectivity 
exists, as might be expected for example along already existing diapir trails, or where 
deep reaching faults, intersections between steeply inclined major faults (see Jacques 
and Reavy, 1994), or other conduits can allow magmatic accession to occur. If such 
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connectivity does exist then this will drive the melt/magma down ambient pressure 
gradients, either locally, and more generally upwards towards the Earth's surface. 

VOLUME CHANGE ON MELTING 

Under conditions of dry melting there will be a volume expansion. As currently 
understood such volume increases may be fairly small (between 2% and 20%), 
generating small to moderate overpressures (10-100 MPa) (Clemens and Mawer, 1992). 
This addition to the magma driving pressure will be a non-renewable component 
acquired in the source which, as with the confining pressure, will cause the melt/magma 
to move down pressure gradients. The volume expansion may be important in initiating 
fractures around the source (Petford, 1996) and reactivating pre-existing crustal 
structures to enhance connectivity. 

TECTONIC DIFFERENTIAL STRESS 

If a saturated porous material is loaded and the solid parts deform around the liquid in 
the pores, the pore fluids will acquire a proportion of the loading pressure. This is a well 
known effect in saturated soils when the pore fluids are prevented from draining during 
loading experiments, or when loading occurs rapidly relative to the drainage rate. Fluid 
pressure increases of this type can be caused by the imposition of both hydrostatic 
confining stresses, and directed differential stresses, the later producing the "Shear 
Enhanced Compaction" of soil mechanics. This has been discussed by Rutter and 
Neuman (1994) in the context of granite production in the source region when the solid 
restite deforms and compacts around the granitic melt pockets giving the melt an 
overpressure (in addition to buoyancy etc.) with which to separate and ascend from the 
source. Because restitic material, and crustal rocks generally at these crustal depths, are 
weak and unable to accumulate large stresses the overpressures acquired by the melts 
may be relatively small (about 10-20 MPa for combined hydrostatic and differential 
loading, E.Rutter pers. comm., 1996). 

Overpressures acquired in this way may, however, be very important. Firstly, they 
provide an actual mechanism which allows a proportion of the tectonic compressional 
differential stress to be acquired by the granitic melt as an overpressure which can be 
used for ascent and emplacement. Secondly, because this overpressure is partly derived 
from the tectonic compressional stress, it reduces the effectiveness of this stress as a 
space denying factor. Thirdly, the compaction effect occurs because of low drainage 
rates or high loading rates and because the solid material is relatively compressible 
compared to the granitic melt. It follows that as long as these conditions continue to be 
met this type of overpressure can be acquired anywhere in the crust during ascent. In the 
source the acquired overpressure comes from the deformation of the compressible 
restite against the melt pockets. At higher levels in the crust such overpressures could 
be acquired because of melt zones around granitic bodies. However they could also, in 
principle, be acquired from ordinary crustal rocks undergoing normal plastic creep 
deformation mechanisms in a contractional orogen, should they be more compressible 
than the granitic magmas. Finally, while melt overpressures ocquired in the weak lower 
crust may be correspondingly low, magmas present in the stronger, load bearing mid
crust can acquire proportionally larger overpressures to oppose the higher 
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compressional stress found there. The more general implications of magma in crust 
undergoing active orogenic contraction are explored in the final section of this 
contribution. 

THE IMPORTANCE OF CRUSTAL FAULTS AND LINEAMENTS IN 
MOBILISING ASCENT FORCES 

The above review of magma driving forces shows that there are many other driving 
forces potentially available than just density-driven buoyancy alone. This, together with 
the fact that one of these is derived from the space denying tectonic compression itself, 
may account for the fact that magma pressure can exceed the tectonic compressional 
force. To fully utilise these additional driving forces requires vertical pressure gradients 
to exist in the crust. The simplest way to link melts to lower pressures in the mid or 
upper crust is by deep reaching faults and shear zones. The common occurence of 
granitic plutons along such faults and shear zones may thus be due not only to the space 
creating potential of the structures, and to the exploitable weakness that their fault rocks 
and anisotropy brings to the crust, but also to the fact that ascent along such structures 
optimises the available driving forces. We know that steep deep reaching faults exist in 
the lower crust because of their lineamental nature in higher crustal levels. In many of 
these lineaments mantle derived basic magmas are preferentially located: ample 
evidence of the deep reaching nature of these faults and the fact that magmas do ascend 
from the source regions along major fractures (see, most recently, Jacques and Reavy, 
1994, and Hutton and Alsop, 1996). In conclusion trans-crustal fractures linking source 
to emplacement are: a) vital in optimising the available ascent pressures so that even 
compressional, "space denying " stress can be overcome, and b) actually inferrable in 
the field. 

SYNTECTONIC MAGMATISM AND THE PRINCIPLE OF EFFECTIVE 
STRESS 

In recent years a paradigm has developed within the granite community (see for 
example Karlstrom, 1991; Hutton, 1988; 1992) that "all granites are syntectonic". This 
phrase expresses a belief that not only does granitic magmatism invariably occur 
synchronously with deformation and tectonics, but that there is an actual detailed causal 
relationship between the two with structures and deformation intimately linked to 
granite ascent, granite emplacement and even to melt extraction and petrogenesis itself. 
The essential idea here is that granitic melts/magmas occupy the crust in a non-fully
crystallised state in the presence of a stress field related to orogenesis which includes a 
major component of the far-field plate tectonics. As argued in the introduction most of 
the world's granitic magmatism occurs in convergent orogenic belts and so the plate 
tectonic stress component will be fundamentally horizontally compressive. Therefore, 
in a simple model of this we are dealing with a deformable solid (the crust) containing 
bodies of fluid (uncrystallised magma/melt) all subjected to a general stress in which 
the maximum principal stress is horizontal. This type of problem is well known in soil 
mechanics. Porous soils with fluid in the voids, subjected to a compressional differential 
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stress ("end load") may be a small scale analogue for syntectonic magmatism in a 
convergent orogen. For a saturated soil, end loading will, under certain circumstances, 
allow the fluid parts to acquire a proportion of the loading pressure. The application of 
this aspect of soil mechanics to granitic melts in the presence of a solid framework has 
been discussed already and illustrates that magmatic fluids can dynamically interact 
with tectonic stresses on a small scale. If such dynamic interaction occurs in the larger 
scale situation then it allows the principle of effective stress to be applied to the 
problem of syntectonic magmatism. 

The most common way of expressing the principle of effective stress is: 
cr'= a-u 

where cr' is the effective principal stress, cr the total principal stress, and u the pore fluid 
pressure. 

This law was developed empirically from soil experiments, and an actual physical, 
phenomenological, explanation of it (Terzaghi, 1936; Terzaghi and Peck, 1967) has 
been discussed by a number of authors (Caper and Cassie, 1976; Bell, 1983; Milligan 
and Houlsby, 1984;Britto and Gunn, 1987; Craig, 1992; Mitchelll993, among others). 
It is generally held to mean that the total stress within a body of soil is carried partly by 
the fluid in the pores (the fluid pressure) and partly by the contact forces between the 
particles (the effective stress), and that the fluid pressure acts to reduce the total 
imposed stress. Terzaghi (1936) also stated "all measurable affects of a change in stress, 
such as compression, a distortion and a change of shearing resistance, are exclusively 
due to changes in effective stress", i.e., the deformation and failure of soil are related 
only to the interparticle forces (the effective stress) (see Milligan and Houlsby, 1984, 
p.14). Thus the deformation of the soil as a whole is produced by the effective stress 
only, the strain making no distinction between the stresses producing them, it "seeing" 
only their combination (the effective stress). 

If this is applicable to syntectonic regional magmatism in orogenic belts undergoing 
horizontal compression and convergence, then it has profound implications for the 
granite space problem. Thus (1) within a continental crust undergoing horizontal 
orogenic compression, the presence of the granitic magmas (the magma pressure) will 
be experienced as an indistinguishable part of the regional (effective) stress field. 
Therefore, if the country rocks are weak, as for example is generally held to be the case 
in the lower crust (2) the strains (of ascent and emplacement) associated with these 
magmatic volumes will be distributed regionally as well. Thus the space problem will 
be regionally solved. In effect because there is only one stress then there is only one 
strain. 

This principle may be applicable, with modifications, at higher levels in the crust 
(Fig.1 ). In the mid crust, still out of the direct space-creating influence of the Earth's 
free surface, we enter a complex zone where heterogeneities seem to be the rule. In this 
zone stress amplification may occur (Kusznir and Park, 1984 ), and this may be 
exacerbated by lithological and rheological variations to generate pronounced layer 
dependent weaknesses. This is also the part of the crust where vertical shear zones are 
common and, if old crust with inherited faults exists below, lineamental reactivation 
will occur (Hutton and Alsop, 1996). It seems likely that the magma pressure will also 
be distributed regionally in this zone as part of the regional (effective) stress field, 
although there will be much more heterogeneity in this field than before. The space 
problem, as shown by the many studies that have been undertaken on granites intruded 
at these depths, is solved in a wide variety of ways with, particularly, the opportunistic 
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use of "spaces and cavities" (volumes of dilation, see Hutton, 1988) in and around the 
fault and shear zone systems. If, as proposed, the magma pressure is still distibuted 
regionally in this part of the crust then, despite the crustal heterogeneity and the 
resultant strongly localised nature of the stress pattern and accomodation strain, there 
should be a more widespread regional component to this accomodation. This would 
correspond to the "near field and far field mass transfer processes" of Paterson and 
Fowler (1993). Accomodation of a small but significant proportion of the emplacement 
strain of a pluton by regionally distributed deformation in the heterogenous mid crust is 
likely to be a difficult thing to demonstrate, and there are probably few areas in the 
world where there is sufficient geological and structural detail available to attempt this. 
One such area may be in Donegal, Ireland where, for example, the emplacement of the 
Ardara pluton is considered to be synchronous with a regionally developed deformation 
phase (Meneilly, 1982). Such synchroneity implies regional accomodation of at least a 
part of the accommodation space. 
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end ...__,......... 
load 
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Figure 1. Simplified summary of the three realms of granite emplacement in a typical continental crust 
undergoing horizontal tectonic compressive stress. See text for details. 

At still higher levels in the crust, in a sense the third realm of emplacement (Fig. 1), 
the dominant mode of space creation is by uplift and deformation of the free surface due 
to low overburden loading. This is allied with high viscosity and temperature gradients 
between magmas and country rocks leading to the familiar emplacement mechanisms of 
these levels (stoping, cauldrons, domes/balloons). Elevation of the free surface can also 
be easily achieved by the vertical inflation of sills (laccoliths) which have exploited 
weak sub-horizontal stratigraphic horizons. The spreading of magmas in this way may 
often obscure any fault which controlled ascent (Butler and Hutton, 1995; Roman
Berdiel et al., 1995), and indeed repeated laccolithic sill inflation at high crustal levels 
may offer a more realistic alternative to the traditional view that batholiths are huge, 
steep sided, trans-crustal bodies with all the inherent space problems implied 
(McCaffrey et al., 1997). 

A key question is to what depth does the space creating affect of the free surface 
extend? This may vary depending on lithologies, structure and geological history. In the 
SW Highlands of Scotland the country rocks are mid to high greenschist facies 
metasediments of variable lithology and variable pre-granite structure, with the plutons 
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controlled in their siting and much of their emplacement by steep transcurrent shear 
zones and steep cross cutting lineaments. Here, evidence of ring dykes is seen at 
emplacement depths down to 4 km, pluton inflation (ballooning) dominates down to 8 
km, and below this (down to 10-12 km) granite sheeting along the major structures 
occurs (Jacques eta!., 1996). This particular data set implies that the influence of the 
free surface is obvious down to approximately 4 km and perhaps more cryptic below 
this to depths of about 8 km. 

CONCLUSIONS 

The essence of the idea of syntectonic magmatism, given that most of the world's 
granites are created, ascend and are emplaced in convergent orogens, is that of 
uncrystallised granite magmas being present in orogens undergoing tectonic horizontal 
compressional differential stress. A small but growing number of world examples shows 
that granites can indeed easily overcome such compressional tectonic stresses. These 
relationships allow the principle of effective stress to be applied to contractional orogens 
containing syntectonic granitic magmas. The pressure of these magmas will interact with 
the applied tectonic compressional stress and become an indistinguishable part of the 
regional (effective) stress field. In the general case, and especially in the weak rocks of 
the lower crust, this will create only one general strain field, which will combine the 
regional shortening in the orogen and the emplacement/ascent space requirements of the 
granites. Thus the granite space problem, in the general case, is regionally solved. 
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This review is based on several years of joint structural and geophysical surveys on 
granites. Fabric measurements include lineations and foliations, the former being the 
more useful in understanding the magma strain pattern in a pluton. Through the inver
sion of gravity data, which is particularly sensitive to density contrasts, the shape at 
depth of the pluton, and depth of its floor, may be derived with good confidence. Verti
cal lineations, when associated with a deepening of the pluton's floor, are interpreted as 
feeder zones. Correlation between the inner-pluton lineation pattern and the regional 
deformation field helps in inferring the emplacement mode of the pluton. Combined 
geophysical and structural data therefore allow us to describe two main types of plutons. 
Flat-floored plutons are rather thin (a few kilometres), extend largely in every horizontal 
direction, and have several feeder zones. They are emplaced as sills in the upper crust, or 
within rather ductile environments in extensionnal tectonic contexts. These contrast 
with the thick (more than 10 kilometres) wedge-shaped plutons, extending largely in 
one direction along which a few root zones appear, which are V-shaped in transverse 
section, and correspond to the infilling of dilatant volumes of the brittle crust during 
transcurrent tectonics. 

INTRODUCTION 

Granitic intrusions constitute a major mode of continental crustal growth. They have 
been studied for centuries (e.g. Hutton, 1795) and a wealth of papers in petrology and 
geochemistry is devoted to them. They also serve as a reference, e.g. the Westerly gra
nite, for the physical properties (such as seismic velocity and rheological properties) of 
the upper crust (Clark, 1966). As a major constituent of the basement, granites have 
also been widely investigated for their structure. However, their emplacement mode and 
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internal dynamics are still non fully ascertained. With time, ideas and paradigms have 
changed (Pitcher, 1993), evolving from in-situ assimilation, forceful intrusion, diapi
rism, in-situ ballooning, or ascent through dykes and pluton growth by imbricated 
sheets or growing cavities in reponse to crust dilatancy during regional deformation. 
However, underlying most of these concepts is a dearth of observations of the deep 
processes to support these ideas. 

Field data on granites are essentially restricted to surface observations. In the case of 
a deeply eroded massif, a vertical section on the order of one kilometer may be accessible 
from the surface, but this may constitute a small fraction of its total vertical extension. 
To infer deeper geological features, structural and geophysical data are required. Until 
recently, the inner-intrusion structures have been neglected. They are now better taken 
into account, since the realisation that "granite is never isotropic" (Bouchez, this vo
lume) and that the internal structures may provide key information on pluton emplace
ment. Technical advances, such as high sensitivity magnetic fabric measurement and 
texture studies using numerical image analysis, also played an important role in fabric 
studies of plutons. 

After ten years of observations and measurements following the first study on the 
Plouaret granite massif (Guillet et al., 1985), this paper aims to review and discuss the 
advances of such studies which integrate internal structures determination and gravity 
measurements to infer the morphology at depth, hence (hopefully) the emplacement 
mode of granites. 

METHODS 

Amongst the geophysical tools applied to granitic bodies, seismic profiles at usual 
frequencies (<10Hz) fail to show the rock-type variations and a fortiori their internal 
fabrics, because of their low impedance contrasts (Matthews, 1986). Conversely, high
resolution seismic reflection profiles reveal fault structures in granites (Mair and Green, 
1981) but plutons remain transparent, inhibiting the revelation of deep boundaries such 
as the floor of the pluton. Magnetic surveys are well suited to provide information on 
contacts between pluton and country rock, since magnetic halos are appropriate to deli
neate surface contours (Schwarz, 1992), but the technique lacks the resolution at depth 
to reveal the pluton's floor. Fabric measurements, mainly by anisotropy of magnetic 
susceptibility (AMS), are particularly well-adapted to determine the internal structures of 
plutons (Bouchez et al., 1990), and gravity measurements are best suited to investigate 
the shape of plutons at depth (Vigneresse, 1990). Both techniques, used in the same way 
for all the examples given below, in order to permit comparison, are now examined in 
some detail. 

FABRIC MEASUREMENTS AND INlERPREfATION 

Information on the magma flow is obtained from crystal shape preferred orientation 
(SPO) measurements (Oertel, 1955; Bouchez, this volume). In a magma, the early crys
tallized minerals, if anisometric in shape, induce a planar fabric, or foliation, marked by 
the average orientation of their most developed face. Within the foliation plane, a linea
tion may be defined as parallel either to the average elongation of the crystals, or to the 
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zone axis of the orientation of their most developed face. These crystals are mostly 
Fe(± Mg) bearing silicates (biotite, amphibole), but plagioclase and megacrysts of K
feldspar are also used to determine the internal fabrics of a granite pluton. In the field, a 
compass is used to measure the SPO of the crystals by estimating their average planar 
and linear orientations. The results are approximate, especially on equigranular and fine
grained rocks. Grain by grain studies are also performed, using a U-stage mounted on a 
microscope (Pons, 1970; Bouchez et al., 1981), but these are time consuming, hence 
not applicable routinely. Owing to the magnetic properties of biotite and amphibole 
and/or magnetite grains, magnetic fabrics (Borradaile, 1988) are now routinely performed 
in granites (Vander Voo and Klootwijk, 1972; Guillet et al., 1983; Archanjo et al., 
1995) and favorably compare with the classically measured SPO (Bouchez et al., 1981; 
Amice et al., 1991). 

The foliation, or flattening plane of the shape fabric ellipsoid, may be seen as the 
plane of finite flattening undergone by the magma during its emplacement. Similarly, 
the lineation points to the finite stretching during this event. Note that the finite strain 
axes can be equated with the shear plane and direction provided that a large enough ho
mogeneous strain, say a few y, has been recorded by the magma under study (see Arbaret 
et al., this volume). It is possible to argue about the relative importance of determina
tion and use, in map interpretation, of lineation rather than foliation. Returning to basic 
considerations, the path followed by particles in a deforming body serves as an indicator 
of flattening or stretching (Nicolas, 1989). In this framework, flattening-dominated 
rocks such as sedimentary rocks where compaction dominates, are hardly lineated, and 
lineation is much less important in their strain/kinematic reconstruction than foliation. 
Conversely, rocks undergoing large shear strains, or magmas travelling through the 
crust, have a linear component of their strain path which dominates the planar one. 

Hence the lineation, which records the distortional part of this path (i.e. ignores its 
translational part), is richer in kinematic information than the foliation. In addition, the 
foliation plane is more sensitive to the local flow geometries than the lineation. For 
instance, vertical lineations will reflect a vertical flow, or upwell, of the magma, such 
as in figure 1c in the Cabeza de Araya pluton (Amice et al., 1991), and this flow will be 
necessarily carried along vertical foliation planes. In contrast, a vertical foliation may 
reflect the same flow provided the lineation is vertical, but may also reflect a horizontal 
flow, controlled by a wrench deformation along a vertical plane, and shown by a hori
zontal lineation. Indeed, but only in particular instances (local geometries, magma com
paction), it could also indicate a flattening flow regime, for example against the pluton's 
wall if the lineations are randomly oriented within the vertical foliation plane. Hence, 
because of the inherent ambiguities carried by the foliation plane, we claim that the 
lineation is of greater use in magma flow studies than the foliation plane. 

GRAVITY DATA. 

Since aspects of gravity data acquisition and processing are much less widely used than 
the structural approach, the different stages of the gravimetric technique will be described 
step-by-step. 
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Field experiments 
The quality of a gravity survey depends on the accuracy of the gravity measurements, 
but also and chiefly, on the precision of elevation measurements. The latter should be 
better than 0.5 metre if a 0.1 mGal anomaly detection is expected. This is obtained 
using topographic maps with accurate elevation benchmarks, and a precision baro
altimeter checked several times per day at benchmarks. 

0 Rocktypes 

/ 0' ·29" 
., 30' ·59" 

• 60'·90" 

10 km 

[!] Magnetic susc.eptlbility (10 ·S Sl) ~ Magnetic lineations 

Figure 1. The Cabeza de Araya pluton (Extremadura, Spain). (a) Major granitic facies (A, B. C, H) modi· 
fied from Corretge (1971): (A) porphyritic; (B) two-mica bearing (biotite dominant) and coarse-grained; 
(C) two-mica and fine-grained, and (H) heterogeneous with C and B subtypes. DAP: Alentejo-Piasencia 
dyke; Br (Brozas) , Es (Estorninos) and Zm (Zarza Ia Mayor) are three satellite massifs . Full squares: cities 
of Caceres (CA) and Brozas (BR). (b) Magnetic susceptibility map (Amice, 1990). Four domains of suscep· 
tibility magnitudes (in I o·s Sl), separated by broken lines, have been selected, stressing their good correla
tion with the petrographic types (see"'). (c) Magnetic lineations. Synthetic map obtained from 230 anisotro
py of magnetic susceptibility measure:nents (Amice et al., 1991). Two main orientations are evidenced: 
NW-SE with low plunges, and sub-vertical mainly related to petrographic subtype C (see ru. 

The grid mesh of gravity measurements is an important choice for the operator since 
it determines the frequency content of the row-data maps in 2D, or profiles in 1 D, hence 
the minimum size of the objects which may be detected. In practice, through the high 
frequencies of the data analysis, the mesh of the sampling grid will determine the smal
lest size of the body that one can attempt to interpret. Conversely, the depth of the 
source causing the anomaly will condition the map extension, or the profile length. To 
use correctly the Fourier transform data processing (Regan and Hinze, 1976), the side of 
the area to be covered by gravity measurements should be six times the maximum depth 
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of the body. Finally, to adequately represent the gravity effects of density variations in 
plutons, as well as the roughness of the floor, a regularly spaced coverage of one station 
per square kilometer is recommended over the pluton and its nearby surroundings. After 
the usual correction of the raw gravity data (Bouguer, latitude and elevation corrections), 
the Bouguer anomaly map is established (density correction: d = 2.7). 
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Figure 2. Gravity anomalies over the Cabeza de Araya massif and its surrounding rocks, and depth of the 
granitic floor (modified from Audrain et al., 1989a). (a) Bouguer anomaly map in milligals (density reduc
tion: 2.7). The granitic body appears as a depression with anomalies ranging from -30 to -25 mGal 
(equidistance: 2.5 mGal). Grey shaded line: granite border. (b) Residual anomaly (mGal) obtained after 
substraction of the regional anomaly. Except in the south-eastern part, the correlation between the outcrop
ping limit of the granite (shaded) and the zero contour of the residual anomaly (dashed line) validates the 
regional anomaly input in the model. (c) Depth contours (in km) calculated from gravity data inversion. 
Contour lines, at each 3 km, point to a pronounced deepening along elongate zones in both the north and 
south of pluton. The strong correlation between the vertical plunges of the lineations (Fig. lc) and zones of 
greater depth (below 6 km: shaded) is interpreted as the root zones from which magma upwelled. 

Extracting the anomaly caused by the granite 
The Bouguer anomaly reflects the heterogeneous distribution of masses at depth. Since 
gravity potential is a direct function of the mass, both the total volume of the granitic 
intrusion and its density contrast with respect to its surrounding, have a linear effect on 
the anomaly. In addition, the deeper the source, the lower will be the amplitude, but this 
variation is non linear with depth since the gravity potential varies as the inverse of the 
square of the distance to the source. In practice, for a given density contrast, the larger 
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the volume of the pluton, the larger the amplitude of the anomaly, and for a given vo
lume, the larger the density contrast, the larger the amplitude of the anomaly. In the 
Cabeza de Araya example, the Bouguer anomaly map (Fig. 2a) evidences a high
amplitude gravity anomaly (= 10 mGal) with a kilometric wavelength and strong gra
dients at the border zones of the pluton. A thick (= 10 km) and deeply rooted (13 km) 
body, larger than 5000 km3 in volume, has been proposed (Audrain et al., 1989a). Con
versely, the Sidobre granite massif (Fig. 3a) is thin (= 2 km) and shallowly rooted (3 
km), with a volume 30 times smaller, and is characterized by low amplitudes (< 3 
mGal) of the gravity anomaly and low gradients at its borders (Ameglio et al., 1994). 

The amplitude of the anomaly varies with both depth of the source and density con
trasts, and carries two contrasting types of information. On the one hand, large and deep
seated heterogeneities induce smooth gravity anomalies. These anomalies, called regio
nal because of their extension, form the lowest frequency component of the gravity 
signal. On the other hand, the higher frequency component of the signal corresponds to 
the more superficial heterogeneities, among which the granite body itself. 

Before local interpretations are undertaken, the regional effect must be substracted 
from the gravity measurements to determine the residual anomaly. Various techniques, 
manual or digital, using frequency filters, averaging gridded values, substracting poly
nomial or hand-drawn surfaces obtained after profile filtering, have been progressively 
improved to define the regional field (Telford et al., 1990). Whatever method is used, it 
is suggested here that a convenient result is obtained when the zero contour level of the 
residual anomaly map outlines the border line of the granite. In the example of Cabeza 
de Araya, its outcropping limits correspond roughly to -30 mGal on its northern boun
dary, and is close to the -25 mGal iso-value contour of the Bouguer map on its southern 
border (Fig. 2a). When the regional anomaly, modelled by a polynomial adjustment all 
over Extremadura, was removed, the residual anomaly map (Fig. 2b) satisfactorily isola
ted the effect of the pluton, except at its south-eastern tip where a concealed granite body 
is suspected, probably connected to other plutons more to the southeast (Castro, 1986). 
At the northwest extremity of the pluton, remaining discrepancies are, again, attributed 
to concealed granitic satellites, Estorninos (Es) and Zarza Ia Mayor (Zm) (Fig. Ia). 

Determining the shape of the granite body 
The next step is the processing of the residual anomaly in terms of mass distribution, 
hence, in terms of the pluton's shape and/or depth of the pluton's floor. Three main 
techniques have been evaluated by Vigneresse (1990). (i) The direct modelling, used for 
instance to characterize peculiar bell-shaped plutons, assumes an a-priori mass distribu
tion (i.e. shape of the source body and densities) and computes the corresponding anoma
ly which in turn is compared to the measured anomaly. Shapes and densities are modi
fied step-by-step until the computed and measured anomalies equate. (ii) Indirect proces
sing of the measured anomaly, using some filtering operations (high- and low-pass 
filters) and field transformation encompassing first or second vertical derivative, or 
downward continuity, is applied to measurements to extract one parameter carrying 
information on the source body (e.g. Bott, 1962; Stanley and Green, 1976). (iii) The 
inverse technique allows the removal of (most of) the a-priori information on the source 
body. Model parameters are computed directly from measurements. Among the several 
methods of data inversion, we recommend the 3D iterative methods (Cordell and Hender
son, 1968). In these methods the domain under study is sliced into elementary and regu
larly juxtaposed vertical prisms, each having a constant density. Provided gravity mea-
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surements are distributed on a regular grid in map, and this is obtained by interpolation 
techniques, then the thickness of the prism centered at each mesh point is calculated. 
The resulting anomaly is then calculated from the 3D structure defined by all the prisms, 
and the differences between the computed anomaly and the measured anomaly are used to 
slightly modify the depth at each point of measurement. This procedure is repeated until 
the computed and observed anomalies become alike. It has been improved (Vigneresse, 
1990) by assigning a specific density contrast to each prism, and by integrating the 
densities at depth of the different granitic rock-types and country rocks. However, due to 
the variety of input data (choice of densities, tracing of surface outlines and shape of the 
regional anomaly), the result is obviously not unique. Its stability must be tested, main
ly with respect to the density contrasts. 
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Figure 3. The Sidobre granite massif (after Ameglio et al ., 1994). (a) Depth (in km) of the granite floor 
(density contrast: t..d = -0.037). The broken line refers to the section given in l:!. Sb: st Salvy de Ia Balme. (b) 
Depth profiles (in km) of the floor from 3D gravity inversion using various density contrasts 6.d between the 
granite and its country rocks. No vertical exaggeration. Grey shading: sections with 6.d = [-0.031; -0.039], 
in agreement with the density measurements (profile 5, 6.d = -0.037). 

Densities determination 
As data inversion requires knowledge of the density contrasts between the several subty
pes in a granite body and surrounding rocks, it is recommended that systematic density 
measurements are made. This may be done using the cylindrical specimens collected for 
the AMS study, by means of the classical picnometer technique. Since the cores are 
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obtained from surface drilling, the porosity volume must be removed from the bulk 
volume to yield the true density. This is established by the procedure described by Vi
gneresse and Cannat (1987) in which the cores are set under vacuum, then impregnated 
by water and weighed, then slowly dried to avoid thermal cracking, and weighed again. 
Such measurements, performed on Hercynian granite plutons from Spain (Cabeza de 
Araya; Amice, 1990) and France (Mont-Louis-Andorra: Gleizes, 1992; and Sidobre: 
Ameglio et al., 1994) yield densities ranging from 2.63 (leucogranites) to 2.83 
(tonalites) depending on the rock iron content (biotite, amphibole). Because these grani
tes are paramagnetic (i.e. magnetite-free), the first-order linear correlation between iron 
content and magnetic susceptibility (Rochette et al., 1992; Gleizes et al., 1993), ex
plains the excellent linear correlation between granite density and magnetic susceptibili
ty (Fig. 4). In country rocks, densities are more variable, sometimes lower than in gra
nite (e.g. 2.53: limestones; 2.60: quartzites) but usually much larger, in the range 2.65 
to 3.00, for example 2.65 in low-grade schists, 2.80 in gneiss (our measurements; see 
Clark, 1966). 

Sensitivity to density contrast 
A simple calculation using rock volume variation with pressure and temperature shows 
that rock density increases by about 1.0-1.5 10·3 per kilometer with depth. Since this 
variation more-or-less similarly affects the different rock types, i.e. the various granitic 
facies and the surrounding rocks, it has no bearing on the model with respect to density 
contrasts. Thus the model is very sensitive to changes in density contrasts between the 
granite and its country rocks. 

The validity of assigning a density contrast to each prism has been tested by Ame
glio et al. (1994) in the case of the Sidobre granite massif. For each assigned density 
contrast, a cross section is extracted from the depths calculated with the 3D inversion 
technique (Fig. 3b). When the density contrast is too low, the routine is faced with a 
mass deficit and accumulates mass at depth: the calculated thickness of the massif 
reaches 14 km for a density contrast l~dl = 0.005 (profile 1), and 4 km for l~dl = 0.02 
(profile 3). An increase of the thickness increases the high frequency component of the 
anomaly, a feature not observed in the measurements. As a consequence, fictive masses 
are added laterally to compensate the resulting mass deficit. Conversely, when the densi
ty contrast is too large (l~dl ~ 0.04; profiles 7 and 8), the routine reacts by generating a 
very thin granite massif, but there is a need to compensate the mass deficit by adding 
extra masses at the border of the pluton (Fig. 3b: cartoon). The acceptable solution (Fig. 
3b: grey shaded), which does not present any numerical oscillation, is in a very restricted 
range of density contrasts (0.031 $ IMI $ 0.039). Ideally, it closely corresponds to the 
average contrast (l~dl = 0.037) calculated from densities measured from surface samples 
(profile 5). 

· Therefore, a map of surface densities, and ideally of integrated densities at depth, for 
all granite types and surrounding rocks of a pluton should be incorporated in the compu
tation, in order to best constrain the nominal densities of the corresponding prisms. This 
has been realized in the pluton of Cabeza de Araya, by using the geological map of 
Corretge (1971) (Fig. 1a), the magnetic susceptibility map of Amice et al. (1991) (Fig. 
1b), and density measurements of surface rocks (Amice, 1990). However, in fact we do 
not know the mass distribution with depth, hence, there is no certainty that the chosen 
densities for the prisms are correct. Any geological information concerning both the 
organization of the different rock types in the pluton, such as the petrographic zoning or 
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layering, and the nature and organization of the country rocks, are potential inputs in the 
model which will strengthen confidence in the results. 

In model computation, minimization of numerical oscillations, as quoted above, 
may be a good criterion optimizing the solution. The computation procedure could also 
be improved by checking the density maps at various depths after each iteration to rein
force the validity of the assumed parameters (density contrasts) and help to select the 
appropriate densities between facies, and to understand the spatial distribution of facies. 
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Figure 4. Linear correlation between the measured magnetic susceptibility (K) and measured rock densities 
(d) of corresponding specimens. r = correlation coefficient; 45 samples from the Sidobre (Massif Central, 
France) and the Mont-Louis-Andorra (Pyrenees, France) paramagnetic granites. Error on measured densi
ties is± 0.008. 

Estimating errors 
We are confident that the computed depth values of the floor, although inexact, give a 
good first-order picture of the pluton. Precision of the raw data, attributable to the appa
ratus (better than 0.1 mGal) and the elevation data including uncertainties in topographic 
corrections ("" 0.1 mGal), and errors in the far-field gravity anomaly estimate (::: 0.5 
mGal), contribute to less than half of the total precision on the depth values. The main 
factor of uncertainty is obviously related to the choice of the densities attributed to the 
prisms, not to the measurement in the laboratory of the surface rocks, which has a pre
cision better than 1%. In turn, this reflects the uncertainty on the density contrasts at 
depth. Considering all these sources of uncertainties, the calculated depth values are 
considered to be better than ±15%. However, concerning the overall shape of the pluton, 
for a given choice of densities, the depth values are affected by the same error everywhere 
in the pluton, the dips of the pluton's walls will also vary in the same manner every
where, hence the shape will not vary significantly. 
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INFERENCE ON PLUTON EMPLACEMENT 

Plutons may reach some thousands of square kilometres in area, and petrographically 
may be subdivided into several facies that may reflect different magma pulses. Thus, it 
is reasonable to enquire whether their morphology at depth reflect their mode of empla
cement. Elements for correlation between shape and emplacement mode are now discus
sed in detail, based on granite intrusions observed in several regions of the Hercynian 
belt. 

All surveyed massifs, mostly peraluminous, are syntectonic. Their regional deforma
tion takes several forms depending on the considered area (Vigneresse, 1995) and the 
overall context seems to indicate that the same crustal level of erosion was reached for 
all the massifs. Finally, isotope chronology studies give ages around 300 Ma. 

Figure 5. The Plouaret granite complex (Brittany, France), after Guillet (1983) and Guillet et al. (1985). (a) 
Petrographic types (modified from Chauris and Garreau, 1983). 1- Lanvellec diorite; 2- Begard granodio
rite; 3- Tonquedec granite; 4- st Carre and Bruillac leucogranites; 5- Ponthou granite; 6- Croaz-lllies and 
Guerlesquin leucogranites; 7- Loguivy-Plougras leucogranite. (b) Contour map of domains of equal plunge 
(in degrees) of the magmatic lineations. (c) Depth (in kilometres) of the pluton's floor, derived from the 
gravimetric study. 
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ROOTWNE DEI'ERMINATION 

Among the several correlations between shape at depth and internal structure of a pluton, 
the easiest to interpret is the root-zone, or feeder zone. As a matter of fact, zones where 
magmatic lineations are steeply plunging (~ 60°) often correlate with strongly deepe
ning, funnel-shaped zones evidenced by gravity data. Root zones have been discovered in 
the Plouaret pluton (Guillet et al., 1985) in Brittany (Fig. 5: compare Sb and Sc), and 
also illustrated in the Cabeza de Araya pluton (compare Fig. 1c and 2c). These zones, a 
few 10 to 100 km2 in area and related to a marked deepening of the floor, were probably 
active as feeders all through the duration of pluton emplacement. This is attested by the 
rock types at the surface, i.e. vertically above the feeder, which are characterized by 
chemically more evolved magmas, or late intrusive facies, such as the two-mica leuco
cratic subtypes B (coarse-grained) and C (fine-grained) in Cabeza de Araya (Fig. 1a), and 
leucogranites in Plouaret (types 4, 6 and 7 of Fig. Sa). 

The case of a deepening of the pluton's floor that does not correlate at the surface 
with steeply plunging lineations, can be explained by the rotation of the flow lines of 
the upwelling magma, for instance parallel to the pluton's roof if the erosion level is 
close to the roof. Conversely, if areas with clusters of steeply plunging lineations do 
not correlate with a deepening of the pluton's floor, unrooting and bulk translation of 
that volume during pluton feeding may be invoked, among other explanations. In con
clusion, the vertical lineations and the accompanying rock-types reflect the frozen-in 
latest emplacement stages of the pluton. Except in the case of the Zaer pluton (Bouchez 
and Diot, 1990) where subvertical lineations dominate over all the granodiorite, the 
scarcity of highly plunging lineations in structural maps is attributed therefore to the 
change to horizontal magma flow after the feeding stage, during its deformation when 
spreading away from the root-zone. 

FLAT-FLOORED PLUTONS VERSUS WEDGE-SHAPED PLUTONS 

Cross-sections with respect to the present level of erosion, established at the same scale 
and with no vertical exageration, are drawn parallel (II) and perpendicular (J.) to the lon
gest axis of a number of plutons (Fig. 6). Two families of plutons readily appear. The 
flat-floored plutons (H/1 < 0.5), Saint-Sylvestre and Sidobre (Fig. 6), but also Guitiriz 
(Spain; Aranguren et al., 1996), Fichtelgebirge OIC (Bavaria, Germany; Hecht, 1994) 
and LaMarche (Guineberteau et al., 1989) appear to be quite thin (a few kilometres), 
have several feeder zones protruding downward from an overall subhorizontal floor, and 
extend in each horizontal direction. In contrast, the wedge-shaped plutons (H/1 ~ 0.5), 
Cabeza de Araya and Mortagne (Fig. 6), but also Pontivy and Guehenno (Britany, 
France; Vigneresse, 1983), may be thicker than 10 km, and have a preferred horizontal 
extension along which a few feeder zones appear, and perpendicularly, have typical V
shaped sections with steep walls, steepening with depth. These examples, whatever the 
type, correspond to the flattened cupola-shape of granite plutons, emphasized by Vigne
resse (1995), where horizontal extension is always much larger than vertical. 

In these plutons, whatever the shape, the lineations are mostly subhorizontal or shal
lowly plunging and record the horizontal stretch undergone by the magma during its 
spreading at the site of emplacement. The original data for the Saint-Sylvestre pluton are 
given in Mollier (1984) (see also Bouchez, this volume, Fig. 3); many other data which 
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are similar and come from the same area (French Massif Central) are given in Jover 
(1986), and data for the Mortagne pluton may be found in Guineberteau eta!. (1987). 
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Figure 6. Cross-sections through four granite massifs discussed in the text, showing their morphology with 
depth, as inferred from 3D inversion of gravity data. All sections are shown at the same scale with no 
vertical exaggeration. Approximate volumes in km3 are given. Left-hand cross sections are parallel (//) to 
the longest axis of the massifs, and right-hand sections are perpendicular (.L). Roots zones are evidenced by 
abrupt changes in dips of the walls. 
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The shapes and internal structures of these plutons suggest that their emplacement is 
largely controled by the anisotropy and rheology of the crust particularly around the 
brittle-ductile transition: (i) flat-shaped plutons would spread parallel to a tectonically 
layered crust, in an eventually still plastic crustal domain, whereas (ii) wedge-shaped 
plutons would infill more-or-less vertical fractures in the brittle crust. 

(i) In the examples cited of flat-shaped plutons, a wealth of geological considera
tions, synthesized by Faure and Pons (1991), argue in favor of their emplacement in 
late-orogenic, gravity spreading or extensional tectonic environments. In the Saint
Sylvestre pluton (Fig. 7), the dominantly subhorizontal and NW-SE trending lineations 
reflect the overall direction of spreading in this part of the French Massif Central, at 
least during magma emplacement. In the Sidobre pluton (southeast Massif Central) the 
direction of crustal extension is reflected by perfectly oriented NE-SW trending and sub
horizontal lineations (see Olivier et a!., this volume). Extensional tectonic environ
ments are the more favourable for the emplacement of sheet like plutons and the « room 
problem» (Bowen, 1948) is readily solved. The several roots or pathways through 
which the magma infills the pluton may reflect the extensional state of stress, and allow 
large areas to be fed by reducing the distance that a given batch of magma must travel. 
In such a context where the geotherms may rise to very high levels, the crust may be 
ductile at relatively low levels and sheared horizons such as listric faults may bound the 
pluton at its roof. Some granites of this type may also intrude the very upper crust and 
form thin sills that developed into local, mainly subhorizontal, roughly bedding-parallel 
dilatant volumes. The reduced thickness of these sills correlates with their small volu
mes (< 300 km3) compared with the large massifs of flat-shaped pluton type ("' 1500 
km\ An example of such a small massif is given by the Flamanville granite body 
(Brunet al., 1990). 

In higher metamorphic conditions, the « stratoid » granites of Madagascar belong to 
this type. They form subhorizontal layers of granite, a few hundred metres thick, with 
remarkably constant WNW-ESE lineation directions having shallow plunges. They are 
considered to represent intrusives into the lower to intermediate crust during the late 
Pan-African extension event (Nedelec et al., 1994). 

(ii) As for wedge-shaped plutons, it is now rather well accepted that they represent 
the infilling of dilatant volumes of the brittle crust undergoing deformation. This pro
cess also elegantly solves the room problem. Local dilatancy of the brittle crust may be 
achieved by several means, under both conditions of compression and extension, but 
dominated by transcurrent movements. The wedge-shaped plutons exemplified in figure 
6 were emplaced during regional contractional and shear regimes. In Cabeza de Araya 
(Amice et al., 1991), the progressive bending of a dextral shear zone globally parallel to 
the pluton's elongation has been presented, similar to the retreating bend mechanism of 
Hutton (1982). In Mortagne (Guineberteau et al., 1987), the progressive opening of a 
sinistral jog during the propagation of a shear zone parallel to pluton has been proposed 
as the principal control on emplacement. 

The rheological level of emplacement of these plutons can be inferred from the fol
lowing considerations, when observed in perpendicular-to-elongation sections (figure 6: 
l_ sections). The shear zone above which the pluton develops behaved plastically, hence 
was probably at T > 400°C, i.e.l0-13 km deep for gradients 30°- 40°C/km. Rather high 
thermal gradients are justified by the fact that these Hercynian S-type granites mostly 
derive from the partial melting·of a fertile middle crust in the context of post-collisional 
thermal rebound after crustal thickening (Cassard et a!., 1993). The pluton's roots may 
be therefore connected to a zone where no substantial extension is visible since strain is 
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accomodated by ductile mechanisms. The roots have noticeably steep walls that may 
represent the brittle-ductile transition zone, and may be up to 5 kilometres in thickness. 
The remaining upper part of the pluton is within the brittle crust, the base of which 
may be 6-8 km deep from the present surface. In contrast to the ductile crust, the brittle 
crust may provide large magma reservoirs delimited by clear cut walls which are less 
steep than along the roots, but may have different dips depending on the side of the 
pluton (see perpendicular sections in figure 6). In Cabeza de Araya, asymmetry of the 
walls has been correlated with the sense of strike-slip and rotation along the fault plane 
(Amice et al., 1991). 
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Figure 7. Conventional magmatic lineation map (141 measurements) of the Saint-Sylvestre massif (Massif 
Central, France) and corresponding orientatio11.diagram (Schmidt, lower hemisphere), after Mollier (1984). 

INFERRING EMPLACEMENT MODE FROM STRUCI1JRAL AND GRAVITY DATA 

Combining systematic gravity and structural measurements has demonstrated its poten
tial in geological reconstruction of granite plutons. Note that this review, based on 
experience within the Variscan orogeny in France and Spain, does not necessarily repre
sent all possible situations. However, it points to features that may be generalized to 
most environments of pluton emplacement. 

(i) Both structural and geophysical information are essential to infer the emplacement 
mechanism. We claim that lineations provide more information than foliations since we 
are interested in determining the stretching directions during syn-emplacement magma 
flow. 
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(ii) A correlation between the lineation pattern and the bulk direction of the regional 
deformation field is worth studying. When shear deformation is recorded on a regional 
scale, the lineations in the pluton are often horizontal and parallel to the regional stret
ching direction (Archanjo et al., 1992; Pons et al., 1992). Conversely, when the pluton 
is bounded by a strike-slip fault that was active during pluton growth, its lineation 
pattern may be parallel to the fault, as in the Bassies pluton in the Pyrenees (Gleizes et 
al., 1991). The lineation pattern may be oblique to the fault and subparallel, either to 
the latest increments of the opening, as proposed by Bouillin et al. (1993) for the Monte 
Capanne pluton (Elba Island, Italy), or to the local finite stretch undergone by the plu
ton during its emplacement, as in the late Pan-African Tesnou pluton (Hoggar, Algeria; 
Djouadi and Bouchez, 1992). 

However, these patterns reflect only the surficial deformation conditions induced by 
faulting, and only those recorded just before solidification of the magma, i.e. correspon
ding to the final few gammas of strain (see Arbaret et al., this volume). They do not 
carry information on the mode of opening and emplacement a few kilometres deeper in 
the pluton. 

(iii) Vertical lineations may indicate the presence of a magma feeder zone if they cor
relate, in map view, with a deepening of the pluton's floor, identified by the gravity 
data. The presence of differentiated, late-magmatic granite subtypes further attests to the 
presence of a feeder zone. 

(iv) A relationship between the bulk orientation of the pluton and the orientation(s) 
of the root-zone(s) may also be observed. Two main dispositions appear: root-zone(s) 
may be elongated and/or may align parallel to the bulk elongation of the pluton, as in 
Cabeza de Araya (Fig. 2c), or perpendicularly to pluton elongation like in Guitiriz, 
(Aranguren et al., 1996). In the first case, the deformation field probably remains the 
same at different structural levels of the massif. In the second case, root zones oblique to 
pluton elongation, reflect the fact that the direction of crack opening at the brittle-ductile 
transition, where root zones initiate, is not parallel to that prevailing in the remaining 
brittle crust. This may be due to the role of magma pressure which controls fracture 
orientation (see Nicolas, 1989, p. 34). For a given regional principal stress direction, 
fracturing of the crust occurs closer to the stress direction than the magma pressure is 
higher, and the crust more brittle. Post-emplacement shear deformation may also modify 
the apparent shape of the pluton, thus obscuring the regional strain field acting during 
emplacement, as in the Mont-Louis-Andorra pluton (Bouchez and Gleizes, 1995). 

(v) Finally, the number of roots may reflect the overall tectonic setting. Plutons 
emplaced during regional transcurrent shear may display a single root (e.g. Mortagne; 
Fig. 6) or a few main roots, as in Cabeza de Araya (Fig. 2c and Fig. 6) and most plu
tons of Brittany (Vigneresse, 1983), e.g. Plouaret (Fig. 5c ). This contrasts with plutons 
emplaced during large-scale extension where many tiny roots are evidenced all over the 
granite complex. This is the case for the late-Variscan pluton of the french Massif Cen
tral (Faure and Pons, 1991), e.g. Saint Sylvestre (Audrain et al., 1989b) (Fig. 6), and 
Sidobre (Ameglio et al., 1994) (Fig. 4). 
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CONCLUSIONS 

An integrated methodology has been devised to describe and interpret the structures and 
shape at depth of granitic plutons. The methodology mostly consists of surveying the 
area with detailed gravity measurements which permit, by 3D inversion treatment of 
data, the computation of the depth and the shape of granites. It also benefits from struc
tural measurements which record the last movements of the magma while still not fully 
crystallized. Both sets of data are required to infer with some confidence the mode of 
magma emplacement. 

Observations obtained from gravity and structural studies enable root zones to be 
identified beneath granitic plutons. The root zones are determined where vertical linea
tions occur above zones of deeper floor with, in some cases, differentiated or late mag
matic facies outcropping. 

Deformation plays an important role in determining the crustal position of plutons. 
Bulk shape, internal structure (essentially lineations), and regional deformation, characte
rize two main families of plutons. In a flat shaped pluton, magma upwells from multi
ple roots and spreads parallel to a tectonically layered crust at the brittle/ductile transi
tion in a still plastic crustal domain. In contrast, for wedge-shaped plutons, magma is 
permissively emplaced within an extensional zone in the brittle crust controlled by 
transcurrent movement. 

The paleo brittle-ductile transition field has been estimated from the shape of the plu
ton floor as being the place where the floor changes in dip with noticeably steep walls. 
In several regions of the Hercynian belt, this transition ranges between 6 to 8 km with 
respect to actual surface. 

We have determined several features that may be of more general application to plu
tons, in order to understand their emplacement mode. We suggest that such integrated 
studies should take place systematically before sophisticated geochemical studies are 
undertaken. 
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The Los Pedroches batholith (LPB) in the Variscan belt of southern Spain is a 200 
kilometres long magmatic body which has intruded low-grade metamorphic rocks of the 
Central Iberian Zone. The LPB is composed of granodiorites, a dyke swarm, and granites 
emplaced during three successive magmatic events. Field structural data from both the 
country rocks and the LPB indicate that the northern boundary of the LPB is a 
transtensional shear zone, the Conquista shear zone, dipping 50° to the NE. This shear 
zone is sealed by the Cerro Mogabar granite which was emplaced during the last 
magmatic event. A detailed magnetic susceptibility study, using 2236 oriented samples 
from 559 stations, of the main part of the batholith yields flat magmatic foliations, and 
magmatic lineations with a mean east-west trend. The structural, kinematic and 
magnetic susceptibility data indicate that the emplacement of the LPB was controlled by 
a crustal scale and dextral transtensional shear zone, parallel to the batholith elongation. 
The eastern part of the granodiorite takes the shape of a large laccolith prolonged 
westwards by four NW-SE elongate domes. These contrasted geometries reflect the 
upwelling of magma through the transtensional zone that vanishes towards the west. 
Intrusion of dykes along Riedel shears related to the regional transtension took place in a 
second magmatic event. The main transtensional shear zone is interpreted as a lateral 
ramp that accommodated the crustal thinning developed in the Central Iberian zone 
during the collapse of the Iberian Variscan belt. 
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INTRODUCTION 

Concepts about the transfer of granitic melts within the crust and the subsequent em
placement of granites have changed greatly in recent years (see Pitcher, 1993, for are
view). The long-held diapiric model, with magma rise driven by the buoyant upwelling 
of large volumes of magma overlain by denser country rocks, has been shown to occur 
only at deep crustal levels, where the thermal and viscosity contrasts between the 
magma and its metamorphic cover are weaker than in shallow crustal levels (Cruden, 
1990; Kukowski and Neugebauer, 1990). Instead, permitted ascent of magma through 
crustal scale shear zones or propagating fractures (Clemens and Mawer, 1992) is consid
ered to be a much more efficient mechanism for magma transfer than diapirism, and 
tectonically-controlled models of emplacement of granites are now widely recognized in 
different orogens (Hutton, 1988). 

Syn-tectonic plutons have been related to both compressional (Tobisch and Paterson, 
1990) and extensional shear zones (Hutton et al., 1992). Nevertheless, many granitic 
plutons are associated in both space and time with strike-slip shear zones, but in struc
tural contexts as different as: (i) tensile fractures (Castro, 1986), pull-apart sites 
(Guineberteau et al., 1987; Bouillin et al., 1993) or P-shear tensional bridges (Tikoff 
and Teyssier, 1992) related to a major strike-slip shear zone, (ii) cracks opening at tip 
areas of a moving shear-zone (Hutton, 1988) or, (iii) transpressional shear zones (Hutton 
and Reavy, 1992). In short, strike-slip shear zones may play a significant role in magma 
transfer within the crust. However, as the shape and structures of granitic plutons 
mainly reflect deformation mechanisms at the emplacement level, the evidence for pre
vious stages of magma ascent is often scarce. Another consequence of this is that in 
many instances the related shear zone does not show up clearly at the present erosion 
level and its existence is only deduced from indirect structural or geophysical observa
tions. This paper focuses on structural and anisotropy of magnetic susceptibility (AMS) 
data from the Los Pedroches batholith (LPB ), one of the largest magmatic complexes of 
Spain. In the LPB, the occurrence of multiple intrusive events provides an excellent 
opportunity to analyse the interaction between granite emplacement and contemporane
ous shear zones developed in transtensional conditions. 

LOS PEDROCHES BATHOLITH: FIELD RELATIONSHIPS AND 
PETROGRAPHY 

The LPB is a narrow and elongate magmatic body, 5-25 kilometres wide and ca. 200 
kilometres long, located in the southern part of the Hercynian (also called Iberian) mas
sif of Spain (Fig. 1). Following the original tectonic subdivision of the Iberian massif 
(Lotze, 1945), most authors consider that the LPB marks the limit between the Central 
Iberian Zone (CIZ) to the north and the Ossa-Morena zone to the south (Julivert et al., 
1972; Ribeiro, 1990; Apalategui et al., 1990). The tectonic setting of the LPB is, how
ever, still controversial since the batholith and its southern metamorphic envelope have 
been proposed to belong to the CIZ (Dfez Balda et al., 1990). Relevant for any regional 
tectonic consideration is that linear batholiths are usually the expression of deep thermal 
anomalies that were closely related to blind crustal, or lithospheric, shear zones (Nicolas 
et al., 1977; Hutton and Reavy, 1992; Tomassi et al., 1994). The LPB is concordant 
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with the 120° E trending Hercynian structures, folds and shear zones affecting the sur
rounding metasedimentary rocks. It also coincides with an elongate, negative gravity 
anomaly reaching -30 mgal over the eastern half of the batholith (lnstituto Geogntlico 
Nacional, 1976). 

Los Pedroches batholith 
D Granodiorite 
D Granite 
- Adamellite 
~ Dyke complex s· 

Figure 1.- Schematic map of the Los Pedroches batholith, showing the intrusive relationship between the 
main petrographic groups. I) Cardefia granite, 2) Cerro Mogabar granite, 3) El Guijo granite, 4) Santa 
Eufemia granite, and 5) Campanario-La Haba granite. Insert map location of the Los Pedroches batholith 
within the Iberian belt. 

The LPB results from three successive magmatic pulses (Carracedo, 1991). The old
est one encompasses the Pedroches granodiorite, the Cardeiia granite and, between them, 
transitional adamellites forming a continuous band of more than 40 kilometres long and 
3 kilometres wide (Fig. 1 ). The second magmatic pulse is represented by a well
developed dyke swarm intruding the Pedroches granodiorite and the Cardeiia granite. 
Finally, several granite plutons intruded the former rocks (Fig. 1). The Pedroches grano
diorite is fine- to medium-grained with dominant equigranular textures. It is composed of 
quartz, a large amount of feldspars (plagioclase An25_45 and perthitic K-feldspar), biotite 
and some hornblende; allanite, apatite, ilmenite, sphene and zircon appear as accessory 
minerals. It displays an impressive mineralogical and textural homogeneity, rarely dis
turbed by subtle layering defined by grain size contrasts or minor mineralogical varia
tions. Microgranular enclaves of tonalitic to quartz-dioritic composition are widespread 
throughout the Pedroches granodiorite. The latter granodiorite also contains metasedi
mentary xenoliths which can be larger than 30 m in the vicinity of the country rocks 
but only reach a few centimetres away from the contacts. The late granitic plutons have 
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abrupt contacts with the Pedroches granodiorite and are concentrated mainly within the 
eastern half of the batholith. They correspond to porphyritic rocks with K-feldspar me
gacrysts in a fine- to coarse-grained groundmass composed of quartz, plagioclase (An14_ 

34), biotite, K-feldspar, ± cordierite and secondary muscovite. This granitic group also 
includes minor amounts of two-mica leucogranites and aplitic leucogranites. 

The dyke swarm displays two structural systems. The largest system is composed of 
130°E trending dykes of granitic composition and the second system of granodiorite to 
monzonite dykes displaying an average N-S orientation (Fig. 1). Cross-cutting relation
ships demonstrate that the N-S trending dykes have intruded the Pedroches granodiorite 
and the Cardefia granite earlier than the 130°E trending dykes. Along the contacts of 
some dykes belonging to both systems the host granodiorites or granites developed a 
noticeable solid-state deformation. This deformation is represented by asymmetric folds 
with strongly plunging axes and discrete shear zones concentrated in narrow bands, 1 to 
5 em thick, parallel to the dyke walls. Shear senses are sinistral in shear zones related to 
the N-S trending dykes and dextral in those related to the 130°E trending dykes. 

The LPB is intrusive into low-grade metasedimentary rocks of Late Proterozoic to 
Carboniferous ages during Westphalian-Stephanian times. Rb/Sr, whole-rock radiomet
ric data for granodiorites (Defalque et al., 1992) and granites (Fermindez et al., 1990) 
confirm the two magmatic events at 308 ± 6.5 Ma and 300 ± 6 Ma respectively. The 
country rocks belong mostly to a thick, about 3000 m, sequence of slates of Lower to 
Middle Carboniferous age (Fig. 1). By contr~t, the underlying Palaeozoic rocks are 
dominated by more competent materials, like limestones, quartzites and graywackes. 
According to Donaire and Pascual (1991), conditions of the pyroxene-hornfels facies (f 
= 800 °C, P < 2 kbar) were locally reached within xenoliths from the metamorphic 
aureole, which extends some 1000 to 1500 m away from the contact with the igneous 
rocks. 

STRUCTURAL ANALYSIS 

The LPB shows sharp contacts with the country rocks. The late granitic plutons cross
cut the country rocks at an angle whereas the Pedroches granodiorite is concordant with 
their structural elements. In the Pedroches granodiorite there is a strong contrast between 
the southern and northern contacts (Fig. 2). The southern contact dips at 30° to the 
southwest and does not show solid-state deformation structures. The northern contact 
partly corresponds to a ductile shear zone, the Conquista shear zone, dipping 50° to the 
northeast (Carracedo et al., 1994 ). The remaining part of the latter contact displays simi
Jar dips to the northeast. 

SlRUCfURAL ELEMENTS IN 1HE COUN1RY ROCKS 

One phase of regional folding followed by subsequent thrusting and a phase of late-stage 
kink-banding are recognized in the metamorphic envelope on the LPB. The earliest 
Hercynian deformation is represented throughout the sector by the Sccleavage, well
developed only in the slates. sl is axial planar of tight PI-folds (Dfez Balda et al., 1990), 
strikes northwest-southeast and dips steeply to the northeast, except along the southern 
contact of the batholith where it has been rotated during the emplacement of the subja-
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cent granitic rocks. Outcrops of host rocks are considerably more abundant on the north
ern side of the LPB. There, minor F1-folds are asymmetric and S-shaped when viewed 
towards the northwest, and are consistent with south-westward vergence deduced from 
local S0-S1 relationships. This asymmetry indicates that the Carboniferous slates in this 
area form part of the normal limb of a major and northeast-dipping synform (Fig. 2). 
The Carboniferous slate sequence lies below older Palaeozoic rocks, as a result of a 
thrusting event. A southward motion of the upper block is deduced for this thrust from 
the widespread presence of l0°E-directed slickensides on minor thrust surfaces, and ge
ometry from the asymmetry of numerous intrafolial folds observed in the contact zone. 

sw 

D Carboniferous rocks D Precambrian rocks 

Pre-Carboni ferous rocks 1:::3 Los Pcdroches batholith 
0 

NE 

5 IOkm 

Figure 2.- Schematic cross-section through the Los Pedroches batholith, showing the S0-S1 relationships in 
the country rocks. Note that the sSouthern contact is concordant with S0 whereas the northern contact 
coincides with a north-dipping shear zone (see Fig. I for the location). 

1lffi CONQUISTA SHEAR ZONE 

A large part of the northern border of the Los Pedroches granodiorite is a ductile shear 
zone, referred to as the Conquista shear zone after the village of the same name where we 
have established the type-section (Figs. I and 3). The shear zone, I kilometre-thick and 
more than 50 kilometres-long, is sealed by the Cerro Mogabar granite (Fig. 1 ). 

Deformation associated with the shear zone increases towards the granodiorite/slate 
contact (Fig. 3). The subhorizontal, weak magmatic fabrics of the granodiorites are 
progressively replaced by pronounced planar fabrics defined by S-C structures when 
traced into the shear zone. The subspherical shape of microgranular enclaves also 
changes progressively into flattened ellipsoids. Close to the contact the mylonitic folia
tion becomes parallel to the shear zone which dips 50° to the northeast. The stretching 
lineation lying on the mylonitic foliation is oblique to the long axis of the batholith, 
and plunges at 30° to the east-northeast (Fig. 3a). 

The granodiorite from the Conquista shear zone is dynamically recrystallized and, 
therefore, has mainly recorded the last increments of strain. Fine-grained, highly recrys
tallized mylonitic granodiorite provides quartz c-axis diagrams with a strong maximum 
concentration around the Y -axis of the finite strain ellipsoid (Fig. 4a). Similar c-axis 
patterns have been obtained in mylonitic quartzites from the metamorphic 
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Figure 3.- Schematic section across the Conquista shear zone (location in Fig. l) showing the main related 
structures and microstructures. Lens-shaped domains in the mylonitic zone represent granodiorite bodies 
where high-temperature deformation is partially preserved. a): orientation diagrams for C-planes and 
stretching lineation. Each point represents the mean orientation of more than 10 measurements in the selec
ted outcrops. 

aureole (Fig. 4b). Such diagrams are representative of deformation under moderate tem
perature, probably higher than 450°C. However, less severely deformed granodiorites, in 
relict aggregates of quartz display mosaic microstructures preserved from the late mag
matic stage, defined by square- or rectangular-shaped grains with boundaries at right 
angles (Fig. 4c), which clearly demonstrate that solid-state deformation began close to 
the solidus temperatures (Blumenfeld et a!., 1986). These quartz aggregates provide 
pronounced preferred crystallographic orientations with c-axes concentrated at less than 
30° to the stretching lineation (Fig. 4c). Similar quartz fabrics have been described in the 
syntectonic Hermitage granite massif by Gapais and Barbarin ( 1986), and interpreted in 
terms of preferential growth and migration recrystallization of quartz grains along the c
axis during high-temperature solid-state flow. This interpretation is preferred here, since 
we have not found basal subboundaries indicative of intracrystalline deformation by c
slip as proposed for other syntectonic granites (Mainprice et a!., 1986; Aranguren and 
Tubfa, 1992). Our suggestion that the Conquista shear zone originated at sub-solidus 
temperature conditions is supported by additional microstructural and field evidence: (i) 
development of myrmekite rims along the long sides of K-feldspar porphyroclasts; and 
(ii) abundant wedges of undeformed quartz lodged in intracrystalline cracks of K-feldspar 
porphyroclasts (Fig. 3b). Micro-shear planes of mylonitic microstructures and crystalli
sation of red biotite are common; in contrast, those underlined by chlorite or other retro
grade low-temperature minerals are scarce throughout the shear zone, and suggest that 
the Conquista shear zone was only active at fairly high temperatures. This interpretation 
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is consistent with the fact that the mylonitic granodiorite is cross-cut by the Cerro 
Mogabar granite (Fig. 1), thus indicating that solid-state deformation in the shear zone 
predated total recrystallization of the batholith. 

z top 
> z 

n=35 

Figure 4 .- Quartz c-axis patterns of mylonitic rocks deformed at intermediate temperatures. a: granodiorite; 
b: quartzite from the metamorphic aureole (XZ section; lower hemisphere, equal-area diagrams; contour 
intervals: I, 2, 4, 6, ~ 8%). c: relict high-temperature fabric of quartz showing the characteristic mosaic 
microstructure and the corresponding c-axis diagram (see the text for discussion). 

Figure 3 shows that the shear zone is also imprinted in the country rocks and that 
isolated minor shear zones deform the dyke swarm. The structural imprint of the shear 
zone in the country rocks includes an asymmetric extensional crenulation cleavage, in 
the sense of Platt and Vissers (1980), parallel to the shear zone, and a subhorizontal 
crenulation cleavage already described in many epizonal areas of the CIZ and related to a 
late extensional event (Mira et a!., 1987; Dfez Balda et a!., 1990). In our sector, the 
subhorizontal crenulation cleavage was clearly developed during the emplacement of the 
Los Pedroches granodiorite. This is evidenced by: (i) its increasing abundance towards 
the Conquista shear zone, and (ii) its nucleation at bulges along the grain-boundaries of 
the andalusite neoblasts, and its overprinting by randomly oriented neoblasts of epidote, 
as observed in oriented thin sections from the metamorphic aureole of the Los Pedroches 
granodiorite (Fig. 3c). 

The structures described above and kinematic criteria consistently indicate that the 
Conquista shear zone is a dextral-transtensional shear zone. The Carboniferous slates are 
therefore inferred to have moved downwards above the Pedroches granodiorites. The 
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dextral component of motion is also suggested by the obliquity between the stretching 
lineation and the batholith's long axis. 

MAGNETIC SUSCEPTIBILITY 

In order to gain structural information on the LPB, we have performed a detailed mag
netic susceptibility study of the main part of the batholith. This technique allows us to 
measure planar and linear structures in apparently isotropic rocks (Bouchez et al., 1990). 
This is the case in the Pedroches granodiorite where internal structures are imperceptible 
to the naked eye. 
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tota1=559 l 

~lnr:.' I~~~ •• :~.'.:~.'.~~'' ,~5 
~~ 

40 45 78 111 

K(10"5SI) 
5 10 15 20 25 

\. '7!: f]3l . . .. ;..1··~. L.QJ 

• Granodio;it: ·~8\~'li!. 
• Adamellite ~ o 
o Granite '»11.,... 
6 leucogranite 6 

6 

66 68 70 72 74 76 

Si02 

Figure 5.- (a) Histograms of the bulk magnetic susceptibility (K) values in the main petrographic facies of 
the LPB. (b) Variation in the Fe content (Harker diagram) for the main petrographic facies of the LPB. 
Note that K values increase with increasing Fe contents. 

Structurally this technique is interesting because the magnetic susceptibility is a 
petrophysical property which can be expressed by a symmetric second rank tensor and 
geometrically represented as an ellipsoid (Jelinek, 1981) whose principal axes Kmax ~ 
Kint ~ Kmin often correlate to the main directions X, Y and Z of finite strain (Borradaile, 
1991; Hrouda, 1993). The bulk susceptibility magnitude corresponds to K = (K1 + K2 + 
K3) I 3. The reader is referred to Tarling and Hrouda (1993) for an up-to-date review of 
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theoretical fundamentals of this technique, and to Bouchez et al. ( 1990) and Bouchez 
(this volume) for specific applications to granitic rocks. Magnetic susceptibility and 
anisotropy measurements (AMS) were performed with a KL Y -2 magnetic susceptibility 
bridge manufactured by Geofyzika (now Brno; Czech Republic) . This instrument oper
ates in a low magnetic field (± 4 x I o·4 T and 920 Hz) with a resolution better than 5 x 
I o-s SI units. 

The study is based on a regular sampling of 559 stations: 439 from the granodiorites 
and 120 from the granitic plutons. Since the work concerns the overall structure and 
emplacement mechanism of the LPB, we have not included the specimens from the 
dykes. A minimum of four samples were taken per station using the standard pa
laeomagnetic field techniques for collecting oriented cores. Our study is therefore based 
on magnetic measurements of 2236 oriented cores. 
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Figure 6.- Simplified map of foliation trajectories in the LPB. Note the presence of several granodiorite 
domes from the El Guijo granite to the West and the great extent of the eastern domain characterized by 
flat dipping foliations. Stereonets (Schmidt projection; lower hemisphere diagrams) for K3 (pole to magnetic 
foliation) magnetic axes are shown for granodiorite and granite samples. White dots indicate the best pole 
of the magnetic foliation . Contour intervals in multiples of uniform distribution. 

All but three granodiorite samples give magnetic susceptibility values between K = 
0.7 x l0-5 SI and 33.6 x 10-5 Sl (Fig. 5). Rochette (1987) and Jover et al. (1989) have 
proposed that in granites such low K values mainly reflect the magnetic contribution of 
paramagnetic minerals, like biotite and hornblende. Figure 5 shows that the grano
diorites have the highest K values and the leucogranites the lowest K values, the gran
ites and adamellites being intermediate. The paramagnetic origin of the magnetic suscep
tibilities in the LPB is further supported by figure 5 where the susceptibility values 
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linearly increase with increasing Fe-content of the sample, indicating the lack of sub
stantial ferromagnetic contribution. 

AMS DIRECTIONAL DATA 

Despite the great extent of the Pedroches granodiorite, the corresponding orientation 
diagrams of the magnetic lineations (K 1) and the poles to magnetic foliations (K3) reflect 
a surprising structural homogeneity. Poles to foliations define a girdle perpendicular to 
batholith's elongation, with a maximum pointing to the dominance of flat-dipping 
foliations (Fig. 6). Data from the granites reveal a still stronger concentration of K3-

magnetic axes around the vertical, and consequently point to sub-horizontal magnetic 
foliations (Fig. 6) . Magnetic lineations are subhorizontal, and show a mean east-west 
orientation in the Pedroches granodiorite (Fig. 7) whereas, in the granitic plutons, they 
are scattered at the periphery of the diagram (Fig. 7). The shape of the AMS ellipsoid is 
slightly oblate, and similar in both the granodiorites and granites. Consequently, the 
scattered pattern of magnetic lineations in the granites can be interpreted as due to a 
radial arrangement. 

'- lineal ion plunge< 30' 
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Figure 7.- Detailed map of the magnetic lineation (K 1• magnetic axis) in the LPB. Stereonets (Schmidt 
projection; lower hemisphere diagrams) for K 1. Squares indicate the best magnetic lineation in granodiori 
tes and granites. Contour intervals in multiples of uniform distribution. 

The previously described structural homogeneity of the Pedroches granodiorite is less 
obvious if we consider the maps of the LPB instead of the whole orientation data (Figs. 
6 and 7). In fact, spatial variations in the trend of foliation trajectories help to recognize 
four domes at the west of the Pedroches granodiorite. In addition, the flat-dipping folia-
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tions are mainly found in the eastern part of the granodiorite outcrop, whereas higher dip 
values, > 35°, are concentrated in the domain of the domes (Fig. 6). The above men
tionned variations in foliation orientations suggest the existence of a large, subhorizon
tal sheet of granodiorite in the easternmost part of the Los Pedroches granodiorite, in 
clear contrast with the polydomal nature of the western part (Fig. 6). A similar conclu
sion can be derived from the spatial variations of the lineation trends, since they keep a 
rather uniform east-west trend inside the domain of flat-dipping foliation, but diverge by 
more than 60° in trend, from 60°E to l20°E in the domain of the domes (Fig. 7). In the 
granitic plutons, the foliation trajectories give concentric patterns that are concordant 
with the granite contact, and magnetic lineations display radial patterns. Some distur
bances of foliation trajectories in the granodiorites such as an isolated zone with high 
dip-values adjacent to the southern contact of the Cerro Mogabar granite, or the foliation 
triple point observed around its western border, could be due to reorientations in relation 
with the intrusion of the Cerro Mogabar granite . 
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Figure 8.- Variation of the bulk anisotropy (P para%) of the magnetic susceptibility in two traverses across 
the Los Pedroches granodiorite. High anisotropy values are systematically concentrated along the Conquista 
shear zone. 

AMS SCALAR DATA 

Given the low K-values of rocks having magnetic susceptibility dominated by paramag
netic minerals, the AMS parameters calculation requires that the constant contribution, 
Kdia - -1.4 X 10'5 SI, of diamagnetic minerals, mainly quartz and feldspar, be corrected 
(Hrouda, 1986; Rochette, 1987; Bouchez et al., 1987). The anisotropy percentage of a 
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rock due to paramagnetic minerals is therefore defined as P para% = [ ( (K 1- ~ia)/(K3-~ia)) -
1] x 100. Ppara% ranges from 0.5 to 12.5, with rather low mean values of 2.0 in grano
diorites and 2.25 in granites. As is expected in granites with magmatic fabrics (Bouchez 
et al., 1987) the great majority (97%) of the studied samples provide values of P para% $; 

5. Most of the samples having larger anisotropy values display solid-state deformation 
features and were collected inside the Conquista shear zone. The variations of P para% 
across the LPB, show a pronounced increase from the southern contact towards the Con
quista shear zone (Fig. 8). 

Parsons and Thompson (1993) proposed that intrusion of magma along vertical 
dykes is an efficient mechanism in increasing the horizontal stresses. This is because, 
for a sufficient magma pressure, inflation of dykes emplaced perpendicularly to the least 
principal stress direction can create locally compressional conditions. These considera
tions could explain the finding of relative highs in the P para% values observed along the 
two profiles across the LPB, because they correspond to the areas where the dyke swarm 
is best developed (Fig. 8). This interpretation is strengthened by the presence of weak 
solid-state deformation in narrow granodiorite bands in contact with many dykes, rein
forcing the hypothesis that compressional conditions were locally reached during dyke 
intrusion. 

EMPLACEMENT MODEL 

GEOMEIRY AND TYPOLOGY OF INTRUSIONS 

The Los Pedroches batholith affords a series of relationships between deformation and 
magmatism which must be taken into account when modelling its emplacement at 
shallow crustal levels. Principal amongst these, is the shape of the batholith and the 
links between different intrusive groups. Inferences about the geometry of the plutonic 
suite are based on the structural maps of the batholith. 

The predominance of subhorizontal foliations within the granodiorites and granites 
(Fig. 6) can be interpreted in different ways, since such foliations may develop in several 
structural settings: (i) close to the roof of the intrusive body (Bouchez and Diot, 1990), 
(ii) in syn-tectonic granites intrusive along extensional shear zones (Hutton et al., 
1990), or ductile thrust zones (Aranguren and Tubfa, 1992; Karlstrom et al., 1993), or 
(iii) in subhorizontal sheeted granites or sills (Corry, 1988). Our reconstruction of the 
pre-erosional configuration of the LPB suggests that the subhorizontal foliations of the 
granodiorite and the granitic plutons reflect intrusive bodies of sheeted shapes with hori
zontal extensions much larger than vertical ones. This interpretation is supported by: (i) 
the widespread presence of xenoliths of country rocks near the contacts and their absence 
inwards, and (ii) except in the Conquista shear zone, solid-state deformation structures in 
the LPB are scarce, contrary to what would be expected in granites emplaced along ex
tensional shear zones or ductile thrust zones. Furthermore, within the Pedroches grano
diorite, the mineral homogeneity maintained across the outcropping area and the low dip 
of the southern contact also support a sheeted geometry. 

Our reconstruction of the three dimensional shape of the Pedroches granodiorite, as 
represented in figure 9, bears many similarities with a laccolithic intrusion, particularly 
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the concordant relationship with country rocks and the sheeted geometry (Corry, 1988). 
However, we suggest that the Pedroches granodiorite should not be considered as a sin
gle intrusive body, but rather as a composite laccolith composed by at least five coales
cent plutons (Fig. 6). No simple explanation has yet been given for the feeding and 
growth oflaccoliths. The problem has been addressed by Clemens and Mawer (1992) and 
Corry (1988). They have shown that fracture propagation is an efficient transport 
mechanism of granitic magmas, and that the change from vertical to horizontal migra
tion of magma leads to progressively growing laccoliths by the elevation of the over
burden. The horizontal spreading of magma requires a rheological horizontal boundary 
within the intruded materials which can act as a barrier for the rising magma (Corry, 
1988; Roman Berdiel et a!., 1995). These conditions are met in the LPB, since the 
existence of 130°E trending shear zones acting as magma conduits is strongly suggested 
by the presence of the Conquista shear zone, the alignment of the granodiorite domes, 
and the orientation of the dykes within the swarm (Fig. 7). 

Hence, we consider that magma intruded upwards along a regional-scale fracture af
fecting the mechanically strong pre-Carboniferous country rocks. But, as the magma 
was unable to migrate further upwards into the overlying Carboniferous shales because 
of their plastic nature, it spread laterally along the boundary between the brittle pre
Carboniferous and the weak Carboniferous rocks. 

Figure 9.- Schematic three dimensional geometry proposed for the Pedroches granodiorite, showing its 
relationship with a blind main transtensional shear zone and with the Conquista shear zone, interpreted as an 
accommodating boundary shear zone (for discussion, see the text). 
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SEQUENCE OF MAGMATIC PULSES 

The LPB was emplaced during three magmatic pulses characterized by different tectonic 
constraints. The oldest is represented by the Pedroches granodiorite and the Cardeiia 
granite, and the second corresponds to the intrusion of dykes into the former rocks. 
These two magmatic events led to linear magmatic bodies that were probably related to 
the development of a single transtensional shear zone at crustal scale. According to 
Corry (1988) the thickest part of many laccoliths is located at the vertical position of 
the feeder dykes. In the LPB, it is tempting to consider that the thickest part and, conse
quently, the feeding zone should follow the Conquista shear zone, particularly if we take 
into account its transtensional nature. This is also suggested by the analogue models of 
laccoliths formed in extensional settings of Roman Berdiel et al. ( 1995). 

However, we think that the feeder zone is located close to the alignment defined by 
the en echelon granodioritic domes. We interpret this alignment as the surface expres
sion of a major, blind transtensional shear zone (Fig. 9a) which provides an easy conduit 
for the upwelling of magma (Fig. 9b). Our choice for a transtension shear zone is sup
ported by the parallelism of the dykes belonging to the principal family with the shear 
zone itself. This is based on the interpretation that the dykes were emplaced along Riedel 
shears, hence, as proposed by Sanderson & Marchini (1984), in transtension the Riedel 
shears and tension fractures can rotate until they reach a stable orientation enabling 
accommodation of the tensional component (Fig. 9b). It is worth noting that the weak 
solid-state deformation structures observed in the host rocks close to the dyke walls do 
provide constant criteria of dextral shear sense which are consistent with the motion of 
the predicted Riedel fractures of figure 9b. This interpretation also agrees with an en 
echelon arrangement of the granodioritic domes, since their small sizes suggest that 
they were fed through several parallel short fractures at an angle with the main transten
sional shear zone. Our structural data, however, do not allow us to discriminate whether 
these short fractures correspond to Riedel or tensional fractures. 

The transtensional shear zone vanishes towards the west, as suggested not only by 
the presence of the en echelon domes, but also by the more-than-half reduction in width 
of the granodioritic domes when compared with the eastern sector (Fig. 6). The shear 
zone probably also becomes less localized, then vanishes in the upper crustal levels, 
given the plastic behaviour of the Carboniferous slates found at such levels. These 
slates, located at the hanging-wall of the shear zone, apparently acted as a trap for the 
magma rising through the shear zone. The successive magma supplies which apparently 
ponded along the basal contact of the Carboniferous slates, led to the thickening of the 
intrusive body (Fig. 9). In this scenario the Conquista shear zone is interpreted as an 
accommodating boundary shear zone (Clemens and Mawer, 1992) that formed before 
final crystallization and cooling of the intruding magma. This interpretation implies that 
steady magma supply produced a dome in the overburden which balanced the thinning of 
the crust, and controlled subsequent crustal extension since the partially melted grano
diorite was much weaker than the solid and cooler country rocks. 

Numerous vertical dykes then intruded the quasi-isotropic and brittle materials of the 
Pedroches granodiorite and Cardefia granite, after their complete solidification. Some 
dykes clearly evolved into sills when reaching the overlying country rocks, thus show
ing a structural control of emplacement similar to that of the LPB. 

Finally, the last magmatic pulse was responsible for the emplacement of the remain
ing granitic plutons (Fig. 1), which also define a 130°E trending alignment. However, 
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the location of this alignment does not coincide with the dyke swarm or granodioritic 
dome alignments, suggesting that there was a northward migration of the youngest 
magmatic event. 

REGIONAL IMPLICATIONS 

The southern part of the Iberian Variscan belt presents numerous strike-slip shear zones 
with an orientation similar to that of the Conquista shear zone but, unlike the dextral 
nature of the latter, they show sinistral displacements (Fig. 1: insert). According to 
recently published structural syntheses of the Central Iberian Zone (Dfez Balda et a!., 
1990, and references therein) the sinistral shear zones were produced during a collisional 
event leading to crustal thickening. Other dextral strike-slip shear zones have been re
cently recognized in the northern areas of the CIZ (Castro, 1985; Dfez Balda et a!., 
1990). From the structural study of the Cabeza de Araya granite, Castro ( 1985) deduced 
the existence of an east-west trending dextral shear zone, the Central Extremadura shear 
zone, that was interpreted as the lateral boundary of a crustal wedge thickened by east
ward verging thrust faults. 

Extensional shear zones generated during the gravitational collapse of the thickened 
Variscan belt are now envisaged as a.common structural element of the CIZ (Dfez Balda 
et al., 1990; Hernandez-Enrile, 1991; Escuder Viruete et al., 1994 ). Because the tran
stensional shear zones described for the first time in this paper are kinematically com
patible with the extensional shear zones recognized within the CIZ (Hernandez-Enrile, 
1991; Escuder Viruete et al., 1994 ), and also because the beginning of the extensional 
event should have taken place between 325 and 310 Ma (Escuder Viruete et al., 1994) 
the emplacement of the LPB and its related transtensional shear zones are proposed to be 
related to late extensional evolution of the Iberian Variscan belt. 

The extensional shear zones of the CIZ are subhorizontal whereas the Conquista 
shear zone and the main transtensional shear zone at the base of the Pedroches grano
diorite strongly dip towards the northeast (Figs. 3 and 9). Since the subhorizontal and 
transtensional shear zones have an eastward directed motion of the hanging-wall plate, 
we consider that both structures can be integrated in a single tectonic scenario in which 
our transtensional shear zones should correspond to lateral boundary ramps and the sub
horizontal shear zones to detachments of a crustal-scale extensional system. 

Our reconstruction of the LPB emplacement suggests that the extention of the tran
stensional shear zones reaches deep levels in the crust. As a consequence,. we expect that 
subhorizontal detachment contacts do exist at deep levels in the crust of the CIZ. This 
possibility should be taken into account when interpreting the structural history of this 
sector of the Iberian Variscan belt using seismic reflection profiles. 
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Interpretation of rock fabric is a key objective in obtaining kinematic information about 
crustal dynamics. In order to constrain the connection between tectonism and magma 
emplacement, we have conducted a structural, microstructural, and magnetic fabric study 
of the Mono Creek Granite (MCG), one of the youngest plutons of the Sierra Nevada 
batholith, California (USA). In addition to field measurements, we have used the 
Anisotropy of Magnetic Susceptibility (AMS) to investigate granite fabrics. The 
magnetic susceptibility (K) of the MCG varies between 0.4 and 4xl0-2, and the total 
anisotropy (P) reaches 1.6. Thermomagnetic measurements (not given), and reflected and 
optical microscopic observations indicate that Ti-poor multi-domain magnetite is the 
primary AMS carrier, accouting for the high K values. The AMS intensive parameters, 
which are difficult to interpret in ferromagnetic rocks, provide semi-quantitative 
information: K correlates with rock mineralogy, and P is a good indicator of the rock 
texture. The AMS directional data of the MCG are characterized by good clustering at 
each sampling station, and by a sigmoidal pattern of foliation and lineation. This pattern 
results from deformation in the Rosy Finch shear zone during syn-magmatic dextral 
shearing deformation event. The AMS data, combined with the microstructural study, 
indicate that dextral shearing occurred under magmatic, high-temperature solid-state, and 
low-temperature solid-state conditions. The geometrical, structural and temporal 
continuity between the magmatic and solid-state deformations strongly support a model 
of continuous shearing during emplacement of the MCG. Our study demonstrates that 
the fabric of the MCG retains a record of all the pluton construction, which is syn
tectonic. Therefore, within the MCG, the magmatic and solid-state fabrics are both 
"intrusion-induced" and "tectonic-induced". 
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INTRODUCTION 

The evolution of a magma can be summarized chronologically in four steps: segrega
tion, ascent, emplacement, and cooling. As soon as a magma contains crystals, a fabric 
(foliation and lineation) forms, and evolves continuously, reflecting the strain condition 
at each step. Kinematic information about the flowing and cooling magma, particularly 
related to emplacement and subsequent deformation, can be recorded by mineral fabrics. 

A fabric is defined by the shape, orientation, and spatial distribution of minerals, and 
by the mechanical condition of its formation. For magmatic rocks, the significance of 
the fabric is similar to that of other rocks: it is a deformation feature that describes both 
the orientation and the shape (e.g., flattening, constriction) of the strain ellipsoid. As in 
a deforming magma the early-formed crystals rotate and undergo relative translations, 
fabrics indirectly inform on intensity and orientation of strain. An example is the shape 
preferred orientation (SPO) of the early crystallizing minerals (mainly Fe-Mg silicates 
and feldpars). Information about strain magnitude is only qualitative, because the molten 
nature of the material does not permit an exact correlation between the strength of the 
fabric (degree of SPO) and the magnitude of total strain to be specified: we do not know 
when the strain-clock starts. Thus, fabrics in magmatic rocks could track either infinite
simal or finite strain fields. Like with non-magmatic rocks, the fabric records only the 
strain component (stretching plus internal rotation) and not the translation component of 
the deformation (see Means, 1990). The translation component might be inferred from 
the pattern of finite strain, such as in (simple-shear) laminar flow, but in general it must 
be determined independently. 

Different parts of a plutonic body can acquire fabrics at different times in the crystal
lization history. Interpretation of fabric patterns in terms of strain-time evolution may 
be conducted, for example, with the help of a map of microstructures, which informs on 
the rheological condition of formation of the fabric. The distinction between intrusion
induced fabrics and tectonic-induced fabrics (Hutton, 1988) can be solved if we can de
termine the relative ratio between internal forces and tectonic forces (Brun et al., 1990). 
In fact, real cases are most likely intermediate between these end members, and there is 
no reason to assume that a pluton is characterized only by one type of mechanism (Saint 
Blanquat and Tikoff, 1995). Further, the distinction between intrusion-induced and tecto
nic-induced fabric is irrelevant if magma emplacement is controlled by tectonic proces
ses. In that case, the fabric records the interactions between internal driving forces 
(buoyancy) and tectonic forces. An emplacement fabric is a tectonic fabric if we can 
prove that a regional deformation event is responsible of the pluton construction. 

Mapping the microstructure, orientation, and intensity of fabrics is a very efficient 
tool to characterize the space/time/temperature/deformation relationships within a plu
ton. The interest in magmatic fabrics, particularly of granitic rocks, is in large part due 
to rapid pluton emtacement and cooling, making granites short lived geological events, 
often less than 10 -106 years (Clemens and Mawer, 1992; Hanson and Glazner, 1995), 
and critical recorders of crustal deformation (Bouchez et al., 1981; Hutton, 1988; Karl
strom, 1989; Hutton and Reavy, 1992; Karlstrom et al., 1993; Bergantz and Dawes, 
1994). This interest is often tempered by questions about the significance of fabrics in 
granite (see Bergantz, 1995, for a recent review). If fabric within plutons is always re
corded very late in the crystallization process, it may not reflect magma emplacement. If 
this hypothesis is true, emplacement of magma may take place for exemple in tectonic 
«lulls», between deformation events (Paterson, 1989; Paterson and Vernon, 1995). 



DEVELOPMENT OF MAGMA TIC TO SOLID-STATE FABRICS 233 

The aim of this paper is to show, I) that the fabric of granitoids could have a non
negligible structural memory and provide valuable information about kinematics of 
magma emplacement, and 2) the connection between tectonism and magma emplace
ment in the specific example of the Mono Creek Granite. To document the first point, 
we need a rigorous documentation of fabric within granite. This goal is difficult because 
of the low anisotropy of granitic rock, especially if only magmatic-state deformation is 
recorded. In addition to field measurements, we have utilized the Anisotropy of the Ma
gnetic Susceptibility, or AMS (Hrouda, 1982; Borradaille, 1988; Rochette et al., 1992}, 
to quantify the fabric of granitic rocks (see Bouchez, this vol.). AMS provides a rapid 
insight into the bulk internal structure of a pluton and allows the definition of planar 
and especially linear fabrics which are commonly hard or impossible to recognize in the 
field. Numerous studies have demonstrated a close parallelism between the ellipsoid of 
magnetic susceptibility and grain shape fabrics (Launeau et al., 1990; Darrozes et al., 
1994; Cruden and Launeau, 1994; Archanjo et al., 1995; Gregoire et al., 1995; Sigies
mund et al., 1995) and AMS is now almost routinely used in granitoids for the analysis 
of both solid-state fabrics and more subtle magmatic fabrics. 

To document the connection between tectonism and magma emplacement, we need a 
pluton which is not overprinted by later intrusions and/or deformation events. The Mo
no Creek granite (MCG) is one of the youngest plutons of the Sierra Nevada batholith 
of California and structural studies suggest a relationship between magma emplacement 
and transpressional deformation for this pluton (Tikoff and Teyssier, 1992; Tikoff and 
Saint Blanquat, in review). Application of AMS techniques on this pluton provides 
critical data to constrain the significance of fabrics, and therefore the emplacement mo
del. We first present results of the field and microstructural studies, followed by the 
AMS methodology and results. The discussion will focus on the interpretation of ma
gnetic fabrics in ferromagnetic granites, and their interpretation in terms of regional 
tectonics and emplacement of magma. 

GEOLOGICAL SETTING 

The Mono Creek Granite (MCG) is located on the eastern flank of the central part of the 
Sierra Nevada Batholith (SNB) (Fig. 1). The SNB is a 600 km long belt of a continental 
magmatic arc stretching discontinuously from southeastern Alaska to Baja California, 
and was constructed from the Triassic to the late Cretaceous. The Cretaceous Sierra 
Nevada batholith was active from 120-83 Ma (Stern et al., 1981; Bateman, 1992), and 
was the result of the eastward subduction of the Farallon plate below North America 
(Engebretson et al., 1985). The latest magmatic event within the SNB is called the 
Cathedral Range Intrusive Epoch (Evernden and Kistler, 1970}, and is Late Cretaceous in 
age (93-81 Ma). The plutons of this intrusive epoch constitute about 50% of the batho
lith surface area (Chen and Moore, 1982). Several intrusive series were emplaced along 
the crest of the Sierra Nevada during this event: from north to south, the Sonora pluton, 
the Tuolumne Intrusive Series (TIS) (Bateman and Chapell, 1979; Kistler et al., 1986), 
the Mono Pass Intrusive Series (MPIS) (part of the John Muir Intrusive Suite of Bate
man, 1992), and the Mount Whitney Intrusive Series (MWIS) (Hirt, 1989). Each Intru
sive Series outcrops over an area between 1000 and 2000 km2, and the thickness of the 
plutons is estimated to be about 10 km (Oliver, 1977). The series are characterized 
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Figure I. Generalized geological map of the east-central Sierra Nevada (inset), showing the Mono Creek 
granite and surrounding rocks of the John Muir Intrusive suite (modified from Bateman, 1992; Gem Lake 
shear zone after Greene and Schweickert, 1995; Bench Canyon shear zone after McNulty, 1995). 

by NNW-elongated plutons, with a shape ratio of up to 5: I, ranging in composition 
from granodiorites for the older plutons to granite for the younger plutons. Plutons 
within the Intrusive Series are comagmatic and show crystallization from the outer 
pluton inward, from similar parent melts. Each series is composed of about 3-4 plutons, 
which are nested (TIS and MWIS) or arranged en echelon (MPIS). They were emplaced 
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between 92 and 83 Ma (Stern et a!., 1981; Chen and Moore, 1982; Kistler et a!., 1986; 
Tobisch eta!., 1995) at upper-crustal depths (2- 6 km) (Ague and Brimhall, 1988). 

Structural evidence for strike-slip deformation associated with emplacement of these 
late granitic rocks has been recently documented. Proposed large-scale transcurrent and/or 
transpressional faults/shear zones include the proto-Kern Canyon fault (Busby-Spera and 
Saleeby, 1990), Rosy Finch shear zone (Tikoff and Teyssier, 1991, 1992), and Gem 
Lake shear zone (Greene and Schweickhert, 1995). In the central Sierra Nevada, shear 
zones which were active before 90 Ma show dip-slip movement and associated plutons 
appear to be emplaced in an extensional context (Tobisch et al., 1993; McNulty, 1995; 
Tobisch et al., 1995), whereas shear-zones active after 90 Ma show strike-slip move
ment (Busby-Spera and Saleeby, 1990; Tikoff and Teyssier, 1992; Greene & Schweick
ert, 1995). Considering the evidence from regional studies that the Sierra Nevada mag
matic arc underwent normal contraction coeval with pluton emplacement and strike-slip 
faulting, Tikoff and Teyssier (1991, 1992) proposed a transpressional setting during 
emplacement of the Late Cretaceous granitoids of the Sierra Nevada batholith. In parti
cular, TIS, MPIS, and MWIS plutons may have been emplaced within tensional bridges 
between crustal-scale en echelon P shears during dextral shearing of the arc in response 
to oblique convergence at the North America plate boundary. This hypothesis offers a 
solution to the long-standing paradox that large volumes of granitoids apparently intrude 
a crust which is in overall compression. 

The Mono Creek Granite (Lockwood and Lydon, 1975) is the youngest pluton of the 
MPIS (86 Ma, B. Carl, pers. com. 1996), and one of the youngest plutons of the Creta
ceous SNB. Wall rocks of the MCG are primarily the slightly older plutons of the 
MPIS, the Lamarck (Frost and Mahood, 1987), Lake Edison, and Round Valley grano
diorites, and Paleozoic and Mesozoic metasedimentary and metavolcanics rocks. The 
north-east side of the pluton is cut by the western part of the 0.7 Ma Long Valley Cal
dera. 

FIELD DATA 

The MCG is a 55 km long pluton elongated in the NW/SE direction, and is about 3 to 
13 km wide (about 600 km2). It is characterized by a northeast oriented and 10 km wide 
protrusion or "bulge" along its eastern margin (Fig. 1). Vertical relief, between 1900 
and 4200 m, is about 2300 m. Exposllre is excellent, except in the northern part, where 
it is covered by recent lava flows. The MCG is a porphyritic granite, very light coloured 
in outcrop. Quartz, K-feldspar, and plagioclase make up 90% of the rock. Biotite and 
magnetite are the ubiquitous mafic phases, while titanite, hornblende, and allanite are 
accessories mafic phases. Average grain size is about 3-4 mm except for large K
feldspars which average 10-20 mm and are as large as 40 mm. Plagioclase crystals show 
oscillatory zoning. One of the most impressive features of the pluton is its homogenei
ty: no sheeting or internal contacts have been observed throughout the main body. Mafic 
enclaves are very rare but more present along the margins. 

Our detailed field study and thin section analysis shows some consistent and gradual 
lateral mineralogical variations, independent of the elevation. We observe a transition 
between a mafic facies (biotite+ titanite+ hornblende), an intermediate facies (biotite + 
titanite), and a more felsic facies (biotite) (Fig. 2a). All of these facies contain quartz, 
feldspar, magnetite, and other accesory minerals. The mafic facies is located in the bulge 
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Figure 2. Map view of the main results of the thin section analysis for the 183 AMS sites within the MCG 

and 7 sites in adjacent plutons. (a) mineralogy; bi : biotite, ti : titanite, and hb : hornblende; the bi+ti+hb sites 

are located on the pluton's margin and in the bulge; (b) microstructures and field map of the RFSZ. Note the 

evolution of the deformation zone from magmatic, to medium to low temperature deformation. 
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and along the margins of the pluton. The felsic facies rocks are found in the center of the 
pluton, parallel to its long axis, and in the northernmost part of the pluton. These ob
servations correlate well with the mapping of alkali feldspar megacryst abundance in the 
Mount Abbot quadrange by Lockwood (1975), who showed a systematic decrease toward 
the center of the pluton and no relation between megacryst abundance and elevation. 
There is also a good correlation between the high content of megacrysts (> 8% ), mafic 
facies, and "high" (= 2.66) rock-density values found by Lockwood (1975). These data 
clearly demonstrate that the bulge is slightly different from the main body of the pluton. 

The most striking structural feature of the pluton is the Rosy Finch shear zone 
(RFSZ) (Tikoff and Teyssier, 1992). The RFSZ is a N20°W subvertical shear zone 
which is at least 80 km long and 1-4 km wide. It crosscuts the MCG and can be follo
wed toward the south through the entire MPIS. The RFSZ is ductile within the MCG 
and ductile, ductile-brittle, and/or brittle within the older plutons of the MPIS (Lake 
Edison and Lamarck granodiorites). Toward the north, the RFSZ is in continuity with 
the Gem Lake shear zone (Tikoff and Greene, 1994; Greene and Schweickert, 1995). The 
RFSZ in the Mono Creek granite is easily recognized in the field as an orthogneiss, in 
which solid-state foliation and lineation are developed. The style of deformation varies 
slightly along strike, but in general, foliation is defined by the elongation of quartz 
aggregates and by mica folia wrapping around well preserved feldspar porphyroclasts. 
The lineation is typically defined by the elongation of quartz grains and by a streaky 
lineation on mica folia, resembling a slickenside. Biotite, and/or hornblende, is general
ly retrogressed to chlorite, epidote, and/or white mica within these streaky lineations, 
which tend to occur in the middle of the shear zone where strain becomes localized. The 
shear zone parallels the Mono Creek granite/Mt. Morrison pendant contact on the nor
theastern side of the granite ( 160° or N20°W), is oriented N-S through the middle of the 
pluton (Fig. 1). At the south end of the pluton, the shear zone mostly continues into 
the Lake Edison granodiorite although dextral shearing also parallels the southwestern 
side of the Mono Creek granite (N20°W). Although the shear and foliation planes within 
the shear zone are consistently sub-vertical, the plunge of the lineation varies along 
strike. In the northeastern section of the granite, where the pluton parallels the Mt. 
Morrison roof pendant, the lineation plunges 0° to 50° to the south. In the middle sec
tion of the RFSZ the lineation is dominantly sub-horizontal and in the southwestern 
section, by the contact with the Lake Edison granodiorite, the lineation plunges shal
lowly northward. Outcrop scale-patterns indicate bulk dextral shear, including folded 
aplitic dikes, S-C relationships, asymetric porphyroclast tails, and porphyroclast imbri
cation (Tikoff and Teyssier, 1994). Dating of minerals (U-Pb on zircon, Ar-Ar on horn
blende and biotite) from the RFSZ within the Lake Edison pluton suggests ductile mo
vement on the RFSZ between 88 and 83 Ma (Tobisch et a!., 1995), i.e. during empla
cement of the MCG. Other Ar/Ar studies on white mica adjacent to the MCG indicate 
the possibility of shearing lasting until - 80 Ma (Sharp et a!., 1993; Segall et a!., 
1990). 

Brittle, brittle-ductile, and ductile sinistral shear zones are seen in all the plutons of 
the MPIS, and are oriented ENE-NE with subhorizontallineations (Lockwood and Moo
re, 1979). These faults in the Lake Edison granodiorite displace dikes from the Mono 
Creek granite, and the faults become increasingly more ductile toward the contact with 
the Mono Creek granite, pointing to a close time relationship between magma empla
cement in the MCG and deformation in the surrounding and already solidified plutons. 
Displacements on these faults are at least one order of magnitude smaller than displace
ment along the RFSZ. 
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The main evidence for magma emplacement during contraction are sub-vertical folia
tions throughout the MPIS and sub-horizontal dike swarms. Sub-vertical, NW foliations 
are found throughout the Mono Creek, Lake Edison, and Round Valley plutons and their 
orientation cross-cuts pluton contacts, arguing for trans-arc contraction during emplace
ment. Sub-horizontal dike complexes emanate from several plutons of the Cathedral 
Range Intrusive Epoch (Tikoff, 1994), but are particularly well-developed emanating 
from the MCG. These aplitic dike complexes are granitic in composition, locally cons
titute 50% of the adjacent rocks, dip between oo to 30° Won the east side of the MCG, 
and extend for up to 2 km from the edge of the granite. The horizontal orientation of 
this dike swarm implies a maximum instantaneous strain - or least compressive stress -
in the vertical direction, consistent with contractional deformation during magma empla
cement. However, within the MCG, the dikes are more subvertical and strike N-S to 
NE-SW. This orientation could reflect a different stress /strain orientation within the 
magma chamber during its construction, such as an horizontal orientation for the least 
compressive stress axis, consistent with the tensional bridge of the P-shear model 
(Tikoff & Saint Blanquat, in review). 

MICROSTRUCTURES 

Direct examination in the field and microscope examination of thin sections from each 
of our 183 AMS sites were analyzed to determine magmatic versus solid state deforma
tion, in order to compare with the AMS study. Magmatic fabrics form above the magma 
solidus and no solid-state strain occurs after full crystallization (Blumenfeld and Bou
chez, 1988; Paterson eta!., 1989). A submagmatic fabric forms above the solidus, but 
with a high content in crystals making a rigid framework allowing brittle or plastic 
behavior of the crystals despite the presence of melt (Bouchez eta!., 1992). In our study, 
we have grouped both magmatic and sub-magmatic textures as magmatic (M). A solid
state fabric forms below the solidus with plastic and/or brittle deformation of minerals. 
Solid-state fabrics can be subdivided into different thermal steps if microstructural crite
ria are presented (Gapais and Barbarin, 1986; Blumenfeld and Bouchez, 1988; Gapais, 
1989; Paterson et a!., 1989; Miller and Paterson, 1994). In our study, we have distin
guished between high-temperature solid-state (HT) and medium to low temperature solid 
state (MLT), described in more detail below. Ifthe pluton has a simple thermal history, 
including no re-heating by later intrusions, a map of fabrics - magmatic (M), high
temperature solid-state (HT), and medium to low temperature solid state (MLT) - provi
des a relative chronology between the different textures. 

MAP DIS1RIBUTION 

The microstructural types observed in thin section are reported in map view in figure 2b. 
The distribution of the texture is more or less symmetric with respect to the RFSZ, in 
good agreement with the field mapping of the shear zone. ML T textures are found eve
rywhere within the RFSZ, and HT textures are found adjacent to the RFSZ. M textures 
are preserved farther from the shear zones, although there is a continuous transition 
between the shear zone and the magmatic texture. The deformation zone characterized by 
M textures is broader than the solid state zone, suggesting localization of strain with 



DEVELOPMENT OF MAGMA TIC TO SOLID-STATE FABRICS 239 

increasing deformation and decreasing temperature. This observation leads us to interpret 
the RFSZ as a syn- to post- magmatic (or syn- to post-emplacement) shear zone: solid
state deformation follows continuously magmatic deformation. This result was pre
viously suggested by Tikoff and Teyssier (1994), who showed from 2D modelling of 
porphyroclast interaction that the strength of the K-feldspar megacryst fabric in the 
granite is higher than that predicted from just solid-state strain determination. It was 
concluded that the feldspar fabric was partly acquired during magmatic flow, and then 
served as an initial fabric for later solid-state deformation. 

OUfSIDE SHEAR ZONE 

The texture of the MCG, outside the RFSZ, is magmatic and characterized by large and 
equant quartz grains, poorly aligned mafic minerals, and phenocrysts of feldspars that 
lack solid-state deformation. In thin section, plagioclase and K-feldspars are undeformed. 
Some sites are characterized by a slight chess-board pattern of sub grains in quartz which 
denote some deformation under subsolidus condition, but at high temperature, with the 
overall magmatic texture remaining unmodified. The bulk fabric of the rock remains that 
of a dominant magmatic imprint. HT textures are found toward the RFSZ and are diffi
cult to differentiate in the field from the magmatic textures: the former show a slight 
decrease in the quartz grain size and a more pronounced shape preferred orientation of K
feldspar megacrysts. In thin section, this texture is characterized by systematic chess
board patterns of sub-boundaries in quartz, evolving into new grains, ductilely deformed 
plagioclases, and kinked biotites. We observe a few basal sub-boundaries (c-slip) and 
perfectly polygonized prismatic sub-boundaries which are frequently associated with 
grain-boundary migration (bowed grain boundaries). The high temperature of deforma
tion is attested by the stability of biotite, the rather large size of the new grains of 
quartz, and c-slip in quartz (Blumenfeld et a!., 1986; Okudaira et a!., 1995). This defor
mation probably occurred just after the full crystallization of the granite. 

WITHIN SHEAR ZONE 

Within the RFSZ we found orthogneissic to mylonitic textures, which are attributed to 
medium to low temperature solid-state deformation. They are characterized by a signifi
cant reduction in grain size, development of shear band and S-C structures, and pressure 
shadows adjacent to broken feldspar megacrysts. The quartz aggregates defining the folia
tion are elongate in the direction of finite extension, consistent with the elongation of 
the rare xenoliths, and show no evidence of large strain gradients on the outcrop scale. In 
thin section, the grains have irregular, lobate shapes suggesting grain boundary migra
tion and subgrain rotation, indicating high temperatures during deformation (Gapais and 
Barbarin, 1986; Hirth and Tullis, 1992). Where deformation is localized, the quartz 
aggregates form elongate ribbons, and elongate new grains are often visible. These struc
tures represent deformation at a slightly lower temperature (Hirth and Tullis, 1992), and 
are particularly well developed immediately adjacent to the wallrocks of the Mt. Morri
son pendant. In thin section, mica fish, a and o porphyroclasts, and "bookshelf' displa
cement on feldspar cleavages (Simpson and Schmidt, 1983; Passchier and Simpson, 
1986) all indicate dextral shear. Hornblende and biotite are commonly partially retrogres
sed to chlorite. Shear bands consisting primarily of quartz and micas are observed in thin 
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section, and indicate dextral shear. They vary in orientation, and wrap around larger 
feldspar crystals. Microstructurally, K-feldspar megacrysts sometimes show evidence of 
recrystallization in the pressure shadow areas, although more commonly quartz or 
myrmekite are found in this location. These large K-feldspars commonly contain cracks 
infilled by quartz and/or plagioclase, which are interpreted as resulting from brittle 00-
formation at the grain scale in the presence of residual melt (sub-magmatic deformation, 
Bouchez et al., 1992; John and Sttinitz, this volume). These microstructures show the 
existence in a single outcrop of an early magmatic and/or high temperature deformation 
before the medium to low temperature episode. Thus, deformation seems to have occur
red at a range of temperatures consistent with strain modeling and interpretation of the 
RFSZ as a syn-magmatic shear zone. 

AMS ANALYSIS 

TIIEORY 

The magnetic susceptibility (K) is defined by M=KxH, where M is the induced magneti
zation of the material and H is the inducing magnetic field. As both M and H are expres
sed in Amperes per meter, the volumetric susceptibility is dimensionless. Susceptibility 
varies according to the applied magnetic field and temperature, and may also vary accor
ding to the measurement direction resulting in a non-parallelism between H and M vec
tors. The output of an AMS measurement of one rock sample is an ellipsoid of magne
tic susceptibility defined by the length and orientation of its three principal axes, km, ~ 
kim ~ km,., which are the three eigenvectors of the susceptibility tensor. Depending on 
their mineralogy, granitic rocks may have paramagnetic or ferromagnetic behavior. In 
paramagnetic granites, AMS is induced by the Fe-bearing silicates such as biotite or 
amphibole. In ferromagnetic granites, i.e. magnetite-bearing granites, the paramagnetic 
contribution of Fe-Mg silicates may become negligible with respect to the ferromagne
tic contribution because of the high intrinsic magnetic susceptibility of magnetite. 
Hence, the magnetic fabric results primarily from the shape anisotropy of the grains of 
magnetite. This effect was postulated by Stacey (1960), examined by Khan (1962) and 
Uyeda et al. (1963) by microscopic observations on different rock types, and by Ellwood 
and Whitney (1980) and Gregoire et al. (1995) on granites. A component of the magne
tic anisotropy may also result from the anisotropy of grain distribution, often referred to 
as distribution anisotropy (Hargraves et al., 1990; Stephenson, 1994; Gregoire et al., 
1995). 

The magmatic texture is defined by the shape preferred orientation (SPO) of ferroma
gnesian minerals and feldspar phenocrysts. Their SPO must be associated with the orien
tation and the characteristics of the magmatic flow: they are early-crystallized minerals 
which are oriented in the flow while the magma is still viscous. The shape and distribu
tion of magnetite grains should reflect the geometrical characteristics of the SPO of 
these early-crystallizing minerals, regardless of when the magnetite crystallized during 
the emplacement history of the granitoid: early crystallized magnetite grains would 
become aligned with the earlier-formed minerals, while later crystallized magnetite 
would preferentially grow along the pre-existing grain-shape fabric of the ferromagnesian 
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minerals (Knight & Walker, 1988) (see below). The magnetic anisotropy that results 
from the mean orientation of these minerals is thought to reflect the orientation and 
shape of the finite strain ellipsoid. The plane of maximum flattening (foliation) and the 
direction of maximum elongation (lineation) thus defined can be mapped over an entire 
pluton and, along with microstructural data, are used to interpret the structural history of 
the granitoid. 

MEIHODOLOGY 

Two accurately oriented hand-samples were collected in the field at each of the 183 sta
tions distributed in the MCG as uniformly as possible. Rock cylinders, 25 mm in dia
meter, were cored and oriented in the lab. A minimum of two cores (maximum 4) were 
drilled in each sample and were cut into 22 mm-long specimens, and so 1040 samples 
were measured for the whole pluton, with a mean of 6 samples per station. Oriented thin 
sections were prepared from either chips, from the excess part of the cores, or from 
oriented hand samples. The magnetic mineralogy of the sample was characterized by 
Curie temperature determination (using the CS2 apparatus of Geofyzika Bmo), and 
examination of polished thin sections using reflected light microscopy. Bulk susceptibi
lity (magnitude of the susceptibility) and anisotropy (AMS) values were determined 
using a Kappabridge KLY2 (Geofyzika Bmo) susceptometer working at 4xi0-4 T and 
920Hz, with a detection limit of about 4x10-8 SI. The orientation and magnitude of the 
three principal axes of the AMS ellipsoid for each sample were then calculated from the 
bulk susceptibility measurements and the orientation of the specimen. The tensor ave
rage of the individual sample measurements and their variability were computed for each 
site with the program EXAMS (Saint Blanquat, 1993). The orientation data are the 
foliation, which is the plane (km"' k;"') perpendicular to the smallest axis (km,,) of the 
ellipsoid, and the lineation, which is the line parallel to the longest axis of the ellipsoid 
(km.J. The average, or bulk, susceptibility is given as K = (km"+k,"'+kmm)/3. The princi
pal intensity parameters are the total anisotropy P= km./kmm• the linear anisotropy L = 
km.,/km, , and the planar anisotropy F = km,lkm,,· To characterize the shape of the magnetic 
susceptibility ellipsoid, an other intensive parameter is used: T = (2(lnk'"'- lnkm,,)/(lnkm.,
lnkm,,))-1, from Jelinek (1981 ). A value ofT between -1 and 0 indicates a prolate shape, 
and T between 0 and 1 indicates an oblate shape. 

MAGNETIC MINERALOGY 

Magnetic mineralogy has been studied in order to determine the mineral species respon
sible for the induced magnetization leading to the magnetic fabric. Thin section analysis 
shows two principal habits for the opaque phase: a) euhedral to subhedral grains or elon
gate aggregates of grains associated with the main mafic mineral phases (biotite, horn
blende), which acted as mafic clots aligned parallel to the preferred orientation of larger 
grains (K-feldspar, biotite and hornblende) and b) isolated euhedral to subhedral grains 
occuring as inclusions in other minerals (mainly K-feldspars and biotite). Susceptibility 
versus temperature measurements for five samples corresponding to the complete range 
of the susceptibilities measured in the pluton show a Curie temperature Tc (temperature 
above which the mineral loose its magnetization) around 580 °C. This indicates that the 
ferromagnetic phase in all the samples is made of nearly pure magnetite. This is confir-
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med by reflected light microscopy which shows that the opaque phase is dominated by 
magnetite. The magnetite grains are euhedral to subhedral, with a size up to 0.5 mm 
(mean around 0.15 mm), and often form elongated clusters associated with the other 
mafic minerals (biotite, amphibole, and titanite). Grain boundaries of the magnetite are 
straight to arcuate, indicating early crystallization in equilibrium with the mafic phase of 
the granite. Small elongate grains of magnetite may be present as inclusions within the 
cleavage planes of biotite, due to a secondary chloritization of the biotite. Regardless of 
these, it is clear that large grains of multidomain magnetite, with low Ti-content, are 
responsible for the high susceptibility magnitude of our rocks. The susceptibility map 
is then an image of the amount of magnetite in the granite. Elongation (or shape aniso
tropy) of individual grains, or cluster of grains, are responsible for the anisotropy of the 
susceptibility. 

AMSRESULTS 

Directional data 
A NW-SE striking and vertical foliation appears throughout the pluton (mean value: 
125° N 88°) (Table I). A prominent sigmoidal pattern, where the magnetic foliations are 
rotated to a NNW-SSE orientation, correlates to the trace of the RFSZ (Fig. 3a). The 
AMS foliation map is in very good agreement with field data, particularly within and 
adjacent to the RFSZ. Outside the shear zone, the magmatic foliation plane is defined by 
the flattening plane of (rare) xenoliths or orientation of feldspar phenocrysts. However, 
at some localities no field foliation could be measured, particularly in the northwestern 
part of the pluton. For most sites, the magnetic foliation agrees with the planar fabric 
measured in the field to within 10°. Thus, the trajectories of the magmatic and magnetic 
foliations, to a first approximation, are considered parallel. Within the RFSZ, the AMS 
foliation is sub-parallel to the macroscopic foliation (grain flattening) rather than to the 
N-S-striking shear planes, or is at an intermediate orientation between these two planes. 

The magnetic lineations (mean value: 304°/8°) shows two groups of data (Fig. 3b): 
subhorizontal lineations which characterize the main body of the pluton, and steeply
plunging lineations which are localized in the bulge and along the northwest margin of 
the pluton. The lineations follow the same trend as the foliations, because of the manner 
in which they are defined (parallel to kmax) and the vertical orientation of the foliation. 
Magnetic lineations are progressively more subhorizontal toward the RFSZ. The nor
thern part of the RFSZ within the pluton is characterized by steep (> 50°) magnetic 
lineations, in excellent agreement with field data. The magnetic foliation and lineation 
patterns suggest that initially, i.e. during the first stages of magma emplacement and 
before solid-state deformation, the lineations were steep and the foliations were 
WNW/ESE striking. The sigmoidal trajectories near the RFSZ demonstrate both the 
dextral movement and the syn- to late-magmatic style of deformation. 

Variability of the directional data 
Depending on the consistency of the orientation of the 3 principal axes, the sites could 
be classified as follows (Fig. 4a) : I) all axes are strongly clustered (51% of the sites), 
2) moderately clustered (28% ), 3) kmin is well defined (7% ), 4) kmax is well defined 
(II%), and 5) the axes are dispersed (3% ). The degree of dispersion of the axes' orienta
tions within one site is defined by the "average angular departure" (arithmetic mean of 
the angular departures between the principal axes of the different samples and the mean 
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of the site). Figure 4b depicts the variation of this parameter: for kmax (kmin), the ave
rage angular departure is less than 20° for 72% (83%) of the sites. This distribution 
confers a high confidence to the magnetic foliation and lineation maps. 
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Figure 4. AMS variability. (a) the five types of AMS sites depending on the mutual arrangement of the 3 
axes of the susceptibility ellipsoid: square= kmax· triangle = kint• circle = kmin· open symbols = samples, 
black symbols = site mean values; (b) frequency histogram of the within-site angular variability for kmax 
and kmin· See text for details. 

Susceptibility 
Susceptibility values are high, ranging from 4 to 40 x IQ-3 SI, with a mean value of 21 
x I0-3 SI, indicative of a maximum of about l wt % of magnetite content; 52% of the 
samples fall between 15 and 25 x IQ-3 SI (Fig. 5a). The map of the magnetic suscepti
bility (Fig. 5b) shows a NW-SE zonation in the eastern bulge and a general NW-SE 
trend of the isovalues lines. A correlation should be noted between susceptibility and 
mineralogy (Fig. 2a): the susceptibility is generally higher in the areas containing the 
more mafic assemblages. Since the susceptibility map is essentially an image of the 
magnetite content of the granite, and given the observation of the textural association 
between mafic minerals and magnetite (see above), this correlation K/petrographic fa
cies, established for paramagnetic granites by Gleizes et al. ( 1993), is not surprising in 
ferromagnetic granites. The ratio between the maximum and the minimum mean suscep
tibility within one site could be up to 9 (with a mean of 1.7), without affecting the 
orientations of the principal axes. This within-site variability is attributed to the aniso
tropic distribution of magnetite at the grain scale, such as schlierens, clusters or inclu
sions in larger minerals (K-feldspar, biotite ... ). 

Anisotropy 
The total anisotropy P ranges from 1.03 to 1.54, with a mean value of 1.15, and 73% 
of the sites fall between 1.05 and 1.25 (Fig. 5c). The anisotropy map (Fig. 5d) is a 
qualitative image of the amount of strain undergone by the magma. The RFSZ is clearly 
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outlined by P, and also evidenced by the straightforward correlation between P and mi
crostructures (Fig. 2b ). A value of P above 1.20 appears to be a reliable indicator of the 
presence of solid-state deformation in the MCG. Moreover, the mean value of P for the 
magmatic sites is 1.09, whereas it is l.l6 for the high temperature sites, and 1.28 for 
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Figure 5. AMS intensive parameters. Susceptibility: (a) frequency histogram; (b) map obtained from manual 
interpolation between the mean values of each site. Anisotropy: (c) frequency histogram; (d) map (same 
method). Note the good correspondence between mineralogy and susceptibility (Figs. 2a and 5b), and 
between microstructures and anisotropy (Fig. 2b and 5d). 
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the medium to low temperature sites (Table 1 ), without substantial changes in the mean 
susceptibility values. Domainal distribution of the planar and linear anisotropies F and 
L also clearly delineate the RFSZ. 

Shape parameter 
The shape parameter T ranges from -0.47 to 0.85, with a mean of 0.27; 85 % of the 
sites have an oblate magnetic fabric (T > 0), and T shows no significant domainal dis
tribution. As outlined below, the shape of the AMS ellipsoid seems to be independent 
of both susceptibility and strain intensity (Fig. 6b) (although we observe a more flatte
ned shape in the more deformed sites). 
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Figure 6. AMS intensive parameters variations, with distinction of the three microstructural types. (a) 
susceptibility K versus anisotropy P. (b) anisotropy P versus shape parameter T. See text for details. 

AMS parameter variation 
There is a correlation between P and K (Fig. 6a) as, except for a few high P-low K sites, 
total anisotropy increases with increasing susceptibility. Further, the more solid-state 
deformation, the greater the rate of increase in anisotropy with susceptibility. This kind 
of pattern is very common in magnetite-bearing granites (Archanjo et al., 1994; Ro
chette et al., 1992; Bouchez, this vol.). In the absence of a change in magnetic minera
logy, this pattern can be explained by an increase in magnetic interactions between 
magnetite grains. The simultaneous increase of strain and/or concentration of magnetite 
grains could initiate a distribution anisotropy (Hargraves et al., 1991), which, when 
added to the SPO of magnetite grains, will significantly increase the overall AMS. This 
explanation is valid for solid-state textures, because solid-state deformation generally 
yields strong geometrical organizations of grains and, therefore, strong distribution 
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anisotropies. Another possibility is the change in shape of the magnetite grains due to 
plastic deformation (Housen et al., 1995), although this may require relatively high T 
conditions. 

Plots ofT versus K (not shown) demonstrate that there is no correlation between the 
shape of the susceptibility ellipsoid and the susceptibility magnitude. A slight correla
tion between the shape parameter T with the anisotropy ratio could be noted (Fig. 6b) : 
solid state deformation tend to flatten the ellipsoid of the susceptibility. As shown on 
the Flinn type diagram (Fig. 7a), most sites fall in the oblate field, with T > 0 and F > 
L. The plot of P versus the standard deviation on kmax orientation O'kmax (Fig. 7b), 
demonstrates the correlation between the strength of the magnetic fabric and the cluste
ring of the samples' kmax orientations around the site average orientation (i.e. small 
values of O'kmax). The same result is obtained with kmin (not shown). We observe that 
magmatic sites are not very sensitive to this clustering effect, but HT and ML T sites are 
sensitive to it. 

DISCUSSION 

SIGNIACANCE OF THE MAGNETIC FABRIC 

The magnetic fabric of the MCG is characterized by a clustering of AMS axes at each 
station, and by a remarkable sigmoidal pattern of both the foliation and lineation (Saint 
Blanquat et al., 1993; Saint Blanquat & Tikoff, 1995). For the pluton as a whole, ma
gnetic lineations show a girdle distribution around the foliations, which are very well 
clustered (Fig. 3). This configuration is likely attributable to a specific tectonic setting, 
like transpression, which allows a better defined foliation in comparison to lineation, 
than to an undefined magnetic mineralogy effect. The AMS intensive parameters are 
generally difficult to interpret in ferromagnetic rocks, because of the unknown rela
tionship between the fabric of magnetite (low volume %) and the fabrics of the main 
phases (K-feldspars, biotite). However, in our case, the AMS parameters provide some 
semi-quantitative information: the susceptibility correlates with the rock mineralogy, 
and the anisotropy ratio is a good indicator of the rock texture. In addition, comparison 
of AMS, field data, and thin section observations permit us to establish a direct corres
pondence between the magnetic fabric and the rock fabric. For example, the usual obser
vation of crystallization of magnetite in association with titanite, hornblende, and bio
tite suggests that the shape of the magnetite grains are controlled by the crystalline faces 
of those minerals. If the fabric of magnetite is a "template" of the Fe-silicates, then the 
magnetic fabric is a good image of the rock fabric. This "template" behavior has been 
demonstrated on some examples of ferromagnetic granites with quantitative image ana
lysis of thin sections (Archanjo et al., 1994; Cruden and Launeau, 1994). 

THE EFFECfS OF DEFORMATION ON THE MAGNETIC FABRIC 

The magnetic fabric of the MCG is clearly affected by the RFSZ. The magnetic linea
tion tends toward a more horizontal orientation, together with a slight rotation from 
WNW to NW, within the shear zone, where the magnetic foliation is steeper and has a 
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more NW orientation. As shown above, solid-state deformation yields tight within-site 
angular variations for both magnetic foliation and lineation. While the orientation of the 
magnetic fabrics is sensitive to magmatic and HT solid-state deformation, it seems less 
affected by the MLT solid-state deformation. For example, the N-S striking shear planes 
of the RFSZ in the middle of the MCG are not systematically recorded by AMS. Inter
mediate orientation of the magnetic foliation between the foliation plane and the shear 
plane have been documented within ductile shear zones (Aranguren et al., 1995). This 
observation implies that the fabric of the magnetite grains is not parallel to the shear 
plane. A reasonable explanation is that the amount of strain was not sufficient, hence 
the magnetite grains remained within the S plane. For our study, a possible factor is a 
sampling effect, the areas between shear bands, rather than the narrow shear bands them
selves, comprising most of the analyzed samples. The latter factor could explain the 
observation that the magnetic lineation and foliation appear to record orientations inter
mediate between S and C planes. Regardless of this, the eventual lack of resolution in 
orthogneiss zones is not a problem, since these features are easy to measure in the field. 

The intensive parameters of the magnetic fabric, especially the anisotropy degree P, 
are very sensitive to all types of deformation and are effected by the MLT deformation in 
the RFSZ. The susceptibility K shows a slight increase (Table 1) with the intensity of 
solid-state deformation, which normally would be attributed to an increase in the magne-
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tite content. However, a map of the mineralogical facies shows the contrary, that the 
more deformed zones are more felsic. Thus, the reason for the increase of K is attributed 
to magnetic interactions, as shown theoretically by Stephenson (1994) and experimen
tally by Gregoire et al. ( 1995). The total anisotropy P shows a net correlation with 
strain intensity. The increase of P could be due to I) an increase of the intensity of the 
SPO of the magnetite grains, 2) plastic deformation of magnetite grains leading to more 
elongated grains, and/or 3) a distribution anisotropy within the RFSZ. The shape para
meter T shows a slight decrease in the flattening of the magnetic ellipsoid and a better 
within-site homogeneity in the shear zone. Thus, the magnetic fabric is a precise mea
sure of the rock fabric, in orientation and intensity, both within and outside the RFSZ. 

TABLE 1. Mean AMS values for the MCG as a whole, and for each type of microstructure. K is the mean 
susceptibility, Pis the total anisotropy, F and L the planar and linear anisotropy respectively, T the shape 
parameter of Jelinek (1981), Fp is the Ainn parameter(= LIF) (after Ainn, 1962), kmax (km,,) is the longest 
(shortest) axis of the susceptibility ellipsoid, and Nb is the number of sites. a is the standard deviation and Cv 
is the coefficient of variation (= 100 x standard deviation/mean value) for each parameter. HT for high 
temperature solid-state, and MLT for medium to low temperature solid-state. 

mean values of : K a. cv. p a. Cvp F L T Fp CJFp CVFp km•x O'km• k,.., Okmln Nb 
for: 
all sites 0.0214 0.0031 15% 1.15 0.02 2% 1.10 1.05 0.27 0.65 0.41 54% 304 18 16" 215 12 12" 183 

all magmatic sites 0.0212 0.0032 16% 1.09 0.02 1% 1.06 1.03 0.29 0.64 0.58 76% 294 I 15 21" 211 15 15" 91 

all HTsites 0.0215 0.0028 15% 1.16 0.02 2% 1.11 1.05 0.27 0.66 0.27 40% 308 19 13° 33 I 1 ,,. 48 

all MLTsites 0.0217 0.0031 15% 1.28 0.03 3% 1.18 1.10 0.25 0.66 0.18 25% 314 12 a• 43 I 0 a• 44 

SIGNIFICANCE OF THE ROCK FABRIC 

The most important results of this study are given in Figure 8, which synthetizes the 
trajectories of the magnetic lineation superimposed on the map of microstructures. The 
transitions between the different textural zones - magmatic, HT solid-state and ML T 
solid-state- have been represented gradually, despite the discrete location of data, because 
no sharp contact between these zones was observed on the field. Figure 8 demonstrates 
the geometrical, structural, and temporal continuity between the almost E-W folia
ted/steeply lineated magmatic sites and the almost N-S foliated/horizontally lineated 
solid-state sites, as evidenced by field study, AMS patterns and microstructural data. 

The fabric recorded with AMS is both syn-emplacement and tectonically-induced. 
Support for this interpretation is provided by the superimposition of solid-state fabrics 
onto magmatic fabrics, including: 1) our microstructural observations in the pluton; 2) a 
porphyroclast imbrication study (Tikoff and Teyssier, 1994) suggesting that magmatic 
shearing preceded solid-state shearing; 3) unstraining the "magmatic" RFSZ provides a 
"magmatic" displacement of about 10 km, and suggests that the fabrics in the northwest 
and southeast terminaisons of the pluton could have been close together and could repre
sent the early stage of magma emplacement; and 4) the continuity between solid-state 
fabrics in the MCG and lower temperature regional deformation, for example the Gem 
Lake shear zone (Greene and Schweickert, 1995). Further evidence of the syntectonic 
emplacement of the MCG is also provided by estimates of the displacement along the 
RFSZ and the Gem Lake shear zone. Estimates for offset on the latter zones are greater 
than 20 km (Greene and Schweickert, 1995). However, displacement on the RFSZ is 
between 2 and 8 km for the solid-state shearing, as estimated from quartz analysis and 
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porphyroclast imbrication (Tikoff and Teyssier, 1994), and reach about 10 km if the 
AMS foliation and lineation patterns are « unstrained » (Saint Blanquat and Tikoff, in 
prep). Because of the continuity between these two shear zones, this displacement must 
have occured during and slightly after (and possibly before !) the emplacement of the 
MCG. Strong evidence of syntectonic emplacement is also provided by the absence of 
any offset of the MCG contact despite the >20 km of displacement along the RFSZ. 
Since the AMS records magmatic fabrics, the lack of contact offset strongly suggests 
that displacement was at least partially accommodated by emplacement of new magma. 
Geochronological data also suggest syn-tectonic emplacement of the MCG. Tobisch et 
al. (1995) reported 40ArP9Ar ages of 87 Ma on hornblende and 83 Ma on biotite from 
within the RFSZ in the Lake Edison pluton, south of the MCG (Fig. 1). The RFSZ in 
the Lake Edison pluton records ductile, dextral deformation (Tikoff, 1994). Since the 
Lake Edison (88 ± I Ma; U/Pb on zircon) is known to be older than the MCG based on 
field relations, ductile shearing must have occured during emplacement of the MCG (86 
Ma). Geochronological constraints are also available in the metavolcanic rocks in the 
Ritter Range segment of the Gem Lake shear zone. Sharp et al. (1993) obtained 
40 ArP9 Ar ages of 85 Ma for syntectonic amphibole, and 80 Ma for syntectonic biotite 
and white mica. While these data may be cooling ages, they clearly show a close tie 
between deformation and emplacement. 

THE S1RUCfURAL MEMORY OF THE ROCK FABRIC 

From the above arguments, synchronism between tectonism and magma emplacement 
during the construction of the MCG is established. Therefore, the fabrics recorded in the 
MCG are both syn-emplacement and tectonically-induced. These observations run coun
ter to the inference that the fabric in a pluton is acquired late in the crystallization and 
may not reflect emplacement. A typical and very common field feature which is cited to 
support the concept that magmatic fabrics are acquired late in the cooling history of the 
pluton is the crosscutting relationships between magmatic foliation and petrographic 
zonation (see examples in Paterson and Vernon, 1995). However, fabrics which form 
during the early stages of emplacement do not reflect the complete history of pluton 
evolution, but rather a "snapshot" of magma movement at that time (if magmatic de
formation is recorded): as new magma arrives in the magma reservoir, the « old » 

magma may be deformed, which could lead to cross-cutting relationships between petro
logical zonation and magmatic structures during emplacement. 

By correlating the microstructures and the AMS in the MCG, we can document a 
chronology from the first set of magma emplacement until the late solid-state fabrics. In 
that sense, fabrics reflect both magmatic flow and emplacement-related strain. The fa
brics in the MCG could not have been acquired late in the history of pluton, once the 
magma set « in place », because a later dextral shearing event with 20 km of displace
ment could not explain the pattern of internal strain and the geometry near the pluton 
contact. It is inconceiveable that a post-emplacement tectonic event would completely 
destroy and reorganize the fabric in presence of melt, with no relationship with the re
gional deformation which obviously controls the pluton construction. To destroy a 
fabric and reconstruct a new one, we must involve a dynamic event, such as magma 
emplacement and/or regional deformation. Therefore if magmatic microstructures are 
preserved and their kinematics can be determined, even if the fabric is acquired late in the 
crystallization process, it must reflect a magmatic and/or tectonic event related to pluton 



DEVELOPMENT OF MAGMA TIC TO SOLID-STATE FABRICS 251 

construction. The fabric of the MCG is an example of this behaviour, and demonstrates 
that fabrics within granitoids have a significant structural memory. Plutons are not 
completely amnesic after all .. . 
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Figure 8. Synthetic map outlining the main results of this study. The magnetic lineation trajectories are 
superimposed on an interpolated map of the microstructures determined from thin section analyses. The 
geometrical , structural , and temporal continuity between the magmatic and solid-state deformations support 
a model of shearing during emplacement of the MCG. 
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CONCLUSIONS 

Field and AMS investigations of the fabric of the Mono Creek Granite demonstrate the 
synchronism between magma emplacement and tectonism. The fabric of the Mono 
Creek Granite, as evidenced by AMS, has recorded the history of the pluton emplace
ment. Early-formed magmatic fabrics, which are characterized by WNW-ESE steeply
dipping foliations and steeply-plunging lineations, are in structural continuity with 
later-formed magmatic fabrics which show NW-striking, steeply-dipping foliations and 
shallowly-dipping lineations. As the pluton cooled, dextral deformation concentrated 
into high-temperature and, eventually medium-low temperatures solid-state fabrics, the 
latter being represented by the Rosy Finch shear zone. The progressive rotation of the 
AMS lineations within the shear zone allows us to estimate the offset along the Rosy 
Finch shear zone, in both the magmatic and solid-states, to be greater than 20 km. The 
AMS intensive parameters, which are generally difficult to interpret in ferromagnetic 
rocks provide semi-quantitative information: the susceptibility K correlates with rock 
mineralogy, and the anisotropy degree P is a good indicator of the rock texture. 

The fabric of the MCG has apparently recorded all the history of the pluton construc
tion. The continuous progression from steeply plunging lineations, representing an 
initially vertical magma flow, to shallowly plunging lineations indicating horizontal 
stretch, and accompanying the continuous textural evolution from magmatic to solid
state when approaching the dextral RFSZ, indicate that these fabrics have a certain 
amount of memory, and support the syntectonic emplacement of the MCG. 
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A Pan-African granite-charnockite pluton of northeast Nigeria has been core-sampled at 
an average grid spacing of 2 km. Detailed petrographic and microstructural observations 
are combined with an AMS study of 172 stations. The continuum between charnockites 
and granites is revealed by their constituent minerals and the magnetic susceptibility 
map. The contemporaneity of emplacement of all the petrographic types is demonstrated 
by their similar mineral- and magnetic-fabrics. Inclined strike-slip shear zones were 
active during and slightly after the emplacement of this pluton. Earlier geochemical data 
indicate that magmas originated from several vertically juxtaposed lower-crust sources. 
The proposed model of emplacement implies that the shear zones were responsible for 
the migration, drainage and tapping of magmas from the source region. The inclined 
attitude of the shear zones would have acted as a roof-guide for the up-rising magmas. 
Finally, the transcurrent movement most likely enhanced the upward migration of 
magmas. 

INTRODUCTION 

Granites and charnockites are often associated in plutons of the Pan-African belt of Nige
ria (Fig. 1; Rahaman, 1988). Modal composition of such complexes range from Hbl-Bt 
granite to Opx-Cpx-Hbl-Bt ± Fa Qtz-monzonite. On the basis of the apparent lack of 
intermediate compositions, these rock units were previously considered to be unrelated 
to each other, but no structural data were available on them before this study. This hy
pothesis can be tested from an investigation of their internal structures. For this pur-
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pose, the magnetic fabric technique (Bouchez, this volume) is powerful to unravel the 
internal fabrics of granitic rocks as exemplified elsewhere both in magnetite-free granites 
(Bouchez et al., 1990; Bouillin et al., 1993; Leblanc et al., 1994) and magnetite-bearing 
granites (Archanjo et al., 1994 and 1995; Ferre et al., 1995). Such studies have shown 
that plutonic bodies can be useful in deciphering the kinematic evolution of an orogenic 
belt. We present here a detailed study of the Rahama Complex (Fig. 1), the best exposed 
and a type example of granitic-charnockitic intrusions in Nigeria (Wright, 1971). Our 
study includes field, side-looking airborne radar (SLAR), microscopic and magnetic 
susceptibility data. These techniques aim to explain the relations between the two major 
rock types, their mode of emplacement, and ultimately constrain the kinematic evolu
tion of the Pan-African Belt. 

REGIONAL SETTING 

The Transaharan-Braziliano Belt is a 4000 kilometres long, and several hundred of kilo
metres wide Pan-African orogen stretching north-south from Hoggar in West Africa to 
Brazil in South America (e.g. Caby, 1989). The width of the belt results from exotic 
terrane amalgamation during an oblique collision as it has been recently demonstrated, to 
the North of Nigeria, in the Tuareg Shield, by Latouche et al. (1993), Black et al. 
(1994) and Liegeois et al., (1994). Nigeria is made of two contrasted lithotectonic do
mains (Affaton et al., 1991; Castaing et al. 1993; Fig. 1). Metallogenic, lithostructural 
and geochronological evidences (respectively Woakes et al., 1987; Ajibade and Wright, 
1989 and Ferre et al., in 1996) suggest that they may correspond to two terranes separa
ted by a major lineament identified by Ananaba and Ajakaye (1987). Western Nigeria is 
characterised by Neoproterozoic metapelitic and quartzitic Schist Belts (Turner, 1983) 
whereas Eastern Nigeria is made of high-grade gneisses and granite-gneisses (Wright, 
1971). A voluminous Pan-African calc-alkaline plutonism occurs in both domains bet
ween 750 Ma and 500 Ma (Tubosun et al., 1984; Egbuniwe et al., 1985; Fitches et al., 
1985; Dada et al., 1995). From the structural point of view, the western Schist Belts 
have been studied in detail (Burke et al., 1976; Turner, 1983; Annor and Freeth, 1985) 
because strain markers are more prominent in schistosed rocks than in gneisses and 
granites. Hence, several Pan-African N-S to NNE-SSW trending, dextral strike-slip shear 
zones are identified in this western realm (Fig. 1). In Eastern Nigeria, numerous shear 
zones in granitic terrains have not been distinguished from surrounding orthogneisses 
and thus only a few of them are presently recognised (Turner, 1986). 

The Rahama Complex (450 km2; Fig. 2), north of Jos (Fig. 1), one of the largest 
Pan-African calc-alkaline granite-charnockite plutons of the eastern domain, has been 
previously mapped by Wright (1971) and Olarewaju (1978). This complex, roughly 
circular in shape, and dated at 668 ± 128 Ma by Rb-Sr method (van Breemen et al., 
1977) was emplaced under a pressure of 540 ± 60 MPa as indicated by Al-in hornblende 
geobarometry on 10 samples. Hornblende forms corona textures around pyroxenes and 
therefore it has crystallised in situ. These pressure estimates are compatible with mineral 
assemblage of the country rock. The Rahama complex is intrusive in anatectic Bt ± Grt 
± Opx granites, Sil-Grt-Bt gneisses and migmatites, whose regional foliations strike 
between Nl60° and N30° with dips constantly to the west. All of these rocks are cross
cut by numerous Jurassic alkaline anorogenic granites (Fig. 2) that have been studied in 
detail by Bowden et al. (1987). 
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Figure 1. Geological setting of the Pan-African Belt of Nigeria in West Africa (modified after Caby 1989; 
Ajibade & Wright 1989; Affaton eta/. 1991). Numbers refer to occurrences of granite - charnockite com
plexes: R. Rahama I. Iwo, 2. Ikerre, 3. Toro, 4. Bauchi, 5. Dindima, 6. Obudu, 7. Oban. Jurassic alkaline 
granites omitted. 
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STRUCTURES IN THE COUNTRY ROCKS 

The main rock types, banded quartzo-feldspathic gneisses, nebulitic migmatites, homo
geneous leucocratic granites, and aplo-pegmatitic gneisses, show gradational boundaries. 
Their common Grt-Sil±Ms assemblage and the boudins of amphibolite or calc-silicate 
locally preserved within the migmatites indicates that the series derives from metapelites 
that underwent amphibolite facies metamorphic conditions. Muscovite-out and partial 
melting conditions at r ~ 650°C are attested by leucosomes containing Qtz-Kfs-Bt (< 
5% vol.) and Pl (Anl5 to 25). In addition, several outcrops or boudins of kinzigites, i.e. 
Bt-Grt-Sil-Crd-Gr-Rt gneiss, 5 kilometres south of Lere, and Opx-bearing gneisses, 5 
kilometres southeast of Dan Alhaji, have recorded granulite facies conditions. At the 
immediate periphery of the Rahama pluton, the rocks are mainly anatectic granites, or 
migmatites with abundant Grt-Bt±Sil leucosomes. The granulite facies evidence is pre
served only within lithologies that did not undergo extensive partial melting. Thus, 
hydrous anatexis postdates granulite facies conditions. 

Regional foliation trajectories, sketched in Figure 2, were obtained from the interpre
tation of 1:50,000 scale topographic maps and 1:250,000 scale side-looking airborne 
radar (SLAR) images and compared with field measurements. On topographic maps, the 
analysis of the fine-scale drainage pattern provides the direction of foliation, and the 
asymmetry of natural slopes, including inselbergs (&t = 10 m) and river banks (~h = 1 
m), yield the dip direction. On SLAR images (MARS, 1977) visual interpretation of 
lineaments provided foliation strikes that are in good agreement with those inferred from 
the topography. In the study area, foliations mostly strike to the NNE and dip steeply to 
the west, except in the westernmost zone where the foliations trend N-S. Field mea
surements were taken systematically along the roads and major tracks. Rock exposure is 
excellent except near major streams. Results from the Jengre-Pambegua road section, 
yielding a mean foliation at 15° W 60° (Fig. 2b), confirm foliation strikes and dips 
obtained from topographic maps and SLAR images. 

In granites, mineral lineations are marked by the parallel orientation of elongate am
phibole or Kfs crystals observed within an exposed foliation plane. In gneissic material, 
most of the constituting minerals mark a stretching lineation within the foliation plane. 
Since these lineations in both rock types most likely mark the maximum principal 
finite stretch undergone by the rock, they can be used to map strain trajectories. In the 
country rocks around the complex, lineations trend N-S and plunge slightly to the north 
(Fig. 2b). Shear criteria observed in sections parallel to the lineation and perpendicular 
to the foliation, both in the field, as given by asymmetric boudins or S-C structures 
(Plate 1a), and under the microscope (Plate 1b), always show a dextral sense of shear. 
Textures, such as highly polygonized grain-boundaries, recovered internal structures and 
minute brown biotite recrystallised in C-planes indicate high- to medium-temperature 
ductile deformation. Two steeply dipping shear zones, oriented NNE to NE, where 
gneisses are interlayered with granitic dikes (Plate 1c), bound the pluton along its nor
thwest and southeast margins. These shear zones, of a few kilometres in width, are 
characterised by a reduction of grain size and grain elongation ratios in XZ sections 
indicating clearly strain gradient. Other similar shear zones have been recognised further 
to the southeast (Ferre et al., 1995; Fig. 2). They all developed under high-temperature 
conditions, close to anatexis, in the stability field of biotite and sillimanite. 
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Figure 2. The Rahama Complex and its geological environment. (a) Schematic geological map modified 
after MacLeod et al. (1971) and Olarewaju (1978). Foliation trajectories are drawn from field data, mor
phological analysis and SLAR image interpretation. (b) Lower hemisphere stereonets of lineations and 
foliation poles of the metamorphic basement along a cross-section between Jengere and Pambegua. N = 
number of stations 

PETROGRAPHY OF THE RAHAMA COMPLEX 

Field and petrographic observations are combined with magnetic susceptibility data and 
published geochemical data to define the petrological zonation of the complex. Thin 
sections were systematically prepared from oriented cores that were collected for suscep
tibility and anisotropy of magnetic susceptibility (AMS) measurements. The distribu
tion of sampling sites is shown in Figure 3a. Field and microscopic observations show 
that the Rahama Complex consists of two plutonic series (Fig. 3a): (i) a zoned granite
charnockite series forming a main pluton with two satellites, and (ii) a diorite-norite 
series forming mafic stocks. The two satellites, located at the northwest and at the east 
of the pluton, were not distinguished on previous maps (Wright, 1971; Olarewaju, 
1978). 

The granite-charnockite series ("' 400 km2) is porphyritic and displays a prominent 
zonation around an arcuate central zone (Fig. 3a). From margin to core, three main 
petrographic types are observed (Fig. 3): (1) Hbi-Bt monzogranites; (2) Cpx-Hbi-Bt 
monzogranites, and (3) Opx-Cpx-Hbl-Bt charnockites (Wright, 1971). Orthopyroxene is 
an eulite-orthoferrosilite (Fs80 - 95), clinopyroxene is an hedenbergite (Di "' 5) and 
amphibole is a ferrohastingsite. Note that fayalite has been observed in the charnockites 
by van Breemen et al. (1977). Some Hbl-Bt syenogranite also outcrops near the mar
gins. The zonation is gradational and characterised, from rim to core, by a decrease in 
quartz and alkali feldspars, a lack of microcline and titanite in the Cpx-Hbi-Bt monzo-
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granites and charnockites, and an increase in plagioclase, ferromagnesian minerals and 
magnetite. In addition, the anorthite content of plagioclase increases from An 15-25 in 
syenogranites to An30-45 in charnockites, and ferromagnesian mineral assemblages vary 
according to the "Bowen" reactional series (Opx<->Cpx<->Hbk->Bt). Quartz vermicu
les or bleached patches in the amphibole, commonly observed under the microscope in 
the Hbi-Bt monzogranites near the limit with the Cpx-Hbi-Bt monzogranites (dashed 
line of Fig. 3a), strongly suggest the presence of a former clinopyroxene. At its margin, 
the Complex has sharp contacts with the country rocks and shows numerous aplite 
dikes, metric in size inclusions of country rock anatectic granites and xenoliths of gneiss 
and of Hbl-Bt rnicrodiorite. 
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Figure 3. Zonation of the Rahama Complex. (a) Petrographic map: note the reverse zonation revealed by 
the systematic sampling. (b) Magnetic susceptibility map: the zoned pattern is confirmed and detailed. The 
frequency histogram shows a limited overlap between Kgranites and Kcharnockites. XX' cross-section: 
note the step of susceptibility magnitude across the charnockite body. Numbers I to 4 refer to samples 
analysed in figure 4. 
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The mafic stocks ( == 4 km2) outcrop both at the core of the charnockites within the 
pluton and in the country rocks (Fig. 3a). These stocks, mainly diorites and norites, 
display Opx-Cpx-Hbl-Bt assemblages and a calcic plagioclase (An45 _65). The largest 
isolated stock is a coarse-grained norite, at the northeast of the pluton, rimmed by a fine
grained diorite which is interpreted as a chilled margin. Mingling features between Opx
Grt bearing anatectic granite and diorite are observed in the shear zone linking this nor
theastern mafic stock to the main pluton. The mafic bodies within the pluton consist of 
fine-grained homogeneous diorites, similar in petrography, chemistry and magnetic 
mineralogy to those of the Toro Complex (Fig. 2; Deleris et al., 1996). 

The northwestern satellite (==15 km2) is heterogeneous in composition and made of 
porphyritic Bt granite with little or no hornblende, and interlayered gneisses. It is separa
ted from the main pluton by a 3 kilometre-wide shear zone in the country rock. The 
eastern satellite(== 20 km2) is made up of homogeneous Cpx-Hbl-Bt monzogranite with 
few elongate mafic enclaves. 

The petrographic zonation can be mapped in more detail with the help of the low
field magnetic susceptibility magnitude (K). In granitic rocks, K results mainly from 
two types of magnetic behaviours (Rochette, 1987): ferromagnetism, generated by ma
gnetite or accessorily by pyrrhotite; paramagnetism controlled by ferromagnesian mine
ral. Diamagnetism originating from the quartzo-feldspathic matrix is quantitatively 
negligible. The K value of magnetite is two orders of magnitude higher than that of any 
ferromagnesian mineral and therefore magnetite-bearing granites are dominantly ferroma
gnetic. On the other hand, Kin magnetite-free granites results mainly from the ferroma
gnesian minerals and these granites have paramagnetic properties. Thus, the classic 
magnetite-series and ilmenite series of granites (Ishihara, 1977) correspond respectively 
to the ferromagnetic and paramagnetic groups of granites. In magnetite-bearing granites, 
the magnitude of K increases in the more mafic units (Archanjo et al., 1995; Ferre et 
al., 1995; Deleris eta!., 1996). 
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Figure 4. Magnetic mineralogy of rocks in the Rahama Complex: magnetic susceptibility magnitude versus 
temperature curves of four specimens representative of the Rahama Complex; note the abrupt drop at 
580°C, stressing that magnetite is the main carrier of magnetisation, except for the syenogranite which is 
paramagnetic. Numbers correspond to samples localised in figure 3b: I = RA150, 2 = RA94, 3 = RA95 and 
4 =RA99. 

Nearly all the sampling stations within the Rahama pluton have K > 40 x 10-5 SI, a 
value above which the ferromagnetic behaviour becomes dominant (Rochette et al., 
1992). Susceptibility magnitude versus temperature curves of representative samples 
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(Fig. 4) indicate unambiguously that magnetite, characterised by a Curie temperature of 
580°C, is the dominant carrier of the low-field magnetic susceptibility. In this case, the 
contribution of monoclinic ferromagnesian minerals (e.g. clinopyroxenes) to the rock 
magnetic fabric is negligible. The susceptibility map of Figure 3b shows striking simi
larities with the petrographic map (Fig. 3a), and documents also a continuous and pro
gressive zonation of the magnetic susceptibility magnitude on sides of an arcuate high
susceptibility NW-SE trending zone (Fig. 3b, cross section). The southern margin of 
the pluton is narrow and has a relatively low K (< 100 x 10-5 Sl); it corresponds to a 
porphyritic syenogranite with inclusions of country rocks. From the latter rock-type, 
and progressing to the northeast, the susceptibility increases continuously up to more 
than 10-2 SI inside the Opx-Cpx-Hbl-Bt charnockites. The distribution of susceptibility 
magnitudes is bimodal (Fig. 3b: susceptibility frequency histogram), the values of K 
larger than 1 o-2 SI corresponding to the charnockites, diorites and norites. However, 
some "anomalies" are observed: (1) in the granites, two high-susceptibility zones (K> 
10-2 Sl) in the northeast and southeast quadrants correspond to magnetite-enriched grani
tes probably due to higher oxygen fugacities during magma crystallisation since magne
tite is primary; (2) outside of the main pluton, the northwest satellite displays highly 
variable susceptibility magnitudes, K ranging from 9 to 2156 x 10-5 SI, in agreement 
with its heterogeneous nature; the low-K values correspond to the anatectic granite 
layers of the country rock, and the high-K ones correspond to granites mingled with 
mafic rocks. The diorite forming the northeast stock has very strong susceptibility ma
gnitudes, K> 6.10-2 SI. The country rocks generally have low K ( < 20.10-5 Sl) indica
ting a paramagnetic behaviour. 

The reverse petrographic zonation of the main pluton, supported by the magnetic 
susceptibility study, is confirmed by the available geochemical data (Olarewaju, 1978; 
Batchelor and Bowden, 1986; Dada et al., 1995; Dickin et al., 1991). Dada (1989), using 
major, trace elements, Sr, Nd and Pb isotopes, has demonstrated that the monzogranite
charnockite series has a sub-alkaline geochemical signature distinct from the calc
alkaline one of the diorite-norite series. On the basis of trace and Nd-Sr isotope data, 
Dada (1989) considers that both series derive from partial melting and progressive extrac
tion of contrasted and lower continental crust protoliths. The wide range of Nd model 
ages for the Nigerian charnockitic series, 1.23 to 1.96 Ga (Dada et al., 1995; Dickin et 
al., 1991), suggests a derivation from various protoliths. 

STRUCTURES AND MICROSTRUCTURES IN THE RAHAMA COMPLEX 

The measurements of foliation orientations were obtained by three different methods. (i) 
When the fabric could be observed in outcrop, it yielded a reference measurement of the 
magmatic planar fabric (Fig. 5a); (ii) geomorphological interpretation of topographical 
maps yielded valuable information in remote places that were not visited for magnetic 
fabric sampling (Fig. 5b), and (iii) anisotropy of magnetic susceptibility (AMS) mea
surements which gave orientation data that were, in most cases, in agreement with field 
measurements; these data are particularly useful in weakly foliated rocks (Fig. 6a). The 
lineation measurements were obtained only from the magnetic fabric study (Fig. 6b ). 
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Figure 5. Rahama Complex foliations and trajectories. (a) Compilation of field data; in the country rocks: 
data are from this study and modified after Wright (1971) and Olarewaju (1978); in the pluton: data are 
from this study. (b) Interpretation of topographical maps at 1:50,000 scale and of SLAR radar image at 
1:250,000 scale (MARS, 1977). 



262 E. FERRE ET AL. 

The AMS methodology and apparatus are described in Leblanc et al. (1994). Each 
core drill yielded two specimens, oriented relative to the geographical frame. The mea
surements provide orientations and magnitudes of the 3 principal axes of the specimen 
AMS ellipsoid, k1 ~ k2 ~ k3• Each station is characterised by the average AMS parame
ters of a minimum of 4 specimens, namely the mean susceptibility axes K1 ~ K2~ K3, 

the susceptibility magnitude K==(K1+K2+K3)/3 and the total anisotropy magnitude 
P==K/K3• The long axis K1 is called the magnetic lineation, and the short axis K3 is the 
normal to the magnetic foliation. 

FOLIATIONS 

Field data 
Field measurements of foliations within the pluton and its country rocks and interpola
ted foliation trajectories are represented in Figure Sa. The eastern side of the main pluton 
is characterised by N-S striking, steeply dipping foliations, even at the northern margin 
of the domain where the foliation strikes abut against the country rocks. The western 
side shows less steep and less regularly organised foliations. It should be noted that 
foliation strikes are poorly defined in areas of shallow dips. The limit between these two 
zones is marked by a N-S median line along which foliations strike mostly N-S. The 
two granite satellites at the northwest and the east of the pluton, and their contiguous 
shear zones, are characterised by NE-SW trending and northwest dipping foliations. 
Foliations in the anatectic granites and gneisses around the pluton are roughly parallel to 
its contour. 

Geomorphological and side-looking airborne radar (SLAR) data 
Foliation trajectories (Fig. 5b) were extracted from the 1:50,000 scale topographical 
maps for both the pluton and its country rocks following the method described for the 
whole area (Fig. 2), and from the 1:250,000 SLAR image for the country rocks. In 
most areas, the strikes and dip directions inferred from the morphology are consistent 
with field observations. In the main pluton, the trajectories confirm the distinction 
between an eastern domain with N-S striking and west dipping foliations, and, on the 
other side of a median line, a western domain with a less prominent pattern. The nor
thwest dips in the granite satellites and shear zones are confirmed. In the country rocks, 
the foliations that strike NE-SW at distance, come into conformity around the pluton 
especially along its northern and southern margins. The discrepancies observed between 
Figures 5 a and b are attributed to poor exposures especially along the NE margin of the 
complex. 

Anisotropy of magnetic susceptibility (AMS) data 
Precise measurements of the rock fabric are provided by the AMS technique (described 
by Bouchez, this volume) at 172 different stations located in Figure 3a. For each sta
tion, the magnetic foliation, or plane normal to the average orientation of the short axis 
of the AMS ellipsoid (K3), has been calculated based on measurements performed on 
four specimens per sampling site. In 88% of sampling stations, the angular dispersion 
of the four measurements was less than 25°; hence the vectorial mean AMS is conside
red as meaningful. Internal consistency of the magnetic data is attested by measurements 
that are comparable between neighbouring stations. The map of magnetic foliations 
(Fig. 6a) is more complete and gives more information than those derived from field and 
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Figure 6. Magnetic fabrics of the Rahama Complex. Stereonets: Schmidt lower hemisphere; contours: 
Kamb; C.L = 20"; N = number of stations. (a) Foliations and trajectories; note the N-S trend in the main 
pluton and the NE trend in the NE shear zone. AA' and BB' refer to the cross sections of figure 8. (b) 
Lineations and trajectories. 

geomorphological observations (Fig. 5). Foliation poles on the stereonet of Figure 6a 
are distributed in a partial girdle with a best zone axis oriented at 006°/12°, and display 
two maxima of west dipping foliations. Maximum 1 giving a mean foliation plane at 
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0°W 60° corresponds to the dominant foliations in the main pluton, and maximum 2 
giving a mean plane at 30° W 45° represents the foliations in the northwest satellite and 
its contiguous shear zone. Analysis of the map shows that foliations tend to dip modera
tely(< 50°) in the western side of the main pluton and more steeply in the eastern side. 
Foliation trajectories possibly define two lobes. Along the median line separating these 
two sides, N-S and sub-vertical foliations are mostly observed. The southern margin of 
the pluton shows gentle dips mostly to the north. The northwest granite satellite has 
foliations variably dipping (30-60°) to the northwest, while the eastern granite satellite 
has foliations dipping gently to the northwest. 

LINEATIONS 

The long axis Kl of the magnetic ellipsoid is equated with the magmatic lineation (see 
Bouchez, this volume, for explanations). The magnetic lineations shown in figure 6 
represent the vectorial mean of four specimens having a within-station angular variabili
ty less than 25° around the mean in 98% of the stations. Therefore, the average is used 
as the average mineral lineation at each station. The southernmost part of the pluton 
was the site of a detailed preliminary sampling where the high homogeneity of linear 
structures was demonstrated. Thus kilometre spacing for sampling was deemed sufficient 
for the remaining study. Although the lineations mostly trend N-S, several subdomains 
can be distinguished. In the main pluton, the plunges are gentle to moderate to the north 
and northeast, except along the northern margin (Fig. 6: shaded) which is characterised 
by rather steeply southwest plunging lineations. Lineations trajectories display asymme
trical patterns on sides of the shear zone separating the northwest extremity of the main 
pluton and the northwest satellite. This pattern fits with a dextral sense of shear. In the 
country rocks in the vicinity of the pluton, lineations, although rarely measured, are 
often consistent with those in the granite. The stereonet of Figure 6b shows that the 
average lineation of all the AMS measurements (Oil o /9°) is close to the foliation zone 
axis of figure 6a (006°/12°). 

MICROSTRUCfURES 

A systematic investigation of microstructures in the core samples used for the petrogra
phic and AMS studies shows that the rocks preserve evidence of a continuum of defor
mation from magmatic- to high-temperature solid state (for a definition, see Paterson et 
al. (1989) and Bouchez et al. (1992)). The magmatic type is always found in the mafic 
stocks and charnockites (Fig. 7a, Plate 1d). High-temperature incipient plastic deforma
tion microstructures are ubiquitous in the granitic types of the main pluton. They cor
respond to a few kinked biotite crystals and a few subgrain boundaries in quartz. Perva
sive solid-state deformation features are observed mainly in the northwest and east satel
lites, and also in the southernmost part of the pluton (Fig. 7a). Orthogneissification 
(Plate If) appears along the southeast and northwestern margins of the pluton. In these 
zones, solid-state deformation and gneissification occurred under high-temperature condi
tions as demonstrated by the co-stability of hornblende and biotite within the foliation 
and C-planes. The shear sense criteria associated with these microstructures always indi
cate a dextral sense, consistent with that observed in neighbouring shear zones affecting 
the country rocks. 
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Plate I. Rahama Complex country rocks : (a) Hand-specimen view of S-C structures showing a dextral 

sense of shear in an orthogneiss. (b) Microphotograph of S-C structures indicating a dextral sense of shear 

in an orthogneiss. (c) Field view of anastomosed granite dikes injected within the foliation of anatectic 

granite country rock. Microphotographs of Rahama Complex plutonic rocks : (d) Opx-Cpx-Hbl reactions in 

a magmatic charnockite. Typically magmatic microstructure. (e) Cpx-Hbl reaction and Bt-Qtz-myrmekite 

rim reaction in a Cpx-Hbl-Bt monzogranite. (f) Hbl-Bt monzogranite. Typical orthogneissic microstructure 

in the SW shear zone. 

MAGNETIC ANIS01ROPY 

The total magnetic anisotropy (Fig. 7b), here expressed in percentage P% = 100 x 
((K/K3)- 1) ranges from 3% to 40% and varies smoothly at the exception of local high 
gradients along shear zones. In 50% of stations, the magnetic anisotropy is between 5% 
and 10%. The lowest anisotropies are found at the southwest margin of the pluton and 
correspond to the lowest susceptibility magnitudes. The highest anisotropies correspond: 
(1) to the shear zone located between the pluton and the northwest satellite and within 
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the satellite itself; (2) to several NW-SE trending zones within the pluton (parallel to 
the petrographic zonation, Fig. 3), (3) to the northeast mafic stock and (4) to the shear 
zone at the SE of the pluton. This shows (1) a correlation between anisotropies and 
petrographic types and (2) a correlation between anisotropies and strongly defonned 
areas. Indeed, the positive correlation between P% and K, obvious in Figure 7c, is also 
observed on other ferromagnetic granites (Archanjo, 1993). When the modal abundance 
of magnetite, which is here the main magnetic carrier, increases, the likelihood of ali
gned magnetite grains increases yielding a distribution anisotropy (Gregoire et al., 1995) 
added to the magnetite shape anisotropy. To reduce the effect of petrographic variations, 
an average P% is calculated for each station on the 15 nearest values from the list of 
increasing susceptibility values. The curve of these average P% in Figure 7c shows the 
positive correlation between P% and K due to petrography. The stations for which high 
P% are mainly due to a higher strain (empty circles) plot above this curve. These sta
tions correspond mostly to the shear zones (shaded zones in Fig. 7a). Finally, the high 
P% of the diorite-norite stock is explained by a high magnetite content (attested by Fig. 
4 and consistent with FeOt = 12% wt) which effect could not be removed owing to the 
small number of samples. 

SYN11IETIC CROSS-SECriONS 

Two cross sections have been built out of the structural data (Fig. 8). Section AA' (Fig. 
8a) normal to the regional trend (see Fig. 6a), illustrates the northwest dips of the folia
tions in the country rocks, parallel to the two transcurrent zones shear where gneissic 
screens of country rocks in the granites, and anastomosed granite dikes interfoliated in 
the country rocks (Plate 1c) are observed. The charnockites have been given a concave 
shape in this section to take into account their arcuate shape in map view (Fig. 3a) and 
their inward foliation dips on sides of the "median line". Since the interior of the main 
pluton is free of the felsic enclaves that are characteristic of its margins, the roof of the 
pluton was likely much above the present level of exposure. Along section BB' (Fig. 
8b ), parallel to the regional structural trend, the dips of foliations are to the south in the 
northeast part of the pluton, and to the north in the southwestern part. 

DISCUSSION 

MAGMA SOURCES 

The magmas of the Rahama complex, like other Nigerian monzogranite-charnockite 
series, derive from partial melting and progressive extraction from a lower continental 
crust source (Dada et al., 1995). The presence of hypersthene in, at least some of the 
granitic rocks of the Rahama complex, clearly points to an origin from water undersatu
rated magmas. All this is in agreement with igneous charnockites being derived from 
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Figure 7. Microstructures and magnetic anisotropy in the Rahama Complex. (a) Microstructures; note the 
magmatic microstructures in the charnockites and the solid-states to gneissic microstructures along the NE
trending shear zones. (b) Raw magnetic anisotropy map; note the increase of P% related to the amount of 
strain (shear zones) and to petrographic variations (mafic stocks). (c) P%-log K diagram; note the positive 
correlation between P% and K, the solid curve discriminates stations where P% is consistent with petrogra
phic type from stations exhibiting high P% due to the strain amount or to an exceptional composition (see 
text). 
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hot (-=900°C), dry(::;; 2 %) and deep (900 ± 100 MPa) crustal magmas as shown by 
Kirkpatrick and Ellis (1992). The depth of emplacement can be inferred from Al-in 
hornblende geobarometry on the specimens of the Rahama Complex. Pressures of 540 ± 
60 MPa (Ferre et al., in progress) are recorded, which correspond to depths of about 15 
kilometres. The present-day thickness of the continental crust in the Rahama area is 
about 35 kilometres (Fairhead and Okereke, 1987). It corresponds to the minimum por
tion of crust below the Rahama Complex at the time of emplacement since, after the 
intrusion, the crust did not undergo any thickening nor magma underplating events. 
Thus, the total crustal thickness at the time of emplacement was at least of 35 + 15 = 
50 km. 

ORIGIN OF THE GRANITE-CHARNOCKITE REVERSE ZONATION 

Our petrographic and fabric study, based on a closely spaced sampling, has evidenced a 
progressive reverse zonation of the Rahama pluton, from Hbl-Bt monzogranites to Opx
Cpx-Hbl-Bt charnockites (Fig. 3a). Such a zonation might be common in the charnocki
tic plutons of Nigeria as most previous studies describe a progressive contact between 
charnockites and granites (Olarewaju, 1978; Tubosun et al., 1984). This progressive 
change in magma types supports the idea of a continuous feeding of magma through the 
same pathway during the emplacement of the complex, and strengthens the proposition 
of root-zones in the tentative sections of Figure 8. 

Some mineralogical features of the charnockites and Cpx-Hbl-Bt monzogranites, 
namely the systematic presence of clinopyroxene and the weak zonation of plagioclase, 
are typical of an origin from water undersaturated magmas (Vance, 1962; Naney, 1983; 
Whitney, 1988). This undersaturation is compatible with the amphibole dehydration 
melting model of Tepper et al. (1993). The granite-charnockite series shows a range of 
decreasing whole rock water contents, from 0.65 wt% in the more felsic rocks to 0.35 % 
in the more mafic ones (Dada et al., 1995). We interpret these data as resulting from the 
increasingly water-depleted and deeper or hotter sources of these magmas, in agreement 
with the lower continental crust stratification model of Glazner (1994). This model 
predicts that mafic magmas tend to equilibrate within a high-temperature and low visco
sity environment at their level of neutral buoyancy, i.e. the denser, the lower. 

Following the latter considerations that suggest vertically juxtaposed sources for the 
magmas within a stratified lower crust becoming more mafic downwards (Fig. 9), the 
pluton zonation likely results from the successive emplacement of more mafic and more 
water depleted magmas, and tapped from increasingly deeper sources. Indeed, two main 
factors may work towards the emplacement of the granites prior to the charnockites: l) 
production horizons of the former at higher levels, and thus easier access to the empla
cement site and 2) their lower densities faster transits through the crust. 

Interpretation of structures and mode of emplacement. The deep emplacement of the 
complex, > 15 km, inferred from geobarometry on the monzogranites, agrees with the 
high temperature (T°C ~ 650°C) of the country rocks during emplacement. This is also 
attested by the lack of grain size reduction in the granite near its margins, and agrees 
with the absence of low-temperature deformation features in the neighbouring country 
rocks. Instead, the presence of in-situ melted anatectic granite, at both the pluton contact 
and in the eastern satellite where the anatectic melt is interfoliated with the Hbl-Bt mon
zogranite (Plate lc), indicates that intrusion occurred within the ductile domain of the 
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continental crust. This is also supported by the elongate and folded shape of anatectic 
granite xenoliths in the Hbl- Bt monzogranite (Plate lc). 
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Figure 8. Anatomy of the Rahama Complex: Interpretative cross-sections. (a) NW-SE section, normal to the 
regional structural trends. Note: 1- foliations in the country rocks dip to the NW, 2- foliations in the pluton 
dip inward on both sides of the median line, 3- the main pluton is flanked by two high temperature shear 
zones, 4- the roof of the pluton is believed to be not very close to the present-day level. (b) SW-NE section, 
parallel to the regional stretching direction. Note: 1- conformity between structures in the pluton and in the 
country rock; 2- the steep NE margin and the shallow SW margin. 

Pluton emplacement kinematics can be assessed by comparing within-pluton structu
res with regional structures away from the intrusion. Regional structures are characteri
sed by NNE-SSW striking and steeply-dipping foliations (mean at 15° W 60°), and N-S 
trending lineations, slightly plunging to the north (mean at 000°/15°). Such regional 
strike-slip tectonics shows that the entire area has been penetratively sheared. However, 
shear strain was higher in the kilometre-wide strike-slip shear zones. These regional 
structures are the same as those in the pluton as stressed by the similarities of the ste
reonets of Figures 2b and 6: mean foliation at 15° W 55° and mean lineation at 
010°110°. All these observations and the systematical dextral shear senses point to a 
dextral strike-slip syntectonic emplacement of the pluton with possibly an extensional 
component. Furthermore, the magmatic microstructures observed near the pluton mar
gins show the lack of substantial post-emplacement periplutonic deformation that may 
have accounted for the wrapping of regional foliations around the main pluton. 

Within the pluton, the foliations and lineations are independent from the boundaries 
between rock types and, as already mentioned, conformable with the regional structures. 
These observations demonstrate that all the plutonic facies have undergone the same 
final deformation, at least to some extent. Therefore, they were emplaced during the 
same regional event. The absence of solid-state, or even incipient plastic deformation, in 
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the central body of charnockites and Cpx-Hbl-Bt monzogranites (Fig. 7a) is compatible 
with their late emplacement. A detailed analysis of lineations in the pluton (Fig. 6b) 
reveals their tendency to follow asymmetrical trajectories depicting shear zones, among 
which the SW-NE trending and dextral shear zone affecting the western half of the plu
ton is the most conspicuous. Since the observed lineation pattern constitutes the latest 
strain undergone by the pluton, these shear zones trace the places where strain was loca
lised by the end of magma emplacement. In addition, since the microstructures associa
ted with these shear zones are almost ubiquitously of magmatic type (see Fig. 7a), the 
corresponding late-emplacement strain was definitely acquired in the magmatic state. The 
north-south median line (Figs. 6a and 8), separating the pluton in two halves, is suspec
ted to be the latest dextral magmatic shear zone, probably responsible for the = 3 km of 
dextral offset of the pluton outline. Alternatively, it may represent the contact between 
two coalescent lobes of the complex. These two intraplutonic shear zones likely post
date the shear zones of the northwest and southeast margins of the pluton which display 
high-temperature microstructures with a kinematic continuum of dextral shear strain 
from magmatic state to solid-state. At this late, post-emplacement stage, the pluton was 
probably less deformable than its country rock, hence remained undeformed in the solid
state. These observations suggest that magma emplacement and solidification occurred 
during a major dextral strike-slip regional event. 

A MODEL OF DRAINAGE OF MAGMAS ALONG INCLINED1RANSCURRENT SHEAR 
ZONES 

In orogenic domains, crustal structures such as foliations, thrust planes and shear zones 
and their directions of dip are probably inherited from earlier collision episodes 
(Allmendinger et al., 1987). Steep shear zones at upper-crustal levels are relayed at mid
crustal levels by inclined shear zones and at lower-crustal levels by low-angle shear 
zones (Davies, 1987). The lower crust is most likely horizontally compositionally 
stratified (Glazner, 1994) and therefore the fertile zones are expected to be horizontal. 
Partial melting in the lower crust is likely to occur in amphibole or biotite-rich proto
liths by dehydration melting (Tepper et al., 1993), especially along rheological disconti
nuities where melts will gather (Tommasi et al., 1994 ). Thus, crustal-scale shear zones 
are suitable to tap magmas at different depths. Magma upward migration is achieved 
both by density contrast and by sucking due to the strike-slip movement along shear 
zones (D'Lemos et al., 1992). Magmas injected along shear zones can act as lubricants 
and thus enhance strain localisation (Hollister and Crawford, 1986). 

Our data suggest that an inclined shear zone acted as the pathway to drain magmas 
upward successively from different levels of the stratified lower crust (Fig. 9). These 
different magmas were emplaced at mid-crustal levels as a single intrusion in a magma
tic continuum. The transfer zone between the source region and the emplacement level 
may be represented by drainage zones similar to the west dipping northwestern satellite 
and its contiguous shear zone. This is well supported by the location of the two satelli
tes on the outer side of the pluton marginal shear zones. Indeed, such zones, where both 
anatectic granites and granites of the Rahama Complex are internally sheeted and inter
layered with high-grade country rocks, most likely represent the feeding zone of hypo
thetical upper plutons. The abundance of mafic enclaves in all the satellite granites, 
interpreted as magmatic precursors, further supports our model. The level reached by the 
intrusion in the crust is determined by cooling of the magma by its country rocks lea-



PLUTON EMPLACEMENT ALONG AN INCLINED SHEAR-ZONE 271 

ding to the solidification of the roof. After this stage, the persistent feeding forces the 
magma to spread laterally. At mid-crustal levels, such as that of the Rahama Complex, 
the progressive accumulation of granitic magmas is accommodated in a ductile way by 
country rocks. Fabrics in the emplacement site still record strike-slip tectonics expressed 
by the consistent pattern of foliations and lineations over the whole pluton. The non 
coaxial dextral regime is indicated by the sigmoidal lineation trajectories and the develo
pment of incipient plastic to solid-state shear zones in a kinematic continuum. 

INFERENCES ON Tiffi REGIONAL PAN-AfRICAN GEODYNAMIC EVOLUTION 

The Rahama Complex is dated by an ill-defined Rb-Sr whole-rock age of 668 ± 128 Ma 
(van Breemen et al., 1977). Similar complexes in Nigeria have yielded more precise 
younger U-Pb zircon ages, between 638 ± 3 Ma (Dada and Respaut, 1989) and 585 ± 7 
Ma (Dada et al., 1989). However, the Nd-Sm model age at 1.92 Ga obtained by Dickin 
et al. (1991) on a Hbl-Bt monzogranite from Rahama suggests a significant age inheri
tance from the lower crustal protoliths. Thus, the actual age of the Rahama Complex is 
more likely around 585 Ma. 

The end of the Pan-African evolution of North Central Nigeria belongs to a conti
nuum of thermobarometric conditions in which three episodes are recognised: (1) An 
early high-pressure episode (P "' 800 - 1000 MPa, T "' 650° -700°C) has been recorded by 
Qtz-Sil-Rt-Grt±Ky assemblages in boudins of a few zones of metapelites (Ferre and 
Caby, in progress); a similar event is dated around 630±10 Ma in northwest Cameroon 
(Toteu et al., 1994). (2) A pervasive hydrous migmatitic episode (P"' 500- 600 MPa, T 
"' 650°-700 oq occurred in the upper amphibolite facies as shown by coeval Sil-Crd
Grt±St assemblages; this event, dated by Pb evaporation zircon age on Bt-Grt-Kfs-Qtz 
leucosomes from Toro at 580 ± 10 Ma (Ferre et al., 1996), is contemporaneous with 
pluton emplacements. (3) A late greenschist facies episode is characterised by aplite 
dikes, mylonitic bands and albite + epidote veins; its age, constrained by a Rb-Sr bio
tite-WR age at 560 Main Toro (Ferre et al., 1996), is interpreted as a cooling age at the 
closure temperature of biotite. 

The crustal uplift mechanism responsible for these decreasing P-T conditions can be 
discussed in the light of structural and thermobarometric data. A frontal thrusting uplift, 
necessarily associated with crustal thickening, is precluded (i) by the pervasive strike
slip kinematics at the time of plutonism and (ii) by the elevated geothermal gradient 
( 45°Cikilometre) inferred from P-T conditions. Lithospheric extension cannot account 
either for this uplift because of the absence of extensional tectonics, of high geothermal 
gradients and of juvenile mantle input. 

Therefore, the Rahama pluton, with its mid-crustal level of emplacement and mag
matic structures in conformity with the regional structures, is a syntectonic intrusion 
whose emplacement and solidification occurred in a kinematic continuum during a dex
tral NNE strike-slip regional deformation by the end of the Pan-African times of Nige
ria. Similar syntectonic features are also found in the neighbouring Pan-African plutons 
of Solli Hills (Ferre et al., 1995) and Toro (Deleris et al., 1996). Numerous Pan-African 
intrusions of Nigeria probably share the same characters. Recent works further north on 
the Air and Hoggar Pan-African provinces (Black et al., 1994; Liegeois et al., 1994) 
show that they result from exotic terrane amalgamation during convergent tectonics 
from about 730 to 645 Ma. A late Pan-African episode is characterised in these 
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provinces by the emplacement in a strike-slip regime of high-K calc-alkaline N-S elon
gated plutons between 645 and 580 Ma. The evolution of the Rahama area is in agree
ment with the latter, late stage of the Pan-African history of the Air-Hoggar domain. 

CONCLUSION 

This petrostructural study of the Rahama Complex gives a model to the zonation of 
granite-charnockite complexes emplaced at a mid-crustal level and emphasises the role of 
shear zones in granitic magma transfer. The reverse and continuous petrographic zona
tion from monzogranites to charnockites is explained by the progressive tapping of 
increasingly more mafic and deeper magmas from a stratified lower crust. Drainage and 
upward migration of these magmas are achieved through low-angle shear zones in the 
lower crust becoming more inclined upward, at the level of emplacement, where they 
appear as major geological transcurrent boundaries. 

The internal structures of the pluton are coeval with a late Pan-African deformation 
event dominated by a NNE dextral strike-slip tectonics. This event of regional deforma
tion of the country rocks is probably contemporaneous with the emplacement of nume
rous plutons in northeast Nigeria. These results complement the recent works on other 
parts of the Pan-African belt in Brazil (Archanjo, 1993) and Hoggar (Djouadi, 1994) 
where similar dextral strike-slip settings coeval with pluton emplacements are described. 

Note I: AMS raw data are available on request from the first author. 

Note 2: Structural data were plotted using Stereonet 4.52 program (Allmendinger, 1992). 

N!lli:J.: Mineral abbreviations are from Kretz (1983) 
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TRANSCURRENT SHEAR ZONES AND MAGMA EMPLACEMENT 
IN NEOPROTEROZOIC BELTS OF BRAZIL 

ABSTRACT 
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The association of shear zones and magmatism is usually regarded as indicatinr that 
partial melting and/or melt transport and emplacement was favored by pre-existing shear 
zones. However, a detailed examination of a set of examples from Neoproterozoic belts 
of Brazil allows us to suggest that this interpretation is not unequivocal. In some cases, 
for instance dyke-swarms, dyke-like plutons and small elongated plutons, a large body of 
evidence supports shear zone-assisted melt emplacement. In other instances, am 
especially for large-scale plutons, demonstrative criteria for shear zones predating magma 
emplacement are lacking, or even support magma emplacement predating shear zone 
development. Either pluton-enhanced strain localization and shear zone nucleation, or 
coeval growth of shear zone and granite emplacement, may represent alternative 
processes resulting in a close association of shear zones and plutons. 

INTRODUCTION 

In many orogenic belts throughout the world, and independently of the age of the oro
geny, an association of magmatic rocks with transcurrent, normal or thrust faults is 
observed. This led many authors to consider genetic relationships between faults (or 
shear zones) and magmatism. Several degrees of interaction between shear zones and 
magma have been suggested and probably all of them may account for some specific 
examples. Temperature increase due to energy dissipation in lithospheric shear zones 
(shear-heating) was invoked by Nicolas et al. (1977) to explain the association of mag
matism with major shear zones. Brun and Cobbold (1980) have shown that shear hea
ting in crustal shear zones cannot increase the temperature enough to trigger partial 
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melting. Fleitout and Froidevaux ( 1980) have shown that for a long liv~d shear zone 
rooted in the upper mantle, deforming at geological strain rate, shear heatmg generated 
in the uppermost mantle may raise the temperature in the lower crust enough to allow 
water-present partial melting of metasediments. This process was recently invoked to 
explain an increase in metamorphic conditions and granitic magmatism, both closely 
associated with the Red River fault in the Himalayas (Leloup and Kienast, 1993; Leloup 
et al., 1995). That shear heating may produce water-absent melting, which is more 
likely in the lower crust (e.g., Clemens and Vielzeuf, 1987), is, however, doubtful. It 
remains possible that, under favorable circumstances, shear heating may produce limited 
melting in the crust, and therefore account for small volumes of crustal magmas empla
ced in the immediate vicinity of a major shear zone. 

Hutton and Reavy (1992), in an attempt to explain "the association of compositio
nally expanded granitoids with a major mantle component and transcurrent shear zones" 
observed in the northern part of the British Caledonides, suggested that crustal thicke
ning occurring in transpressional lithospheric shear zones may result in the selective 
melting of local crustal "roots". In this model partial melting is triggered by the defor
mation in the shear zones, although it is due to crustal thickening and not to shear hea
ting. This process may certainly account for lower-crust melting. However, melting of 
crustal roots is a protracted process (England and Thompson, 1986), and magmatism 
produced through this process should be late- to post-kinematic, and limited to domains 
that underwent significant thickening through transpression. Shear zone-assisted melt 
production may therefore only hold for specific cases of crustal magmatism concentrated 
along lithospheric, usually continental-scale, fault zones. 

Whatever the process through which the source rock melts, a large body of evid~nce 
indicates that significant volumes of magma ascended in faults and shear zones at dif
ferent crustal levels, and even that shear zones may contribute in melt extraction and 
concentration. Faults, and moreover fault arrays, because they frequently display a com
plex geometry, may provide space for magma emplacement, at least in the brittle crust. 
Shear zone-assisted magma emplacement is therefore an appealing alternative to diapi
rism. The result is a clear tendency to regard any spatial association of granite and shear 
zones as indicative of shear zone-assisted emplacement, although convincing evidence 
that shear zones predate plutons -and especially large plutons- emplacement is in many 
cases lacking. 

On the other hand, emplacement of igneous bodies introduces a rheological heteroge
neity in the crust. Plutons are likely emplaced as almost crystal-free magmas (e.g., 
Clemens and Mawer, 1992; Brandon et al., 1996) and have therefore a low viscosity 
compared to solid rocks. If the temperature contrast between the magma and the country 
rock is moderate (emplacement in the lower to middle crust), plutons may remain mol
ten a long time span before full crystallization, and moreover before thermal equilibrium 
with the country rock is reached (Davidson et al., 1992; Davidson et al., 1994; Tomma
si et al., 1994). In addition, intrusion of magma thermally weakens the surrounding 
country rocks. The duration of such thermal/rheological heterogeneities may be signifi
cant with regard to the rate of deformation processes; they may therefore generate pertur
bations of the regional strain field and especially favor strain localization and shear zone 
initiation (e.g., Hollister and Crawford, 1986; Lister and Baldwin, 1993; Neves et al., 
in press). 

Indeed, both shear zone-assisted magma emplacement and magma-enhanced strain lo
calization may exist. To properly interpret pluton emplacement processes, it remains 
therefore important to discriminate cause and effect, and this appears not to be 
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straightforward. A set of criteria, some of which have been suggested by Paterson (pers. 
comm. 1995) may help in this analysis. However, only few of them considered alone 
are conclusive, and a choice between the two solutions should rather result from the 
fulfilment of several indicative criteria, and the absence of criteria pointing toward the 
other possibility. 

Criteria supporting shear zone-assisted melt transport and emplacement 
- Shear zone-assisted extraction of melt in the source region. 
- Pluton fed by dyking in the shear zone. 
- Magmatic contacts cross-cutting a mylonitic foliation in the country rock. 
- Extensive deformation of the country rock showing evidence of pre- and post-

emplacement mylonitization. 
-Xenoliths of mylonite within the magmatic rock free of solid-state deformation. 
- Lesser deformation in the mylonitic igneous rock than in the mylonitic country 

rock. 
- Plutons displaying large aspect-ratios, although they do not show an intense solid

state deformation. 
- Magmatism restricted to the vicinity of the shear zone 
- Alignment of plutons along the shear zone. 

Criteria supporting magma-enhanced strain localization 
- Shear zones cross-cutting the country rock metamorphic fabric to which the mag

matic fabric of the pluton is parallel and coeval. 
- Evidence of emplacement by another process than transcurrent shear zone-assisted 

emplacement. 
- Strike-slip faults end away from the pluton and/or have their greatest displacement 

near plutons (taking into account that heat advection due to the raising plutons may 
induce significant changes in deformation mechanisms resulting in enhanced strain loca
lization). 

- Evidence that fault orientation is controlled by the spatial distribution of plutons 
(unexpected bending or splay from a major shear zone). 

- Magmatism distributed over a large area independently of the existence of shear zo
nes. 

This list of criteria is not exhaustive, other criteria may certainly be found impro
ving this kind of analysis. It is also more appropriate to magmatic rocks emplaced in 
the medium to lower crust than in the upper crust. Several observations like a progres
sive transition from a magmatic- to a solid-state deformation are not considered as crite
ria since they may develop in the same way during the two kinds of evolution conside
red. 

Using this type of approach, we will consider several examples from Neoproterozoic 
belts of Brazil, for which shear zone-magma interaction can be discussed. Most of them 
are from the Borborema Province of Northeast Brazil and display evidence supporting 
both shear zone-assisted melt collecting and magma emplacement, and magma-assisted 
shear zone nucleation. In the last section, we will consider a syntectonic granite batho
lith from the Dom Feliciano belt of southeast Brazil that does not satisfactorily fit any 
of these interpretations. 
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Figure I. Schematic map showing the Borborema Shear Zone System and brasiliano granites. CGSZ= 
Campina Grande shear zone; EPSZ= East Pernambuco shear zone; FNSZ= Fazenda Nova shear zone; 
PaSZ= Palos shear zone; TSZ= Taua shear zone. Numbers represent plutons refered to in the text: I= 
Barcelona; 2= Gameleiras; 3= Picuf; 4= Acari; 5= Sao Rafael; 6= Pombal ; 7= Emas; 8= Fazenda Nova 
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In the Borborema Province of Northeast Brazil, the Neoproterozoic Brasiliano orogeny 
resulted in the development of an intracontinental network. of continental-scale transcur
rent shear zones associated with transpressional belts (Vauchez et al., 1995). Northeast
trending dextral strike-slip faults in the northwestern domain and east-trending dextral 
strike-slip faults associated with north to northeast-trending transpression zones in the 
southeastern domain form a system kinematically consistent over more than 200,000 
km2 (Fig. 1). The major shear zones are several hundreds kilometres long, and 5 to 25 
kilometres wide. They usually display a subvertical foliation bearing a well-developed 
subhorizontal mineral-stretching lineation and abundant shear criteria. The deformation 
within the shear zones began under high-temperature (650-700°C) low-pressure ( 400-500 
MPa) metamorphic conditions and was coeval with synkinematic magmatism involving 
both crustal- and mantle-derived magmas. Continued or cyclic activity of the shear zones 
under decreasing temperatures down to the greenschist facies is usually restricted to 
narrow zones developed within or at the southern boundary of HT-mylonitic belts 
(Vauchez et al., 1995). From numerical modelling, Tommasi et al. (1995) have interpre
ted the development of the shear zone array as resulting mainly from strain localization 
enhanced by the presence of lithospheric-scale rheological heterogeneities (a craton and 
rift basins) within the continental plate during a collision. A similar effect due to the 
presence of incompletely solidified plutons was suggested by Neves et al. (in press) to 
explain many smaller-scale (a few tens kilometres in length and 1 kilometre or less in 
width) shear zones that are associated with plutons. Only few ages have yet been obtai
ned in this area on both magmatic and metamorphic rocks. It is however noteworthy 
that emplacement of several plutons and peak-metamorphism conditions in mylonites 
are broadly synchronous (Legrand et al., 1991; Feraud et al., 1993; Leterrier et al., 1994; 
Monie et al., 1996; Neves, 1996). 

SHEAR ZONE-ASSISTED MELT TAPPING IN MIGMATITES 

The deformation within the main shear zones of the Borborema Province was coeval 
with partial melting of gneisses and metasediments of the country rock (Vauchez and 
Egydio-Silva, 1992; Vauchez et al., 1995). Migmatitic mylonites have been deformed in 
kilometres-wide transcurrent ductile fault zones, and evidence of melt tapping is observed 
within numerous small-scale shear zones (Figs. 2 a and b). Melt concentration within 
the shear zone is indicated by a higher proportion (sometimes 100%) of leucocratic 
neosome in continuity with the neosome of the migmatite. A transition from "in-situ" 
melt concentration to small dykes emplaced within the shear zone may be observed and 
suggests that, after a sufficient volume of melt is concentrated, it may move away from 
the source region. Melt is frequently thought to be channelled in dilatant shear zones. In 
opposition with this view, observations from the Serid6 belt, the Campina Grande SZ 
and the West Pernambuco SZ suggest that melt extracted from migmatites tends to 
concentrate in compressional as well as in extensional small-scale conjugate shear zo
nes. 
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Figure 2. Field examples of shear zone-magma relationships. (A and B) Leucocratic melt collected in 
small-scale dextral shear zones formed in migmatites. Eastern termination of the West Pernambuco SZ. The 
migmatitic foliation trends NE-SW and the shear zones EW. Horizontal surfaces; (C) Dyke of leucogranite 
cross cutting at a small angle the high temperature mylonitic foliation within the Patos shear zone; (D) 
Mylonitized alternating dykes of porphyritic granite, diorite and aplite in the Fazenda Nova shear zone, 
illustrating synkinematic magmatic intrusions. Diorite contains K-feldspar xenocrysts suggesting mechanical 
incorporation that likely began at the magmatic stage. 
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SHEAR ZONE-ASSISTED MELT EMPLACEMENT 

A control of shear zones on magma emplacement is clear for dyke complexes observed 
in most major shear zones of the Borborema Province, and for dyke-like and elongated 
plutons of moderate size emplaced within or along the limits of shear zones. 

DYKE COMPLEXES IN SHEAR ZONES 

Dyke complexes consisting of variably mylonitized to undeformed dykes emplaced paral
lel to or slightly oblique on the HT-foliation of the mylonites (Fig. 2c) may be obser
ved in most major shear zones (e.g., Arthaud and Caby, 1993; Neves and Vauchez, 
l995a; Vauchez et al., 1995). These dyke swarms are particularly well-documented in 
the left-lateral Fazenda Nova and the right-lateral Eastern Pernambuco shear zones 
(FNSZ and EPSZ; Fig. I) where they are composed of up to five different rock types. 
They consist of successive generations of cross-cutting, light grey to pink leucogranites, 
porphyritic and equigranular syenites, monzonites, and diorites (Fig. 2d). From field 
observations it may be inferred that dyke emplacement began with porphyritic syenites 
and monzonites, which were subsequently intruded by diorites and leucogranites. Leuco
granites intruding diorites is a common situation but dioritic dykes may also cross-cut 
leucogranites, suggesting several episodes of injection of dioritic magma. In some pla
ces, dykes may represent almost the whole volume of rock involved in the shear zone. 

N 

Skm t 
Figure 3. Schematic map showing the orientation of syenitic dykes and dyke swarms in a segment of the 
EPESZ. In the central part, NE-trending dykes emplaced in a discontinuity between the western and eastern 
segments. C= Caruaru town. 

Voluminous synkinematic magmatism is sometimes associated with local extension 
due to curvature or discontinuity of the shear zone. Figure 3 illustrates this situation in 
a segment of the EPSZ west of the city of Caruaru. Westward, this dextral shear zone is 
composed of three, approximately E-W trending, main mylonitic belts which bound less 
deformed domains, and E-W trending dyke swarms occur within the mylonite belts . The 
eastern portion of the shear zone, on the other hand, consists of a single, wider myloni
tic zone trending N70°E to N80°E. Large syenitic dykes (up to several hundreds metres 
wide) and dyke swarms follow the trend of this mylonitic belt. Between theE-W and the 
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ENE-trending mylonitic belts , dyke swarms are oriented NE-SW. This orientation is 
consistent with emplacement in an extensional stepover between two disconnected seg
ments, with slightly different orientations, of a right-lateral shear zone. 

DYKE-UI<E PLUIONS 

Many small plutons displaying a very high shape ratio have been observed in the shear 
zones of the Borborema province, but most of them have undergone an intense myloni
tization and it is impossible to infer whether their shape result from solid-state deforma
tion or from emplacement processes. In a few cases however, dyke-like plutons have 
been emplaced late during shearing, and their high aspect ratio was essentially developed 
during emplacement. They are commonly I kilometre wide and 10 kilometres long (e. 
g., the Teresinha and Catinguera granites in the Patos shear zone, Fig. 4) to more than 
50 kilometres long (e.g., the Pedra Lisa granite in the Tami shear zone, Fig. 5). 

Figure 4. Landsat image showing the Catinguera (left) and Teresinha (right) dyke-like plutons within the 
Patos shear zone. 

The Pedra Lisa granite, emplaced within the 5-6 kilometre wide left-lateral Tami 
shear zone (TSZ; Neves 1989, 1991), provides a good illustration of a dyke-like pluton. 
It is a homogeneous biotite-amphibole granite several hundred metres to more than one 
kilometre wide, and continuous over more than 50 kilometres . A pervasive solid-state 
deformation resulted in the development of S-C mylonites and bands of ultramylonite. A 
magmatic fabric, defined by amphibole-rich bands, elongate enclaves of microgranite, 
and by the preferred orientation of amphibole and biotite, is locally preserved. The 
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magmatic lineation is subhorizontal, and tiling of K-feldspar megacrysts is consistent 
with a left-lateral sense of shear. Xenoliths of the mylonitic country rock are found even 
in the less deformed granite. Locally magmatic contacts of the granite truncate at low 
angles the mylonitic banding of the country rock. These observations are consistent 
with intrusion and subsequent crystallization of the magma in an active shear zone, and 
imply that emplacement of the Pedra Lisa granite was shear zone-controlled. 

Figure 5. Schematic map of a segment of the Taua shear zone showing the Pedra Lisa granite. For location 
see Figure I. 

In summary, except for their large size, plutonic bodies of this type display characte
ristics quite similar to the synkinematic dykes described previously. They were emplaced 
in high-temperature shear zones in conformity with the mylonitic foliation. They usual
ly display a lower solid-state deformation than the surrounding mylonites, suggesting 
that they underwent only part of the deformation. When the magmatic fabric was retai
ned, it is consistently parallel to the mylonitic fabric. Some evidence supporting empla
cement in an already deforming shear zone, such as magmatic contacts locally cross
cutting mylonitic foliation or xenoliths of mylonite in undeformed granite, is usually 
observed. 

LA 1E-KINEMA TIC PLUTONS 

At the southern boundary of the 10 kilometres-wide West Pernambuco shear zone (Fig. 
1) several kilometric-scale peralkalic plutons are present (Fig. 6; Vauchez and Egydio
Silva, 1992). They are slightly elongated, and magmatic contacts truncate the high
temperature mylonitic foliation, showing that these plutons were emplaced within a pre
existing high-temperature mylonitic belt. Their cores are free of solid-state deformation, 
but display evidence of pre-full crystallization (or transitional) deformation of the sus
pension at high crystal content (Vauchez and Egydio-Silva, 1992) such as undeformed 
interstitial quartz associated with local plastic deformation of plagioclase, attributed to 
neighbour interaction in the. deforming magma, and lattice preferred orientation of pla
gioclase (Anw) characteristic of rotation of rigid particles. Close to their boundaries, 
most of these plutons display evidence of a faint solid-state deformation under 
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greenschist facies metamorphic conditions, due to a late low-temperature reworking of 
the southern boundary of the West Pernambuco shear zone. 

Field relationships therefore support that these small peralkalic bodies have been 
emplaced within an already existing and probably still deforming mylonite zone, howe
ver their full crystallization occurred during a period of relative inactivity between the 
high- and the low-temperature deformations. These observations, together with the sys
tematic location of the plutons at the shear zone-country rock boundary strongly suggest 
that the shear zone has acted as a conduit for the magma. 

Figure 6. Landsat TM image of the West Pernambuco Shear Zone showing the WNW-ESE mylonite belt 
that marks the fault and peralkalic plutons (arrowed) emplaced within the HT mylonites along the southern 
boundary of the shear zone. 

PREFERENTIAL NUCLEATION OF SHEAR ZONES IN CRYSTALLIZING 
PLUTONS 

There is a large body of evidence in the Borborema Province that shear zones have favo
red migration and emplacement of melt from different lithospheric levels as dykes or 
small plutons. For large plutons, a control of transcurrent faulting on magma emplace
ment is far from obvious. Evidence that the shear zone predates granite emplacement is 
frequently lacking (Archanjo et al., 1992; Archanjo et al., 1994; Olivier and Archanjo, 
1994). Indeed, for several large plutons of the Borborema Province an emplacement 
predating strike-slip motion is more likely . A detailed study of the Caruaru magmatic 
complex has led us to conclude that the formation of shear zones was favored by the 
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presence of incompletely crystallized plutons in the crust. This model may hold for 
several other plutons in the Borborema Province. 

PLUTONS AND SHEAR ZONES IN 1HE CARUARU AREA 

In the Caruaru area, the left-lateral Fazenda Nova shear zone (FNSZ) and the right-lateral 
East Pernambuco shear zone (EPSZ) are spatially associated with the Toritama pluton 
and the Fazenda Nova and Serra da Jape ganga batholiths (Fig. 7). The Toritarna pluton 
is a shoshonitic syenitic pluton (Guimaraes, 1989). The Fazenda Nova!Serra da Jape
ganga complex is a high-K calc-alkaline association comprising a coarse-grained granites 
(Serra da Japeganga batholith) at the top, overlying porphyritic granites and diorites 
(Fazenda Nova batholith) that form the base of the complex. The country rock include 
migmatites, micaschists, para- and orthogneisses usually displaying a gently-dipping 
metamorphic foliation. 

Away from the shear zones, the Toritarna pluton, Fazenda Nova and Serra da Jape
ganga batholiths display gently- to moderately-dipping magmatic foliations broadly 
parallel to the low-angle metamorphic foliation in the country rock. The magmatic 
lineation, although variable, trends dominantly northwestward. Approaching the shear 
zones, the magmatic foliation and the magmatic lineation are progressively rotated into 
parallelism with the subvertical foliation and subhorizontal lineation of the mylonite 
zones. 

Considering the gradational contact between the coarse-grained and porphyritic grani
tes, the presence of K-feldspar xenocrysts in the diorites (indicating intrusion during 
crystallization of the porphyritic granite), and the alignment of chemical analyses from 
the coarse-grained granite, the porphyritic granite and the diorite in Harker diagrams, 
Neves and Vauchez (1995a) suggested that: (1) the porphyritic granite was produced by 
homogeneous mixing of a felsic magma (now represented by the coarse-grained granite) 
with a dioritic magma; (2) the stratification of the complex reflects the structure of a 
magma chamber with the felsic member at the top, the mafic member at the base and 
the hybrid magma in-between; and (3) during crystallization of the porphyritic granite, 
new mafic batches were injected into the batholith and mingled with the hybrid magma, 
resulting in texturally and compositionally heterogeneous dioritic rocks. Homogeneous 
mixing requires almost crystal free magmas; it is therefore likely that a long time span 
elapsed between completion of mixing and attainment of the large crystal fraction at 
which the magmatic foliation formed. Over most of the magma chamber, stratified 
magmas have been "frozen-in" by crystallization without major perturbation. In a few 
domains the magmatic fabric differs from that of the magma chamber and is related with 
shear zones. Together with a transition from magmatic to solid-state fabrics, this indica
tes that magma full crystallization and shear zone development are coeval. 

PRE-SHEAR ZONES EMPLACEMENT OF 1HE CARUARU MAGMATIC COMPLEX 

None of the criteria that may support shear-zone assisted magma emplacement is ful
filled. Dykes observed in the batholith were emplaced late. Magmatic contacts cross
cutting mylonites have not been observed for the different plutons. The numerous xeno
liths of country rock observed near the EPSZ never display a mylonitic fabric. On the 
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Figure 7. Schematic structural map and stereographic plots of magmatic lineations (L) and foliations (S) of 
plutons in the Caruaru area. The dotted line in the Fazenda Nova batholith separates diorites (at the northern 
side) from the porphyritic granite. The area to the east of the dotted line in the Serra da Japeganga batholith 
is dominated by gently- to moderatly dipping magmatic foliations striking at high angles to the orientation of 
the shear zones. C • Caruaru town. 

other hand, most observations document the deformation by transcurrent shear zones of 
an already stratified magma chamber containing crystal-rich magmas. The FNSZ offsets 
the magmatic contacts between the porphyritic and the coarse-grained granite or the 
diorite (Fig. 7). The mylonitic deformation is mostly localized inside the plutons or at 
the pluton-country rocks boundary. The magmatic foliation generally parallels the re-
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gional flat-lying metamorphic foliation of the country rock, which is cross-cut by the 
shear zone. Mylonites derived from the country rock never display evidence of polyphase 
deformation what would be expected if the shear zone pre-dated granite emplacement and 
was reactivated after the magma was largely crystallized. Probably the most demonstra
tive feature is that the FNSZ is almost restricted to the batholith; it splays off the East 
Pernambuco Shear Zone within the Caruaru batholith and ends in the country rock a few 
kilometres beyond the boundary of the Toritama syenite. Similarly, the EPSZ narrows 
and terminates westward less than 50 kilometres away from the magmatic complex. 

S'IRAIN LOCALIZATION AND CRYSTALLIZATION TIME 

Although shearing may occur in magmas with low crystal fraction, strain localization 
and development of shear zones is an unlikely process, because their behavior is close to 
Newtonian. In crystallizing magmas, mechanical interaction between crystals probably 
begins at crystal fractions as low as 30 vol.% and becomes significant for crystal frac
tions higher than 40-50 vol.% (e.g., Fernandez and Gasquet, 1994; Lejeune and Richet, 
1995; Arbaret et al., in press). Above this threshold the crystal mush is in the sub
magmatic state (Paterson et al., 1989; Nicolas, 1992; Paterson and Tobisch, 1992) 
which extends to melt fractions of 20-30 vol.% the transition to solid-state behavior 
(Nicolas et al., 1993). Nicolas (1992) suggested that strain localization starts in the sub
magmatic stage and increases with increasing crystal fraction. Consequently, at constant 
imposed strain rate, during crystallization magmatic shear zones progressively accom
modate more strain and the magma outside the shear zones less. The crystallization of 
the remaining melt occurs in a narrow temperature interval because it approaches an 
eutectic composition. A solid-state behavior is therefore expected to occur only at tem
peratures close to the solidus. 

The presence of amphibole and biotite as the main mafic minerals in all rock types 
indicates that they crystallized from water-rich magmas. For hydrous dioritic to granitic 
melts solidus temperatures differ only by a few tens of degrees and, at medium pressures 
(around 500 MPa), range from approximately 640°C to 670°C for andesitic to leucogra
nitic compositions (Wyllie, 1977; Green, 1982; Whitney, 1988). A temperature of 
about 700°C may be therefore considered as reasonable for a transition to the sub-solidus 
state. Considering that at the end of the mixing process the magmas were almost crystal 
free, we may estimate the time needed to reach a crystal fraction favoring strain concen
tration. 

The main factors controlling the rate of crystallization in magma chambers are the 
temperature of the country rock, the initial temperature of the magma, the shape and 
dimensions of the magma chamber, and the mechanism of heat transfer (conduction or 
convection). To estimate crystallization time spans, we used Peacock's (1990) numerical 
simulation which assumes a tabular geometry for the intrusion, identical temperatures in 
the country rock at both sides of the intrusion, and one-dimension heat transfer by con
duction. We modelled the cooling of the studied granites assuming a sill-like shape 
(supported by the large extension of the batholith and sub-horizontal magmatic contacts 
and foliations), a thickness of 5 kilometres, initial temperatures of 800°C and 850°C for 
the magmas (Neves and Vauchez, 1995b) and 600°C and 650°C for the country rock 
(Neves and Vauchez, 1995a). 

Time-temperature curves were calculated at the centre of the intrusion and at 500 me
tres from the contact with the wall rock. With increasing time, these two curves get 



288 VAUCHEZ et al. 

closer suggesting temperature homogenization across the intrusion. For an initial mag
matic temperature of 800°C, the core of the pluton requires 0.7 to 1.6 Ma to attain a 
solid-state behavior, depending on the country rock temperature, with only slightly 
faster crystallization close to the margins (Fig. 8: dashed line). For an initial magmatic 
temperature of 850°C a much larger time is necessary; if the temperature of the country 
rock is set at 650°C the core of the intrusion begins to behave as a solid only after 4 
Ma. 

The results of this simple conductive model represent minimum estimates, especial
ly because dioritic dykes continued to add heat to the complex during all its crystalliza
tion history (Neves and Vauchez, 1995b). Indeed, they support a large time lag (a reaso
nable mean estimate is 2 My) between the end of magma mixing and the deformation of 
the magmas at high crystal content, then in the solid-state. It is worth emphasizing that 
in open magmatic systems the time of crystallization may be significantly larger than 
implied by the conductive model. Detailed isotopic studies, for instance, have shown 
that subvolcanic silicic magma systems may be maintained for several hundreds of thou
sand years (Christensen and DePaolo, 1993) and even up to 1.1 My (Bogaard and Schi
mick, 1995) and still display low crystal contents, provided basaltic influxes continue to 
heat the base of the system. 

CONSEQUENCES FOR THE BORBOREMA SHEAR ZONES 

These data point to an evolution in which a magma chamber was formed, probably 
during an early tectonic (extensional?) event responsible for the development of the low
angle regional foliation. Mixing occurred while the different magmas injected in ilie 
chamber were almost crystal-free. During cooling of the magma chamber, a sub
horizontal magmatic foliation formed parallel to the magmatic contacts. After emplace
ment of the plutons, but before full crystallization of the magmas in the chamber, the 
regional deformation responsible for the formation of the shear zone system in the Bor
borema Province began to be active. The small volume of mylonite, the narrowing and 
the termination of the FNSZ and the EPSZ away from the magmatic complex point to a 
strain concentration in the plutons. The material in the magma chamber, still containing 
a large amount of melt, was able to accommodate a larger strain than the country rock. 
This may have favored flow instability and strain localization in the plutons. Shear 
zones may have nucleated preferentially where the largest rheological gradients existed, 
i.e., at boundaries between plutons and country rock, and between magmas of contrasted 
composition. In these domains, strain may have preferentially localized into most aniso
tropic rocks due to magma flow along the main discontinuities, and by a protracted 
transitional stage (Nicolas, 1992; Nicolas et al., 1993). Enhancement of strain localiza
tion by crystallizing magmas may also be related to plutons contracting more than the 
country rock during cooling. In polyphase ceramics for instance, when particles embed
ded in a matrix display a larger expansion coefficient than the matrix, i.e., contract more 
than the matrix during cooling, crack propagation is significantly affected by the parti
cles and tends to curve and follow the particle-matrix boundary (e.g., Davidge, 1979). 
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Figure 8. (a) Thennal modeling of a cooling, 5 km-thick tabular pluton emplaced into country rocks at 
temperatures (T c> of 600°C and 650°C (after Peacock, 1990). T m - Initial magmatic temperatures. (b) 
Temperature versus crystal fraction $ in experimentally crystallizing granitoid melts. Cape Ann: Cape Ann 
granite (Whitney, 1988); Ms granite: muscovite granite (Wyllie, 1977); R4: synthetic granite (Whitney, 
1988); Nekvasil: rapakivi granite (Nekvasil , 1991); Tonalite: tonalite (Wyllie, 1977). Curves have been 
constructed using data from the original references. Light- to dark-grey shades mark Newtonian, Bimgham, 
and solid state-like rheological behaviors respectively. Appropriate fields for Newtonian and non
Newtonian flow, versus magmatic and submagmatic stages are shown. 
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COMPARISON WITI1 PLUfONS NORTII OF THE PATOS-CAMPINA GRANDE SHEAR 
SYS1EM 

North of the Patos-Campina Grande shear zone system, a set of plutons has been studied 
in detail (Archanjo et al., 1992; Archanjo et al., 1994; Olivier and Archanjo, 1994) and 
their contrasted situations may represent various stages of the evolution suggested for 
the Caruaru magmatic complex. Most plutons display a subhorizontal to moderately 
dipping magmatic foliation consistent with the solid-state foliation in the country rock. 
Some bodies do not display evidence of strain localization in transcurrent shear zones, 
whereas others show a moderate to dominant influence of them on the development of 
the magmatic fabric. 

Plutons of the first group may have been fully crystallized, or at least at an advanced 
stage of crystallization, when shear zones began to form, or may have merely escaped 
strain localization in strike-slip faults. This is exemplified by the Picuf pluton 
(Archanjo et al., 1992), which displays a pervasive magmatic foliation gently to mode
rately dipping eastward and a NS to NE-trending magmatic lineation, concordant with 
the regional fabric in the country rock. Emplacement of this pluton is interpreted as 
being coeval with an episode of tangential displacement parallel to the current strike of 
the regional metamorphic foliation, probably predating the development of the shear 
zone network. 

The others plutons show a clear, but variable, imprint of shear zone-related deforma
tion. First, there are plutons in which magmatic shear zones are present but did not 
evolve to mylonitic belts. The best documented is the Sao Rafael pluton which involves 
a NNW-trending, one kilometre wide belt of subvertical magmatic foliations separating 
northeastern and southwestern domains of flat-lying foliations (Archanjo et al., 1992). 
In that case there is no influence of shear zone deformation on magma emplacement, and 
the shear zone undoubtedly nucleated in the magma before its complete crystallization. 
Other plutons are bounded or cross-cut by strike-slip shear zones involving mylonites, 
but preserve gently to moderately dipping magmatic foliations away from the mylonitic 
belts. This is the case of the Pombal (Archanjo et al., 1994) and Gameleiras (Archanjo 
et al., 1992) plutons. Similarly to the Caruaru complex, these plutons display magma
tic shear zones that reworked an earlier low-angle magmatic foliation, continued to grow 
after complete solidification of the magma, and propagated in the country rock. 

Finally, plutons displaying a magmatic fabric dominated by high-angle to subverti
cal foliations may be observed. The best example is the Acari pluton (Archanjo et a!., 
1992) which is bounded southeastward and northwestward by NE-trending shear zones, 
and displays a NNE-trending magmatic foliation bearing a gently to moderately SW
plunging magmatic lineation parallel to the stretching lineation in the shear zones. 
Radiometric dating points to a late emplacement of the Acari granite, coeval with the 
deformation in the Borborema shear zone system (Feraud et a!., 1993; Leterrier et a!., 
1994). This led Archanjo eta!. (1992) to consider the Acari granite as an example of 
shear zone-assisted emplacement. However, the overall steeply dipping magmatic folia
tion trends more N-S than the orientation of the solid-state fabric in the bounding shear 
zones. This may agree with a pluton either emplaced in a compressive domain or preda
ting shear zone development, and in this latter case the pluton was still incompletely 
crystallized when affected by the transcurrent deformation. 
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SIMULTANEOUS PROPAGATION OF SHEAR ZONES AND MELT? 

There is a set of examples for which neither shear zone-assisted pluton emplacement nor 
magma-assisted shear zone nucleation can satisfactorily account for the evidence. In 
several orogenic belts, very elongate plutons (shape ratio frequently larger than 10:1) 
have been described. Their size may reach several hundreds kilometres in length and a 
few tens of kilometres in width. They usually display a magmatic fabric consistent with 
non-coaxial flow and are partially reworked in a regional-scale solid-state shear zone in 
which the mylonitic fabric parallels the magmatic fabric of the pluton. However, al
though their shape, the well-organized magmatic fabric and the existence of a mylonite 
belt point toward magma emplacement within a pre-existing shear zone, evidence that 
the shear zone predates magma emplacement is totally lacking. 

A good example where such relationships are observed is the Dorsal de Cangu~u 
shear zone, a lithospheric-scale left-lateral transcurrent shear zone that accommodates a 
large part of the orogen-parallel deformation in the Neoproterozoic Dom Feliciano belt 
of SE Brazil (Tommasi et al., 1994). This shear zone runs from Southeast Uruguay to 
South Brazil over hundreds of kilometres (Fig. 9) and roughly marks the limit between 
magmatic arc and marginal basin rocks. A closer examination of the shear zone and its 
surroundings reveals that the shear zone is almost entirely developed within granitoids 
belonging to two successive generations of magmas of different composition: early 
coarse-grained granodiorites, which are intruded by peraluminous leucogranites. These 
granitoids form elongate plutons, defining a narrow (10 to 20 km) magmatic line that 
coincides with the shear zone (Fig. 9). The deformation history, as inferred by Tommasi 
et al. (1994) from the macro- and microstructures of the granitoids, reflects the influence 
of the emplacement of large volumes of magma on the mechanical behavior of the shear 
zone. Shearing is initially localized within the partially crystallized granodiorite, where 
it is accommodated by viscous flow. After total crystallization, strain localization wi
thin the hot granodiorite remain easier than in the colder country rocks. Emplacement of 
the leucogranite was accompanied by further strain localization and development of a 
magmatic fabric within the pluton. After crystallization of the leucogranite, shearing 
continued under decreasing temperatures, promoting the development of progressively 
thinner mylonitic zones. The small extent of the low-temperature deformation (lower 
greenschist facies conditions) suggests that shearing ended roughly when the leucogra
nite reached a thermal equilibrium with the host rock. 

The geochemical evolution of the magmatism in the Cangu~u shear zone of the 
Dom Feliciano belt may be explained by a vertical progression of partial melting within 
the crust. The granodiorite probably results from melting of the mantle and/or lower 
crust, whereas the leucogranites are produced by partial melting in the middle crust. Heat 
advection due to percolation of magmas within a shear zone should favor a vertical pro
gression of partial melting towards the middle crust. Moreover, the large extent of syn
kinematic magmatism advocates that this shear zone has a lithospheric extension, arrl 
therefore may have represented a major channel for magma production and emplacement. 

The pre-existence of the shear zone relative to the first magmatic batch cannot be 
unambiguously proved. The elongate shapes of the granodioritic plutons and their 
alignment within the shear zone, together with the pervasive and well-organized magma
tic fabric, suggest that the shear zone predates the emplacement of the granodiorite. On 
the other hand, the shear zone is almost entirely developed within granitoids. Mylonitic 
country rocks are observed only in areas with smaller volumes of granitoids, and even in 
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these areas, the country rock defonnation is restricted to decametre-scale late shear zones 
fanned under greenschist facies conditions. Moreover, when not obscured by late granitic 
intrusions or Cretaceous brittle faults, contacts between the granitoids and country rocks 
are igneous, and do not intersect any mylonitic fabric of the country rocks. Finally, 
xenoliths of country rock display a mylonitic fabric only when they have been myloni
tized in solid-state shear zones affecting also the granitoids. 

0 phanerozoic sedimenlllry rocks 
D molasse·type sediments 
• synklnematlc granites 
D back-arc basin rocks 

GJ magmatic arc rocks 
0 transamazonian basement 

o~---==1~00a.~:d2~9Qkm 

+ 

high-grade pelitic gneisses 
dioriUc to granodioritic gneisses 

granodiorite & D leucogranites 

mylonites & ultr.amyloniles 

dtscrete dacametric shear zones 

magmatiC loliations & line.aliMs 

mylonitic foliations & stretching lineations 

GJ post-kinematic granites & volcanics 
D phanerozoic cover rocks 

1 Okm .,/" late faults b 

Figure 9. (a) Schematic map of the Dom Feliciano belt (location in insert), showing the Dorsal de Cangu~u 
shear zone and assoctated synkmematic granitoids. (b) Detail of the central domain of the shear zone, 
dtsplaymg the magmatic and solid-state fabrics in granitoids. 
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An easy way to reconcile these apparently contradictory observations is to consider 
that shear zone growth and magma emplacement occurred simultaneously (Hutton, 
1988). There, concentration of melt, and shear zone propagation enhance each other. 
This requires that the growth rate of the shear zone and the emplacement rate of magma 
are of the same order of magnitude, a condition that may be fulfilled if magma is conti
nuously added in the form of successive batches into the system, maintaining a high 
fluid pressure and a high temperature by heat advection. Independently of which is the 
starting process, magmatism or deformation, magma emplacement promotes a signifi
cant softening within a restricted domain of the crust, leading to strain localization. 
Since for large plutons emplaced in the middle to lower crust, cooling is generally slow, 
this softening may persist during large time spans, allowing the accommodation of 
significant displacements within a shear zone. Within this shear zone, segregation of 
melt, leading to emplacement of successive generations of magmas, may extend this 
time span. 

CONCLUSION 

From the different examples considered in this study, spatial and temporal association of 
magmas and shear zones appear to result from various processes. A distinction between 
the various processes that may be responsible for the association of shear-zones and 
magmatic bodies is not straightforward. Shear zones may favor magma upwelling and 
emplacement, at least for bodies of moderate volume as dykes, dyke-like plutons and 
small plutons. On the other hand, shear zones may nucleate in largely, but incompletely 
crystallized plutons. The Sao Rafael granite, with its one kilometre wide magmatic 
shear zone, or the Mont-Louis-Andorra granite in which a set of magmatic shear zones 
formed when the magma was in the sub-magmatic state (Bouchez and Gleizes, 1995) are 
demonstrative of this process. From the example of the Caruaru magmatic complex we 
suggest that magmatic shear zones may continue to deform during the transition from 
the submagmatic to the solid states, producing mylonite belts, and may propagate into 
the country rock to form regional-scale ductile faults. Finally, considering that shear 
zones and magmas exert a mutual influence, a coeval development of shear zone and 
emplacement of magmas may be an adequate model in collisional continental zones, 
especially in the mature stage of the collision, when partial melting of the crust and 
orogen-parallel transcurrent faulting dominate the orogenic evolution. 
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OBLIQUE DIAPIRISM OF THE YAKUSHIMA GRANITE IN THE 
RYUKYU ARC, JAPAN. 

ABSTRACT 

RyoANMA 
Hans Ramberg Tectonic Laboratory, Institute of Earth Sciences, 
Uppsala University, Norbyviigen IBB, S-75236 Uppsala, Sweden 

Field observations and structural analyses of the orientations of ductile flow fabrics and 
brittle fractures are used to infer diapiric rise of the Yakushima pluton into epizonal 
Paleogene sediments of an accretionary prism in Miocene times. Inside the pluton, 
preferred orientations of orthoclase megacrysts define a weak primary flow fabric. Shape 
and intensity of fabric ellipsoids derived from patterns in the alignment of the mega
crysts reveal a circulation cell within the domal structure of the Y akushima granite. The 
asymmetry of this circulation pattern suggests that the pluton rose obliquely upward to 
the southeast, toward the Ryukyu trench. Fold axes in the ductile strain aureole of the 
pluton are distorted into conformity with the pluton's shape in the direction of magma 
ascent. Late aplite sheets, whose orientations record the local paleostress pattern, were 
emplaced into a concentric fracture system in and around the pluton. The aplites indicate 
the lifting, and tangential spreading with concentrically disposed intermediate stress 
axes, of a brittle roof above a buoyant ellipsoidal body of residual magma. Comparable 
with strain patterns in theoretical models of a viscous sphere rising in ductile surroun
dings, the deformation pattern in and around the pluton is attributed to the final upsurge 
of oblique diapiric emplacement. 

INTRODUCTION 

The processes of intrusion (ascent and emplacement) of magma into crustal environ
ments are complicated by conditions and material properties changing rapidly over a 
short period (Paterson and Fowler, 1993). There are two primary concerns when interpre
ting structural observations of a granite intrusion. First are endogenic aspects of the 
intrusion process and how any deformation related to the emplacement phase (laccolithic 
growth, ballooning, late diapiric upsurge and/or lateral diapiric widening) overprints 
features related to the ascent phase of the magma (diapiric rise, sloping, ascent along 
fractures or a conduit). The second concern is how space is created for granite plutons 
and how endogenic plutonic buoyancy forces interact with exogenic tectonic forces. 
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Overprinting of emplacement-related structures on ascent-related fabrics has been re
cognized by several researchers. The well-known difficulty in distinguishing whether 
fabrics in plutons with circular planform have formed during diapiric rise of magma, 
during late diapiric lateral expansion, or through ballooning, has led to debate about the 
intrusion mechanism of many plutons (Cannibal Creek granite: Bateman, 1985; Pater
son, 1988; Davis, 1993; Godin, 1994; Ardara granite: Holder, 1979; Sanderson and 
Meneilly, 1981; Vernon and Paterson, 1993 ). Indeed, flows of residual fluid in the plu
ton's core may distort the primary flow structure (Cruden, 1990). Hutton (1992) argued 
that features resulting from pluton ascent may be entirely overprinted by features related 
to the emplacement phase. These arguments, that structures at the emplacement level 
may have nothing to do with the ascent mechanism, have discouraged subsequent studies 
of the ascent mechanism (Hutton, 1992). 

Many recent studies of meso- and epizonal intrusions have concentrated on how em
placement mechanisms are related to regional tectonic forces (Brun and Pons, 1981; 
Hutton, 1982, 1988a,b and 1992; Castro, 1986; Guineberteau et al., 1987; Lagarde et 
al., 1990; Hutton et a!, 1990; Aranguren and Tubia, 1992; Morand, 1992; Tikoff and 
Teyssier, 1992; Karlstrom et a!., 1993). Most of these studies explain the space pro
blem by invoking tectonic forces in the brittle crust. However, there are a number of 
plutons with circular planforms for which the space problem cannot be explained in 
terms of passive intrusion into tectonic cavities. 

As often described (Paterson et al., 1991 and references therein), many circular plu
tons have (1) neither visible foliation nor clear compositional zoning, (2) few if any 
xeno-blocks of country rocks, (3) sharply discordant margins that truncate wall rock 
structures and (4) narrow contact aureoles with static fabrics. A number of studies have 
suggested forceful intrusion (i.e. active diapirism and ballooning) to explain these circu
lar plutons, but Paterson and Fowler (1993) argue that the deformation of the country 
rocks in these cases is inadequate for such mechanisms to explain these. Stoping was 
postulated in some cases (Paterson and Fowler, 1993) but there are insufficient numbers 
of xenoliths for stoping to be a credible explanation in most cases. The possibility that 
granite magma invaded a fracture system and then formed an elliptical pluton at the 
emplacement level has been discussed (Brunet al., 1990; Clemens and Mawer, 1992; 
Petford et a!., 1993) but few have shown convincing field evidence of deep fracture 
fillings (Guineberteau et al., 1987; Hutton, 1992; Fowler, 1994). There is no convin
cing single explanation for the intrusion mechanism of "mystery plutons" (Paterson et 
al., 1991). On the contrary, circular plutons are expected to preserve primary magmatic 
structure in any suitable strain marker because their endogenic interiors are isolated from 
exogenic tectonic overprints. 

This work is based on field data from the epizonal Y akushima granite in Southwest 
Japan. Unlike examples cited by Paterson et al. (1991), the Yakushima granite has a 
weak magmatic fabric defined by shape preferred orientation of euhedral orthoclase mega
crysts. Orientations, symmetries and intensities of the magmatic fabric, together with 
orientations of brittle fractures were mapped in detail inside the Yakushima granite as 
well as deformation patterns in the surrounding wall rocks. The field results are compa
red with strain patterns obtained by analogue modeling in order to test the hypothesized 
oblique diapirism as the intrusion mechanism for this elliptical pluton. 
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TECTONIC SETTING 

Plutonic rocks in the Outer Zone of Southwest Japan (see Fig. 7 of Anma and Sokou
tis, this volume) are all dated at 14±1 Ma (Middle Miocene; Shibata, 1978) using the K
Ar method and are conveniently divisible into two groups: S-type granites along the 
trench side, and 1-type granites along the back-arc side (Nakada and Takahashi, 1979). 
Among all the contemporaneous granites, the 14 MaS-type Yakushima granite (Fig. 1) 
is a large (23 km x 23 km) pluton located closest to the Ryukyu trench-Nankai trough 
axis. It forms an island 70 km south of the southern tip of Kyushu island in Southwest 
Japan, near the cusp where the Ryukyu island arc meets the Japan arc. The southwest 
trending axis of the Ryukyu trench swings toward the east-northeast trend of the Nankai 
trough at a point 170 km east of the Yakushima granite. Deep seismicity (Yamaoka et 
al., 1986) suggests that the subducting Philippine Sea plate dips 30-40° beneath Ya
kushima, increasing to 50° further west. 
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Figure 1. Tectonic setting and geology of the Y akushima granite. Patterns used for the Shimanto group and 
Miocene shales are parallel to strikes of bedding planes. On the large scale map view, the structures in the 
Shimanto group are truncated by the granite contact with its smoothly circular planform. A chain of active 
volcanoes, structures in the Shimanto group, and the Miocene forearc basin that extends north-northeast 
parallel the Ryukyu trench (insert). 

In the Early Miocene, the western margin of the Pacific plate began to retreat 
eastward from its contact with the Eurasian plate. At the same time, the Philippine Sea 
plate started to migrate north-eastward along the accreting tip of the Cretaceous-
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Paleogene sediments to take the place of the Pacific plate between 20 and 12 Ma. The 
current configuration of the Ryukyu and Southwest Japan arc systems dates from the 
Late Miocene (Jolivet et a!., 1989; Taira and Ogawa, 1991). Therefore, the subduction 
of the Philippine Sea plate must have had some affect on the Middle Miocene Yakushi
ma granite in the Ryukyu arc (Stein et a!., 1994). However, it is not clear whether the 
Miocene granites in the Ryukyu and Southwest Japan arcs are relics of magmatism 
related to subduction of the Pacific or the Philippine Sea plate. 

A contemporaneous Middle to Late Miocene forearc basin extends north-northeast 
from a distance of 40 km east of the Yakushima granite. This Miocene basin contains 
basal conglomerates overlain by shales with fossils indicating a mangrove-like envi
ronment beneath sandstone dipping 20° to the east. This implies that the Miocene fo
rearc basin deepened during the emplacement of the Yakushima granite. 

Arc-parallel Miocene dikes (16-15 Ma; Daishi eta!., 1987) in the northern and the 
central domains of the Ryukyu arc (Kizaki, 1986) imply northwest-southeast dilation 
(perpendicular to the arc) in Miocene times. After the Middle Miocene granite intru
sions, the eastern marginal zone of the Okinawa trough filled with Late Miocene sedi
ments (Kimura, 1990). A chain of active volcanoes now parallels the trench axis behind 
the Miocene magmatic arc and is in line with the Okinawa trough. The overall picture 
suggests that the study area has been subjected to extension normal to the Ryukyu 
trench axis since Miocene time (Anma and Sokoutis, this volume). 

Outside its smoothly circular planform, the Yakushima granite has a narrow, about 3 
km-wide, contact aureole in the clastic sediments of the Shimanto group in the Paleoge
ne accretionary prism. Cordierite and biotite isograds encircle the pluton (Ishikawa, 
1964; Sato and Nagahama, 1979) but rocks of the highest metamorphic grade 
(andalusite-bearing cordierite-biotite hornfels) are found only north and west of the plu
ton (Anma and Nishikawa, unpublished data). Rocks unaffected by contact metamor
phism are exposed along the north and east coasts. There are no diagnostic minerals 
which indicate regional metamorphism in them; clay minerals are well preserved and 
clastic plagioclase grains are partially replaced by carbonate aggregates. 

The granite contact is sufficiently discordant with bedding in its country rocks, 
which strike north-northeast and dip steeply in both directions, to be clearly post- accre
tion. Pre-emplacement thrust anticlines (Fig. 2g) with south-eastward vergence and 
rhythmic folds (Fig. 2h) that developed in the flysch-like sediments during accretion and 
off-scraping are common in the northern part of the island. The granite cuts across struc
tures in the wall rocks at the map scale (Fig. 1) and there seems to be no significant 
control on the intrusion by these pre-emplacement structures. Apophyses of up to 2 m
wide, extending several hundred meters from the pluton, suggest the possibility that the 

Figure 2. Structures and fabric elements in the Yakushima granite. (a) A view of a 4m2 outcrop. Patterns in 
alignment of orthoclase megacrysts (white rectangular objects) define the orientation, shape and intensity of 
the magmatic flow. Note that enclaves (dark ovoids) subparallel a weak shape preferred orientation of 
megacrysts. (b) Typical tabular shape of orthoclase megacryst with penetration type Carlsbad twin and an 
aspect ratio of about 3 :3 :I. Textures in the Yakushima granite (c-f, at the same scale) indicate that the 
fabric is mainly due to magma flow. (c) Straight grain boundary between plagioclase grains and (d) 
groundmass of anhedral orthoclase (centre), myrmekite in the plagioclase (top centre), and quartz grains 
with moderate unduratory extinction demonstrate typical magmatic texture without any trace of solid-state 
deformation. (e) Intensive undulatory extinction of quartz grains, and (f) deformed biotite flakes (top right) 
accompanied by localized grain size reduction along grain boundaries, are the exceptionally rare indica
tions of solid-state flow seen in the eastern part of the pluton, where oblate-type strain was measured. 
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Figure 2 (continued). 
Pre-emplacement structures in the Shimanto group (g, h). (g) An outcrop view (Sm x 7m) showing thrust 
(arrow) accompanied by thrust anticlines. (h) Aysch-like appearance and rhythmic folds (there is a dis
tance of about 5 m from end to end of the syncline) in rocks of the Shimanto group. Orientations of bedding 
planes and fold axes were measured for analysis shown in figure 12. 
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pluton has ascended by sloping. However, only two large blocks of country rock (200 m 
x 50 m) are exposed within 500 m of the pluton contact. All field observations suggest 
that the hot granite with low viscosity was able to rise considerable distance to intrude 
cool and brittle sedimentary rocks at shallow depth. 

FIELD EVIDENCE FOR OBLIQUE DIAPIRISM 

PRIMARY FLOW FABRIC INSIDE THE PLUTON 

The Yakushima granite contains 7-8 modal percent euhedral orthoclase megacrysts (Fig. 
2a). These are up to 14 em across and are interpreted to date from the earliest phase of 
crystallization (Kawachi and Sato, 1978). The high topographic relief of the island 
(1935 m above sea level) provides three dimensional outcrops where the megacrysts in 
turn provide an excellent marker for measuring the orientation, shape and intensity of 
the primary flow fabric. 

Megacrysts with penetration Carlsbad twins are very common and tend to have a ta
bular shape with a mean aspect ratio of about 3 :3 : 1 (Fig. 2b ). In the absence of either 
plastic or brittle deformation of the megacrysts, these rigid discrete particles are assumed 
to have been aligned by rigid body rotation during the flow of the surrounding magma. 
No shear sense indicator, such as particle interference or strain shadows (Pons et al., 
1995; Passchier and Trouw, 1996, p. 124-127), has been observed. 

Each megacryst is in contact with hundreds of smaller crystals (=5 mm across) in the 
groundmass. Around 90% of our 100 thin sections show purely magmatic textures 
(Figs. 2c and 2d) and solid-state deformation in the ground-mass affected re-orientation of 
the megacrysts in only a few samples (Figs. 2e and 2t) collected along the eastern mar
gin of the pluton where strong oblate strain was measured. Therefore, after full
crystallization, the megacrysts might have not rotated substantially as rigid bodies and 
the patterns of shape preferred orientation are mainly attributed to magmatic flow. Be
cause rotating rigid particles are expected to have short strain memories, these patterns 
are likely to record only the last increments of ductile flow (Talbot and Jackson, 1987; 
Cruden, 1990). 

METHODOLOGY OF FABRIC ANALYSIS 

A number of directions of {010} plane of the orthoclase megacryst flakes (N=4 to 15) 
were measured from each outcrop to determine the pattern of local alignment of the 
megacrysts. This preferred orientations of megacrysts define a weak primary flow fabric 
in each outcrop inside the pluton. The flow fabric was used to generate an S-pole confi
guration on a Schmidt net for each square kilometre of the pluton. S-pole concentrations 
were used to map the orientation, and to define the shape (K-value) and intensity of 
fabric alignment resulting from flow in each domain. Eigen values S 1 ~Si~~S3 and 
corresponding vectors (eJ, e2 and e3) were calculated for each domain using the plotting 
program «Stereonet» developed by Allmendinger (1988). The K-values were calculated 
from eigenvalues using the following formula modified from Woodcock (1977): 
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Great circle concentrations of S-poles (Fig. 3a) imply prolate-type fabric ellipsoids 
(X> Y ==Z) with K>> 1 due to constrictive flow or rigid rotation about an axis during 
shear. S-pole patterns forming point maxima (Fig. 3b) imply K::::O (oblate-type fabric 
ellipsoid; X==Y>Z) and flattening flow. The intensity of fabric alignment was defined by: 

Domain Q 9 (N=62) 
Eigen value (vector) 
1. 0.62 (233, 60) 
2. 0.32 (129, 8) 
3. 0.06 (34, 28) 

K-value: 2.53 
Intensity: 2.06 

(b) 

X 
E o 

Domain X-Y 16 (N=43) 
EigeJO. value (vector) 
1. 0. 78 (233, 53) 
2. 0.13 (346, 17) 
3. 0 09 (87. 32) 

K-value: 0.21 
Intensity: 1.62 

Domain J 19 (N=138) 
Eigen value (vector) 
1. 0.52 (342. 71) 
2. 0.25 (118. 14) 
3. 0.23 (211 ' 12) 

K-value : 0.11 
Intensity: 0.52 

Figure 3. Yakushima granite: three selected lower hemisphere stereonets of field data. Localities are 
indicated in figure Sc. Solid circles: S-poles to (010} of onhoclase megacrysts. Boxes: eigenvectors (eJ=Z, 
e2=Y and e3=X). The eigen vector directions give approximate directions of principal axes of domain 
fabric ellipsoids (X>Y>Z): the eigenvector (eJ) connected with the largest eigenvalue (SJ) corresponds to 
Z axis (shonening axis) of the domain ellipsoid. In contrast, (e3, S3) corresponds to the X axis of the domain 
ellipsoid. X represents either the axis of rotation of rigid flakes due to shear normal to X. or the axis of 
constrictive co-zonal alignment of flakes (Fig. 9). Great circle concentration (a) implies a prolate type 
fabric ellipsoid whereas point maxima concentration (b) implies an oblate type ellipsoid. A low concentra
tion of poles on the stereo net (c) implies a low intensity of fabric alignment. 

Examples of field data are shown in figure 3. Comparison of three lower hemisphere 
Schmidt net projections with different configurations contoured according to the Kamb 
method shows that: (1) the directions of Z and Y axes become less reliable with increa
sing K-value; (2) the directions of Y and X axes become less reliable with decreasing K
value; and (3) the shape of the domain ellipsoids (K-value) and the directions of their 
axes become less reliable with decreasing strain intensity. Figure 3c also illustrates the 
problem of measuring strikes of planes using a magnetic compass: horizontal planes are 
difficult to measure and lead to a deficit of poles around the vertical axis. However, the 
contouring tends to fill such cavities in the diagram and provides patterns sufficiently 
good to allow subsequent structural analysis. 

The reliability of individual domain fabric ellipsoids relate to the number of mea
surements (N) used for the calculation. The intensity of fabric alignment becomes infi
nite when N is one or two. A plot against increasing N (Fig. 4) shows that the intensity 
of fabric alignment first decreases then reaches a plateau when N==35. In this study, we 
used domain ellipsoids calculated from more than 20 measurements to interpret patterns 
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of shapes and intensities (Fig. 5c). There was no significant change in scattering fields 
on Flinn plots in the range from N = 20 to N=138 (Fig. 7). 

An obvious question remains: whether configurations of poles to {010} of orthoclase 
crystals measured within 1 km2 domains represent the general fabric ellipsoid due to 
homogeneous magmatic flow at the considered scale, or instead, reflects the fabric hete
rogeneity over a given area. The Yakushima granite is extremely homogeneous in every 
outcrop and no deformation feature denoting strain heterogeneity was evidenced on out
crop scale. One square kilometre domains within the 400 km2 exposure area of the 
Y akushima granite are considered small enough to represent the general fabric ellipsoids 
for any arbitrary area. Nevertheless, it should be remembered that the results of the flow 
fabric analyses shown below are only first-order approximations. 
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Figure 4. Yakushima granite: plot of fabric alignment intensities (solid circles) against the number of mea
surements indicating the minimum number of measurements necessary to obtain reliable fabric ellipsoids. 
Average intensity of fabric alignment (boxes and a fitted curve) decreases rapidly until the number of 
measurement becomes around 35. Vertical bars: standard deviations (lcr). 

FLOW FABRIC ANALYSIS 

The results of 129 analyses(= 4500 measurements) of the primary flow fabric are shown 
in a map of the directions of XY planes (Fig. 5a), directions of X axes (Fig. 5b) and 
shapes and intensities of domain ellipsoids (Fig. 5c; N~20). Variations in orientation 
and shape of domain ellipsoids between neighbouring domains appear sufficiently 
smooth to push forward the following interpretation (Figs. 5 and 6): 

(1) The overall orientations and shapes of the domain fabric ellipsoids suggest that 
the Yakushima granite exposed the crest of a domal structure (Figs. 5a and 6); 

(2) Strong oblate-type domain ellipsoids were obtained only in the eastern marginal 
zone of the pluton (Fig. 5c), where intense unduratory extinctions of quartz grains and 
weak grain boundary recrystallization were observed (Fig. 2e, f); 
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Figure 5. Domain fabric ellipsoids in the Yakushima granite: (a) dips (in degrees) and strikes of XY planes 
of fabric ellipsoids in 129 domains. (b) Plunges of X axes of domain ellipsoids. (c) Shape and intensity of 
domain fabric ellipsoids (N ~ 20) on 90 selected stereonels. Stereonets : (a) dominant horizontal XY planes 
(dots: poles to planes) implying that the pluton exposed the upper part of its domal structure. Dominant 
horizontal NW-SE trend of X (b) implies a symmetry axis having this direction. 
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(3) The XY planes (Fig. Sa) dip outwards and the X axes (Fig. Sb) plunge outwards, 
in particular, at the northeastern and southwestern margins where X axes display a cons
tant northeast-southwest trend; 

(4) Magmatic flow fabric is generally symmetric about a centreline trending nor
thwest-southeast (Fig. 6), and 

(S) Inward dipping XY planes of domain ellipsoids are concentrated along the centre
line of the pluton (Figs. Sa and 6). 

Figure 6. Circulation pattern inside the Yakushima pluton: oblique view from the southwest. Curved surfa
ces are extrapolated from XY planes of domain ellipsoids. Thin lines on the surface represent the direction 
of the X axes. The overturn structure in the centre is shown as anticlinal folds surrounding the central zone 
of upwelling. 

The outward-trending prolate domain ellipsoid (Fig. Sc), typical of the northeastern 
and southwestern peripheries of the pluton, is not the pattern expected in either simple 
ballooning (point dilation) of magma plutons (Ramsay, 1989) or laccolith inflation (see 
Fink, 1983). The Flinn plot of figure 7 shows diverse shapes of the domain ellipsoids 
scattering over both the prolate and oblate fields (compare with shape fabrics in a salt 
diapir in Talbot and Jackson, 1987, fig. 11), whereas in ballooning plutons, they are 
expected to stay in the oblate field. Therefore, of the possible processes of emplacement, 
only diapirism appears to be likely (also, see discussion). The flow structure inside the 
Yakushima pluton is now examined through the pattern of internal deformation theoreti
cally expected in an active buoyant diapir. 

INTERNAL DEFORMATION DUE TO BUOY ANT DIAPIRISM: TIIEORY 

Whenever a fluid mass moves within an ambient material (brittle or ductile), friction at 
the contact results in internal circulation whose pattern reflects the mechanism of intru
sion. Active buoyant diapirism is where viscous drag of the ductile surroundings circula
tes the fluid inside a rising body of molten granite. Understanding the principle beha
viour of the stress-strain field requires keeping the dynamics as simple as possible 
(Schmeling et al., 1988). Viscous spheres rising through viscous surroundings were 
chosen as a simple analogy here, since (1) the Yakushima granite is nearly circular in 
plan view and (2) high ductility is expected beneath the hot island arc: the lithospheric 
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mantle is expected to be weakened by the heat from underlying asthenosphere and the 
brittle crust must have been thin (Shimamoto, 1993). 

The dynamics of the simplified system is well known (Ramberg, 1981; Talbot and 
Jackson, 1987; Schmeling et al., 1988; Cruden, 1990). The usual reference frame cen
tred on the rising diapir will be used here. The internal deformation of the rising diapir is 
characterized by uniaxial constriction up the vertical centre-line; this changes into axial 
vertical flattening at the crestal stagnant point, followed by non-coaxial flattening along 
the outer contact surface of the diapir (Dixon, 1975; Talbot and Jackson, 1987; Schme
ling et al., 1988; Cruden, 1988; Cruden, 1990). Cruden (1990) calculated the magnitude 
and K-values for finite deformation of fluid volumes in a rising viscous sphere as a 
function of travel distance, and found that elongation normal to the ascent direction takes 
place inside the equator of the diapir after rising several radii (fig. 5 of Cruden, 1990). 
This suggests that the principal axes of marginal strain ellipsoids swap during diapiric 
rise of a sphere. 

Flinn plot (N=138 to 20) 
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Figure 7. Yakushima granite: Ainn plot. Ninety selected domain ellipsoids (number of measurements= 20 to 
138) show a wide scatter of shapes (K), ranging from 0.06 to 6.9, and intensities, from 0.21 to 2.84. Prolate
type fabrics, common here, are unexpected in ballooning plutons. 

The experiments of figure 8 illustrate deformation around a spherical diapir, and 
some of the points raised by previous workers : (I) strong uniaxial flattening above the 
crestal stagnant point, and (2) shear accompanied by lateral extension around the equator 
(Fig. 8d). The same type of deformation is expected just inside the upper hemisphere of 
the diapir contact. 

Such theoretical and empirical studies were concentrated on determining finite strains 
in flowing fluid masses. The effects of the incremental deformation within flowing 
fluids on the rotation of suspended rigid bodies present a different problem (Owens, 
1973; Marre, 1986, p. 13-25; Melka et al., 1992). It is generally accepted that tablet
shaped flakes will rotate toward parallelism with the bulk flattening plane during axial 
flattening, and around the axis of bulk extension during constriction (Fig. 9). Fernandez 
and Laporte (1991) reported that shape preferred orientation of flakes with monoclinic 
symmetry about a plane normal to the rotation axis, could be produced during non-



306 R. ANMA 

coaxial flattening. Flakes rotate into parallelism with the shear plane at a critical shear 
strain and continue to rotate if shear continues (see also Ildefonse et a!., 1992a, b). This 
monoclinic symmetry is due to weak alignment of populations of the rotating grains 
during progressive shear. This rotation model is relevant to the patterns in shape prefer
red orientation of orthoclase flakes in the Yakushima granite, because (1) the megacrysts 
are discrete rigid tablet-shaped particles with little interaction between them, and (2) the 
shape and aspect ratio of the megacrysts is nearly constant at about 3 :3 :I . 

Figure 8. Experiments demonstrating progressive 3D deformation around a viscous sphere during its diapi
ric rise. The sphere, consisting of Hyvis 2000, a low density (p=945 kg.m-3) low viscosity (!1=9.2 x 103 
Pa.s; Koyi, 1991) polybutene, rose to the free surface through poly-dimethyl siloxane: PDMS (SGM36); with 
p=970 kg.m-3, !1=5 x 104 Pa.s (Weijermars, 1986). Horizontal (a, b) and vertical grids (c, d) are printed in 
the PDMS to visualize deformation around the sphere. Diameter of the rising sphere is 18 mm. Arrows in 
(b) indicate the far-field material transport. Line in (c) shows interpreted erosion level of the Yakushima 
granite. Horizontal markers indicated by arrows and triangles in (c) correspond to the deformation stages 
shown in (a) and (b) respectively. A vertical marker indicated by open arrows corresponds to the position 
of a grid slightly off-profile (d). 
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Figure 9. Schematic diagram showing alignment of suspended flakes during the deformation of their am
bient fluid. Uniaxial constriction (upper) expected along the centre-line of the diapir, results in a co-zonal 
alignment of the flakes about the axis of constriction (c-axis). Resulting fabric ellipsoid has its longest axis 
(X) parallel to the c-axis. The other two principal axes are of equal length. During flattening (middle) at the 
crestal stagnant point, flakes will become parallel to each other resulting in a fabric ellipsoid with the short 
Z axis parallel to the flattening axis b. Shear strain (bottom) will lead to a monoclinic symmetry in flake 
alignment. X corresponds to the axis of rotation of flakes while the intermediate axis Y parallels the direc
tion of shear (a-axis). The short axis (Z) becomes the pole to the shear plane. 

In the domains of vertical constriction exposed along the centre-line of the rising 
model sphere, the long axes of domain e)lipsoids (X axes = axes of co-zonal alignment 
of the flakes) are parallel to the flow direction (Fig. 9). By contrast, in the domains of 
non-coaxial flattening around the equator of the sphere, the X axes become axes of rota
tion of the flakes during shear (Fig. 10). This means that the X axes of ellipsoids are 
parallel to flow up the centre-line, but perpendicular to it in the marginal equatorial zone 
(Fig. lla). Volumes of fluid circulating in a spherical diapir will undergo horizontal 
extension inside the equator (Fig. 8d) as they are moved by upwelling along the core to 
marginal flow, which is "downward" relative to the equator (see Fig. lla). Rigid flakes 
suspended in these volumes of fluid are expected to become aligned along an axis paral
lel to the equator (Fig. 10). This effect is most pronounced along the particle path of a 
megacryst travelling from the centre of the rising sphere to its boundary zone. It dimi
nishes as the particle path approaches the stagnant circular axis of the torus of circula
tion (Fig. lla; see also Talbot and Jackson 1987). There, the strain is essentially zero 
and only rigid body rotation occurs. Horizontal lineations parallel to the granite contact 
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consistent with this picture have been reported from the Criffel pluton in southwest 
Scotland by Courrioux (1987), and from the Ba~ao Complex, southeast Brazil, by Hip
peru (1994). Kizaki (1972) reported rotated paleosomes due to shear along the contact in 
the Oshirabetsu migmatite dome. 

Deformation around the equator of the rising dlaplr 

Shear 

a=direction of shear 
a=Y, b=Z and c=X 

Horlzontsl extension 

c=extension axis 
a. b=Y=Z and c=X 
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Figure 10. Diagram showing alignment of suspended flakes in the fluid flowing "downward" behind the 
equator of a rising diapir. Deformation of fluid around the equator inside the diapir is characterized by the 
combination of shear parallel to the ascent direction (Fig. Sc), horizontal extension parallel to the equator 
(Fig. Sd) and flattening parallel to the diapir contact (Fig. Sa,b ). The resulting fabric alignment around the 
equator of the diapir is characterized by a weak monoclinic symmetry. 

COMPARING THEORY WITH THE FIELD DATA: AN IN'IERPREfATION 

A mature diapir that has risen an appreciable distance can be assumed to have only a 
single, simple circulation cell. For the Yakushima granite, this assumption is reasona
ble because (1) there is no significant change in lithology that could have decoupled 
internal circulation (Weinberg, 1992), and (2) the pluton is isolated and homogeneous, 
so there is no poly-diapiric interference (Stephansson, 1975; Weinberg and Schmeling, 
1992). 

By comparing the field data with the simplified dynamic model, the magmatic flow 
pattern of the Yakushima granite can be attributed to buoyant diapiric rise of a molten 
granite sphere along a track oblique and upward to the southeast. This is because (1) the 
strongest oblate-type domain fabric ellipsoids were observed only along the eastern 
periphery of the pluton (Fig. 5c), and not in its centre; this suggests the presence of a 
"crestal" stagnant point nearby; (2) X axes of domain fabric ellipsoids plunge outward at 
the periphery and vary smoothly in trend tracing slight curves (Figs. 5b and 6); this 
implies a non-vertical axis of internal circulation; and (3) assuming that the equatorial 
prolate fabric ellipsoids were aligned by shear along the granite contact, the prolate 
fabrics around the periphery could be attributed to shear normal to the X axes of the 
domain ellipsoids (compare Figs. 5c and 11 b). 

The presence of the hypothesized "crestal" stagnant point at the eastern margin of the 
pluton, together with horizontal shear inferred from the directions of the prolate ellip-
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soids along the northern contact, implies that the direction of intrusion was almost 
horizontal toward the southeast in this area. Along the southwestern contact, outward 
plunging prolate ellipsoids are locally transformed into contact-parallel prolate ellip
soids. This agrees with the theoretically predicted axial swapping: inner prolate ellip 
soids are parallel to the flow direction, whereas outer prolate ellipsoids are aligned nor
mal to it. Therefore, the direction of internal circulation in the southwestern part of the 
pluton must have been steeper ("'30° from vertical) than that in the northern domains. 
Prolate ellipsoids in the northwestern domains could be explained similarly, by axial 
swapping during northwestward flow. This localized axial swapping is also observed in 
the northernmost part of the pluton, where oblate domain ellipsoids to the south are 
transformed into prolate ellipsoids, with their X axes plunging obliquely toward the 
granite contact. In this area, the inferred direction of internal circulation is toward the 
north. 

Further comparisons between theory and field data show that (4) the inward dipping 
XY planes of domain ellipsoids at the southeast end of the centre-line (Fig. llb) could 
be interpreted as an overturn structure in an internal circulation cell; (5) relatively strong 
prolate fabrics with X axes sub-parallel to the mid-line of the pluton could be attributed 

a b 

: .. ~~-~> Zone of Low Strain Magnitude 

_..,-- Inferred Direction of Circulation 

/; Ax1s of Symmetry .f :~200}Aow Foliation 

/ . .; Axis of Anticline /"' ~ 

Figure 11. (a) Flow pattern inside a fluid sphere rising through a denser ambient viscous fluid (Schmeling et 
al., 1988; Cruden, 1990). Strong flattening along a vertical axis will take place at the crestal stagnant point 
(CSP). On the other hand, only rotational strain is expected around the stagnant circular axis (SCA). Circu
lar passive markers carried from the crest of the sphere to its equator deform to ellipses parallel to the 
equator. (b) A possible interpretation of the flow structure inside the Yakushima pluton. Zones of low strain 
(ZLS) coincide with the SCA. Inward dips in figure Sa imply circulation due to diapiric rise of the pluton. A 
general mirror symmetry about the southeast trending midline of the elliptical granite is attributed to 
southeastward oblique rise of the pluton. Thin arrows indicate the local direction of internal circulation in 
accordance with the interpretation discussed in text; they do not correspond to the X-axes of the domain 
ellipsoids (Fig. 5b). 
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to the central upwelling; and (6) the stagnant circular axis of the torus of flow is reco
gnizable as zones of low strain (Fig. II b). 

The zone of central upwelling is located southeast from the geometrical centre of the 
pluton implying an asymmetrical toroidal convection cell leaning to the southeast 
(Figs. 6 and II b). Together with the inferred direction of circulation being oblique to the 
margin (Fig. lib), this asymmetry suggests that the pluton rose toward the trench axis 
to the southeast. The magma followed a horizontal path in the northeastern periphery, 
and ==30° from vertical in the southwestern periphery. This is probably because magma 
introduced in the northwest followed a south-easterly directed path along the centre-line 
before turning sideways to the northeast just short of the eastern periphery (Fig. II b). 

SYN-EMPLACEMENfW ALL ROCK DEFORMATION 

Syn-emplacement wall rock deformation is marked by regional re-folding (or uplift) of 
pre-emplacement structures (see Tectonic Setting) and by spaced foliations sub-parallel 
to the granite contact. 

Far-field deformation marked by the distortion of bedding planes and fold axes in the 
surrounding rocks of the Shimanto group (Fig. 2g,h) also provides clues to the intru
sion mechanism of the Yakushima granite. Bedding planes and fold axes were measured 
in 25 sub-areas (Fig. 12a) divided according to lithology in every stratigraphical unit 
recognized by Hashimoto ( 1956) at different distances from the granite. Directions of 
fold axes from each area are obtained by fitting a great circle to the configuration of 
poles to the bedding planes. Fold axes (Fig. 12a: open boxes) measured in eight sub
areas along the northeast coast are in good agreement with those calculated (Fig. 12a: 
solid boxes). Data from the south and southwest coast (Fig. 12a: sub-areas p to x) are 
taken from Nishikawa (1988, unpublished data), where fold axes are sub-vertical. 

The fold axes were presumably horizontal and parallel to the trench axis when they 
formed in the accretionary prism. In the deformation aureole, they were then distorted 
towards conformity with the pluton contact and its inferred southeast direction of ascent 
(Fig. 12b; compare with distortion of horizontal marker in Fig. 8d). In the northeast of 
the pluton, where horizontal shear was inferred just inside the pluton, original north
northeast fold axes in the wall rock are distorted toward the inferred southeast emplace
ment direction and warped upward toward conformity with the granite contact. In the 
southwest, fold axes in the wall rock are upwarped more steeply, reflecting the inferred 
local emplacement direction of the pluton. However, this scheme is not obvious along 
the east coast. This might be because the residual magma intruded sideways from the 
eastern tip of the pluton and distorted further the wall rock structures (see previous sec
tion). 

The near-field ductile deformation (Paterson and Fowler, 1993) due to emplacement 
of the Y akushima granite is concentrated in a 200 m wide contact zone where early 
quartz veins are sheared and folded into parallelism with the spaced foliation (Fig. 13a). 
This implies a very narrow aureole of high ductile strain (Brun et al., 1991) resulting 
from thermal (Marsh and Kantha, 1978) and/or strain-rate softening (Weinberg and Pod
ladchikov, 1994) within about 0.02 radii of the granite contact. 

The total width of the deformation aureole cannot be determined because it extends 
beyond the coastline. However it is wider than l/2 radius of the pluton. England (1992) 
reported similar patterns of re-folding and uplift of the wall rocks during diapiric empla
cement of the Arran granite. Upwarped fold axes could be attributed to either laccolithic 
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growth or ballooning. However, neither of these mechanisms can explain the 
southeastward distortion of the fold axes in the wall rocks of the Y akushima pluton. 
Instead, the previously hypothesized oblique rise of a buoyant diapir would better ex
plain the observed distortion. 

CYI'HER EVIDENCE OF OBUQUE DIAPIRISM 

Rocks with the highest metamorphic grade are asymmetrically distributed around the 
pluton and are found only in the north and west of the island (see Tectonic Setting). 
This observation alone suggests either oblique diapirism or post-intrusive southeastward 
tilting of the Yakushima massif. However, rocks away from the thermal contact aureole 
do not show any difference in regional metamorphic grade, an observation that rules out 
the tilting scenario (see Discussion). Volcanic breccias with possible fragments of the 
Y akushima granite occur in the Pleistocene flanks of Kuchierabujima, an active volcano 
20 km northwest of Yakushima (Fig. 1). Daishi et al. (1986) used the zircon fission 
track method to date these fragments at 15.0 ± 0.5 Ma. This suggests that the stem of 
the 14 Ma Yakushima granite pluton underlies this volcano, a geometry which again is 
consistent with southeastward oblique rise of the granite. 

EFFECT OF FINAL EMPLACEMENT 

Deformation during the final emplacement of the Yakushima granite is recorded by late 
aplites and extensional quartz veins (Fig. 13c-e) forming a concentric system of brittle 
sheet intrusions in and around the pluton (Fig. 14a). The fibrous extensional quartz 
veins are associated with tin-tungsten mineralization and are distinct in texture (Fig. 
13c,d) from older folded quartz veins in the wall rocks. These sheets and veins are most 
abundant around the granite contact zone and become less dense both inward and outward 
from the contact. 
Each sheet reflects the orientation of the local paleostress field and the concentric sheet 
pattern indicates tangential dilation around an ellipsoidal body of residual buoyant fluid 
with circum-tangential intermediate axes that would extend an arbitrary horizontal mar
kers; 0.5% (sheets and veins sum to widths = 50 em in every 100 m). Figure 14b re
constructs the stress field geometry in and around the granite, coeval with the emplace
ment of the aplite and quartz veins. Radial profiles display a paleostress field concordant 
with the emplacement mechanism mentioned in the previous sections. In the southeast 
and south of the pluton, the dilation axes ( a3) parallel the granite contact (profiles C-D 
and C'-E in Fig. 14b). In contrast, in profiles across the inferred southeast direction of 
emplacement (profiles C-A, C-B and F-F' in Fig. 14b), the concentric sheets display an 
inward-steepening fan-like pattern changing into an outward-steepening fan-like pattern 
outside the granite contact. The trace of the inflection point of reconstructed paleo
extension axes lies just inside the granite contact. Magma pressure is inferred to have 
been higher inside the limit defined by the inflection point than outside. This pattern 
indicates that the stiffened granite crust, together with the thermally weakened wall 
rocks, were plastically upwarped during the final emplacement of the residual magma of 
the Y akushima granite. 
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Figure 12. Emplacement of the Yakushima granite: deformation pattern in the wall rocks. (a) Great circle 
concentration of poles to bedding (solid circles) in the Shimanto group. Calculated fold axes (solid boxes) 
sub-parallel measured fold axes (open boxes). Stereonets p to x: data from route map by Nishikawa, (1988, 
unpublished data). (b) Hypothesized original horizontal arc-parallel directions of fold axes in the Shimanto 
group (dashed lines) are distorted into conformity towards the contact shape and inferred ascent direction 
of the pluton (solid lines). 
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Since compression directions, parallel to the directions of the dikes in profiles, are 
perpendicular to the granite contact in profiles C-D and C'-E (Fig. 14b), the overall 
orientation of the paleostress field implies that magma pressure during final emplace
ment was higher in the south and southeast (compare strain field in Fig. 8c with calcula
tions by Phillips, 1974). Profile G-G' (Fig. 14b) also shows a simple concentric pattern 
for cr3, probably because the last dregs of magma entered the pluton through this profile. 

Homogenization temperatures of fluid inclusions in quartz veins show that they de
veloped after the pluton had s~iffened as it cooled down to "'300°C (MITI, 1992). At this 
stage, the rheological contrast between the granite and its country rocks was probably 
negligible, since fractures cut across the contact without change in either style or orien
tation. 

A uniformly cooling granite mass shrinks with an average volumetric residual strain 
of about -7 X w-3 when it cools from 300°C to ooc (Savage, 1978). With this in mind 
assuming 0.5% extension around the sphere of residual buoyant fluid, then 5 x w-3 
dilation due to the intrusion of aplite dikes and quartz veins compensates the expected 

Figure 13. Quartz veins in the wall rocks of the Yakushima pluton. (a) Early veins (arrow) in the wall rocks 
flattened and rotated into parallelism with the spaced cleavage in a zone extending a few hundred metres 
from the granite contact. (b) Boudins and pinch-and-swell structures are common in the country rocks but 
probably predate emplacement (thickness of the sandstone units is about 20 em). (c) Extensional quartz 
veins measured for analyses of paleostress field during the final emplacement of the pluton. (d) Fibrous 
texture indicates dilation of quartz veins in the sandstone; it is distinctively different from older finer
grained quartz veins. (e) Thicker quartz veins near the pluton show a primary en-echelon relationship. 
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shrinkage of the Yakushima granite due to cooling. The total dilation durinf and after 
the emplacement of the concentric sheets is therefore in the order of I 0 x I o- , and thus 
is far too small to disturb the primary flow pattern. Also, note that the magnitude of the 
residual magma flow mentioned in this section should be significantly smaller than 
those of previous sections. Nevertheless, the geometry of the concentric sheet system is 
strongly linked to the pluton shape. The overall picture can be accounted for in terms of 
late diapiric oblique upsurge, due to differential loading between the inclined diapiric tail 
and the nearly horizontal diapiric head (Fig. I5, insert). 

DISCUSSION 

COMPARISON WITll OTHER MODELS 

Lateral emplacement of a thin sheet of magma, for instance, the Lebel stock reported by 
Cruden and Launeau (I994), due to continual magma charge from a conduit (e.g. the 
Smartville Complex; Beard and Day, 1988) or from fractures (the Kensington pluton; 
Corriveau and Leblanc, 1995) could be,._a feasible explanation for the prolate domain 
ellipsoids found along the periphery of the Yakushima granite. Both Cruden and Lau
neau (1994), and Corriveau and Leblanc (1995) used the anisotropy of magnetic suscep
tibility (AMS) method to reveal magmatic flow patterns. Both these studies found mar
ginal magnetic lineations parallel to the granite contact. The marginal AMS ellipsoids 
are rather flattened in such laterally emplaced plutons (Corriveau and Leblanc, 1995) or 
in asymmetrically expanded plutons (the Flamanville pluton, Brun et al., 1990), unlike 
in the Yakushima pluton where marginal domain ellipsoids are prolate with X axes 
directed toward the granite contact in map view. 

Brunet al. (1990) and Bateman (1985) interpreted patterns of horizontal radial shor
tening of the wall rocks around plutons as due, respectively, to the lateral expansion of 
the Flamanville granite and in-situ ballooning of the Cannibal Creek pluton. There is 
no evidence of such horizontal shortening that push ambient rocks horizontally away 
from the contact of the Y akushima pluton. Instead, the pluton lifted the wall rocks and 
extended any arbitrary horizontal markers which predate the granite intrusion (previous 
sections). Furthermore, competent sandstones in the country rocks display boudins 
and/or pinch-and-swell structures (Fig. 13b) with steep axes implying horizontal exten
sion. However, the arc-parallel pull-apart features in the Shimanto group are most likely 
due to regional deformation preceding the granite emplacement. Similarly, thrusts ha
ving the same vergence as the ascent direction inferred here for the Y akushima granite, 
are attributed to the accretion that preceded emplacement of the Yakushima granite. 
There is no definite evidence supporting granite emplacement along thrust faults at the 
present erosion level. 

Bouillin et al. (1993) attributed a stable magnetic lineation in the 6 Ma Monte Ca
panne pluton of Elba, Italy, to laccolithic emplacement during regional extension paral
lel to the lineation. Since the direction of extension in Yakushima island should have 
been normal to the trench axis in Miocene time (i.e. northwest-southeastward, see Tec
tonic Setting), this mechanism does not account for the prolate domain ellipsoids obser
ved in the northeast and southwest borders of the pluton. Moreover, intense oblate 
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Figure 14. (a) Aplite sheets and late fibrous quartz veins form a sheet system concentric in planview and 
radial in sections. (b) Radial profiles indicate tangential extension around an ellipsoidal body accompanied 
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domain ellipsoids are measured along the eastern margin of the pluton, where the stron
gest shear would be expected if the emplacement had been controlled by regional exten
sion. Horizontal extension does occur in the Ryukyu subduction zone (see Tectonic 
Setting), but the strain-rate due to active diapiric rise was likely much faster than the 
tectonic strain rate. 

Stoping followed by in-situ thermal convection (Cruden, personal communication) 
due to cooling of magma could be a mechanism for the emplacement of the Y akushima 
pluton. High heat flow beneath the island arc implies a steep geothermal gradient, and 
therefore, enough heat from beneath to initiate thermal convection inside the emplaced 
pluton. However, such thermal convection would presumably have been about a vertical 
axis, unlike the circulation pattern inferred within the Yakushima pluton. Thermal con
vection is therefore likely only if the whole area was tilted by ~20° southeastward after 
any thermal convection ceased. This would imply that the northwestern part of the cur
rently exposed pluton was about 8 km to 10 km deeper than the southeastern part. Then, 
assuming a geothermal gradient of 30°/km, the regional metamorphic grade in the nor
thwest of the pluton would have been around 300°C and 200 MPa higher than that in 
the southeast, a difference not observed in regional metamorphic grades (see Tectonic 
Setting). By the same reasoning, models invoking a tilted laccolith or sill are unlikely. 

ASCENT AND EMPLACEMENT OF TilEY AKUSHIMA GRANITE 

Emplacement by oblique diapirism 
Since the emplacement mechanisms mentioned above do not satisfactorily explain field 
data from the Yakushima pluton, the author favours oblique diapirism as the emplace
ment mechanism for the Yakushima granite. Throughout the ascent of the magma and 
its final upsurge, the Yakushima granite seems to have risen obliquely to the southeast 
(Fig. 15). Although the overprint of the final emplacement phase (below 300°C) is far 
too small to disturb the primary flow fabrics of the ascent phase, it is clearly recorded by 
the concentric sheet intrusions. Both the pattern of the early shape preferred orientations 
of the megacrysts and the late concentric sheets can be explained by the diapiric rise of 
the pluton. Any solid-state flow between the temperature of full crystallization and 
300oc might have a similar flow pattern. Unlike in plutons where ballooning has been 
proposed as a mechanism of emplacement, buoyant diapirism appear to be the most 
important emplacement mechanism of the epizonal Yakushima granite. 

Although the fold axes in the wall rocks are clearly distorted toward conformity with 
the granite contact, discordance of the granite contact with the bedding in the country 
rocks, apophyses from the granite, and isolated blocks of country rocks within it, raise 
the possibility of stoping being the ascent mechanism of the pluton. Unlike laboratory 
experiments, surface tension is sufficiently small in large natural plutons (Weinberg, 
1993) that apophyses can develop by intruding along radial fractures. Subsequent ascent 
may isolate a few xeno-blocks in the pluton. Discordance between the contacts and 
structures in the country rocks may be explained by adding non-Newtonian rheologies to 
the simplified diapiric system. Because the viscosity of power-law fluids decreases with 
increasing strain-rate, a power-law diapir in a power-law crust may develop a very nar
row marginal zone of pronounced weakness (Weinberg, 1994; Weinberg and Pod
Iadchikov, 1994). Sliding along such a zone of weakness may aid piercement so that a 
diapiric pluton becomes discordant to structures in its wall rocks. 
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Endogenic buoyancy versus regional tectonic force 
If the granite had risen by its buoyancy force alone, presumably it would have risen 
vertically. The obliquity of the inferred track along which the Yakushima granite rose 
implies that the intrusion was affected by other tectonic forces. Models accounting for 
the oblique rise of plutons from a subduction zone are discussed in the following chapter 
by Anma and Sokoutis (this volume). 

In the brittle upper crust, where the influence of tectonic forces on buoyant diapirs is 
expected to be greater, regional paleostresses are recorded by fracture systems in and 
around the pluton. The concentric planform of the sheet system implies that even the 
last brittle fractures were controlled by the emplacement of the Yakushima granite and 
that regional tectonic overprinting was negligible. Shigeno (1980) attributed the forma
tion of joints in Miocene intrusions within the Shimanto group to horizontal tension at 
shallow levels during regional uplift and erosion. Whereas earlier studies have emphasi
zed intrusion into tectonic cavities, the Yakushima granite appears to have made its 
room by its own endogenic forces. 

NW 

Asthenosphere/ 

/ 
/ 

/ 

Late Diapinc 
Upsurge 
l-l-UMa 

Active Ascisnw • .: 
Volcano Yakushima From 

/ 
/ 

/ 
/ 

The Pilil i ppi ne 
Sea Plate 

+ 

? ---. ---
V'-'5 em/year 

Prc:-.cnl 
Accreuonary Prism 

SE 

Ryukyu 7 ca 
Trencil Axis 50 km 

Oceanic 
Li tilosplle_r~ 

Astilenosphcrc 

~ 

Figure 15. NW-SE profile through the Yakushima area. The pluton rose obliquely towards the southeast 
throughout the intrusion process. The stem of the pluton underlies the neighbouring active volcano. The 
contemporaneous Miocene forearc basin is tilted eastward. Sources: Nash (1979), Honda (1985), Letouzey 
and Kimura (1986), Yamaoka et al. (1986), Iwasaki et al. (1990), and Shimamoto (1993). 

Depth of emplacement 
None of the model diapirs with Newtonian viscosity distorted their viscous overburden 
sideways beyond one diameter (Fig. 8; Cruden, 1988; Schmeling et a!., 1988). This 
suggests that the Yakushima pluton could have been emplaced at any depth less than its 
20 km diameter. However, regional metamorphism indicates even shallower depths of 
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exposure; these can be rationalized by assuming that the Yakushima pluton lifted the 
overlying surface. A depth of emplacement of ~ 14 km would be more consistent with 
the contact metamorphic grade and the pressure conditions inferred from the normative 
composition of the Yakushima granite (=5 kb; Sato and Nagahama, 1979) and the pat
tern of upwarping attributed to its final emplacement (Fig. 15, insert). 

Diapirism in a brittle upper crust 
The question remains as to whether fluid diapirs can penetrate the brittle upper crust due 
to their buoyancy force alone. Flow fabrics inside the Miocene Yakushima pluton, 
distortion of structures in its country rocks, and concentric sheet intrusions in both, 
indicate that buoyant diapiric rise was the most important mechanism of emplacement 
of the granite. Horizontal extension induced by slab subduction (Anma and Sokoutis, 
this volume) and magma rising along the subduction zone would weaken the upper 
crust. The high heat flow in the island arc may additionally soften the already weakened 
crust. Then, the 400 km2 pluton could lift the surface by distorting it around a ductile 
aureole. The presence of arc-parallel Miocene dikes and Miocene propagation of the 
Okinawa trough support the finding of horizontal extension normal to the trench axis. 

CONCLUSION 

The distinctive feature of the Yakushima granite is a toroidal circulation pattern inside a 
circular planform with central upwelling along the oblique rise axis. Rotation of mega
crysts about an axis parallel to the inferred oblique equator of the pluton is attributed to 
shear along the granite contact. Zones of low strain are recognized around the stagnant 
axis in the circular torus of flow. Externally, all the structures in the strain aureole (> 
0.5 radius wide) indicate tangential elongation with tangential intermediate axes around a 
buoyant ellipsoid. 

Evidence suggesting the oblique rise of the Yakushima pluton can be summarized as 
follows: (1) the asymmetry of the toroidal convection cell implying a central zone of 
upwelling leaning to the southeast; (2) symmetrically re-folded wall rock structures 
distorted toward a direction parallel to the central upwelling; (3) fragments of the Ya
kushima granite occuring in the next volcano to the northwest; and (4) the thermal 
metamorphic grade being highest in the north and west of the pluton. 
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EXPERIMENTAL PLUTON SHAPES AND TRACKS ABOVE 
SUBDUCTION ZONES 

ABSTRACT 

Ryo ANMA and Dimitrios SOKOUTIS 
Hans Ramberg Tectonic Laboratory, Institute of Earth Sciences, 
Uppsala University, Norbyviigen 18B, S-75236 Uppsala, Sweden 

Field data suggest that the epizonal Yakushima granite rose obliquely into the Ryukyu 
arc of Japan (Anma, this volume). Analogue models test the hypothesis that the oblique 
rise of this buoyant diapir was due to drag by the stiff oceanic plate sinking obliquely 
beneath it. A simplified model of a sQ)id plate sinking obliquely along its length into a 
ductile medium induces wedge flow in the overlying asthenosphere. Buoyant inclusions 
in the model lithospheric/asthenospheric wedge trace possible tracks of plutons above 
subduction zones. The inclusions rise obliquely toward the trench axis in the nearby 
wedge where rotational shear is greatest, leaving an inclined diapir tail. By contrast, near 
the surface away from the trench axis, where arc-normal horizontal extension prevails, 
buoyant inclusions become tabular in shape and are carried toward the trench. Overall, 
the observations account for the geometries of the Y akushima and other Miocene 
granites in Southwest Japan. 

INTRODUCTION 

Anma (this volume) attributes the fabrics and structures in the Yakushima granite 
pluton to the forceful oblique rise of a buoyant diapir toward the trench axis (Fig. 1 ). 
Had the granite risen by buoyancy alone, it would have probably risen vertically. 
Therefore, the oblique ascent trajectory of this island arc granite is presumed to be due to 
a tectonic effect of some kind. The likely cause lies beneath it: the subducting oceanic 
slab, the most distinctive tectonic feature associated with an island arc. 

Magmas associated with subduction zones are expected to be generated near the 
boundary between the subducting oceanic slab and the overriding wedge of sub
continental lithosphere (referred to as the Wadati-Benioff, or WB zone). They are 
generated by a flux of hydrous fluids (Arculus, 1994) liberated through dehydration of 
hornblende, mica and/or clay minerals in the subducting lithosphere (Ringwood, 1974; 
Tatsumi and Eggins, 1995). 
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Figure 1. Tectonic setting of the Ryukyu and Southwest Japan arcs. The Y akushima granite (on profile A
A'), located at the northern tip of the Ryukyu island arc, appears to have risen obliquely toward the trench 
axis (see Anma, this volume). The chain of active volcanoes in the north (profile) and the central axis of the 
Okinawa trough in the south (map) mark horizontal extension perpendicular to the trench axis. The aseismic 
front marks the boundary of the ductile lithospheric wedge beneath the island arc. The trace of the aseismic 
from is not clear in the Ryukyu-Southwest Japan arc systems ; it is here extrapolated from Northeast Japan 
(Yoshii, 1979). 
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Current general thinking is that S-type granites like the Yakushima granite (Shibata 
and Ishihara, 1979) form due to partial melting of the continental crust (Chappell and 
White, 1974) rather than by differentiation of lithospheric mantle melts. In previous 
models (Ringwood, 1974; Sakuyama, 1983; Weinberg and Podladchikov, 1994) arc 
granitoids were attributed to a process where mafic diapirs segregated above the 
subducting slab, rose through the lithospheric mantle, and collected beneath the 
continental crust which was partially melted by them. Here, a different possibility is 
considered: that some S-type granites might originate where crustal rocks are dragged 
downward along a subducting plate, melt, and then rise as buoyant diapirs. Sediments 
trapped by the subducting oceanic slab (Hilde, 1983) might melt to generate granitic 
magma at depths shallower than 110 km beneath the volcanic front (Tatsumi and 
Eggins, 1995; Anma and Kawano, in preparation). Ductile lower crustal rocks may be 
dragged down to depths at which their melting is triggered by dehydration of the oceanic 
slab. 

Buoyant diapirs can rise obliquely from passive but inclined tabular or wedge-shaped 
source regions in systems with inclined top or bottom boundaries (Talbot, 1977; Marsh, 
1979). Wedge flow induced in the fluid above a subducting slab (McKenzie, 1969; 
Toksoz and Hsui, 1978) may also influence the ascent path of granite plutons (Olson 
and Singer, 1985; Tatsumi eta!., 1986; Spiegelman and McKenzie, 1987). 

This study examines the mechanism responsible for the oblique ascent of the island 
arc Y akushima granite using some of the dynamics suggested by previous workers. 
Analogue models were used to analyse: (1) the patterns of wedge flow induced by a rigid 
plate sinking obliquely along its length; (2) the influence of this wedge flow on buoyant 
inclusions rising from the sinking slab; and (3) the influence of wedge flow on the 
tracks of buoyant inclusions rising from starting points above the subduction zone. The 
patterns of wedge flow observed in our simplified subduction models can explain the 
mechanism of back -arc spreading and the observed geometries of Miocene granites in the 
Southwest Japan. 

PRINCIPLES OF MODELING 

MODELING SlRATEGY, MATERIALS AND DESIGN 

Intra-continental earthquakes occurring at depths of less than 15 km together with the 
steep geothermal gradient beneath the magmatic arc of Northeast Japan imply that the 
arc lithosphere is hot and weak and that the strength profile above subduction zones can 
be simplified into two layers: thin brittle crust overriding ductile lithosphere 
(Shimamoto, 1993). Iwasaki eta!. (1990) used wide angle seismic profiling to show 
that the total thickness of the crust above the Ryukyu subduction zone was about 25 km 
(Fig. 1: profile). Therefore, to understand the principal behaviour of the stress-strain 
field in a subduction system, the thin brittle crust above the subduction zone was 
excluded from our dynamic model which consisted of a simplified two-layer system: a 
viscous asthenosphere/lithosphere with a rigid oceanic plate sinking through it. 

A rigid 6 mm-thick plexiglass plate was used to represent the stiff subducting 
oceanic plate in the model. This is because field data indicate that the Pacific plate is 
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significantly stiffer than the overriding wedge-shaped ductile lithosphere/asthenosphere, 
where a zone of anomalous seismic intensity along the eastern coast of Northeast Japan 
implies that the subducting Pacific plate acts as a wave guide with high seismic 
velocities (Utsu, 1967; Utsu and Okada, 1968; Shimamura and Asada, 1975). However, 
the Philippine Sea plate, above which the Yakushima granite rose in Southwest Japan, 
is younger and hotter and is therefore likely to be softer than the Pacific plate. 
Nevertheless, deep seismicity along the Philippine Sea plate (Shiono et al., 1980; 
Kimura et al., 1983) implies that this oceanic slab is also considerably stiffer than the 
overriding ductile lithosphere/asthenosphere. 

In all our models, the ductile lithosphere/asthenosphere is represented by a 
transparent viscous fluid, SGM36, a poly-dimethyl siloxane manufactured by Dow 
Corning Inc., wi_th density p = 970 k~.m-3 -~d Newtonian viscosity ~ = 5 x 104 Pa.s 
below shear stram rates of 3 X 10-3 s- (WeiJermars, 1986). 

Tracks of plutons above the subduction zones were studied by inserting less viscous 
buoyant inclusions in this simplified two-layer system. Two types of model materials 
were used for the plutons: (1) Hyvis 2000, a low density p=945 kg.m-3, low viscosity 
~9.2 x 103 Pa.s (Koyi, 1991) polybutene manufactured by BP Chemicals Ltd. and, (2) 
air bubbles (p = 1.3 kg.m-3, ~ = 1.8 X 10-5 Pa.s). 

Patterns of deformation induced by the subducting slab and rising inclusions were 
visualized by printing, on and inside the SGM36, a grid of orthogonal lines and circles 
of passive carbon produced by the « unbaked photocopy method » (Dixon and 
Summers, 1985) modified by Treagus and Sokoutis (1992). The buoyant inclusions and 
the grid of strain markers were inserted along the mid-plane of the model during 
construction, well away from the boundary effects caused by the front and back 
plexiglass walls. 

Throughout the experiments (Figs. 2-5), the plexiglass plate sank obliquely through 
SGM36 by its own weight in a rigid 22cm x 14cm x 14 em vessel with an open top. 
The weight of the heavy plate was neutralized as the plate sank and the shear strain-rate 
in the surrounding fluid decreased and ceased altogether when the plate reached the rigid 
bottom boundary. The plate sank 150 mm in approximately 24 hours. No slip occurred 
along any of the boundaries between viscous SGM36 and the plexiglass. The dip of the 
sinking plate was restricted to 35°, the angle at which the Philippine Sea plate subducts 
beneath the Yakushima granite (Yamaoka et al., 1986; Jarrard, 1986). 

LIMITATIONS OF 1HE MODELS 

The models simplify the natural dynamics. There is no roll back of the hinge line of 
subduction (Kincaid and Olson, 1987). The trailing edge of the subducting slab does not 
pull a horizontal plate behind it (Jacoby, 1976; Jacoby and Schmeling, 1981; 
Shemenda, 1994). The subducting slab in the model cannot sink through the rigid 
bottom boundary which scales approximately to the 670 km mantle discontinuity 
(Zhong and Gurnis, 1995 and reference therein). The side boundaries artificially limit the 
wedge flows above and below the sinking slab. The models also start at an arbitrary 
stage in the sinking of a slab. Despite all these limitations, the models still answer 
some of the questions concerning buoyant magmatic diapirs rising above subduction 
zones. 
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EXPERIMENTS 

WEDGE FLOW INDUCED BY SLAB SUBDUCTION 

The pattern of wedge flow due solely to the oblique subduction of a rigid plate sinking 
along its length is demonstrated in figure 2. The passive carbon marker-grid was printed 
to visualize flow along the vertical midplane of the working fluid (SGM36). This model 
has no characteristic length since it involves only a single fluid bound by rigid walls 
with an open top. The depth of the « trench » that appeared in the surface of the model 
decreased from an early maximum of 12 mm to 5 mm at the end of the run; this 
increased the dihedral angle between the slab surface and model fluid as the strain-rate 
decreased. This model «trench» does not correspond to position and depth of natural 
trenches, filled by thick sediments. The dihedral angle of the model trench (=90°) is 
much smaller than that in nature ("' 170°). The shape of the model-trench is rather similar 
to the wedge-shaped ductile region beneath island arcs illustrated by, for instance, 
Shimamoto (1993). The position of the inner wall of the model trench approximately 
corresponds to the position of the aseismic front (profile in Fig. 1). 

Intensity, orientation and translation of the flow induced in the viscous fluid by the 
sinking slab are mapped using the distortions of the rectilinear grid and circular markers 
(Anma and Sokoutis, in preparation). The SGM36 bound to the no-slip boundary was 
carried downward with the sinking slab. Vertical marker lines show horizontal flow 
toward the trench beneath the top free surface implying that the model «back-arc basin» 
is subjected to horizontal extension normal to the trench axis. The most intense 
horizontal extension of the top surface overlies the upwelling above the leading edge of 
the subducting plate and migrates laterally with it, showing «non steady state flow ». 
Maximum rotational strain was at the trailing edge of the wedge which is dragged down 
by the sinking slab. 

INFLUENCE OF THE SLAB SUBDUCTION ON BUOY ANT DIAPIRS SEGREGA 1ED ALONG 
THEWBWNE 

Ascent velocity of granite diapirs versus tectonic convergence rate 
The geometry, trajectory of ascent, and patterns of circulation in and around any diapir 
rising from a subduction zone will be influenced by wedge flows like those seen in 
figure 2. The effects of subduction on the shape and track of buoyant inclusions rising 
from the Wadati-Benioff (WB) zone are considered here. 

There is no direct measurement of the rate of melt segregation, and rise of diapiric 
plutons from WB zones in nature. Knowing the velocity of the subducting slab but not 
that of the diapirs raises a scaling problem in the model. Ascent velocities used for 
granites in numerical and analogue experiments were estimated using various 
approaches. Paterson and Tobisch (1992) used an average rate of ascent for andesite and 
basalt diapirs of 2 rnlyear. Calculations by Mahon et al. ( 1988) assuming reasonable 
material properties suggested that a diapir 5 km in diameter could rise in a temperature
varying medium with velocities that vary by four orders of magnitude but with an avera-
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Figure 2. Patterns of wedge flow induced by a rigid subducting slab seen in a grid printed along the verucat 
mid-plane of the model. The dashed line represents the position of the top free surface of SGM36 (p = 970 
kg.m-3• Jl = 5 x 104 Pa.s). Markers above the dashed line are reflections from the top surface. Maximum 
horizontal elongation of top free surface (indicated by thin arrow) lies above the leading edge of the 
subducting plate (thick arrow) and migrates with it. The solid circle and square are inserted to ease 
visualization of movement paths of particular elements. 



PLUTON SHAPES AND TRACKS ABOVE SUBDUCTION ZONES 325 

ge velocity of 6-12 m/year. The velocities decreased when the diapir reached cold crust, 
and fell to zero at the final emplacement level. 

The tectonic convergence rate between the plates on either sides of a subduction zone 
can be related to the ascent rate of granite plutons rising from the WB zone. The recent 
convergent rate between the Eurasian plate and the Philippine Sea plate has been 
estimated at 4.9 X J0-2 m/year in the northern domain and 7 X J0-2 m/year in the 
southern domain of the Ryukyu arc (Letouzey and Kimura, 1986; Uyeda, 1982). 
Therefore, the ascent velocity of plutons (Vinclusion) appears to be one to three orders 
of magnitude faster than the rate of local subduction (V slab) in the deep crust and mantle 
where the viscosities of rocks are lower and the density contrast between the rising 
diapirs and their ambient rocks are greater. However, the effect of wedge flow increases 
in significance as Vinclusion decreases toward emplacement levels. 

The scaling problem is therefore, further simplified by modeling two extreme cases: 
1) where the ascent velocity of a diapir (Vinclusion) >> the sinking velocity of the 
oceanic slab (V slab), and 2) Vinclusion =V slab· The natural phenomenon is likely to 
occur somewhere between these two extremes. 

Geometry of the buoyant source layer 
Hyvis 2000, stained pale blue, was used for the buoyant inclusion in both models 
described below because it sticks to the rigid plexiglass plate and is thus dragged down 
with the sinking plate. The Hyvis 2000 was poured onto the top surface of the SGM36 
and was dragged with the sinking slab when V slab >> Vinclusion despite its positive 
buoyancy. After the buoyant inclusion was covered by the surrounding SGM36, Vslab 
was controlled to achieve the above mentioned velocity contrast. In both cases, the 
source layer was an oblique ellipse stuck to the toe of the sinking slab. Since the 
generation of magma in subduction zones is controlled by the dehydration reaction of 
hydrous minerals, and since dehydration depends on pressure (Tatsumi and Eggins, 
1995), the geometry of natural magma sources is likely to be linear (Marsh and 
Carmichael, 1974). However, even linear source layers should develop bulges with a 
wavelength due to the Rayleigh-Tayler instability (Ronnlund, 1991). In this case, the 
elliptical initial source layer in our experiments models a single bulge in a linear source 
regwn. 

Case 1: Vinclusion >> Vstab = 0 
To simulate this extreme case (Fig. 3), the buoyant inclusion was first dragged 
downward with the sinking slab to the base of the model. As the rigid slab sank, the top 
edge of the « magma » bulged upward but did not separate from the slab until the slab 
stopped (Fig. 3b) at the bottom of the box at which point the inclusion started to rise 
due to its positive buoyancy. Note that the obliquely curved stem left beneath the diapir 
at the end of the run (Fig. 3c) does not trace the trajectory of diapiric rise. The elliptical 
pool of« magma » dragged beneath the surface developed a peripheral levee which fed a 
bulge at its highest point (Fig. 3a, b). The levee on either side of the centreline of the 
elliptical source layer coalesced into the stem feeding the rising bulge. The bulge of 
« magma » developed into an asymmetric diapir by growing faster on the side farthest 
from the no-slip top of the oblique slab (Fig. 3c). After the stage shown in figure 3c, 
the stem pinched and parted just below the spherical diapir which was rising faster than 
the stem. The asymmetry of the diapir was derived from the oblique source layer and 
remained stable even after rising a few body radii. 
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c 

Figure 3. Influence of wedge flow on rising diapir segregated from the WB zone (Yinclusion » V slab>· 
The buoyant blue Hyvis (p = 945 kg.m-3.1.1 = 9.2 x 103 Pa.s) was first poured onto the top free surface and 
was then dragged downward with the sinking slab. After the slab reached the bottom, the buoyant pool 
developed an ellipsoidal bulge at its top edge (a, b) and rose vertically (c). Note that strongest trench
normal horizontal extension (arrow) lies immediately above the leading edge of the sinking plate (a). 
Triangles indicate the trench axis. 
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Case 2: Vinclusion ""Vsfab 
In another experiment, V slab was slowed just after the buoyant Hyvis 2000 was 

covered by the SGM36 such that Yinclusion ""V slab· This time, the buoyant inclusion 
reached the top free surface before the slab reached the base of the model, without ever 
having escaped from the drag of the sinking slab. The model magma pooled in the upper 
part of the buoyant layer with an ellipsoidal axis parallel to the trench axis (Fig. 4b). 
Therefore, we may conclude that diapirs affected by wedge flow are expected to rise 
obliquely and become elongated parallel to the trench. 

(a) 

I 

f6"£D'l£ 'IHHJl • SllH oli£ • JS ·n S • SJfl 

Figure 4. Influence of wedge flow on diapirs rising from the WB zone (Yinclusion "' Y slab). When 

Yinclusion"' Y slab· the buoyant inclusion was dragged into a thin oblique sheet (a; side view, b; top view) . 
Symbols: same as in figure 3. 
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This experiment illustrates an essential aspect regarding subduction zone 
magmatism: there must be enough time for a bulge of sufficient volume to segregate for 
the buoyancy force to overcome the downward drag. This temporal aspect must be taken 
into account in future considerations concerning subduction zone magmatism. 

RISE OF BUOY ANT INCLUSIONS STARTING ABOVE A SUBDUCTION ZONE 

Buoyant inclusions rising in the ductile lithosphere above a subduction zone were 
modelled by injecting air bubbles into the SGM36. Different sized air bubbles (Fig. 5a) 
were used to mimic the effect of slab subduction on granites starting above the WB zone 
(Figs. 5b-f). The scaling in this model is less realistic than the other models because 
small air bubbles have high surface tension and contrast significantly in viscosity and 
density with the enclosing SGM36. Nevertheless, this experiment illustrates the 
potential influence of wedge flow on the tracks and geometries of plutons rising in the 
lower crust. 

YinclusionNslab varies with the size of each bubble. The ratio varies from 
Yinclusion 2: Yslab for large bubbles away from the slab, to Yinclusion::::; Yslab for 
small bubbles close to the slab. We propose that, wherever granites form in relation to a 
subduction zone, they are likely to follow tracks similar to those illustrated in figure 6. 
The tracks of bubble paths reconstructed from serial photographs are loops having 
different shapes depending on where the bubbles started relative to the subducting plate 
(Fig. 6). YinclusionN slab changes continuously along the loop and depends on the 
interaction between diapir buoyancy and slab drag. 

Air bubbles located near the leading edge of the subducting slab were pushed away 
when subduction began (Fig. 5b). After being expelled by the sinking slab, large air 
bubbles having sufficient buoyancy to overcome downward drag rose obliquely toward 
the trench axis, leaving a diapiric tail (bubble A in Fig. 5 and Fig. 6). 

In the final stage, bubble A bulged the trench wall in the direction of its ascent (Fig. 
5g; Fig. 6: step A9). Profiles reconstructing the three dimensional shape of bubble A at 
step A9 are shown (Fig. 6, insert). Although bubble A surfaced with a circular planform 
(Fig. 5g), in profile, it had a flat bottom and a tail parallel to the slab (Fig. 6, insert). 

Small bubbles with insufficient buoyancy to escape downward drag from the sinking 
slab did not reach the free surface (bubble C in Figs. 5 and 6). Serial profiles show that 
bubble C rotated clockwise from step 3 to step 4 (Fig. 6). 

Further, shallow air bubbles rising far from the trench axis underwent horizontal 
extension perpendicular to the trench axis, becoming tabular in section (bubble B in 
Figs. 5 and 6). Such inclusions became elliptical in plan view (bubbles B and D in Fig. 
5g) with elongation axes perpendicular to the trench axis during translation, first away 
from the trench then toward it. This is because air bubbles are highly deformable 
compared with the ambient SGM36. In detail, bubble B formed an asymmetrical bulb 
above a small asymmetric tail distal to the trench (Fig. 6 step 6). The tail shortened 
between steps 7 and 10 (Fig. 6). This demonstrates the possibility that shallow 
intrusions rising well away from the trench can have an asymmetric zoning with wider 
zones on the trench side. 
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Figure 5. Influence of wedge flow on the geometry and track of buoyantly rising air bubbles. Photographs 
(a) to (f) were taken at 0 min., 16 min. , 52 min., 89 min., 140 min. and 201 min. after the start of the run. 
Note that the positions of inclusions A and Cat the beginning (a) of the run had switched by the end (f). 
Photograph from above (g) was taken 222 min. after start. Bubble A has an inclined tail (f) , although it looks 
circular in plan view (g) where it distorts horizontal markers (g ; dashed) towards its ascent direction . 
Inclusion B and D became elliptical with elongation axes perpendicular to the trench axis in plan view (g). 
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APPLICATION 

REGIONAL SCALE 

The subduction zones along the northwest margin of the Philippine Sea plate provide 
opportunities to examine the results of our experiments on wedge flow and pluton 
emplacement above subduction zones. The wedge flow induced by slab subduction in the 
model shown in figure 2 suggests that a zone of horizontal extension migrates above the 
leading edge of the sinking plate. This is consistent with field observations and previous 
reports on the Ryukyu subduction zone, including: (1) juxtaposition of the leading edge 
of the sinking Philippine Sea plate (as marked by the furthest limit of deep seismicity: 
Shiono et al., 1980; Kimura et al., 1983; Yamaoka et al., 1986; Uyeda, 1991) with the 
chain of current volcanic activity in the north, and with the central axis of the Okinawa 
trough in the south (Fig. 1), and (2) north-westward migration of this zone of horizontal 
extension above the Ryukyu subduction zone after Miocene times (see Tectonic Setting 
in Anma, this volume). 

Arc-parallel, 15-16 Ma dikes (Fig. 1; Daishi et al., 1987; Taneda and Kinoshita, 
1972) in the northern and central Ryukyu arc imply northwest-southeast dilation, i.e. 
perpendicular to the arc axis in Miocene times. The formation of the Okinawa trough is 
marked by late Miocene sediment infill along an eastern marginal zone of the trough 
(Kimura, 1990). Paleomagnetic data suggest that the southern Ryukyu block rotated 25° 
clockwise relative to Eurasia as the Okinawa trough opened between 10 and 6 Ma (Miki 
et al., 1990; Miki, 1995). By contrast, the central part of the Ryukyu arc opened 
without any rotation (Miki, 1995). The rapid rifting of the Okinawa trough started in 
early Pleistocene (1.5-2 Ma; Kimura, 1990) and is still active (Kodama et al., 1995). A 
chain of active volcanoes parallels the axis of the northern Ryuk~u arc. Volcanic 
activity can then be inferred along the outer margin of the Okinawa trough further to the 
southwest (Kato et al. 1992; Fig. 1 ). Thus, the zone of horizontal northwest-southeast 
extension appears to have migrated from the southeast to the northwest after the Middle 
Miocene. 

Arc-normal extension was previously attributed to suction induced by the roll back 
of the subducting slab (Elsasser, 1971 ). On the basis of our models presented here, we 
propose that both back-arc extension, plus migration of the extension zone, and 
upwelling of mantle material (or thermal diapir; Karig, 1971) can be attributed to a 
single action; oblique subduction of the oceanic lithosphere alone. 

EXAMINING INDIVIDUAL PLUTONS 

Experimental observations in figures 5 and 6 suggest that the shape of plutons above 
the subduction zones depends on their distance from the « model » trench axis. Note 
that the position of the model trench corresponds to the position of the aseismic front 
shown in the profile of figure I, rather than to the natural sediment-filled trench axis. 
Buoyant bubbles starting near the model trench rose obliquely toward the trench axis 
leaving an inclined diapir tail (Fig. 6: bubble A). Shallow bubbles starting far from the 
trench axis became tabular with their longest axis oriented horizontally (Fig. 6: bubble 
B). This finding agrees with field observations of the Yakushima granite (Anma, this 
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volume) and with previous reports of the shapes of other contemporaneous Miocene 
plutons in the Outer Zone of Southwest Japan (Shibata, 1978; Fig. 7). 

10 

a 

~oo 
a 

Ag~ 

Figure 6. Looped tracks of air bubbles A, B and C in figure 5. Steps I to 10 are the positions of each 

inclusion and the leading edge of the subducting plate at 0 min., 4 min., 12 min., 26 min., 52 min., 89 min., 

140 min., 201 min., 258 min. and 324 min. after the start of the run. Insert: profiles reconstructing the three 

dimensional shape of bubble A at step 9. 
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The Yakushima granite is inferred to have risen obliquely in the Ryukyu arc along a 
track inclined upward toward the trench axis. It is located close to the trailing edge of the 
Miocene forearc basin (=30 km from the aseismic front) and is comparable in relative 
location to bubble A of the experiment (Figs. 5 and 6). This bubble ascended along a 
loop and bulged the inner trench wall (Fig. 5g) during the emplacement stage. Bubble A 
surfaced with a circular planform (Fig. Sg) and with an inclined tail oblique to the trench 
(Fig. 6, insert) as inferred for the Yakushima granite (Anma, this volume). Whether 
such S-type granites are generated in the lower crust or rise directly from the WB zone, 
the influence of wedge flow increases significantly as they slow on entering the crust. 
Then, the wedge flow will drag the diapiric tail parallel to the subducting plate. 
Similarities between shape of bubble A and field observations raise an additional 
possibility: that the Yakushima granite has a flat bottom shallower than expected. 

Unlike the Yakushima granite, the S-type Minami-Osumi pluton (Fig. 7) has an 
elliptical planform elongate parallel to the trench (Fig. 1). This may be because it is 
bigger, hence had a higher Vinclusion and rose along a steeper ascent path. 
Alternatively, it may have been affected more by the slab drag and became elliptical as 
seen in figure 4. Arc-normal horizontal extension could also account for this geometry. 

Using the surface geometry of the I-type Okueyama granite, the width of its thermal 
aureole and borehole data, Takahashi (1986) estimated the shape of this pluton (Fig. 7, 
insert) to be elliptical and elongate normal to the trench axis in plan view and tabular
shaped in section. A map by Nakada eta!. (1988) shows the Ichifusayama pluton to be 
elliptical with its longest axis parallel to that of the Okueyama pluton. Concentric 
zoning within the Ichifusayama pluton appears to be asymmetric (Fig. 7, insert) despite 
its southeastern block being elevated by a Quaternary fault (Nakada et a!., 1988). The 
geometry and asymmetry of the Okueyama and Ichifusayama plutons and their locations 
at about 250 km from the trench axis (= I 10 km from the aseismic front), are 
comparable to bubbles B or D of figure 5. 

CONCLUSIONS 

Our experiments demonstrate that subduction of a cold and stiff oceanic plate causes (1) 
asymmetry in the shapes of magma plutons rising above the subduction zone, and (2) 
obliquity in their ascent paths. The experiment shown in figure 3 suggests that plutons 
acquire an asymmetric shape due to the' obliquity of the source layer and drag along the 
top of the sinking slab. The effect of these factors will increase when the angle of 
subduction is steeper, and rising diapirs will then become more asymmetric. 

Obliquity of the ascent trajectory in asymmetric plutons is attributed to wedge flow 
induced by viscous drag from the sinking lithospheric plate (Fig. 2). Another effect 
which might lead to oblique diapiric rise is the wedge-shaped temperature and rheology 
distribution (Fig. 1) predicted by thermal modeling of subduction zones (Toksoz and 
Hsui, 1978). The shape of the curved ascent path depends on VinclusionNsJab· In the 
deep crust and/or mantle, Vinclusion may be one to three orders larger than V slab· 
Therefore, plutons rising from the WB zone are likely to follow almost vertical tracks 
and their stems will be inclined as in figure 3. However, for a diapir to rise rather than 
be dragged downward into a thin oblique sheet (Fig. 4), enough time needs to pass for a 
bulge of sufficient volume to segregate for its buoyancy to allow escape from downward 
drag. 
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Figure 7. Distribution of Miocene plutons in the Kyushu area, the Outer zone (south of MTL) of Southwest 
Japan. Position of this map is indicated in figure I. The axes of the Ryukyu trench - Nankai trough are 
located southwest from this map area and almost parallel the BTL. MTL : Median Tectonic Line, BTL: 
Butsuzou Tectonic Line. S-type plutons: the Yakushima, Minami-Osumi and Takakumayama plutons. !
type plutons: the Koshikijima, Shibisan, lchifusayama and Okueyama plutons (Nakada and Takahashi, 
1979). S-type plutons located near the trench axis exhibit either an asymmetrical circulation pattern (the 
Yakushima granite) or an elliptical elongation parallel to the trench axis (Minami-Osumi pluton). By 
contrast, the !-type Okueyama (Takahashi, 1986) and Ichifusayama plutons (Nakada et al., 1988) located 
further from the trench axis are elongate perpendicular to the trench axis (see text). These shapes, in map 
view, with respect to distance from the trench favorably compare with those of air bubbles in our 
simplified model (Figs. 5 and 6). 

Yinclusion slows down significantly in the middle or upper crust. Wedge flow will 
then influence buoyant rise, resulting in the oblique rise of epizonal diapirs in magmatic 
arcs (Figs. 5 and 6). Diapirs starting in the region of high rotational strain near the 
trench rose obliquely toward the inner wall of the model trench leaving inclined tails 
trailing along their tracks. By contrast, diapirs starting in the region of horizontal 
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extension above the leading edge of the sinking slab rotated to horizontal-tabular shapes 
as they were translated toward the trench. 
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distribution 106, 266 
fabric 65 
magnetic susceptibility: see AMS 
melt interconnection 36, 50 
orientation distribution 153 
parameters 102, 125, 137, 246 
seismic velocity 70 
shape 147, 248 
surface energy 44, 47 

Biotite 16, 45, 79, 97, 100,133,145, 159, 183,257,299 
Bingham 75, 82 
B~l 104,142,274 
Brittle-ductile transition 213 
Buoyancy 192, 296, 319 
Density determination/contrast 206 
Diapir/diapirism 25,295, 311,319 
Dike/dyke 58, 83, 90, 109,272,281,298, 315 
Emplacement mode/model69, 110, 199, 215, 252, 275, 295, 319 
Enclave 59, 79 
Experiments 13, 31, 129, 145, 295, 319 
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ellipsoid 97, 134, 150, 168, 302 
linear 96, 110, 159, 175, 209, 234 
magmatic 70, 78, 96, 110, 129, 233, 286 
magnetic 103, 113,129, 215,231,253 
minerru96, 114,146,163,301 
numericru mode1146, 170, 177 
periodic/steady-state 177 
quartz 169, 221 
planar 59, 80, 161, 201, 245 
shape 145, 177 
symmetry 66, 153, 165 

Feldsparl9,43,62,80, 123,159,175,201,218,239 
Ferromagnetic 100, 225, 242, 249, 260, 267 
Finite strain 143, 147, 156, 185, 303 
Foliations 59, 90, 99, 124, 200, 247, 263, 269, 286, 311 
Foliation/lineation trajectory 59,224, 251,261,265 
Goniometry 130, 149, 161 
Gravity modelling 112,199,217 
Information theory 3 
Itruy 55, 109, 142 
Japan 295, 319 
Jeffery's model104, 130, 137, 160,170,179 
Lineations 97, Ill, 115, 156, 159, 209, 212, 224 
Magma transport 75 
Magnetic 

anisotropy/ellipsoid 103, 115, 122, 134, 245,267 
fabric: see Fabric 
interaction 105, 248 
minerruogy 100, 112, 241, 247, 259 
susceptibility 98, 114, 120, 126, 202, 222, 244, 258 

Magnetite 14, 64,100,240,259 
Massif Centrru 97, 99, 113, 115, 205, 212 
Mechanicru interaction 137, 141, 177 
Melt 

composition 12, 15,40 
fraction/percentage 12, 33, 70, 73, 82, 288 
segregation 3, 31, 53, 55 

Microstructure 62, 66, 114, 221, 238,251,266 
Mingling/mixing 75, 85 
Nigeria 254 
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Oxygen fugacity 14, 105 
Paramagnetic 100, 103, 114, 132, 224, 242, 260 
Partial melting 3, 8, II, 56, 266, 276 
Penneability I threshold 7, 31 
Pyrenees 113 
Quartz: see Fabric 
Room/space problem 189 
Root-zone 210 
Shear 

apparatus 129, 145 
pure 130, 171, 175 
simple 80, 95, 129, 145, 160 
zone80, 142,189,212,219,232,254,276 

Sierra Nevada (California) 232 
Silicone 129, 132 
Spain 75, 156, 202, 215 
Subduction zone 319 
Subfabric 95, 129, 145, 160 
Variscan 77, 110, 115, 163, 213 

INDEX 

Viscosity (melt/magma/analogue) II, 14, 54, 82, 132, 148, 306, 323 
Wetting angle 31-54 
Zonation (petrographic/susceptibility) 58, 125,258,268 125 
Zone axis 97, 114, 171,264, 307 
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