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Preface

Mylonites are high-strain rocks from ductile shear zones that are amongst the most impressive 

deformation structures in nature. Although they are an important source of geological informa-

tion, many mylonites are not easy to interpret, even with the help of thin sections. In practice, 

one needs to build up some experience with mylonites before reliable interpretation is possible. 

Most textbooks can only show one or two photographs of a speciic feature, presenting the best 

examples but unfortunately, these do not always represent geological reality. he best way to 

learn to interpret mylonites and other fault rocks is to see many examples, including imperfect 

ones. his atlas provides some of the necessary experience through a large number of thin sec-

tion photomicrographs of mylonites and related microstructural features. he photomicrographs 

demonstrate what mylonites look like under the microscope and how they can be interpreted 

with the help of thin sections. 

he main objective of this book is to help students and professional geologists to understand and 

classify mylonites and to answer the following questions.

From what parent rock did this mylonite derive?  –

What were the metamorphic circumstances during mylonitisation?  –

What was the intensity of deformation? –

What was the sense of shear? –

he photomicrographs shown in this atlas were taken from thin sections in a collection we 

compiled over the years from ield work and excursions, with the help and participation of many 

geologists. he list of names of all persons involved would be too long, and we like to thank them 

collectively. Here we acknowledge those who contributed in a special way: Henk Zwart kindled 

our interest in microtectonics. Richard White kindly lend us a number of beautiful mylonite thin 

sections (all from Western Australia); Leda Fraga organized a ield trip in Roraima, northern 

Brazil, on which we took many samples used for this atlas; John Bradshaw did the same in New 

Zealand and Luís Alberto Fernandes in Rio Grande do Sul, southern Brazil. Rodrigo Peternel, 

Camilo Trouw, Felipe Medeiros, Ron Vernon and Martyn Drury provided thin sections and/

or photos that contributed signiicantly to this atlas. Other people that we like to acknowledge 

for their help, giving samples or taking us to the ield, are: Guido Gosso, André Ribeiro, Brígida 

Castro de Machuca, Mariana Zuquim, Hugo Polo, Rodrigo Vinagre, Henrique Roig, Saskia ten 

Grotenhuis, Alexis Rosa Nummer, José Ramon Martinez Catalan and Antonia Baldez. José Altino 

helped with the drawing of several igures. Tarcisio Abreu elaborated high quality thin sections. 

Elisabeth Sillmann took care of the typesetting and layout.

Funding for our research was provided by CNPq and CAPES (Brazil), the Schürmann Founda-

tion (the Netherlands), DFG and DAAD (Germany).

We hope that the examples shown in this atlas will help students and geologists working with 

mylonites to interpret these beautiful and important deformation features correctly.

R. A. J. Trouw

C. W. Passchier

D. J. Wiersma
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1 Introduction

It is not our intention to present a thorough theoreti-

cal treatment on mylonites and related rocks in this 

atlas. his can be found in several textbooks (e.g. Shel-

ley 1993; Snoke et al. 1998; Blenkinsop 2000; Vernon 

2004; Passchier & Trouw 2005) and in many articles 

referred to in these books. Especially the excellent 

photographic atlas by Snoke et al. (1998) gives an 

extensive overview of current ideas on nomenclature 

and processes related to fault rocks. Why then did 

we produce another atlas of mylonites? We felt the 

need for a simple, accessible treatment of the subject 

for students and all geologists with an interest in 

mylonites. Microstructural terminology follows es-

sentially Passchier & Trouw (2005), to which this atlas 

provides an illustrated addition. Below we give a short 

overview of the most relevant aspects of mylonites 

and associated rocks.

1.1 Deinition of the term “mylonite”

he concept of a mylonite is not easy to catch in a 

simple and precise deinition (see e.g. Mawer 1986). 

Snoke & Tullis (1998) provide an excellent discussion 

on the historical evolution of the meaning of the 

word mylonite and the understanding of fault rocks 

by geologists. Below we give a simpliied version and 

our personal view on this subject. Although mylonite 

is frequently used as a rock name, the term has in fact 

more of a structural than a lithological signiicance. 

he term was coined by Lapworth (1885) to designate 

ine-grained schistose rocks in faults such as the 

Moine hrust in Scotland, formed mainly by a proc-

ess of crushing, dragging out and grinding, hence the 

word mylonite, derived from the greek μυλων, a mill. 

Lapworth was, however, aware that secondary proc-

esses such as recrystallisation of quartz and mica also 

played a role during mylonite formation. Improve-

ment of the knowledge how grain-size reduction takes 

place by recovery and recrystallisation (summarised, 

for example, in Passchier & Trouw, 2005) led to a sig-

niicant modiication of the concepts of faults, shear 

zones, mylonites and mylonite zones. Shear zones 

are now understood as narrow high-strain zones 

that accommodate lateral displacement of adjoining 

volumes of rock. he nature of deformation in shear 

zones varies with depth, thermal gradient, rock type 

and several other factors (e.g. Ramsay 1980). Shear 

zones in which deformation was exclusively brittle 

are known as faults. Other shear zone segments can 

have a component of ductile deformation whereas 

many are exclusively ductile in their behaviour 

(ductile shear zones). For historical reasons the term 

fault is still used sensu lato in these cases to include 

narrow brittle-ductile and sometimes even ductile 

shear zones. With new insights on deformation 

mechanisms, crushed rocks from brittle faults are 

now called cataclasites or fault breccias and the term 

mylonite is restricted to cohesive rocks from ductile 

shear zones, generally formed under metamorphic 

circumstances. 

Based on these considerations, a simple deinition 

of a mylonite would be: “a strongly deformed rock 

from a ductile shear zone”. Although this deinition 

is essentially correct it is not without its problems: 

not all rocks from ductile shear zones are mylonites 

and some mylonites are diicult to associate with a 

speciic ductile shear zone. 

Ductile shear zones are recognized because strong-

ly deformed rocks are bordered by less deformed 

rocks. Hence, why are not all rocks from ductile shear 

zones mylonites? One should realise that mylonites 

are metamorphic rocks and as such show mineral-

ogy and structure related to their peak metamor-

phic conditions. If a mylonite was formed by strong 

ductile deformation before local peak metamorphic 

conditions, recrystallisation and grain growth might 

have completely overprinted the typical deformation 

structures of the mylonite, and it would no longer be 

recognisable as such. herefore, if deformation in a 

shear zone generates mylonites and the temperature 

increases aterwards, the mylonitic aspect of the 

structure may be destroyed, but the shear zone may 

still be recognizable by dislocated markers. 

A second problem is that some mylonites cannot 

easily be associated with speciic ductile shear zones. 

his is oten a matter of scale. If an entire mountain 

range is intensely deformed and deformation is not 

clearly constrained to distinct shear zones, all in-

volved rocks are called mylonites because they share 
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the same microstructure? Ater all one could argue 

that the entire mountain range could be considered 

a huge shear zone. However, this is not common 

practice. 

We may conclude that the deinition of mylonites 

as rocks from shear zones is not fully satisfactory 

(compare Wise et al. 1984; Mawer 1986; Snoke & 

Tullis 1998).

Another possible deinition could simply be: “a 

mylonite is a strongly deformed rock”. By deinition 

the deformation in shear zones is stronger than in 

adjacent areas, hence the mylonites would be the 

strongest deformed rocks in such a context. Although 

this deinition is attractive and oten correct, it suf-

fers from the very subjective signiicance of the word 

“strongly”. What one scholar may consider a “strongly 

deformed rock” another may interpret as just "de-

formed"; and how can we judge the intensity of total 

deformation anyway from structures that usually only 

show the last increments of deformation? 

As explained above, most metamorphic rocks un-

dergo a complex evolution of repeated deformation, 

recrystallisation and grain growth. Metamorphic 

rocks usually seem to keep pace in this process and 

eventually form regular schists or gneisses. Some 

metamorphic rocks, however, sufer relatively intense 

and/or rapid deformation during the retrograde leg 

of their P-T-t paths and these would show up as my-

lonites. However, the quantity of total deformation in 

the schists may be as high as in these mylonites.  his 

is sometimes obvious by the dislocation of schists in 

nappe complexes. herefore, it is the intensity of de-

formation visible in the microstructure that classiies 

a rock as a mylonite, rather than the total strain that 

the rock has sufered.

We may conclude that the term mylonite refers to 

rocks with a speciic (micro)structure that, in most 

cases, can be qualiied as follows:

Presence of a strong SL fabric –

Presence of a ine-grained matrix with porphy- –

roclasts. Minerals like quartz, chlorite, biotite 

and muscovite are usually present in the matrix, 

either highly strained at low grade, or recrystal-

lised at higher grades. Minerals like feldspar, 

garnet, hornblende and pyroxenes may form 

porphyroclasts, commonly showing evidence of 

crystal-plastic deformation by undulose extinc-

tion and/or partial recrystallisation

Presence of a certain asymmetry, especially in  –

low-grade mylonites, in the form of C/S fabric 

or C´ shear bands, mineral ish, stair stepping, 

oblique foliation etc.

Finally, we may deine mylonites as rocks of any 

composition, usually associated with shear zones, 

with a speciic structure indicative of stronger ductile 

deformation then adjacent rocks. his structure can 

be further speciied by the presence of a strong SL 

fabric, the presence of a relatively ine-grained matrix 

with porphyroclasts (only absent in ultramylonites) 

and the frequent occurrence, especially in low-grade 

mylonites, of asymmetric structures like C/S or C´ 

shear bands, mineral ish, stair stepping, oblique 

foliation etc. To be preserved they tend to form on 

the retrograde leg of the P-T-t path.

1.2 Classiication of mylonites

Mylonites have been subdivided into protomylonites, 

mylonites and ultramylonites, depending on the per-

centage of matrix versus porphyroclasts (Sibson 1977; 

Scholz 1990; Schmid & Handy 1991). A protomylonite 

has between 10 and 50% matrix, a mylonite has 50-90% 

matrix and an ultramylonite has between 90 and 100% 

matrix. Some ultramylonites have also been referred 

to as phyllonites, a term also used for mylonites rich 

in mica, derived from schists.

Since the mylonite matrix is usually recrystal-

lised and porphyroclasts are normally not, the 

classiication is sometimes based on the percentage 

of recrystallisation. However, this practice is not 

recommended because in low-grade mylonites a 

considerable part of the matrix is not necessarily 

the product of recrystallisation and in high-grade 

mylonites a considerable part of the porphyroclasts 

may be composed of recrystallised grains.

Although the classiication of Sibson (1977) has 

proven to be useful, in practice the following remarks 

have to be considered. First, the precise limit in terms 

of grain size between matrix and porphyroclasts is 

subjective; this introduces a certain lack of precision 

into the classiication. Secondly, the percentage of por-

phyroclasts is strongly dependent on the type of parent 

rock. For instance, a quartzite subject to mylonitisa-

tion will form an ultramylonite at much lower strain 

than a granite, because the irst has no feldspar to form 

porphyroclasts. Hence, comparison between the three 

types of mylonites in terms of strain intensity is only 

relevant if the same parent rock is considered.

Another term oten used in the literature on mylo-

nites is blastomylonite, to designate those mylonites 

with static recrystallisation of part of the fabric ater 

deformation ceased. Since most mylonites show at 

least some recrystallisation and since it is hard to 

deine what part of this recrystallisation was static, 
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Fig. 1.1  Distribution of the main types of fault rocks 
with depth in the crust. 

a  Schematic cross-section through a transcurrent 
shear zone. The zone may widen, and changes in 
geometry and dominant type of fault rock occur 
with increasing depth and metamorphic grade.

b  Schematic representation of four typical fault 
rocks (out of scale) and the local geometry of the 

shear zone in a one-meter-wide block, such as would 
develop from a phenocryst granite. Inclined (normal 
or reverse) shear zones show a similar distribution of 
fault rocks and shear zone geometry with depth. No 
vertical scale is given since the depth of the transition 
between dominant ductile deformation and brittle 
fracturing depends on rock composition, geothermal 
gradient, bulk strain rate and other factors.  
gs: generation surface. 
(after Passchier & Trouw 2005, their Fig. 5.2)

Introduction

5

we have chosen, in this atlas, to subdivide mylonite 

into low-grade, medium-grade and high-grade ones, 

mainly based on the grain size , type and complete-

ness of recrystallisation.

1.3 Determining factors in the 
formation of mylonites

he formation of mylonites and related rocks is mainly 

controlled by the following variables:

Intensity (and/or rate) of deformation –

Metamorphic conditions during and ater mylo- –

nitisation; this includes temperature, conining 

pressure and the presence and composition of 

luids

Mineralogical composition of the parent rock –

he irst of these variables is expressed in the clas-

siication of protomylonites, mylonites and ultramy-

lonites, of which examples are shown in Chapter 7. 

his classiication is particularly useful in low-grade 

mylonites where clear contrasts between these three 

types are relatively common. In higher-grade mylo-

nites with larger grain size in the matrix and more 

equal strain distribution, the transition between the 

three types is usually more gradual. 

he second variable, metamorphic conditions, can 

also be understood as depth of formation (Fig. 1.1). 

Chapters 2 to 6 show examples of shear zone related 

rocks formed under conditions of increasing tem-

perature and pressure. Cataclasites and fault breccias 

are typical of low temperatures, close to the surface 

(Chapter 2), where deformation occurs in the brittle 

regime. Pseudotachylytes (Chapter 3) form also in the 

brittle regime where earthquake-generating motion 
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produces suicient heat by friction to locally melt 

the wall rock or to melt cataclasite derived from the 

wall rock. Local melting produces veins of liquid that 

solidify quickly ater the movement stops. Chapters 

4, 5 and 6 show examples of mylonites, derived from 

quartzo-feldspathic rocks, that are formed under in-

creasing temperature. Medium-grade mylonites oten 

show a granoblastic texture of quartz in the matrix, 

with small to medium grain size (blastomylonites). 

High-grade mylonites, also referred to as striped 

gneisses, are usually characterized by the presence 

of few porphyroclasts. Strain free quartz grown to 

medium grain size often forms ribbons between 

recrystallised feldspar.

In some reactivated shear zones, lower grade mylo-

nites can be superposed on higher grade ones showing 

structures of contrasting metamorphic grade. he 

inverse may also occur but will be rarely preserved. 

Examples of the inluence of the third variable, 

mineralogical composition, are shown in Chapter 8. 

Most examples are from maic parent rocks, such as 

amphibolites, but examples of mylonitised perido-

tites, serpentinites, eclogites, calcsilicate rocks and 

carbonatic rocks are also shown.

Chapter 9 is dedicated to shear sense indicators, 

which are usually much better developed in low-grade 

mylonites than in high-grade ones. 

Correct interpretation of the microstructure of 

quartz in the progressive process of crystal-plastic 

deformation, recovery and recrystallisation, is crucial 

to the understanding of mylonites. herefore, a short 

review of these structures is given in Chapter 10. It has 

to be kept in mind, however, that these structures are 

not exclusive for mylonites and are therefore usually 

treated separately in textbooks.

Some rocks have structures that resemble my-

lonites closely, but that are formed under diferent 

circumstances. Examples of these are shown in 

 Chapter 11 under the heading “false” mylonites.

Finally, a number of exercises are given in Chap-

ter 12 to give the reader the opportunity to check his or 

her ability to interpret mylonites. We ofer our inter-

pretation at the end of the chapter, but are aware that 

in some cases other interpretations may be possible. 

In addition to the cited references, an extensive bib-

liography lists most articles and books on the subject 

of mylonites and related rocks that were available at 

the end of 2008.

Samples of mylonites and other fault rock structures 

shown in photomicrographs in this book have been 

taken from shear zones in many diferent tectonic set-

tings, in order to expose the reader to a large number 

of examples with diferent geometries, rock types and 

metamorphic conditions. We have purposely mixed 

dextral and sinistral shear sense in our examples, in 

order to make the approach more realistic. 

Most thin sections have the location of origin 

mentioned in the caption; some are from unknown 

origin and others are from the “Leiden collection”, the 

extensive teaching collection of thin sections of Henk 

Zwart at Leiden University, for which the location was 

not always recorded.

In general we have avoided using abbreviations but 

in the igure captions we use PPL for plain polarized 

light and CPL for crossed polarized light.
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2 Cataclasites 

he cataclasites presented in this chapter are all cohesive fault rocks that show evidence of brit-

tle fracturing although other processes such as grain boundary sliding and pressure solution 

may have played a role in their formation as well. hese rocks are usually composed of angular 

broken rock fragments embedded in a matrix of quartz, iron oxide, calcite, chlorite and/or other 

minerals that precipitated from a luid. Cohesive cataclasites are thought to form in the P-T realm 

where brittle deformation predominates, that is, approximately in the upper 10 km of the Earths 

crust, with lithostatic pressure up to about 3 kbar and temperatures up to about 300 °C (Fig. 1.1). 

However, this depth cannot be established with precision because other factors, like the presence 

or absence of luids and the strain rate, play also an important role. 



Fig. 2.2  Transition between a fractured rock at lower left to a fault breccia in the center and to a mica bearing 
cataclasite in the upper right hand part of the photograph. Notice the curved mica at right. Buzios, Rio de Janeiro-
State, SE Brazil. Width of view 3 mm. PPL.

Fig. 2.1  Cataclasite showing angular rock fragments, mainly of quartz, embedded in a matrix of iron oxide. It is 
diicult to deine a parent rock in this case, because the sample was taken from a fault zone that separates Pre-
cambrian gneisses from Tertiary sedimentary conglomerates and sandstones. Many of the quartz fragments are 
probably derived from quartz veins in the fault zone. Buzios, Rio de Janeiro State, SE Brazil.  
Width of view 4 mm. Plain Polarized Light (PPL).
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Fig. 2.4  As Fig.2.3. Crossed Polarized Light (CPL).

Fig. 2.3  Narrow zone of fault breccia and cataclasite in a quartzitic parent rock. The matrix is mainly composed 
of iron oxide. Note the lack of undulose extinction in the quartz fragments (Fig. 2.4). Buzios, Rio de Janeiro State, 
SE Brazil. Width of view 4 mm. PPL .
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Fig. 2.6  Quartzite showing evidence of weak ductile deformation transected by a cataclastic shear zone. Note 
the large variation of grain size of the angular fragments in the shear zone. The quartz grains in the wall rock have 
interlobate contacts due to grain boundary migration and incipient bulging recrystallisation. Guapé, southern 
Minas Gerais State, SE Brazil. Width of view 4 mm. CPL.

Fig. 2.5  Deformed quartzite with a cataclastic shear zone. Undulose extinction in the wall rock in the upper and 
lower parts of the photomicrograph shows that this rock experienced some ductile deformation. The horizontal 
brittle shear zone in the central part has relatively sharp contacts and is illed with fragments of quartz ranging 
from very small to medium grain size. In this case it is diicult to deine the percentage of matrix of this catacla-
site because the transition between fragments and matrix is gradational. No sense of shear can be determined 
from this structure. Guapé, southern Minas Gerais State, SE Brazil. Width of view 4 mm. CPL.
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Fig. 2.7  Deformed low-grade quartzite with a cataclastic shear zone in vertical position. Deformation in the 

quartzite is evident by the sweeping undulose extinction in most grains and by the lobate contacts due to low 
temperature grain boundary migration. The small grain size in the cataclastic shear zone is probably mainly the 
result of fracturing, but no clear matrix is developed. Other possible mechanisms that may have contributed are 
grain boundary sliding and dissolution. Guapé, southern Minas Gerais State, SE Brazil. Width of view 4 mm. CPL.
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Fig. 2.9  As Fig. 2.8. Width of view  22 mm. CPL.

Fig. 2.8  Fault breccia, formed in a low-grade mylonite derived from a quartz-feldspathic rock. Notice the low 
percentage of matrix, deined as opaque material along the fault planes. No reliable sense of shear can be deter-
mined in this photomicrograph. Guapé, southern Minas Gerais State, SE Brazil. Width of view  22 mm. PPL.
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Fig. 2.11  As Fig.2.10. Width of view 20 mm. CPL.

Fig. 2.10  Cataclasite derived from a protomylonitic granite showing how the individual fragments are rotated 
during deformation, visible by the diferent orientation of their foliation. Pyrenees, Spain.  
Width of view 20 mm. PPL. 
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Fig. 2.12  Mylonitic quartz muscovite schist with horizontal schistosity, cut by a subvertical cataclastic vein, illed 
with rock fragments and abundant iron oxide. Some mica ish in the wall rock, to the right from the centre, indi-
cate dextral sense of shear in the schist. No sense of shear can be determined in the cataclastic vein.  
Carrancas, southern Minas Gerais State, SE Brazil. Width of view 20 mm. CPL.
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Fig. 2.14  As Fig. 2.13. Width of view 16 mm. CPL.

Fig. 2.13  Cataclasite developed in a mylonitic granite. The inclined orientation of elongated fragments at upper 
right probably indicates sinistral sense of shear. Uruguay. Width of view 16 mm. PPL.
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Fig. 2.16  Dextral fault zone in a ine-grained sedimentary rock. Notice that no cataclasite or breccia is visible at 
this magniication. Mechanisms to make this kind of movement possible include grain boundary sliding and dis-
solution. Crato, NE Brazil. Width of view 20 mm. PPL.

Fig. 2.15  Low-grade ultramylonite, transformed into a fault breccia in the upper part of the photomicrograph. 
No reliable sense of shear can be determined from this image. The fabric may be due to superposition of low 
temperature brittle deformation on a structure formed at higher temperature. However, it is also possible that 
ductile deformation took place at low strain rate under low grade conditions and that the acceleration of this rate 
along a certain layer caused the fracturing at the same metamorphic circumstances. Uruguay.  
Width of view 20 mm. PPL.
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Fig. 2.18  Mylonite derived from an amphibolitic and biotite-rich parent rock, cut by a fault (upper left to lower 
right). Note the hornblende porphyroclast at lower left and the garnet porphyroclast in the center, cut in half 
by the fault. The fault plane is marked as a dark line of opaque material. No sense of shear is apparent. Scotland. 
Width of view 5 mm. PPL.

Fig. 2.17  Fault breccia developing in a quartz-rich gneiss. The white bands are large quartz crystals. Undulose 
extinction of the grey quartz above the center is evidence of minor ductile deformation. San Juan, Argentina. 
Width of view 12 mm. CPL.
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Fig. 2.19  Cataclastic zone in deformed granite. Note variation in size of fragments and the presence of sharp 
black lines representing fault planes (upper right to lower left). No sense of shear can be deduced from this view. 
Kaokoveld, Namibia. Width of view 16 mm. PPL.

Fig. 2.20  As Fig. 2.19. Width of view 16 mm. CPL.
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Fig. 2.22  As Fig. 2.21. Width of view 23 mm. CPL.

Fig. 2.21  Amphibole-bearing granodiorite (upper part) cut by a cataclastic fault zone (lower part). Note the pres-
ence of angular rock fragments. A probable sinistral sense of shear can be inferred from the inclined lenses in the 
cataclasite close to the contact. San Juan, Argentina. Width of view 23 mm. PPL.
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Fig. 2.24  As Fig. 2.23. Width of view 15 mm. CPL.

Fig. 2.23  Cataclastic to protomylonitic granite cut by a zone of cataclasite (subhorizontal through the center). 
The foliation in the lower part, inclined to the right, probably indicates sinistral sense of shear. Leiden collection.  
Width of view 15 mm. PPL.
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Fig. 2.25  Cataclasite developed in an ultramylonite. The laminated rock visible in the upper part is an ultra-
mylonite. Angular fragments are recognizable in the central part, embedded in a ine-grained greenish matrix 
composed of chlorite and quartz. The sample comes from a ductile shear zone that was later reactivated at lower 
temperature, in the brittle regime. Virginia, southern Minas Gerais State, SE Brazil. Width of view 20 mm. PPL.
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3 Pseudotachylytes

Pseudotachylytes are cohesive glassy or very ine-grained fault rocks that characteristically occur 

in veins. hey are composed of an extremely ine-grained or glassy matrix with inclusions of 

wall-rock fragments. Commonly, a straight main fault vein (Sibson 1975; Spray 1992) represent-

ing a generation surface (Fig. 1.1) is present, from which smaller injection veins branch out. he 

main criteria to distinguish pseudotachylytes from cataclasites are:

he presence of injection veins branching from a straight main fault vein (generation sur- –

face). 

A sharp transition between pseudotachylyte veins and the wall rock, with characteristic  –

embayments at the site of mica or hornblende crystals; in cataclasites the transitions are 

more commonly gradual. here is potential confusion, however, where pseudotachylyte is 

in contact with cataclasite rather than with intact wall rock.

Other typical pseudotachylyte microstructures are a preferential occurrence of clasts of quartz 

and absence of mica clasts in the matrix, ine powdery sulphite in quartz clasts, and the presence 

of larger clasts in a homogenous ine-grained matrix. In cataclasite, there tends to be a more 

general transiton between matrix, small clasts and larger clasts.

Pseudotachylytes are thought to form by generation and subsequent melting of ine-grained 

cataclastic rock along friction surfaces. Shear stresses build up to high levels until they surpass 

the shear resistance of the rock, and stored elastic energy is then suddenly released by rapid 

motion on the fault (a process oten referred to as “stick-slip”) and released as heat and seismic 

waves, producing an earthquake. he generated heat melts the rock and cataclasite along the 

friction surfaces in a matter of seconds. However, this heat is restricted to a very narrow zone 

and is therefore quickly dissipated ater the movement stops, causing chilling and solidiication 

of the liquid to a glass or aphanitic crystalline material. 

Pseudotachylytes form at the same depth and temperature range as cataclasite. At deeper 

levels of the crust higher temperature favours ductile deformation by crystal-plastic processes, 

generating mylonites along shear zones (Fig.1.1). Here the deformation tends to be more continu-

ous with time.

Pseudotachylytes can also be associated with meteorite impact structures, and all pseudo-

tachylyte veins of more than two centimeters thick should be investigated with this possibility in 

mind. In some cases pseudotachylytes sufer ductile deformation ater their solidiication. his 

causes deformation of the inclusions to produce a preferred shape orientation. Some examples 

of this process are shown below.



Fig. 3.2  As Fig. 3.1. Width of view 17 mm. CPL. 

Fig. 3.1  Pseudotachylyte vein cutting a protomylonitic hornblende bearing granodiorite. Note the sharp 
contacts, the presence of inclusions and the black glassy matrix. No sense of shear can be established form this 
structure. Roraima, northern Brazil. Width of view 17 mm. PPL.
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Fig. 3.3  Pseudotachylyte band in granite. Note the sharp contacts and the feldspar inclusions in the dark glassy 
matrix. No sense of shear is apparent. Roraima, northern Brazil. Width of view 5 mm. CPL.

Fig. 3.4  Contact of pseudotachylyte (upper part) and granitic country rock (lower part). Note the sharp contact 
with small injection veins in the center. Roraima, northern Brazil. Width of view 5 mm PPL.
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Fig. 3.5  Pseudotachylyte vein in deformed granodiorite. A main fault vein or generation surface cuts the host 
rock from upper right to lower left with an injection vein propagating upwards. The dark pseudotachylyte matrix 
contains somewhat rounded inclusions, mainly of quartz and opaque minerals. The boundaries between the 
pseudotachylyte and the wall rock are sharp. Torres de Paine, southern Chile. Width of view 20 mm. PPL.

Fig. 3.6  As Fig. 3.5. Width of view 20 mm. CPL.
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Fig. 3.7  Detail of Fig. 3.5 showing the lobate shape of the contact of the injection vein of pseudotachylyte with 
the granodioritic wall rock. Rounded inclusions of quartz and opaque material lie in the matrix.  
Width of view 3 mm. PPL.

Fig. 3.8  Pseudotachylyte vein in a granitic host rock. The straight lower contact corresponds probably to the 
generation surface. Note several minor injection veins (e.g. at lower right) and the low structure. Leiden collec
tion. Width of view 20 mm. CPL.
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Fig. 3.9  Typical contact of a pseudotachylyte vein (upper part) and a granitic host rock (lower part). Note the 
orthogonal injection vein below the center and the rounded inclusions within the pseudotachylyte.  
Leiden collection. Width of view 4 mm. PPL.

Fig. 3.10  Detail of pseudotachylyte vein showing typical lobate and circular “devitriication” structures  around 
gas bubbles in  a ine-grained matrix. The gas bubbles are now illed with opaque material and carbonate.  
Leiden collection. Width of view 2.5 mm. PPL. 
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Fig. 3.11  Pseudotachylyte vein (black) in a host rock of cataclastic protomylonitic granite. The pseudotachylyte 
vein has sharp contacts with cataclasite in the center and along the lower contact. The cataclasite was probaly 
the precursor rock from which the pseudotachylyte formed. Leiden collection. Width of view 20 mm. PPL.

Fig. 3.12  As Fig. 3.11. Width of view 20 mm. CPL.
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Fig. 3.13  Pseudotachylyte vein (dark) in a host rock of protomylonitic cataclastic orthogneiss. An injection 
vein intrudes upwards, left of the center. Many minor faults can be observed in the host rock. Inclusions in the 
pseudotachylyte vein are stretched upper left to lower right (comparable to oblique foliation), indicative of 
ductile deformation superposed on the pseudotachylyte formation, probably with a sinistral sense of motion. 
Roraima, northern Brazil. Width of view 13 mm. PPL.

Fig. 3.14  As Fig. 3.13. Width of view 13 mm. CPL.
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Fig. 3.15  Detail of Fig. 3.13, showing how the injection vein (above the center) is connected to the main 
pseudotachylyte vein. The foliation induced by ductile deformation in the pseudotachylyte vein is horizontal in 
this view. Width of view 4 mm. PPL.
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Fig. 3.16  Pseudotachylyte vein (dark, lower part) in a host rock of mylonite (upper part) to protomylonite 
(lower part) with many minor faults. Minor injection veins are common, especially along the lower contact of the 
pseudotachylyte vein. Ductile deformation within the pseudotachylyte vein has induced an “oblique foliation” by 
deformation of light colored inclusions. This “oblique foliation” and asymmetric folds in the host rock are indica-
tive of dextral sense of shear. The folded and faulted dark bands in the upper part of the photomicrograph are 
ultramylonitic. Roraima, northern Brazil. Width of view 17 mm. PPL

Fig. 3.17  As Fig. 3.16. Width of view 17 mm. CPL

Chapter 3

36

.



Fig. 3.18  Typical contact of a pseudotachylyte vein (dark upper part) in a granitic host rock. Note the inclusions 
in the pseudotachylyte, the sharpness of the contact, the presence of minor injection veins and the fractures in 
the host rock. Leiden collection. Width of view 4 mm. PPL.
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Fig. 3.19  Pseudotachylyte (black domain in the upper part) veins in a host rock of mylonite derived from a felsic 
granulite. The porphyroclasts in the mylonite are composed of feldspar and orthopyroxene. The matrix is rich in 
biotite. Elongated inclusions in the pseudotachylyte are the result of minor ductile deformation after the solidi-
ication of the pseudotachylyte. Note the irregular shape of the pseudotachylyte vein and some isolated patches 
(right of the center) that may be linked to the main pseudotachylyte body in the third dimension. A minor fault  
with apparent sinistral ofset is present left of the center. No general sense of shear can be deduced from this 
photomicrograph. Mount West, Western Australia. Width of view 18 mm. PPL.

Fig. 3.20  As Fig. 3.19. Width of view 18 mm. CPL.
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Fig. 3.21  Pseudotachylyte vein (black, lower left to upper right) with relatively large and abundant inclusions of 
host rock. The host rock is a low-grade mylonite rich in biotite and garnet below the vein, with few orthopyrox-
ene porphyroclasts, and rich in quartz and feldspar above the pseudotachylyte vein. All large grey crystals in the 
upper part, with undulose extinction, are feldspars. Mount West, Western Australia. Width of view 22 mm. CPL.

Fig. 3.22  Detail of Fig. 3.21, showing low structure in the pseudotachylyte. Width of view 4 mm. PPL.
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Fig. 3.23  Pseudotachylyte vein (black) in a host rock of mylonitised granulite with porphyroclasts of plagioclase, 
garnet and orthopyroxene embedded in a biotite-rich matrix. The pseudotachylyte vein has sharp contacts and 
an irregular shape. Some parts of the matrix (upper right) show cataclastic deformation in addition to mylonitisa-
tion. Mount West, Western Australia. Width of view 20 mm. PPL.

Fig. 3.24  As Fig. 3.23. Width of view 20 mm. CPL.
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Fig. 3.25  Pseudotachylyte vein (dark upper part) in folded schist. Note the embayment at upper left with the 
internal low structure typical of pseudotachylytes. Leiden collection. Width of view 14 mm. PPL. 

Fig. 3.26  As Fig. 3.25. Width of view 14 mm. CPL.
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Fig. 3.27  Detail of Fig. 3.25, showing the low structure in the embayment of the pseudotachylyte vein.  
Width of view 3 mm. PPL.
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Fig. 3.28  Pseudotachylyte vein in protomylonitic to cataclastic granitic host rock. Note the injection vein intrud-
ing downwards from the lower contact. Many inclusions are relatively angular. A vague low structure is visible in 
the vein suggesting low from left to right. Leiden collection. Width of view 25 mm. PPL.

Fig. 3.29  As Fig. 3.28. Width of view 25 mm. CPL.

Pseudo
tachylytes

43



Chapter 4 | Low-Grade Mylonites



Low-Grade  
Mylonites

47

4 Low-Grade Mylonites

he temperature range for these mylonites is thought to be roughly between 250 and 500 °C. here 

is a gradual transition between cataclasites and low-grade mylonites. Whereas many feldspar 

porphyroclasts in low-grade mylonites still show fracturing by cataclasis, the quartz is usually 

deformed by crystal-plastic processes as shown by its change in shape and by undulose extinc-

tion. At increasing temperature bulging recrystallisation starts to manifest itself along the lobate 

contacts and eventually recrystallisation by subgrain rotation takes over (Chapter 10).

he main distinguishing feature of low- and medium-grade mylonites is the size to which 

recrystallised quartz has grown. In low-grade mylonites this size is smaller than 50 micrometers 

whereas in medium-grade ones it is larger. Although felspar is mostly deformed by fracturing, 

crystal-plastic deformation is evident by undulose extinction and comminution into tiny new 

grains.

Biotite is usually reduced to very small grains in the matrix, but muscovite tends to resist de-

formation and may develop into porphyroclastic “ish”, especially when surrounded by quartz. In 

micas and feldspars deformed at low grade, it is usually hard to determine if grain comminution 

is due to cataclasis or recystallisation.

Another characteristic feature of low-grade mylonites is the frequent presence of sharp tran-

sitions between protomylonites, mylonites and ultramylonites, relecting strong gradients of 

strain intensity. Asymmetric structures that can be used as shear sense indicators (Chapter 9) 

are best developed in low-grade mylonites; these are less common in cataclasites and high-grade 

mylonites.

It is important to realise that, when estimating metamorphic grade during mylonitisation from 

the microstructure, we actually judge the conditions during the inal deformation stage. Earlier 

stages may be overprinted and not recognisable any more. In some cases this superposition may 

be only partial, leaving evidence for activity at diferent temperatures (Chapter 9.8).



Fig. 4.1  A very low-grade mylonite, transitional to cataclasite, derived from hornblende syenite. The large K-
feldspar porphyroclast is broken into many fragments that are progressively incorporated in the foliated matrix. 
No recrystallisation is visible. A mylonitic foliation is developing in the upper and lower parts of the photomicro-
graph. No sense of shear is apparent in this photomicrograph. Twjfelfontein, Kaokoveld, NW Namibia.  
Width of view 14 mm. CPL.

Fig. 4.2  Example of a mosaic-fragmented feldspar porphyroclast in a low-grade mylonite derived from granite. 
Sinistral sense of shear can be deduced from the sinistral ofset (syntaxial) along faults slightly inclined to the left 
and dextral ofset along faults steeply inclined to the right (antitaxial). St. Barthélemy Massif, French Pyrenees. 
Width of view 4 mm. CPL.
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Fig. 4.3  Low-grade mylonite derived from granite. Notice the narrow transition between protomylonite in the 
upper part and ultramylonite near the lower edge of the photograph, characteristic for low-grade mylonites. No 
recrystallisation is apparent at this magniication. The small angle between the more steeply inclined mylonitic 
foliation in the upper part and the more lat lying one in the lower part indicates dextral sense of movement 
(C/S fabric). St. Barthélemy Massif, French Pyrenees. Width of view 12 mm. CPL.

Fig. 4.4  Detail from the same thin section as Fig. 4.3, showing contrasting behaviour of Kfeldspar and quartz. 
The Kfeldspar (above center) is broken into a dozen slices dislocated in an en echelon pattern. They show minor 
crystalplastic deformation. The lower part of the photomicrograph is mainly composed of one large quartz grain 
with strong undulose extinction, indicating considerable crystalplastic deformation and minor recrystallisation 
into very small new grains, along high strain zones that nucleate from intracrystalline faults in the feldspar.  
Width of view 4 mm. CPL.
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Fig. 4.5  Low-grade mylonite derived from granite. Quartz is strongly deformed by crystal-plastic deformation 
and does not show any recrystallisation. The C/S fabric in the upper left part of the photomicrograph and the 
inclined shear band (C´) in the lower right part are both indicative of sinistral sense of shear. A feldspar porphyro-
clast in the central upper part is broken into small fragments. Oropa, Italian Alps. Width of view 17 mm. PPL.

Fig. 4.6  As Fig. 4.5. Width of view 17 mm. CPL.
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Fig. 4.7  Detail of the low-grade mylonite of Fig. 4.6. The quartz-rich bands show strong undulose extinction 
due to crystalplastic deformation, without visible recrystallisation. The mica-rich matrix is mainly composed of 
very inegrained biotite. Oblique shear bands (C´) from upper right to lower left indicate sinistral sense of shear. 
Width of view 6 mm. CPL.

Fig. 4.8  Other detail of the lowgrade mylonite shown in Fig. 4.6. Individual quartz grains are strongly deformed 
and draped around the more resistant Kfeldspar porphyroclast in the center. Note the undulose extinction both 
in the quartz and in the Kfeldspar. Stair stepping around the porphyroclast indicates sinistral sense of shear. 
Width of view 3 mm. CPL.
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Fig. 4.9  Mylonite derived from a schist, containing biotite, muscovite, quartz, garnet and kyanite. Although the 
schist is of amphibolite facies, the mylonitisation, or at least the last mylonitisation, occurred at lower greenschist 
facies conditions, as indicated by the quartz ribbons with strong undulose extinction (Fig. 4.10) and only partial 
recrystallisation by bulging (see Fig. 4.11). Dextral sense of shear is suggested by oblique fabric in the quartz rib-
bons, some mica ish and incipient shear bands (C´) in the lower biotite and garnetrich band.  
Marsjällen, Västerbotten, Sweden. Width of view 16 mm. PPL.

Fig. 4.10  As Fig. 4.9. Width of view 16 mm. CPL. 
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Fig. 4.11  Detail of Fig. 4.10, showing incipient recrystallisation by bulging in the quartz vein above the center. 
The lobate contacts of the deformed quartz grains deine an oblique foliation consistent with dextral shear sense.  
Width of view 3 mm. CPL.
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Fig. 4.12  Mylonite derived from paragneiss with garnet, kyanite, biotite and K-feldspar. Note the strong devia-
tion of the mylonitic foliation around the garnet porphyroblast at right. The yellow grains in Fig. 4.13 are kyanite 
crystals. Note that the quartz grains below the garnet were protected from deformation, probably by extension 
of the garnet below or above the thin section (in 3D). No sense of shear is apparent in this view.  
Marsjällen, Västerbotten, Sweden. Width of view 16 mm. PPL.

Fig. 4.13  As Fig. 4.12. Width of view 16 mm. CPL.
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Fig. 4.14  Detail of Fig. 4.13 to show deformed quartz with undulose extinction and lobate contacts. Note incipi-
ent recrystalisation by bulging, indicative of low-grade metamorphic conditions during mylonitisation.  
Width of view 3 mm. CPL.
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Fig. 4.15  Low-grade mylonite derived from a granite. Feldspar porphyroclasts, some with undulose extinction 
are surrounded by a quartz-rich matrix. Notice limited recrystallisation in quartz (Fig. 4.17), mainly by bulging. 
Sense of shear is dextral as indicated by the C/S fabric left of the center. Mount West, Australia.  
Width of view 18 mm. PPL.

Fig. 4.16  As Fig. 4.15. Width of view 18 mm. CPL.
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Fig. 4.17  Detail of Fig. 4.16, showing a porphyroclast of K-feldspar with undulose extinction and apparent 
recrystallisation to very small grains mainly concentrated in the strain shadows. Quartz (light colored veins e.g. 
upper right) shows minor recrystallisation by bulging, consistent with low metamorphic conditions.  
Width of view 1.25 mm. CPL.
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Fig. 4.18  Low-grade mylonitised granite. Most porphyroclasts show undulose extinction (Fig. 4.19). Biotite-rich 
seams in the matrix were strongly sheared and became C planes, separating lenses with less strain and preserved 
S planes (C/S fabric). The C/S fabric indicates dextral shear. Asymmetric folds at lower left support this interpreta-
tion. Western Australia. Width of view 16 mm. PPL.

Fig. 4.19  As Fig. 4.18. Width of view 16 mm. CPL.
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Fig. 4.20  Detail of Fig. 4.19, showing a strongly deformed porphyroclast of plagioclase with accentuated undu-
lose extinction and minor recrystallisation to a very inegrained aggregate of new grains, especially along the 
upper contact. Dextral sense of shear is indicated by the stair stepping from left to right across the porphyroclast. 
Quartz (upper right part) is strongly deformed with only minor recrystallisation, pointing to low temperature 
conditions. Width of view 3 mm. CPL.
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Fig. 4.21  Mylonitised granulite with porphyroclasts of plagioclase, orthopyroxene and amphibole embedded in 
a dark matrix. A sinistral sense of shear can be deduced from a large delta-type plagioclase porphyroclast above 
the center, with strong undulose extinction (Fig. 4.22). Low metamorphic conditions are indicated by the highly 
elongated deformed quartz grains in the lower part of the photo (see also Fig. 4.23). Western Australia.  
Width of view 12 mm. PPL.

Fig. 4.22  As Fig. 4.21. Width of view 12 mm. CPL.
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Fig. 4.23  Detail of Fig. 4.22. Note the contrasting behaviour of quartz and plagioclase: the plagioclase porphy-
roclasts are deformed by crystal-plastic deformation showing undulose extinction and folded twin lamellae, 
whereas the quartz (lower right) exhibits lobate contacts with incipient bulging recrystallisation, characteristic 
for low-grade metamorphic conditions. The naked yellowish porphyroclasts are pyroxene.  
Width of view 1.25 mm. CPL. 

Fig. 4.24  Mylonitised pegmatitic granite. Feldspar porphyroclasts are strongly deformed by crystal-plastic defor-
mation. Quartz is even stronger deformed to highly undulose ribbons that are to a large extent recrystallised to 
small granoblastic new grains. Sense of shear is not obvious in this photomicrograph (it is dextral).  
Cadaquez, NE Spain. Width of view 22 mm. CPL.
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Fig. 4.26  Close-up of the plagioclase porphyroclast shown in Fig. 4.25. Notice internal kinking and folding of the 
plagioclase crystal, without recrystallisation. Width of view 4 mm. CPL.

Fig. 4.25  Detail of Fig. 4.24, showing a strongly deformed plagioclase porphyroclast, surrounded by inegrained 
recrystallised quartz. Width of view 11 mm. CPL.
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Fig. 4.28  This is also a detail of Fig. 4.24, showing an oblique foliation of mica in the upper part, indicating dex-
tral sense of shear. The quartz in the vein close to the bottom is partially recrystallised by bulging, characteristic 
for low temperature conditions. Width of view 2 mm. CPL.

Fig. 4.27  Detail of Fig. 4.24, showing undulose extinction in a large plagioclase porphyroclast that seems to be 
boudinaged. The quartz is recrystallised to a polygonal granoblastic aggregate composed of small new grains. 
Small mica ish in the lower part indicate dextral sense of shear. Width of view 3.5 mm. CPL.
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Fig. 4.29  Low-grade mylonite derived from granite. Porphyroclasts are composed of feldspar. The matrix con-
tains inegrained biotite and quartz. Sense of shear is sinistral as can be deduced from stair stepping to the left 
across the porphyroclasts. Delection of the mylonitic foliation around the porphyroclasts (Fig. 4.30) causes the 
false impression of a late crenulation with upper left – lower right trending axial plane. Another trace of the axial 
planes of incipient extensional crenulation, trending upper right – lower left (visible in the upper ultramylonite 
band) is interpreted as related to C´ shear bands. South Island, New Zealand. Width of view 18 mm. PPL.

Fig. 4.30  As Fig. 4.29. Width of view 18 mm. CPL.
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Fig. 4.31  Detail of Fig. 4.30 showing partial recrystallisation of quartz in the tip of a large K-feldspar porphyro-
clast. The biotite-rich matrix contains muscovite ish (pink); a large biotite crystal (green) included in the Kfeld
spar porphyroclast is protected from the deformation. Width of view 3mm. CPL.
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Fig. 4.32  Low-grade mylonite derived from granite. The porphyroclasts are composed of feldspar. A sinistral 
sense of shear can be inferred from minor asymmetric folds (upper right) and stair stepping to the left. South 
Island, New Zealand. Width of view 30 mm. PPL.

Fig. 4.33  As Fig. 4.32. Width of view 30 mm. CPL.
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Fig. 4.34  Detail of Fig. 4.33; the central porphyroclast of plagioclase is broken and ofset along a sinistral upper 
right – lower left trending fault, syntaxial to the movement in the matrix. The quartz in the upper horizontal 
band is stretched and partially recrystallised, forming an obique fabric also indicating sinistral sense of shear. The 
mica ish at lower left is yet another shear sense indicator. Width of view 3 mm. CPL.
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Fig. 4.35  Low-grade mylonite to ultramylomite derived from orthogneiss. The sheared-out quartz lenses with 
limited recrystallisation (Figs. 4.36 and 4.37) and the broken feldspar fragments are diagnostic for low tempera-
ture deformation. A dextral sense of shear is indicated by several asymmetric minor folds (upper part, left of 
center), a vague C/S fabric and syntaxial ofset of feldspar fragments (Fig. 4.37). Southern Minas Gerais State, 
SE Brazil. Width of view 12 mm. PPL. 

Fig. 4.36  As Fig. 4.35. Width of view 12 mm. CPL.
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Fig. 4.38  Close-up of the quartz band shown in Fig. 4.37 to show partial recrystallisation to very small new 
grains by bulging and minor subgrain rotation. The oblique fabric in quartz is consistent with dextral sense of 
shear. Width of view 0.75 mm. CPL.

Fig. 4.37  This detail of Fig. 4.36 shows dextral ofset within the feldspar porphyroclast, syntaxial to the general 
movement in the matrix. The quartz band below the center is partially recrystallised to small new grains and the 
feldspar below this band is broken to angular fragments, apparently by brittle deformation.  
Width of view 2 mm. CPL.
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Fig. 4.39  Low-grade mylonite from the same outcrop as Figs. 4.35 - 4.38. Notice the strong contrast between 
the inclined protomylonite in the lower part, with little matrix, and the dark ultramylonite bands in the upper 
part. This strong partitioning of strain intensity is common in low-grade mylonites. A dextral sense of shear is 
indicated by the angle between the less deformed lower part (S plane) and the ultramylonite bands (C planes). 
Width of view 18 mm. PPL. 

Fig. 4.40  As Fig. 4.39. Width of view 18 mm. CPL.
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Fig. 4.41  Detail of Fig. 4.40. showing sinistral ofset of feldspar fragments along steeply inclined faults, antitaxi
al with respect to the main, dextral sense of shear in the matrix. Width of view 3 mm. CPL.

Fig. 4.42  Low to mediumgrade mylonite with porphyroclasts of muscovite and feldspar in a matrix of very 
inegrained biotite and quartz, derived from a paragneiss. The oblique mica ish indicate sinistral sense of shear. 
Note the strong contrast between the shearedout and partially recrystallised quartz and feldspar that shows 
evidence of both brittle and ductile deformation. Pernambuco, NE Brazil. Width of view 4 mm. CPL.

LowGrade  
Mylonites

71



Fig. 4.44  This photomicrograph shows another view of the same thin section as Fig. 4.43 with an elongated lens 
of garnet fragments, just below the center. This lens results from cataclasis in the garnet and subsequent exten-
sion along with the matrix deformation. The large whitish porphyroclasts are feldspar and some lens-shaped 
ones are muscovite. A sinistral shear sense can be inferred from stair stepping across asymmetric porphyroclasts 
and mica ish inclined to the right (upper right). Width of view 4 mm. PPL.

Fig. 4.43  Lowgrade mylonite derived from garnetbearing granite. The central porphyroclast is garnet; the 
other white porphyroclasts are feldspar and the matrix is composed of inegrained biotite and quartz. This 
photomicrograph shows a clear contrast between the brittle behaviour of the garnet and the ductile behaviour of 
the matrix. Internal faults in the garnet show apparent dextral dislocation (“dominotype fragmented porphyro
clasts”, see section 9.7) but the shear sense in the mylonite is sinistral as can be inferred from the C/S fabric in the 
lower part and stair stepping across the garnet. Pernambuco, NE Brazil. Width of view 4 mm. PPL.
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5 Medium-Grade Mylonites

he temperature range for the formation of this group of mylonites is approximately 500 to 650 °C. 

In medium-grade mylonites quartz is usually fully recrystallised, mainly by subgrain rotation, 

and has grown to a polygonal crystalloblastic fabric of strain free grains with an average grain 

size exceeding about 50 micrometers. 

Feldspar porphyroclasts may show undulose extinction and core-mantle structures due to 

partial recrystallisation. Fracturing is not common. Strong contrasts between protomylonites, 

mylonites and ultramylonites are rare and gradual transitions to non-mylonitic rocks are com-

mon. Asymmetric structures that can be used as shear sense indicators are not as frequent as in 

low-grade mylonites.



Fig. 5.2  Mylonite derived from kyanite bearing paragneiss. At lower left, garnet (black) contains quartz inclu-
sions. A C/S fabric, with S inclined to the right and C subhorizontal is well developed and indicates sinistral sense 
of shear. Notice the well-recrystallised quartz, grown to a moderate grain size. Caxambu, southern Minas Gerais 
State, SE Brazil. Width of view 10 mm. CPL.

Fig. 5.1  Mylonite derived from kyanite bearing paragneiss. The porphyroclasts are plagioclase and kyanite 
(coloured crystals) and the matrix is composed of small biotite, muscovite and quartz. Medium-grade conditions 
during and after mylonitisation can be inferred from the relatively large grain size of recrystallised quartz. Sense 
of shear is sinistral, indicated by several kyanite ish inclined to the right, and a C´ shear band in the upper central 
part. Caxambu, southern Minas Gerais State, SE Brazil. Width of view 10 mm. CPL.
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Fig. 5.4  As Fig. 5.3. Width of view 18 mm. CPL.

Fig. 5.3  Medium-grade mylonite derived from granite. The large porphyroclasts are K-feldspar, embedded in 
a matrix of small recrystallised K-feldspar, ine-grained biotite and quartz. Medium-grade conditions can be 
inferred from the advanced recrystallisation of K-feldspar along the rims of porphyroclasts (Figs. 5.5 and 5.6). A 
dextral sense of shear is indicated by stair stepping to the right across the porphyroclasts and an incipient C/S 
fabric with S planes inclined slightly to the left and C planes inclined slightly to the right. Western Australia.  
Width of view 18 mm. PPL.
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Fig. 5.5  Detail of Fig. 5.4, showing a K-feldspar porphyroclast with undulose extinction and subgrain develop-
ment. The porphyroclast is surrounded by small K-feldspar grains that result from recrystallisation, probably 
mainly by subgrain rotation. Width of view 2 mm. CPL.

Fig. 5.6  Close-up of the rim of the same K-feldspar porphyroclast as Fig. 5.5, to show the transition between 
deformed porphyroclast with subgrains and the crystalloblastic fabric of recrystallised K-feldspar. The horizontal 
grains along the bottom are quartz. Width of view 0.75 mm. CPL.
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Fig. 5.7  Mylonite derived from a mica-rich granite. Porphyroclasts are of feldspar surrounded by a biotite and 
quartz-rich matrix. Biotite ish (green) are inclined towards the right indicating sinistral sense of shear. A C/S 
fabric has S planes inclined to the right and C planes subhorizontal or slightly inclined to the left. The size of re-
crystallised quartz is indicative for low- to medium-grade conditions during mylonitisation. St. Barthélemy Massif, 
French Pyrenees. Width of view 12 mm. CPL.

Fig. 5.8  Mylonitic schist with foliation ish composed of muscovite enveloping garnet and staurolite grains. The 
matrix is mainly composed of quartz, biotite and muscovite and resembles an ordinary schist rather than a mylo-
nite, showing static recrystallisation. The mylonitic structure is apparent from the curvature of the foliation ish 
that indicates dextral sense of shear. The fabric can also be described as a C/S fabric with subhorizontal S planes 
and C planes inclined to the right. Santa Rita do Ibitipoca, southern Minas Gerais State, SE Brazil.  
Width of view 16 mm. CPL.
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Fig. 5.9  Low- to medium-grade mylonite derived from paragneiss. The porphyroclasts are feldspar embedded in 
a matrix of quartz and mica. A sinistral sense of shear can be inferred from asymmetric folds (above center) and 
inclined mineral ish at upper right. The well-recrystallised quartz, grown to medium grain size, is indicative of the 
metamorphic conditions. Cadaquez, NE Spain. Width of view 16 mm. PPL.

Fig. 5.10  As Fig. 5.9. Width of view 16 mm. CPL.
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Fig. 5.11  Medium-grade mylonite derived from a kyanite K-feldspar paragneiss. The porphyroclasts are K-
feldspar and kyanite, surrounded by a matrix of biotite and quartz. The large K-feldspar to the right of the center 
is partially recrystallised especially along high strain zones. Sense of shear cannot be established with certainty 
from this image. Marsjället, Västerbotten, Sweden. Width of view 14 mm. CPL.

Fig. 5.12  Detail of Fig. 5.11, showing advanced recrystallisation around the K-feldspar porphyroclasts. The tran-
sition between the strongly deformed K-feldspar to a ine-grained mosaic of new grains, probably mainly recrys-
tallised by subgrain rotation, can be observed on the right hand side of the large porphyroclast. The K-feldspar 
at lower right shows curved perthitic exsolution due to crystal-plastic deformation. At lower left the horizontal 
quartz-biotite mylonitic matrix foliation is just visible. Width of view 5 mm. CPL.
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Fig. 5.13  Detail from the same sample as Fig. 5.11, showing  a large kyanite crystal covering most of the photo-
micrograph with internal deformation by kinking and folding. At lower and middle right intergrown biotite can be 
observed and at upper left a strain free recrystallised quartz grain is visible. Width of view 1.2 mm. CPL.

Fig. 5.14  Strongly kinked kyanite crystals indicating intense deformation, surrounded by recrystallised grano-
blastic quartz, indicative of medium temperature (upper greenschist to lower amphibolite facies). Lavras, south-
ern Minas Gerais State, SE Brazil. Width of view 3 mm. CPL.
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Fig. 5.15  Low- to medium-grade  mylonite derived from garnet mica schist. Most coloured grains are muscovite 
ish, at left are two garnet crystals (black in Fig. 5.16) and in the upper part are some plagioclase porphyroclasts. 
Quartz is well recrystallised. Sense of shear is sinistral, indicated by the inclination to the right of the mica ish. 
Caxambu, southern Minas Gerais State, SE Brazil. Width of view 25 mm. PPL.

Fig. 5.16  As Fig. 5.15. Width of view 25 mm. CPL.
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Fig. 5.17  Detail of Fig. 5.16 that shows strong undulose extinction of muscovite ish (coloured grains) and a gra-
noblastic fabric in quartz. The strain-free statically recrystallised quartz fabric shows that the temperature at the 
end of mylonitisation was at medium metamorphic grade, probably close to the transition between greenschist 
and amphibolite facies. Sense of shear is sinistral, indicated by mica ish inclined to the right and by an upper right 

– lower left C´ type shear band in the upper part. Width of view 3 mm. CPL.

Fig. 5.18  Medium-grade micaceous quartzite with a recrystallised foliation ish composed of muscovite. Most 
muscovite grains are recrystallised to strain-free new grains without undulose extinction. Quartz has grown stati-
cally by grain boundary migration. A sinistral sense of shear can be inferred from the curvature or stair stepping 
of the structure. Luminarias, southern Minas Gerais State, SE Brazil. Width of view 13 mm. CPL.
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Fig. 5.19  Upper greenschist facies mylonite showing a remarkable contrast between mylonitic and ultramylo-
nitic fabric in the lower part of the photograph. Porphyroclasts of feldspar are surrounded by a mica-rich matrix 
and quartz veins with a granoblastic fabric show evidence of static grain growth. The sense of shear is dextral but 
this is not obvious from this photomicrograph. Itumirim, southern Minas Gerais State, SE Brazil.  
Width of view 20 mm. CPL.

Fig. 5.20  Close-up from the same thin section as Fig. 5.19, showing the polygonal granoblastic fabric in quartz, 
resulting from static grain growth. Width of view 3 mm. CPL.
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Fig. 5.21  Fine-grained mylonite with recrystallised quartz grains forming a polygonal granoblastic fabric. The 
strong colour contrast between the individual quartz grains shows that the lattice orientation of adjacent re-
crystallised quartz grains is quite diferent. Several asymmetric folds in the ine-grained mylonitic foliation and a 
poorly developed oblique foliation indicate sinistral sense of shear. Origin unknown.  
Width of view 4 mm. CPL with gypsum plate.
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6 High-Grade Mylonites

High-grade mylonites are formed at temperatures above 650 °C. hey are relatively uncom-

mon, probably because their conservation is problematic. Most mylonites formed under these 

conditions would tend to fully recrystallise which destroys and masks the mylonitic structure. 

Mylonitic features are only preserved if grain growth is somehow inhibited in the rock, e.g. by 

its polymineralic nature.

Prominent features of high-grade mylonites are monocrystalline ribbons of recrystallised 

quartz, grown by grain boundary migration to elongated grains that are bordered by recrystallised 

feldspar. Few feldspar porphyroclasts with core-mantle structures may survive but most feldspar 

is recrystallised to polygonal crystalloblastic aggregates. Deviation of the foliation around por-

phyroclasts is usually symmetric and shear sense indicators are rarely visible in thin section. 

In some examples recrystallisation of hornblende and orthopyroxene is apparent. Recrystal-

lised grains tend to be large: quartz > 200 micrometer and feldspar > 100 micrometer.



Fig. 6.1  High-grade mylonite, or striped gneiss, derived from pegmatitic granite composed mainly of K-feldspar 
and quartz. The metamorphic grade during mylonitisation is revealed by the large grain size of recrystallised 
quartz and by the high percentage and relatively large grain size of recrystallised feldspar. The quartz forms 
ribbons that probably represent strongly deformed granoblastic grains, now recrystallised by grain boundary 
migration. The ribbon shape is preserved because along both sides of each ribbon relatively small recrystallised K-
feldspar grains impeded growth of quartz. The porphyroclast of K-feldspar, just below the center, shows undulose 
extinction and subgrain rotation recrystallisation along the rims. Três Rios, Rio de Janeiro State, SE Brazil.  
Width of view 16 mm. CPL.

Fig. 6.2  High-grade mylonite derived from pegmatitic granite composed mostly of K-feldspar and quartz. Note 
the two porphyroclasts just below the center and an elongated one with undulose extinction at upper left. Same 
locality as Fig. 6.1. Width of view 22 mm. CPL.
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Fig. 6.3  High-grade mylonite derived from granite. Horizontal quartz ribbons are present in the lower part 
together with porphyroclasts of K-feldspar. Notice that recrystallisation in the lower porphyroclast advances not 
only from the rim inwards but also along horizontal high-strain zones, probably by subgrain rotation. K-feldspar 
in the upper part of the photomicrograph is recrystallised to a larger grain size than in the lower part, probably 
due to the presence of other minerals. Miguel Pereira, Rio de Janeiro State, SE Brazil. Width of view 16 mm. CPL.

Fig. 6.4  High-grade mylonite with porphyroclast of  K-feldspar exhibiting undulose extinction due to crystal-
plastic deformation. Progressive recrystallisation is substituting the rim by a mosaic of new grains. Inclusions in 
the porphyroclast are of granoblastic quartz, with slight undulose extinction, that escaped from the intense de-
formation being enclosed in the strong porphyroclast. Notice quartz ribbons in the matrix with single elongated 
quartz grains, due to grain boundary migration. Três Rios, Rio de Janeiro State, SE Brazil.  
Width of view 22 mm. CPL.
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Fig. 6.5  Thin section from the same outcrop as Fig. 6.4. The K-feldspar porphyroclast with strong undulose 
extinction shows progressive recrystallisation by subgrain rotation along upper right – lower left high-strain 
bands. Notice the quartz ribbons composed of strain-free elongated quartz in the matrix of relatively ine-grained 
recrystallised K-feldpar. Width of view 16 mm. CPL.

Fig. 6.6  Detail of Fig. 6.5 showing the transition between the recrystallised and non recrystallised parts within 
the deformed K-feldspar porphyroclast. New grains have a rather uniform grainsize, relecting equal diferential 
stress (and temperature), and they appear in areas of high strain due to subgrain rotation.  
Width of view 4 mm. CPL.
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Fig. 6.7  Detail of the same microtructure as shown in Fig. 6.6. The central upper part of the photomicrograph is 
mainly composed of subgrains that change gradually into new grains down and sidewards. 
Width of view 3 mm. CPL.
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Fig. 6.9  Detail of Fig. 6.8, showing undulose extinction of plagioclase. The coloured grains are pyroxenes.  
Width of view 8 mm. CPL.

Fig. 6.8  Medium- to high-grade protomylonite derived from felsic granulite, with plagioclase, orthopyroxene, 
clinopyroxene, minor biotite and quartz. The matrix is mainly composed of plagioclase with undulose extinction. 
Pyroxene also exhibits undulose extinction. This rock, with only very minor quartz and biotite, resisted deforma-
tion and its classiication as a mylonite is questionable (there is no clear distinction between matrix and porphy-
roclasts). In our opinion the designation as protomylonite or mylonitic granulite seems the most appropriate. 
Mount West, Western Australia. Width of view 13 mm. CPL.
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Fig. 6.11  Quartz-rich band in high-grade paragneiss composed of quartz, plagioclase, K-feldspar, biotite, garnet 
and sillimanite. Quartz is recrystallised and grew by high-temperature grain boundary migration to elongate 
shape with lobular grain boundaries (partly due to pinning). In the white grain at upper left a plagioclase ish 
can be seen, indicating dextral sense of shear; to the right of the center other ish are present. The rock is not a 
mylonite in the strict sense, but it must have passed through a mylonitic stage as testiied by the asymmetric 
plagioclase ish. Morro do Cara de Câo, Rio de Janeiro, SE Brazil. Width of view 12 mm. CPL.

Fig. 6.10  Detail of Fig. 6.8, with gently folded pyroxene crystal (coloured, above center) and deformed pla-
gioclase with undulose extinction. Note that in this rock no clear distinction can be made between matrix and 
porphyroclasts. Width of view 2.5 mm. CPL.
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Fig. 6.12  High-grade mylonite derived from hornblende granite. Note the hornblende porphyroclasts with 
strain shadows of opaque material in a matrix of quartz, feldspar and biotite. The porphyroclasts and their strain 
shadows show a sigmoidal shape with stair stepping to the left, indicating sinistral sense of shear. The matrix is 
composed of recrystallised feldspar and quartz ribbons indicating growth by high-temperature grain boundary 
migration. Santo Antônio de Padua, Rio de Janeiro State, SE Brazil. Width of view 16 mm. PPL. 

Fig. 6.13  As Fig. 6.12. Width of view 16 mm. CPL.
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Fig. 6.14  This is a high-grade gneiss derived from hornblende granite with a mylonitic structure partially 
masked by recrystallisation. The central green patch is a relic porphyroclast of hornblende now recrystallised to 
small hornblende and quartz (partially altered in the center). In Fig. 6.15 the completely recrystallised granoblas-
tic texture of the rock is evident, but in Fig. 6.14 the asymmetric shape and the stair stepping to the right of the 
porphyroclastic aggregate indicate dextral sense of shear. Miguel Pereira, Rio de Janeiro State, SE Brazil.  
Width of view 15 mm. PPL.

Fig. 6.15  As Fig. 6.14. Width of view 15 mm. CPL. 
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Fig. 6.16  Mylonitic granulite or high-grade mylonite derived from granulite. Dark green grains are hornblende, 
light green ones clinopyroxene, pink grains orthopyroxene, and most of the whitish grains are plagioclase. Plagio-
clase and pyroxene show partial recrystallisation (see details in Figs. 6.18 and 6.19) indicating that the myloniti-
sation took place under granulite facies or slightly lower conditions. Notice the horizontal shear band (C´) in the 
center indicating sinistral sense of shear. Três Rios, Rio de Janeiro State, SE Brazil. Width of view 25 mm. PPL.

Fig. 6.17  As Fig. 6.16. Width of view 25 mm. CPL.
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Fig. 6.18  Detail of Fig. 6.17, showing a relatively coarse-grained matrix of polygonal recrystallised feldspar, with 
undulose porphyroclasts of plagioclase, some with tapering twins induced by the deformation. The large dark 
porphyroclast in the upper part is pyroxene, surrounded by small recrystallised grains. No sense of shear can be 
deduced from this image. Width of view 3 mm. CPL.

Fig. 6.19  Other detail of Fig. 6.17 with partially recrystallised orthopyroxene (brownish) and polygonal grano-
blastic plagioclase with undulose extinction. Width of view 1.25 mm. CPL.
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7 Protomylonite, Mylonite and Ultramylonite

he objective of this chapter is to show how variation of strain intensity can be judged in thin 

section. Usually this kind of variation can best be observed in low-grade mylonites where the 

percentage of porphyroclasts decreases progressively with strain intensity. However, the percent-

age of matrix is highly dependent on mineralogical composition (e.g. quartz and biotite tend to 

convert to matrix readily). Compositional banding in gneiss can therefore result in mylonitic 

banding of apparent strain variation, which in fact only relects variation in composition of the 

parent rock. Several examples of ultramylonite are derived from quartzitic rocks that tend to 

form few or no porphyroclasts at all.

he problem with protomylonites, formed at low grade, is that these rocks tend to show evi-

dence of strong deformation by elongated quartz with undulose extinction and broken feldspars, 

before developing a recognisable mylonitic matrix. In these rocks the percentage of matrix can 

rarely be used as a practical parameter for classiication.



Fig. 7.1  Low-grade mylonite derived from granite. The lower part of the photomicrograph shows a protomylo-
nite with broken feldspars and elongated quartz grains with strong undulose extinction; some mica strings are 
also present. The percentage of matrix in this part can be estimated as somewhere around 20% but the transition 
between matrix and porphyroclasts is gradational and not clearly deined. A sharp contact marks the transition 
to an ultramylonite band, with less than 10% porphyroclasts and the upper part of the photomicrograph shows a 
mylonite with approximately 60% matrix and 40% porphyroclasts. A dextral sense of shear can be inferred from 
the slight inclination of the mylonitic foliation (S plane) in the lower protomylonitic part, with respect to the folia-
tion of the ultramylonite (C plane). Saint- Barthélemy Massif, French Pyrenees. Width of view 3 mm. CPL.

Fig. 7.2  Mylonite in between two ultramylonite bands from the same thin section as Fig. 7.1. The abrupt transi-
tion indicates strain softening during mylonitisation that tends to channel the deformation along iner-grained 
parts, which then become ultramylonites. Width of view 5 mm. CPL.
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Fig. 7.3  Similar view as in Fig. 7.2, with insertion of gypsum plate to show that elongated quartz lenses, al-
though partially recrystallised, have similar optical orientation. Sense of shear is dextral as can be inferred from 
stair stepping in the yellow quartz lens left of the center. Width of view 5 mm. CPL with gypsum plate.

Fig. 7.4  Close-up of the same thin section as shown in Figs. 7.1, 7.2 and 7.3, showing deformed and broken 
feldspar in the lower protomylonitic part, cut by a very ine-grained biotite-rich ultramylonite band, and an upper 
mylonitic part, with angular feldspar fragments and stretched quartz grains with strong undulose extinction (left 
of center). The inclined foliation in the upper and lower parts (S planes) combined with the horizontal foliation in 
the ultramylonite band (C planes) point to dextral sense of shear. Width of view 1.25 mm. CPL.
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Fig. 7.5  View with gypsum plate of a contact between ultramylonite and protomylonite (lower part) from the 
same sample as Fig. 7.1. Feldspar fragments with similar colour are probably derived from a single parent crystal 
(e.g. the blue fragments below the center), indicating dextral sense of shear (see also the yellow grain at lower 
right with C´-type shear bands). Width of view 5 mm. CPL with gypsum plate.

Fig. 7.6  Initiation of mylonitisation in granite. The part shown in this view, from the same sample as Fig. 7.1, 
may be called a protomylonite but it is hard to deine what is matrix and what are porphyroclasts. The photomi-
crograph shows the diference in behaviour between quartz, strongly afected by crystalplastic deformation, as 
shown by its undulose extinction (below and left of center), and feldspar that shows much less undulose extinc
tion and tends to be more fractured (upper right and lower left). Biotite (coloured grains) tends to recrystallise to 
small grains that form strings along the stronger deformed bands (left and right of center). No sense of shear can 
be determined from this view alone. Width of view 2 mm. CPL.
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Fig. 7.7  Mylonite (lower part) and ultramylonite (upper part; same thin section as Fig. 7.1). The porphyroclasts 
of feldspar are generally rounded but do not show a clear preferred shape orientation. The quartz is stretched out 
to very elongate lenses with undulose extinction and incipient recrystallisation along the rims (just below and 
above the center). Some inclined mica ish appear in pink. Sense of shear is deined as dextral by these mica ish 
and the slight inclination of the quartz lenses. Width of view 3 mm. CPL.

Fig. 7.8  Low-grade ultramylonite derived from a quartzite. Original large quartz grains were strongly deformed 
by crystal-plastic deformation to zones with undulose extinction. Recrystallisation produced small new grains 
along the contacts that were also strongly deformed to produce a vague oblique foliation, inclined to the left, 
indicating dextral sense of shear.  Conceição do Rio Verde, southern Minas Gerais State, SE Brazil.  
Width of view 3 mm. CPL.
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Fig. 7.9  Ultramylonite derived from a micaceous quartzite with crossed polarized light and the gypsum plate. 
Although quartz is extremely deformed (comparable to Fig. 7.8) the colour pattern indicates a strong linking in 
terms of lattice orientation between old deformed grains and recrystallised grains. The bluish upper left part is 
probably all derived from a single parent grain and the reddish lower right part idem. No sense of shear can be 
determined in this view. Conceição do Rio Verde, southern Minas Gerais State, SE Brazil.  
Width of view 3 mm. CPL with gypsum plate.

Fig. 7.10  View of the same thin section as Fig. 7.9. Note the diference between the upper left part richer in 
quartz with either blue or purple colours and the lower right part with more mica and small feldspar grains that 
shows a more varied colour pattern, due to the smaller grain size of quartz at the onset of deformation.  
Width of view 3 mm. CPL with gypsum plate.
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Fig. 7.11  Close-up of the same thin section as Fig. 7.9 to show that, at this magniication, tiny resistant lenses of 
mica or feldspar become visible, just as micro shear bands (C ,́ just above the center), indicating dextral sense of 
shear. Width of view 1 mm. CPL with gypsum plate.
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Fig. 7.13  Close-up of Fig. 7.12 to show the inclined shear band more clearly.  
Width of view 1.25 mm. CPL with gypsum plate.

Fig. 7.12  Ultramylonite from the same outcrop as Figs. 7.9 to 7.11, derived from a quartz-feldspathic schist. The 
shear band (C´) just above and to the left of the center indicates sinistral sense of shear.  
Width of view 3 mm. CPL with gypsum plate.
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Fig. 7.15  Same view as Fig. 7.14, with gypsum plate to show that the small recrystallised quartz grains in the 
purple bands retain a very similar lattice orientation. Notice a small feldspar porphyroclast just below the mica 
ish, also indicating dextral sense of shear by stair stepping. CPL with gypsum plate.

Fig. 7.14  Ultramylonite derived from granite with a few feldspar porphyroclasts and a single muscovite ish (just 
below the center). It is surprising that muscovite resists as a porphyroclast in this ultramylonite, where all quartz 
and most feldspar are reduced to very small grain size, mainly by recrystallisation. The inclined shape of the ish 
indicates dextral sense of shear. Saint-Barthélemy Massif, French Pyrenees. Width of view 3 mm. CPL.
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Fig. 7.16  Most parts of this photomicrograph show an ultramylonite derived from a paragneiss,  surrounding 
some lenses of feldspar porphyroclasts. The strong deviation of the mylonitic foliation around these lenses 
indicates a strong strain gradient between the resistant lenses and the ultramylonite matrix. Sense of shear is 
dextral, but no reliable shear sense indicators appear in this photomicrograph. Saint-Barthélemy Massif, French 
Pyrenees. Width of view 12 mm. PPL. 

Fig. 7.17  As Fig. 7.16.  Width of view 12 mm. CPL.
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8 Mylonites Derived From Parent Rocks Other  
 Than Granites and Gneisses

Most mylonites shown in this atlas are derived from granites and gneisses. his is not a coinci-

dence; the mineralogy of these rocks favours the formation of mylonites because of the contrasting 

behaviour of quartz and biotite on the one hand (forming matrix) and feldspar and muscovite on 

the other hand (forming porphyroclasts). Another group of rocks that readily forms mylonites 

are impure quartzites in which resistant minerals tend to form ish-like structures, again, by 

strong contrast in rheological behaviour.

In this chapter a number of examples of mylonites derived from other parent rocks is 

shown.

Carbonate rocks, including marbles, can develop shear zones without much diiculty, but these 

are not frequently preserved because calcite recrystallises easily even at very low temperatures. 

Calcsilicate rocks with minarals such as garnet and diopside can form mylonites with these 

minerals as porphyroclasts in a quartz or carbonate-rich matrix.

Amphibolites, diorites and other amphibole-plagioclase rich rocks are more resistant to my-

lonitisation than granites and gneisses because of their low content of quartz and biotite. Horn-

blende is more resistant to deformation than plagioclase and recrystallises only at relatively high 

temperature; therefore, it usually forms naked clasts in a ine-grained matrix. In some examples, 

the higher temperature hornblende is surrounded by a lower-grade amphibole, showing evidence 

of retrograde reactions inluenced by the mylonitization. 

Mylonitised eclogites with symplectitic clinopyroxene produce interesting mylonites, with 

garnet porphyroclasts embedded in a ine-grained matrix composed of retrograde products of 

the destabilisation of clinopyroxene.

Peridotites can produce beautiful mylonites (Fig. 8.1). As in granites, peridotites can form 

“low-temperature” fabrics with pyroxene porphyroclasts in a ine-grained recrystallised matrix 

of olivine, and “high-temperature” fabrics with a ribbon like structure and larger grains in the 

matrix. Although the microstructure forms in the same way as in low- and high-temperature 

granite mylonites, the actual temperatures are much higher in peridotites.

Serpentinites are easy to deform and tend to develop conspicuous shear bands (Figs. 8.2-8.4).



Fig. 8.1  Mylonitised lherzolite with porphyroclasts of olivine (purple and other bright colours), orthopyroxene 
(grey), clinopyroxene (yellow-green, left of center) and smaller spinel (black). The matrix is an ultraine grained 
mixture of olivine, orthopyroxene, clinopyroxene, plagioclase and spinel. Dextral sense of shear is indicated by 
the inclined ish shape of several porphyroclasts and by asymmetric folds in the matrix, verging to the right. The 
shear zone was formed under granulite facies conditions during exhumation of the upper mantle in a zone of 
transcurrent rifting during the Cretaceous (Newman et al. 1999). Note that the structure is comparable to low-
grade mylonites from the Earth crust. Turon de las Técouère peridotite body, western Spanish Pyrenees.  
Width of view 15 mm. CPL (photomicrograph courtesy Martyn Drury). 
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Fig. 8.2  Mylonitic serpentinite with a large porphyroclast of titanoclinohumite. At upper right a C´ shear band, 
inclined to the right, indicates dextral sense of shear; some carbonate is present along this shear band. Note that 
the deviation around the porphyroclast is symmetric and does not reveal shear sense. Zermatt, Swiss Alps. Width 
of view 16 mm. CPL.

Fig. 8.3  As Fig. 8.2. Width of view 16 mm. PPL.
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Fig. 8.4  Detail of Fig. 8.3, showing reduction of grain size in the shear band. Width of view 10mm. CPL.

Fig. 8.5  Close-up of Fig. 8.4 showing elongated serpentine crystals, deining an oblique foliation in the shear 
band, consistent with dextral sense of shear. Width of view 3 mm. CPL.
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Fig. 8.6  Serpentinite with carbonate veins that show dextral shear. The rock is not a mylonite but the sheared 
vein shows how carbonate behaves in shear zones mainly by crystal-plastic deformation. Leiden collection.  
Width of view 18 mm. CPL.
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Fig. 8.8  Close-up of Fig. 8.7 showing the variation through a horizontal dextral shear band from low strain along 
the bottom, to high strain in the central part and to low strain again in the upper part. Note the change in inclina-
tion of the foliation, grain size and grain shape across the shear band. Width of view 5 mm. CPL.

Fig. 8.7  Sheared carbonate vein showing dextral sense of shear. Notice the transition between the granoblastic 
fabric at lower left to a strong mylonitic foliation deined by highly elongated grains at center right. The change 
in orientation of this foliation, from inclined to the left to horizontal, relects the change in orientation of the XY 
plane of strain, from low to high strain. Leiden collection. Width of view 12 mm. CPL.
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Fig. 8.9  Example of a low-grade mylonitised amphibolite containing naked porphyroclasts of hornblende 
(green), plagioclase (white) and an opaque mineral (black). The matrix is composed of ine-grained amphibole, bi-
otite, chlorite and some quartz. Note that the dark bands contain more hornblende porphyroclasts and the lighter 
bands more plagioclase, probably relecting original compositional banding in the amphibolite. Shear sense is not 
obvious from this photomicrograph. Note two sharp contacts in the upper part of the photomicrograph where 
apparently faulting occurred involving brittle deformation. Marsjällen, Västerbotten, Sweden.  
Width of view 15 mm. PPL.

Fig. 8.10  As Fig. 8.9. Width of view 15 mm. CPL.
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Fig. 8.11  Detail of Fig. 8.9 showing a hornblende porphyroclast cut by a fault with opaque material concentrat-
ed along the fault plane. Width of view 2 mm. PPL.

Fig. 8.12  Detail of Fig. 8.9 with hornblende porphyroclast showing a rim of diferent colour (bright green), re-
lecting diferent composition, probably related to a retrograde reaction during mylonitisation.  
Width of view 2 mm. PPL.
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Fig. 8.13  Amphibolite mylonitised under low to medium-grade metamorphic conditions. The porphyroclasts 
are hornblende, plagioclase and some pyroxenes in the lower dark layer. The dark and light coloured bands relect 
compositional banding in the parent amphibolite. Notice that hornblende clasts are naked but plagioclase por-
phyroclasts have wings. A sinistral sense of shear can be inferred from small asymmetric folds especially in the 
upper white layer. Western Australia. Width of view 16 mm. PPL.

Fig. 8.14  As Fig. 8.13. Width of view 16 mm. CPL.
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Fig. 8.15  Detail of Fig. 8.13 to show naked clasts of hornblende surrounded by a dark matrix, probably also com-
posed of very ine-grained amphibole. Asymmetric folds indicate sinistral sense of shear.  
Width of view 2.5 mm. PPL.
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Fig. 8.16  Calcsilicate rock composed of quartz, carbonate, plagioclase, biotite, hornblende and chlorite. Sinistral 
C´ shear bands are developed from upper right to lower left. The rock is not really a mylonite. Chlorite is con-
centrated in the shear bands (Figs. 8.18 and 8.19) suggesting retrograde (probably greenschist facies) conditions 
during the formation of the shear bands. New Zealand. Width of view 24 mm. PPL.

Fig. 8.17  As Fig. 8.16.  Width of view 24 mm. CPL.
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Fig. 8.18  Detail of Fig. 8.16 to show a disrupted hornblende crystal ofset in a sinistral sense along a C´ type 
shear band (upper right to lower left). Width of view 5 mm. PPL.

Fig. 8.19  As Fig. 8.18. Width of view 5 mm. CPL.

Mylonites 
Derived 
From Parent 
Rocks Other 
Than Gra-
nites and 
Gneisses

127



Fig. 8.20  Amphibolite, mylonitised at low to medium-grade conditions. Porphyroclasts are of hornblende and 
plagioclase. Note that hornblende forms naked clasts whereas plagioclase has minor wings. In Fig. 8.21 partial 
recrystallisation around cores with undulose extinction produced core-mantle structures. Asymmetric folds (left 
of center) and a delta clast (above center) indicate sinistral sense of shear. Western Australia.  
Width of view 16 mm PPL.

Fig. 8.21  As Fig. 8.20. Width of view 16 mm. CPL.
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Fig. 8.22  Detail of Fig. 8.20 showing a strong contrast between the very ine-grained dark matrix and appar-
ently strain free hornblende porphyroclasts with some preserved biotite inclusions. Sinistral shear sense can be 
inferred from stair stepping around the large hornblende porphyroclast above the center.  
Width of view 3 mm. PPL.
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Fig. 8.23  The lower part of this photomicrograph shows an amphibolite, probably derived from diorite with 
igneous texture partially preserved (no schistosity is apparent). The upper part is afected by a shear zone that re-
duced the grain size considerably and also changed the mineralogical and chemical composition: the lower band 
of the shear zone is enriched in hornblende and the upper band is enriched in biotite. A dextral sense of shear can 
be inferred from the oblique orientation of the foliation in the shear zone. São João del Rei, southern Minas Gerais 
State, SE Brazil. Width of view 20 mm. PPL.

Fig. 8.24  As Fig. 8.23. Width of view 20 mm. CPL.
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Fig. 8.25   C´ shear band in an amphibolite. The green minerals are hornblende and the white ones plagioclase. 
The inclined position of the shear band (upper right lower left) indicates sinistral sense of shear, conirmed by 
C/S fabric in the upper left corner with horizontal C planes and S planes inclined to the right. The shear band is 
mainly composed of actinolite and epidote suggesting greenschist facies conditions during shear movements. 
São João del Rei, southern Minas Gerais State, SE Brazil. Width of view 40 mm. PPL.

Fig. 8.26  As Fig. 8.25. Width of view 40 mm. CPL.
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Fig. 8.27  Mylonitised greenschist with porphyroclasts of epidote and smaller ones of albite embedded in a ma-
trix rich in chlorite. No shear sense is apparent. Equador. Width of view 16 mm. PPL.

Fig. 8.28  As Fig. 8.27. Width of view 16 mm. CPL.
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Fig. 8.29  The lower part of this photomicrograph shows a mylonite derived from an amphibolite with por-
phyroclasts almost exclusively composed of hornblende. The upper part contains porphyroclasts of hornblende, 
plagioclase and garnet, embedded in a biotite-rich matrix and is probably derived from a hornblende bearing 
garnet-biotite schist. Shear sense in the mylonite cannot be inferred with certainty, but a late brittle fault (upper 
left to lower right) shows dextral ofset. Scotland. Width of view 16 mm. PPL.

Fig. 8.30  As Fig. 8.29. Width of view 16 mm. CPL.
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Fig. 8.31  Detail of Fig. 8.29, showing hornblende porphyroclasts embedded in a dark matrix, probably also 
composed of ine-grained hornblende. A fault at lower right, trending from upper right to lower left, appears to 
show sinistral displacement. If interpreted as a C´-type shear band it would indicate sinistral sense of shear in the 
mylonite. Width of view 3 mm. PPL.
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Fig. 8.32  Eclogite composed essentially of garnet and clinopyroxene, well preserved in the upper and lower part. 
A minor shear zone transects the ield of view horizontally. Symplectitic omphacite is readily afected by the shear 
zone, whereas garnet resists and forms rounded porphyroclasts. Sense of shear is dextral as can be inferred from 
an oblique lens of omphacite in the left hand part of the shear zone. Cabo Ortegal, Galícia, NW Spain.  
Width of view 14 mm. PPL.

Fig. 8.33  As Fig. 8.32. Width of view 14 mm. CPL.
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Fig. 8.34  Detail of other shear zones from the same eclogite as Figs 8.32 and 8.33. Symplectitic omphacite ap-
pears in the upper part of the photomicrograph, next to garnet and light green amphibole. The dark grains are 
rutile. A sinistral shear sense can be inferred from the inclined mylonitic foliation close to the transition from 
shear zone to host rock. Width of view 3 mm. PPL.

Fig. 8.35  As Fig. 8.34. Width of view 3 mm. PPL.
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Fig. 8.37  As Fig. 8.36. Width of view 12 mm. CPL.

Fig. 8.36  Low-grade mylonite derived from a rock mainly composed of biotite, garnet and kyanite, with minor 
plagioclase, K-feldspar and quartz. Most porphyroclasts are garnet but several smaller ones are kyanite, showing 
strong undulose extinction. Note the rounded shape of the garnet porphyroclasts apparently caused by mechani-
cal erosion due to friction against the matrix. No shear sense is apparent. Marsjällen, Västerbotten, Sweden. 
Width of view 12 mm. PPL.
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Fig. 8.38  Detail of Fig. 8.36. Note the rounded shape of the garnets and a biotite inclusion in one of the garnets, 
preserved from the grain size reduction in the matrix. Width of view 5 mm. PPL.
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Fig. 8.40  Detail of Fig. 8.39, showing elongated plagioclase laths, rounded at the tips by the mylonitisation. The 
coloured porphyroclasts are clinopyroxene, also rounded by the mylonitisation. No sense of shear is apparent in 
this view. Width of view 4 mm. CPL.

Fig. 8.39  Mylonitised diabase with porphyroclasts of plagioclase and clinopyroxene embedded in a dark matrix. 
The elongated shape of the plagioclase porphyroclasts is probably inherited from elongated plagioclase laths in a 
ine-grained matrix of the igneous parent rock. Western Australia. Width of view 12 mm. CPL.
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Fig. 8.42  Detail of Fig. 8.41, showing the irregularity of the fracture zone illed with very tiny fragments of pla-
gioclase. Width of view 1 mm CPL.

Fig. 8.41  Diabase with a large plagioclase phenocryst. A brittle fracture zone illed with small plagioclase frag-
ments cuts the rock in a vertical orientation to the right of the center. Origin unknown. Width of view 3 mm CPL.
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Chapter 9 | Shear Sense Indicators



9 Shear Sense Indicators

Many geologists study mylonites with the exclusive aim to determine the sense of shear. Obvi-

ously this is an important aspect, but it is important to study shear zones irst, before shear sense 

determination is attempted. In order to deduce the correct sense of shear we recommend the 

following procedure (Fig. 9.1)

Cut the thin section perpendicular to the mylonitic foliation and parallel to the stretching  –

or aggregate lineation in an oriented sample.

Check the position of the thin section with respect to the sample. –

If the shear zone is subhorizontal, do not use nomenclature such as sinistral or dextral sense  –

of shear, since this depends on the position of the observer and may result in ambiguous 

descriptions. Use instead nomenclature like “top to the north”, or “top to the southeast”.

Do not “force” a sense of shear from rocks that do not show this clearly. In general, the  –

recognition of various diferent shear sense indicators, indicating the same sense of shear 

increases reliability. If only one shear sense indicator is found some caution is needed. Shear 

sense indicators occur in many mylonites but deinitely not in all. We recommend to be 

cautious and, if in doubt, to admit this rather then to guess. It seems to be fashionable to 

extract shear sense, not only from mylonites but also from many non-mylonitic rocks. In 

some cases this may be correct, but in many cases it is pointless.

he most important shear sense indicators are summarised in Figure 9.1 (corresponding to Fig. 5.10 

of Passchier & Trouw 2005). Most of these are treated in the sections below with the exception of 

“marker and foliation delection” and “stair stepping”. he ofset of marker horizons can rarely 

be observed in a thin section, although delections are addressed for C/S and C´ shear-band 

structures. Stair stepping is a very usefull shear sense indicator, but it occurs invariably in com-

bination with one of the structures discussed below (especially sigma, delta and ish structures) 

and is therefore not treated as a separate structure.
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Fig. 9.1 Top   Schematic diagram showing the geometry of a mylonite zone and the nomenclature used. 
Notice that shear sense indicators can only be judged correctly in sections parallel to the 
aggregate or stretching lineation and perpendicular to the mylonitic foliation. 

 Bottom The most common types of shear sense indicators. See below and Passchier & Trouw (2005) 
for more detail.
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9.1 Core-and-Mantle Structures

It is a common feature in mylonites that porphyroclasts recrystallise along the rim, producing 

a relatively ine-grained polycrystalline “mantle” around a monocrystalline core. A detailed de-

scription of diferent types of core-and-mantle structures is given in Passchier & Trouw (2005). 

We would like to emphasize here that the grain size in the mantle is proportional to diferential 

stress during deformation. Since diferential stress can be build up at lower temperature to higher 

levels than at higher temperature, grain size is indirectly proportional to temperature as well. 

his means that at higher temperatures the mantles usually exhibit a larger grain size. 

It is not always easy to distinguish between the recrystallised mantle and the surrounding 

matrix. Even if the core-and-mantle structure is not very clear, the “stair stepping” criterium 

can usually be applied to deine sense of shear.



Fig. 9.1.1  High-grade mylonite derived from quartz-feldspar gneiss. The coloured grains are biotite. The large 
porphyroclast is plagioclase and shows a deformed inner part with undulose extinction and gently folded poly-
synthetic twin lamellae. Especially the lower part shows extensive recrystallisation to strain-free new grains. The 
main mechanism of recrystallisation is probably subgrain rotation. Notice the ribbon-like structure of quartz in 
the matrix, bending around the porphyroclast. Shear sense is not easy to determine but is thought to be dextral 
because of the bending of twin planes in the upper part of the porphyroclast. Três Pontas, Minas Gerais, SE Brazil. 
Width of view 25 mm. CPL.
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Fig. 9.1.3  As Fig. 9.1.2. Width of view 14 mm. CPL.

Fig. 9.1.2  Fine-grained mylonite to ultramylonite with porphyroclasts of plagioclase and K-feldspar, derived 
from a leucogranite. The lower porphyroclast composed of plagioclase contains three remnants of a deformed 
old core with undulose extinction (Fig. 9.1.3), surrounded by a mantle of small recrystallised plagioclase grains. 
Notice stair stepping to the right of the mylonitic foliation next to the porphyroclasts, indicating dextral shear.  
Western Australia. Width of view 14 mm PPL.
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Fig. 9.1.5  As Fig. 9.1.4. Width of view 15 mm. CPL.

Fig. 9.1.4  Low to medium-grade mylonite with porphyroclasts of K-feldspar, derived from granite. The large por-
phyroclast just above the center is about 70% recrystallised to small K-feldspar grains, constituting a core-mantle 
structure. The igure shows a delta structure around this porphyroclast with stair stepping to the right, indicating 
dextral shear. A ish-like structure at lower left its this interpretation. Roraima, northern Brazil.  
Width of view 15 mm. PPL.
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Fig. 9.1.6  Detail of Fig. 9.1.5, showing a clear contrast between the undulose remnants of the deformed  
K-feldspar grain, surrounded by ine-grained recrystallised K-feldspar. Width of view 10 mm CPL.

Core-and-
Mantle 
Structures

149



Fig. 9.1.8  As Fig. 9.1.7. Width of view 16 mm. CPL.

Fig. 9.1.7  Low- to medium-grade mylonite with porphyroclasts of K-feldspar (lower left and center right) and 
plagioclase (lower right and upper right), derived from a granite. The small porphyroclast in the center is partially 
composed of K-feldspar and partially of plagioclase. Note that some porphyroclasts show advanced recrystal-
lisation (lower right and center) whereas others show very little. A delta-like fabric with stair stepping to the left 
around the large porphyroclast and C/S structure indicate sinistral sense of shear. Roraima, northern Brazil.  
Width of view 16 mm. PPL.
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Fig. 9.1.9  Detail of the lower right porphyroclast of Fig. 9.1.8. About 60 % of the plagioclase is recrystallised and 
the preserved undulose core is localized in the upper part of the porphyroclast and not in the center. Sense of 
shear is sinistral as in Fig. 9.1.8. Width of view 4 mm CPL.
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Fig. 9.1.11  Detail of Fig. 9.1.10, showing sharp contacts of the recrystallised new grains of plagioclase along the 
rim of the porphyroclast. Width of view 1.2 mm. CPL.

Fig. 9.1.10  Low- to medium-grade mylonite derived from granite with a large porphyroclast in the center, com-
posed of zoned plagioclase. Minor recrystallisation along the rim shows initiating core-mantle structure. Notice 
that the change in darkness in the plagioclase is due to compositional zoning, not to internal deformation. Sense 
of shear is sinistral as indicated by stair stepping of the mylonitic foliation around the porphyroclast.  
Leiden collection. Width of view 10 mm. CPL.
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Fig. 9.1.13  As Fig. 9.1.12. Width of view 22 mm. CPL.

Fig. 9.1.12  Low- to medium-grade mylonite with porphyroclasts of K-feldspar, composed essentially of biotite, 
quartz and small feldspar grains. The mylonite is derived from a granite. 10 to 20% recrystallisation along the 
rims of the porphyroclasts formed a core-and-mantle structure. Sense of shear is dextral, indicated by the upper 
porphyroclast that developed a sigma structure and the lower one that developed a delta structure, both with 
stair stepping to the right. Roraima, northern Brazil. Width of view 22 mm. PPL.
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Fig. 9.1.14  Detail of Fig. 9.1.13, showing “tartan” twinning in the K-feldspar and undulose extinction due to 
internal deformation, with recrystallisation along the rim. Width of view 6 mm. CPL.
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Fig. 9.1.16  As Fig. 9.1.15. Width of view 20 mm. CPL.

Fig. 9.1.15  Low to medium-grade mylonite, derived from granite, with K-feldspar porphyroclasts. The large por-
phyroclast below the center shows a clear diferentiation between a preserved core and a recrystallised mantle, 
composed of small grains of Kfeldspar. Shear sense is dextral as can be inferred from the sigma structure around 
the porphyroclast, with stair stepping to the right. Notice also an opaque ish structure in the upper right hand 
part of the photomicrograph, indicating dextral shear as well. Roraima, northern Brazil.  
Width of view 20 mm. PPL.
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Fig. 9.1.17  Detail of Fig. 9.1.16. The dark core shows vague undulose extinction and makes a sharp transition to 
the fully recrystallised rim. Width of view 5 mm. CPL.
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Fig. 9.1.19  As Fig. 9.1.18. Width of view 13 mm. CPL.

Fig. 9.1.18  K-feldspar porphyroclast from the same mylonite as shown in Figs. 9.1.15 and 16. Sense of shear is 
dextral as indicated by the sigma shape of the porphyroclast with stair stepping to the right. Notice a concentra-
tion of recrystallised grains in the upper left and lower right quadrants of the porphyroclast, consistent with areas 
where the porphyroclast sufered its principal shortening. Roraima, northern Brazil. Width of view 13 mm. PPL. 
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Fig. 9.1.21  Detail of Fig. 9.1.19, showing undulose extinction of the core and recrystallisation in the rims.  
Width of view 4 mm. CPL.

Fig. 9.1.20  Detail of Fig. 9.1.19. This image with gypsum plate shows clearly the contrast in lattice orientation 
between the core and the recrystallised grains in the rim. Width of view 5 mm. CPL with gypsum plate.
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Fig. 9.2.2  Idealised delta structure.

Fig. 9.2.1  Idealised sigma structure. 
Notice that the wings are composed of 
recrystallised feldspar derived from the 
porphyroclast.
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9.2 Delta and Sigma Structures

Ideal delta and sigma structures (Figs 9.2.1 and 9.2.2) are relatively rare in our experience since 

they are best developed when they occur isolated in a ine-grained matrix, a not too common 

occurrence in mylonites. However, similar and transitional structures are common, especially in 

low-grade mylonites. Transitions to structures with asymmetric strain shadows are also common 

and in many cases it is hard to distinguish between wings composed of recrystallised material 

derived from the porphyroclast, and the matrix. In those cases, stair stepping is usually the most 

reliable shear sense indicator.



Fig. 9.2.3  Delta structure in a gneiss that was probably once a mylonite. The porphyroclast is composed of feld-
spar and probably represents remains of a melt vein. Shear sense is dextral as indicated by stair stepping to the 
right and asymmetric folds verging to the right, both in the matrix below the porphyroclast, and in the left wing 
of the delta structure. Rio de Janeiro State, SE Brazil. Length of pen 13 cm.

Fig. 9.2.4  Delta structure in a low-grade ultramylonite, derived from a granite. The porphyroclast is K-feldspar 
and the matrix is dark because it is rich in very ine-grained biotite. Shear sense is dextral as indicated by the stair 
stepping to the right across the delta structure. Saint-Barthélemy Massif, French Pyrenees.  
Width of view 2 mm. PPL.
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Fig. 9.2.5  Delta structure around K-feldspar porphyroclast in a low to medium-grade mylonite derived from a 
paragneiss. The dark matrix is rich in very ine-grained biotite. The wings of this delta structure are not composed 
of recrystallised K-feldspar but rather represent low structure in the matrix. Shear sense is sinistral as shown by 
the stair stepping to the left. South Island, New Zealand. Width of view 3.5 mm PPL.
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Fig. 9.2.6  Mylonite derived from an amphibolite with porphyroclasts of plagioclase and hornblende. The large 
porphyroclast in the center is plagioclase with a strongly undulose core, surrounded by a very ine-grained recrys-
tallised mantle, containing some quartz. The delta structure indicates sinistral sense of shear, conirmed by stair 
stepping and quarter folds in the lower right quadrant. Notice that hornblende forms naked clasts that do not 
deine sense of shear. Mt. West, Western Australia. Width of view 4 mm PPL.

Fig. 9.2.7  As Fig. 9.2.6.  Width of view 4 mm CPL.
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Fig. 9.2.8  As Fig. 9.2.6. Width of view 5 mm. CPL with gypsum plate.
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Fig. 9.2.9  Delta clast from the same thin section as Fig. 9.2.6, showing recrystallisation to very ine-grained 
plagioclase, especially in the upper part. The wing on the left and lower part is partly composed of strongly de-
formed quartz. Shear sense is sinistral. Width of view 1.2 mm. PPL.

Fig. 9.2.10  As Fig. 9.2.9. Width of view 1.2 mm. CPL.
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Fig. 9.2.12  Delta structure from the same thin section as Fig. 9.2.6. The porphyroclast is plagioclase and the 
sense of shear is sinistral. Width of view 1.2 mm. PPL.

Fig. 9.2.11  Delta clast composed of plagioclase indicating sinistral sense of shear, from the same thin section as 
Fig. 9.2.6. At irst sight the naked clasts of hornblende do not seem to indicate shear sense but careful examina-
tion of the asymmetry in their strain shadows shows that they are coherent with sinistral sense of shear.  
Width of view 1.2 mm. PPL.
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Fig. 9.2.13  Delta structure from the same thin section as Fig. 9.2.6. The accentuated stair stepping shows the 
sinistral sense of shear. The porphyroclast is plagioclase. Width of view 1.2 mm. PPL.
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Fig. 9.2.14  Low- to medium-grade mylonite, derived from paragneiss. The porphyroclasts are composed of 
K-feldspar, plagioclase and muscovite. The large K-feldspar porphyroclast in the center is a sigma structure with 
stair stepping to the left indicating sinistral sense of shear. Mica ish at lower left and asymmetric folds left of the 
central porphyroclast also indicate sinistral shear sense. Quartz in the white bands just above the central porphy-
roclast is recrystallised to small equidimensional grains (Fig. 9.2.15). Pernambuco, NE Brazil.  
Width of view 5 mm. PPL.

Fig. 9.2.15  As Fig. 9.2.14. Width of view 5 mm. CPL.
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Fig. 9.2.16  Sigma-like structure around the central porphyroclast, which is plagioclase with some biotite at-
tached to the left. There is no signiicant recrystallisation in the feldspar but the lux structure of the mylonitic 
foliation forms asymmetric strain shadows that deine the sigma structure. Shear sense is sinistral deined by the 
stair stepping to the left. South Island, New Zealand. Width of view 10 mm. PPL.

Fig. 9.2.17  Sigma- and/or ish-like structure around K-feldspar porphyroclast in an ultramylonite. Note the par-
tial recrystallisation of the K-feldspar into very ine-grained new grains. Sense of shear is dextral as is clear from 
the stair stepping across the structure. Saint Barthélemy Massif, French Pyrenees. Width of view 2 mm. CPL.
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Fig. 9.2.18  Low-grade mylonite derived from granite with porphyroclasts of plagioclase, K-feldspar and mica. 
The sigma shape of the central porphyroclast is mainly due to internal deformation, not to recrystallisation. Stair 
stepping to the left shows sinistral sense of shear, conirmed by small asymmetric folds below the center. South 
Island, New Zealand. Width of view 10 mm. PPL.

Fig. 9.2.19  Low to medium-grade mylonite derived from paragneiss. The central porphyroclast of K-feldspar 
shows a structure transitional between delta and sigma. Shear sense is sinistral indicated by stair stepping and 
some mica ish in the upper part of the photomicrograph. Pernambuco, NE Brazil. Width of view 4 mm. PPL.
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Fig. 9.2.20  Low-grade ultramylonite derived from a sillimanite-bearing paragneiss. The porphyroclast in the 
center is composed of K-feldspar. It shows a complex core-mantle structure, a transition between sigma and delta 
structures. Shear sense is dextral. Saint Barthélemy Massif, French Pyrenees. Width of view 3 mm. PPL.
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Fig. 9.3.2  Idealised C/S fabric with  
C´-type shear bands developed at the 
right hand side.

Fig. 9.3.1  Idealised C/S fabric or  
C/S structure
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 9.3 C/S fabric and C -́type shear bands

C/S and C ṕlanes of shear band cleavage, shown in an idealised form in Figs. 9.3.1 and 9.3.2, are 

sometimes confused and erroneous interpretation may lead to the wrong sense of shear. S planes 

are inclined “backwards” with respect to the plane of the shear zone and C´ planes are inclined 

“forewards”, both with similar angles of about 10° to 45°. S planes tend to be penetrative, curved 

and preserved in less deformed lenses that survive between micro-shear zones or shear bands. 

he latter ones deine C or C´ planes that are usually dark, straight and spaced. he diference 

between C and C ṕlanes is only their orientation with respect to the main mylonitic foliation 

or the shear zone itself. C planes are parallel and C ṕlanes are inclined, usually about 30°, but 

sometimes more. In several cases it could be demonstrated that C -́type shear bands developed 

later than C-type ones, usually still related to the same mylonitising event.



Fig. 9.3.3  Photograph of a polished rock slab, showing a mylonite derived from a granite. The horizontal black 
lines are C planes and the upper right-lower left foliation represents S planes. Sense of shear is dextral.  
Salamanca, Spain. Width of view 10 cm.

Fig. 9.3.4  Photograph of the same polished rock slab with a C’ shear band (upper left to lower right). Shear sense 
is dextral. The C/S fabric is visible in the upper right and lower left corners. Width of view 10 cm.
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Fig. 9.3.5  Protomylonitic micaceous quartzite with horizontal shear bands (C planes) in which an oblique folia-
tion (S planes), trending upper left to lower right, is just visible. The sense of shear is sinistral. Western Australia. 
Width of view 12 mm CPL.

Fig. 9.3.6  Mylonitic paragneiss with biotite and chlorite, showing a C’ shear band (upper left to lower right), de-
lecting the horizontal mylonitic foliation, indicating dextral sense of shear. Southern Minas Gerais State, SE Brazil. 
Width of view 10 mm. PPL.
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Fig. 9.3.7  Mylonite derived from a garnet kyanite paragneiss. An inclined shear band  (C’) is developed from 
upper left to lower right in the lower biotite-rich part. The sense of shear is dextral. Marsjällen, Västerbotten, 
Sweden. Width of view 7 mm. PPL.
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Fig. 9.3.8  This mylonite, derived from a  granite, provides a nice example of a C/S fabric. The S planes are 
inclined to the right and the C planes are slightly inclined to the left. The sense of shear is sinistral. Rio Grande do 
Sul, southern Brazil. Width of view 13 mm. PPL.

Fig. 9.3.9  As Fig. 9.3.8. Width of view 13 mm. CPL.
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Fig. 9.3.10  Mylonitised granite showing a C/S fabric with C planes subhorizontal to slightly inclined to the right 
and curved S planes trending top right to lower left. The sense of shear is dextral. Western Australia.  
Width of view 15 mm. CPL.
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Fig. 9.3.11  Low-grade mylonite derived from a granitodiorite. The upper part is a protomylonite with a devel-
oping mylonitic foliation (S planes), inclined to the left. It is cut by a mica rich band at left, inclined to the right, 
which can be interpreted as a C´ shear band. The protomylonitic upper part grades into a dark band of ultra-
mylonite with a strong horizontal mylonitic foliation (S and C planes become parallel by progressive rotation of 
S towards C). Below this is a band of mylonite with some S planes preserved, and then another ultramylonite. The 
inclined foliation in the lowest part of the section is again an S foliation being almost parallel to the C planes in 
the ultramylonite above. The sense of shear is dextral. Saint-Barthélemy Massif, French Pyrenees.  
Width of view 20 mm. PPL.

Fig. 9.3.12  As Fig. 9.3.11. Width of view 20 mm. CPL.
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Fig. 9.3.13  Mylonite derived from a schist. The S planes are inclined to the right and few dark C planes are sub-
horizontal. The sense of shear is sinistral. Heliodoro, southern Minas Gerais State, SE Brazil.  
Width of view 12 mm. PPL.

Fig. 9.3.14  Protomylonite derived from a granite, formed under relatively low-grade conditions. The horizontal 
C planes are marked by a concentration of mica. S-planes are inclined to the left. The sense of shear is dextral. Rio 
Grande do Sul, southern Brazil. Width of view 23 mm. CPL.
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Fig. 9.3.15  Mylonitised granite with typical C/S fabric. The C planes are discontinuous and subhorizontal, and 
the curved S planes are inclined to the right. In the top layer, a C´ shear band, inclined to the left, is present. The 
sense of shear is sinistral. Notice the concentration of mica along the C planes. Salamanca, Spain.  
Width of view 16 mm. PPL.

Fig. 9.3.16  As Fig. 9.3.15. Width of view 16 mm. CPL.
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Fig. 9.3.17  Mylonitic schist with two large garnet porphyroblasts (black) and foliation ish composed of musco-
vite (Chapter 9.5). The metamorphic circumstances during mylonitisation were medium grade as indicated by the 
recrystallised quartz (upper right and lower left). The fabric can also be described as a C/S fabric, with dark and 
discontinuous C planes, inclined to the right, and curved S planes (especially within the foliation ish) inclined to 
the left. Sense of shear is dextral. Santana do Garambeu, southern Minas Gerais State, SE Brazil.  
Width of view 34 mm. CPL. 
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Fig. 9.3.18  Mylonitised amphibolite with three C´-type shear bands trending upper right to lower left. The sense 
of shear is sinistral. The white band at lower left is a fracture in the thin section. Cadaquez, NE Spain.  
Width of view 40 mm. PPL.

Fig. 9.3.19  As Fig. 9.3.18. Width of view 40 mm. CPL.
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mylonitic foliation

quartz-rich band

Fig. 9.4.1  Idealised oblique foliation deined by the shape of inequant quartz grains in a quartz-
rich band embedded in a mylonite, with the mylonitic foliation as reference frame.
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9.4 Oblique Foliation

Oblique foliation (Fig. 9.4.1) is most commonly developed in quartz-rich parts of gneisses or in 

micaceous quartzites. It is a steady-state fabric that relects competition of two processes with 

opposite efects; a process of deformation tending to produce grains elongated parallel to the main 

extension directions of the incremental strain ellipsoid, and recrystallisation tending to form 

new equidimensional grains free of strain. Oblique foliation therefore has the same kinematic 

signiicance as S planes in C/S shear bands, lagging behind in orientation with respect to the total 

strain ellipsoid. heoretically, oblique foliation should make angles of less than 45° with the main 

mylonitic foliation, but larger angles have been reported and may be related to transtensional 

low in shear zones. Care has to be taken not to confuse oblique foliation with superposition of 

deformation phases (cf. Figs. 10.12 and 10.13), where the angle can be up to 90°.



Fig. 9.4.2  Low-grade mylonite derived from a micaceous quartzite. In this case no clear distinction can be made 
between porphyroclasts and matrix, because no resistant minerals are present to form porphyroclasts. Quartz is 
strongly deformed by crystal-plastic deformation and no recrystallisation is apparent. The main mylonitic folia-
tion is upper left-lower right, but the shape orientation of elongated quartz grains is almost vertical, deining an 
oblique foliation indicative of sinistral sense of shear. Leiden collection. Width of view 6 mm. CPL.

Fig. 9.4.3  Detail of Fig. 9.4.2 showing an angle of about 45° between the oblique foliation (almost vertical) and 
the mylonitic foliation (upper left-lower right). Width of view 3 mm. CPL.
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Fig. 9.4.4  Low-grade mylonite derived from granite, with feldspar porphyroclasts in a quartz and biotite-bearing 
matrix. A quartz-rich band in the lower part shows a well developed oblique foliation, indicating dextral sense 
of shear. The delta type porphyroclast above the center indicates the same shear sense. Roraima, northern Brazil. 
Width of view 5 mm. CPL.

Fig. 9.4.5  Fine-grained mylonitic schist rich in quartz, with subhorizontal  mylonitic foliation and an oblique fo-
liation deined by elongated quartz (upper right to lower left). The structure indicates dextral sense of shear. Note 
the absence of porphyroclasts (yet this is not an ultramylonite). Southern Minas Gerais State, SE Brazil.  
Width of view 5 mm. CPL.
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Fig. 9.4.6  Low- to medium-grade mylonitic quartzite with mica ish of muscovite indicating dextral sense of 
shear by their oblique orientation and stair stepping. Quartz in the matrix is recrystallised and deformed and its 
preferred shape orientation deines an oblique foliation, inclined to the left, also indicative for dextral sense of 
shear. Conceição do Rio Verde, southern Minas Gerais State, SE Brazil. Width of view 12 mm. CPL.

Fig. 9.4.7  Low-grade mylonite derived from a granitic rock with porphyroclasts of feldspar in a very ine-grained 
dark matrix with quartz veins. The quartz in the veins is strongly deformed and partially recrystallised. Its shape 
deines an oblique foliation, inclined to the right, indicating sinistral shear sense, conirmed by some asymmetric 
folds. Gosse, Western Australia. Width of view 3 mm. CPL.
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Fig. 9.4.8  Low-grade mylonite derived from a granitic rock with quartz-rich band. The quartz is strongly afected 
by crystalplastic deformation with only incipient recrystallisation by bulging. The shape of the deformed quartz 
grains deines an oblique foliation inclined to the right, indicative for sinistral sense of shear. Leiden collection. 
Width of view 3 mm. CPL.

Fig. 9.4.9  Low-grade ultramylonite derived from granite, with a quartz-rich vein that shows a well developed 
oblique foliation (upper right lower left) indicating dextral sense of shear. St. Barthélemy Massif, French Pyrenees.  
Width of view 5 mm. CPL.
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Fig. 9.5.1  Five types of mica ish, commonly 
encountered in nature.  
For further discussion see ten Grotenhuis et al. 
(2003) and Passchier & Trouw (2005).

Fig. 9.5.2  Idealised foliation ish composed 
of mica crystals embedded in a quartzite 
matrix.
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9.5 Mineral Fish and Foliation Fish

Mineral ish, especially muscovite ish, have been subdivided into several groups according to 

their shape (ten Grotenhuis et al. 2003; Fig. 9.5.1) and mechanisms have been proposed to explain 

these shapes (Passchier & Trouw 2005). However, many shapes are transitional.

Most mineral ish have in common that their longest dimension makes a small angle with the 

mylonitic foliation, producing stair stepping. his stair stepping is the most reliable shear sense 

indicator of mineral ish. 

he most common mineral to produce ish shapes in mylonites is muscovite, especially in 

quartz-rich rocks. Biotite ish are relatively rare, probably because they recrystallise more read-

ily than muscovite. Fish shapes of more resistant minerals such as garnet, amphibole, pyroxene, 

sphene etc. tend to form at high metamorphic grade and usually where these crystals are sur-

rounded by quartz. hey may be preserved as relicts of a mylonitic fabric, surrounded by a non-

mylonitic rock composed to a large extent of recrystallised quartz, grown to large grainsize.

Foliation ish (Fig. 9.5.2) are polycrystalline lenses, exhibiting similar shapes as mineral ish. 

he examples shown in this section are all composed of muscovite in a quartz-rich matrix. Folia-

tion ish may grade into C/S fabrics.



Fig. 9.5.3  Low-grade ultramylonite derived from paragneiss with muscovite ish indicating dextral sense of 
shear. The brownish matrix is rich in very ine-grained biotite. St. Barthélemy Massif, French Pyrenees.  
Width of view 6 mm. CPL.

Fig. 9.5.4  Low- to medium-grade mylonite derived from micaceous quartzite with muscovite ish in a recrystal-
lised quartz matrix. Notice diferent shapes of the ish and undulose extinction. The asymmetric shape and stair 
stepping of the ish indicate dextral sense of shear. A weak oblique fabric in the quartzitic matrix also indicates 
dextral shear. Southern Minas Gerais State, SE Brazil. Width of view 12 mm. CPL.
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Fig. 9.5.5  Low-grade mylonite derived from schist with abundant muscovite ish. Many ish have a lenticular 
shape. The inclined position of most ish indicates dextral sense of shear. Notice the very ine-grained recrystal-
lised quartz in the quartz-rich band above the center. Southern Minas Gerais State, SE Brazil.  
Width of view 12 mm. CPL.
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Fig. 9.5.6  Medium-grade mylonite derived from micaceous quartzite. Numerous lentiform muscovite ish are 
inclined upper left-lower right, indicating sinistral sense of shear. In Fig. 9.5.7 the undulose extinction of the ish is 
apparent and also the recrystallised nature of the quartz, reaching a grain size consistent with medium-tempera-
ture conditions. Southern Minas Gerais State, SE Brazil. Width of view 12 mm. PPL.

Fig. 9.5.7  As Fig. 9.5.6. Width of view 12 mm. CPL.
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Fig. 9.5.8  Medium-grade mylonite with mica ish, derived from micaceous quartzite. Dextral shear sense is 
indicated by the inclined position of the ish with respect to the horizontal mylonitic foliation deined by very 
ine-grained mica fragments apparently torn of the mica ish along C planes. Quartz is recrystallised and has 
grown by grain boundary migration to irregular shapes. Southern Minas Gerais State, SE Brazil.  
Width of view 4 mm. CPL.

Fig. 9.5.9  Medium-grade mylonite derived from a quartz-mica schist, Sinistral sense of shear is indicated by the 
oblique mica ish, inclined to the right. The recrystallised quartz indicates medium-temperature conditions during 
mylonitisation. Note the undulose extinction of the mica ish. Caxambu, southern Minas Gerais State, SE Brazil. 
Width of view 5 mm. CPL.
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Fig. 9.5.10  Low- to medium-grade mylonite derived from micaceous quartzite. The lens-shaped mica ish 
indicates dextral sense of shear by its inclined position and stair stepping. Quartz in the matrix is recrystallised to 
relatively small crystalloblastic new grains that deine a weak oblique fabric (upper right – lower left), also indica-
tive of dextral shear. Conceição do Rio Verde, Southern Minas Gerais State, SE Brazil. Width of view 3 mm. CPL.

Fig. 9.5.11  Lens-shaped mica ish with curved lower and upper sides, from the same locality as Fig. 9.5.10. 
 Dextral shear sense is indicated by stair stepping and a relatively strong oblique shape fabric in quartz. Notice 
incipient grain growth in quartz by grain boundary migration, especially in a dark grain below the ish.  
Width of view 3 mm. CPL.
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Fig. 9.5.12  Lozenge-shaped mica ish with undulose extinction from the same mylonite as Fig. 9.5.10. Note that 
the mineral cleavage of muscovite is parallel to the sides of the ish. Shear sense is sinistral. A weak oblique fabric 
in quartz is also present. Width of view 3 mm. CPL.

Fig. 9.5.13   Folded mica ish in mylonite from the same locality as Fig. 9.5.10. Sense of shear is dextral. Notice a 
weak oblique fabric in the recrystallised polygonal quartz grains. Width of view 3 mm. CPL.
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Fig. 9.5.14  Elongated lozenge-shaped mica ish from the same mylonite as Fig. 9.5.10. Notice that the mineral 
cleavage is parallel to the long sides of the ish, and subparallel to the mylonitic foliation. Although the mica is 
slightly inclined in a “foreward” rotated position, the tips deine stair stepping to the right indicative of dextral 
sense of shear. The oblique fabric in the recrystallised quartz matrix conirms this interpretation.  
Width of view 3 mm. CPL.

Fig. 9.5.15  Curious-shaped mica grain that resembles more a bird than a ish. It comes from the same locality as 
Figs. 9.5.10 –14. Shear sense is dextral. Notice a weak oblique fabric and incipient grain boundary migration in the 
quartz matrix. Width of view 3 mm. CPL.
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Fig. 9.5.16  Mica ish with isoclinal microfolds at both tips, from the same mylonite as shown in Figs. 9.5.10 –15. 
The inclined position, stair stepping and vergence of the folds all indicate dextral shear.  
Width of view 1.5 mm. CPL.

Fig. 9.5.17  Four mica ish from the same mylonite as shown in Figs. 9.5.10 –16. The upper ish shows kink bands 
in the left hand part and an isoclinal fold in the right hand part. Sense of shear is dextral.  
Width of view 6 mm. CPL.
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Fig. 9.5.18  Large mica ish with the right hand side apparently thrust over the left hand part. Note that the 
upper part is deined by an inclined shear band (C´). The angular coloured grains in the lower part are tourmaline. 
Sense of shear is sinistral. Same locality as Figs. 9.5.10 –17. Width of view 6 mm. CPL.

Fig. 9.5.19  Transitional rock between a medium-grade mylonite and a quartz-rich mica schist with a foliation 
ish composed of a large number of muscovite grains. The shear sense is sinistral as is evident from the inclined 
position of the ish and the stair stepping. The structure resembles a C/S structure; however, in this case no 
discrete C planes are developed. Notice the well recrystallised quartz, indicating medium-grade metamorphic 
conditions during deformation. The micas in the ish structure are also recrystallised to predominantly strain-free 
new grains. Santana do Garambeu, southern Minas Gerais State, SE Brazil. Width of view 12 mm. CPL.
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Fig. 9.5.20  Another example of foliation ish from the same region. Shear sense is sinistral. Notice incipient 
development of C planes (subhorizontal) making this ish transitional to a C/S fabric. Width of view 14 mm. CPL.

Fig. 9.5.21  Garnet-staurolite mica schist with local mylonitic structure. Medium metamorphic grade of defor-
mation is indicated by the well-recrystallised quartz. The foliation ish just above the center contains a staurolite 
crystal and indicates dextral sense of shear. The quartz vein below the center shows grain growth by grain bound-
ary migration with mica being included in large quartz grains. Santa Rita do Ibitipoca, southern Minas Gerais 
State, SE Brazil. Width of view 16 mm. CPL.
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Fig. 9.5.22  Garnet mica schist with mylonitic structure. Medium metamorphic grade is indicated by recrystal-
lised quartz. The foliation ish indicate dextral sense of shear by their oblique position. Subhorizontal C planes 
are locally developed making the structure transitional to C/S fabric. The garnets are older than the shear move-
ments, but their shape is possibly modiied by them. Santana do Garambeu, southern Minas Gerais State, SE 
Brazil. Width of view 16 mm. CPL.

Fig. 9.5.23  Quartz-muscovite schist with remnants of foliation ish, being progressively obliterated by late- to 
post-deformational grain growth both in the micas and in the quartz. Shear sense is sinistral as indicated by the 
inclined position of the micas just right of the center. Notice grain growth in quartz by grain boundary migration. 
Luminarias, southern Minas Gerais State, SE Brazil. Width of view 12 mm. CPL.
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Fig. 9.5.24  Biotite ish surrounded by quartz, showing internal deformation and recrystallisation along the rims. 
Shear sense is dextral. Santa Rosa Mylonite zone, California. Width of view 6 mm. PPL.

Fig. 9.5.25  Detail of Fig. 9.5.24, with CPL, showing advanced recrystallisation in the tip and along the rims of the 
biotite ish. Quartz is also well recrystallised indicating medium metamorphic grade. Width of view 3mm. CPL.
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Fig. 9.5.26  Kyanite-bearing micaceous quartzite with lens-shaped kyanite, comparable to mica-ish structure. 
The oblique position of the kyanite indicates sinistral sense of shear. Quartz in the matrix is recrystallised by grain 
boundary migration. Conceição do Rio Verde, southern Minas Gerais State, SE Brazil. Width of view 3 mm. CPL.

Fig. 9.5.27  Garnet ish surrounded by large recrystallised quartz grains with several biotite inclusions, indicat-
ing dextral shear. This thin section is from a quartz-rich band in a high-grade migmatitic paragneiss, containing 
sillimanite, K-feldspar and locally cordierite. The rock is not a mylonite, but some mylonitic structures, like this 
garnet ish, survived in the coarse recrystallised matrix. Recrystallisation and growth of the quartz was by grain 
boundary migration. Cara de Cão, Rio de Janeiro, Brazil. Width of view 1.5 mm. Polarisers at 45°.
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Fig. 9.5.28  Mylonitic garnet mica schist with elongated ish-shaped garnet. The oblique position and the 
foliation pattern in a C/S-like structure indicate dextral sense of shear. The recrystallised quartz fabric indicates 
medium metamorphic grade. The shape of the garnet may have been modiied by dissolution, preferential reac-
tion and/or mechanical erosion along the upper and lower contacts. Santana do Garambeu, soutern Minas Gerais 
State, SE Brazil. Width of view 6 mm. Polarisers at 45°. 

Fig. 9.5.29  Garnet ish surrounded by large quartz grains that resulted from growth by high-temperature grain 
boundary migration. The sense of shear is sinistral. Varginha, southern Minas Gerais State, SE Brazil.  
Width of view 3 mm. Polarisers at 45°.
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Fig. 9.5.30  Deformed and recrystallised quartzite containing kyanite (upper left) and ilmenite (opaque). The 
central ish of ilmenite is completely surrounded by recrystallised quartz and shows sinistral sense of shear by its 
stair stepping and oblique position. Conceição do Rio Verde, southern Minas Gerais State, SE Brazil.  
Width of view 1.5 mm. PPL.

Fig. 9.5.31  Low-grade mylonite derived from granite. The central porphyroclast is sphene with an asymmetric 
shape. This shape was possibly induced by mechanical erosion due to lux of the matrix along the porphyroclast 
although other processes like dissolution and enhanced reaction along high stress surfaces may have contributed 
as well. The white porphyroclast to the left is K-feldspar. Shear sense is dextral, indicated by stair stepping across 
the porphyroclasts. Roraima, northern Brazil. Width of view 2 mm. PPL.
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Fig. 9.5.32  Mylonite derived from granulite with granitic composition. The mylonite formed probably under 
medium-grade conditions as indicated by the small grainsize, strong undulose extinction of feldspar and limited 
recrystallisation of quartz. The central porphyroclast in Figs. 9.5.32 and 9.5.33 is orthopyroxene that apparently 
was modiied to a ish-like shape by mechanical erosion in low of the feldspar-rich matrix. Notice the minor shear 
bands that originate from the upper and lower contacts of the porphyroclasts. Shear sense is dextral, indicated by 
stair stepping and the oblique position of the porphyroclasts. Caparaó, Espirito Santo State, SE Brazil.  
Width of view 1.5 mm. CPL.

Fig. 9.5.33  As Fig. 9.5.32. Width of view 2 mm. CPL.
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Fig. 9.5.34  Quartzite mylonite with a cluster of cataclased tourmaline grains that form a lens of sigmoidal shape. 
This shape deines the sense of shear as dextral by its stair stepping and inclined orientation. Conceição do Rio 
Verde, southern Minas Gerais State, SE Brazil. Width of view 4 mm. PPL.

Fig. 9.5.35  Asymmetric diopside porphyroclast surrounded by large recrystallised quartz. The rock is a high-
grade gneiss with kyanite and K-feldspar, indicating relatively high-pressure granulite facies. The ish shaped 
crystals are interpreted as remnants of a mylonitic structure now mainly masked by recrystallisation and grain 
growth. It is diicult to determine metamorphic conditions during mylonitisation, but it seems likely that these 
conditions were medium- to high-grade. The parent rock was a paragneiss with calcsilicate layers. The shape of 
this diopside indicates dextral sense of shear. Note a biotite inclusion in the upper right part of the diopside that 
was protected from deformation by the rigid porphyroclast. Varginha, southern Minas Gerais State, SE Brazil. 
Width of view 1.5 mm. PPL.
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Fig. 9.5.36  The photomicrographs of Figs. 9.5.36 till 9.5.38 show diferent shapes of hornblende ish, all sur-
rounded by quartz from high-grade paragneisses. The combination of convex and concave shapes is similar to the 
diferent shapes of mica ish but there are diferences, probably caused by diferent crystal slip systems. Sense of 
shear is sinistral in Fig. 9.5.36, and dextral in Figs. 9.5.37 and 38. Varginha, southern Minas Gerais State, SE Brazil.  
Width of view 1.5 mm. PPL.

Fig. 9.5.37  As Fig. 9.5.36. Width of view 1.5 mm. PPL.

Chapter 9.5

208



Fig. 9.5.38  As Fig. 9.5.36. Width of view 1.5 mm. PPL.
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Fig. 9.5.39  The photomicrographs of Figs. 9.5.39 till 9.5.41 show a variation in shape of plagioclase ish, all sur-
rounded by quartz, recrystallised and grown to large size by grain boundary migration. All indicate sinistral sense 
of shear. Varginha, southern Minas Gerais State, SE Brazil. Width of view 1.5 mm. CPL.

Fig. 9.5.40  As Fig. 9.5.39. Width of view 1.5 mm. CPL.
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Fig. 9.5.41  As Fig. 9.5.39. Width of view 1.5 mm. CPL.

Fig. 9.5.42  Fish (or humming-bird)-like structure composed of intergrown plagioclase and biotite. The sense of 
shear is sinistral. The structure is embedded in one large quartz grain; at upper left are three more small plagio-
clase ish. Varginha, southern Minas Gerais State, SE Brazil. Width of view 1.5 mm. CPL.
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Fig. 9.5.43  Mylonitic muscovite schist derived from a rhyolitic tuf that originally contained large phenocrysts 
of Kfeldspar  and quartz. Kfeldspar grains show a lens or ish shape, with extensive substitution by myrmekite 
along the upper and lower contacts (Figs. 9.5.44 and 9.5.45). The shape and orientation of the lens or ish indi-
cates sinistral sense of shear, conirmed by the asymmetric distribution of myrmekite. Southeast Minas Gerais 
State, SE Brazil. Width of view 20 mm. PPL.

Fig. 9.5.44  As Fig. 9.5.43. Width of view 20 mm. CPL.
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Fig. 9.5.45  Detail of Fig. 9.5.44, showing partial substitution of K-feldspar by myrmekite along the lower and up-
per contacts. In the tip of the porphyroclast (upper left) this substitution is not well developed.  
Width of view 5 mm. CPL.
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Fig. 9.5.46  Mylonitic quartz mica schist with “porphyroclasts” of quartz in a ine-grained mica-rich matrix. The 
large grains of quartz are remnants of quartz phenocrysts in a rhyolitic tuf, the parent rock of this deformed end 
product. The large quartz grains resisted more than the matrix and remained as porphyroclastic lenses in the 
sheared matrix. The strong undulose extinction in quartz indicates crystalplastic deformation with limited bulg
ing recrystallisation (Fig. 9.5.47), typical of lowgrade metamorphic conditions. Sense of shear is sinistral indicated 
by the inclined shape of the quartz lenses and incipient C´ shear bands slightly inclined to the left.  
Southeast Minas Gerais State, SE Brazil. Width of view 18 mm. CPL.

Fig. 9.5.47  Detail of Fig. 9.5.46, showing strong undulose extinction in the large quartz crystal and ine-grained 
recrystallised grains in the tips of the ish-shaped structure. Sense of shear is sinistral. Width of view 6 mm. CPL.
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Fig. 9.6.1  Common shape of 
asymmetric folds in mylonites
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9.6 Folds in Mylonites

Asymmetric folds (Fig. 9.6.1), oten intrafolial, are relatively common in mylonites and their 

vergence can be used as a shear sense indicator if observed in sections parallel to the aggregate 

lineation (stretching lineation) and orthogonal to the mylonitic foliation, and if the fold axes 

are at a high angle to the stretching lineation. hey tend to be tight to isoclinal with tapering 

hinges and are thought to develop during mylonitisation. However, some may be older, modiied 

by the mylonitisation. 

Irregularities in the low pattern of a shear zone may produce folds at any stage of mylonite 

development. he older folds would be sheared out by subsequent mylonitisation and the younger 

folds would show a folded mylonitic fabric. In the sequence of photomicrographs shown below 

this relative order, from old to young with respect to the main mylonitisation, is followed. Lattice 

orientation of quartz tends to be strong in mylonites and may overprint old folds, whereas late 

folds will tend to show a folded fabric. his last situation is shown in Fig. 9.6.21, where the two 

limbs of a fold show diferent optical orientation.



Fig. 9.6.3  As Fig. 9.6.2. Width of view 12 mm. CPL.

Fig. 9.6.2  Ultramylonite with porphyroclasts of K-feldspar, derived from an orthogneiss. Several asymmetric 
folds indicate dextral sense of shear. The delta-type low pattern around the large porphyroclast below the center 
also indicates dextral shear because of its stair stepping. A third indicator of dextral shear is the oblique fabric in 
the quartz-rich part in the lower left quadrant (Fig. 9.6.3). The strongly deformed nature of this quartz relects 
relatively low temperature during and after mylonitisation. Roraima, northern Brazil. Width of view 12 mm. PPL.
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Fig. 9.6.4  Ultramylonite derived from granite, with porphyroclasts of K-feldspar. The upper part is very ine-
grained and contains few porphyroclasts. Asymmetric folds in the central part indicate dextral shear. Notice the 
low pattern around the relatively large porphyroclast below the center, also indicating dextral shear by its stair 
stepping. Low temperature shear zone from the Saint-Barthélemy Massif, Pyrenees, France.  
Width of view 10 mm. PPL.

Fig. 9.6.5  Ultramylonite from the same shear zone as Fig. 9.6.4, showing asymmetric folds, indicating dextral 
sense of shear. Width of view 10 mm. PPL.
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Fig. 9.6.6  Ultramylonite from the same shear zone as Fig. 9.6.4. Few porphyroclasts survived in this section. 
Asymmetric folds indicate dextral sense of shear. The strongly deformed quartz, visible in Fig. 9.6.7, indicates low 
metamorphic grade during mylonitization. The strong colour contrast between dark and clear layers is due to the 
presence of extremely ine-grained biotite in the dark layers. Width of view 15 mm. PPL.

Fig. 9.6.7  As Fig. 9.6.6. Width of view 15 mm. CPL.
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Fig. 9.6.8  Mylonite derived from granite with K-feldspar and plagioclase porphyroclasts. Asymmetric folds in the 
center and oblique mica ish in the upper part indicate sinistral sense of shear. Low-grade mylonite from a major 
shear zone in Pernambuco, NE Brazil. Width of view 10 mm. PPL.
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Fig. 9.6.9  Mylonite with very ine-grained matrix derived from an amphibolite with porphyroclasts of plagio-
clase and hornblende. Asymmetric folds in the central and lower parts of the photo indicate sinistral sense of 
shear. Fig. 9.6.10 shows core-mantle structures of the plagioclase porphyroclasts with undulose cores surrounded 
by very ine-grained recrystallised plagioclase. The hornblende grains do not show this because they need higher 
temperature to recrystallise. Low-grade mylonite. Mt. West, Western Australia. Width of view 6 mm. PPL.

Fig. 9.6.10  As Fig. 9.6.9. Width of view 6 mm. CPL.

Chapter 9.6

220



Fig. 9.6.11  Mylonite from a low-grade shear zone, derived from a paragneiss. The porphyroclasts are feldspar 
and muscovite. Dark bands contain very ine-grained biotite. Asymmetric folds, C/S fabric (lower left) and mica 
ish indicate sinistral shear. South Island, New Zealand. Width of view 22 mm. PPL.

Fig. 9.6.12  As Fig. 9.6.11. Width of view 22 mm. CPL.
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Fig. 9.6.13  Ultramylonite (lower part) and mylonite (upper part), derived from a granitic rock. Isoclinal asymmet-
ric folds, verging to the left, indicate sinistral sense of shear. The extremely ine-grained matrix and the partial 
recrystallisation of quartz (Fig. 9.6.14) indicate low-grade metamorphic conditions. Western Australia.  
Width of view 5 mm. PPL.

Fig. 9.6.14  As Fig. 9.6.13. Width of view 5 mm. CPL.
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Fig. 9.6.15  This case is transitional between “folded mylonite”, where the main mylonitic foliation is folded 
without much axial plane foliation and “asymmetric folds in mylonites”, where compositional banding is tightly 
to isoclinaly folded with the main mylonitic foliation being axial planar to the folds. Notice that the diference 
between these two groups can be, in some cases, a matter of scale. Leiden collection . Width of view 28 mm. PPL.

Fig. 9.6.16  As Fig. 9.6.15. Width of view 28 mm. CPL.
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Fig. 9.6.17  Folded mylonite of low- to medium-grade, derived from paragneiss, containing biotite, muscovite 
and garnet. The folded mylonitic foliation is approximately vertical and the trace of the axial plane of the folds is 
subhorizontal. Field evidence indicates that the fold was formed during mylonitisation. Marsjällen, Västerbotten, 
Sweden. Width of view 20 mm. PPL. 

Fig. 9.6.18  As Fig. 9.6.17. Width of view 20 mm. CPL.
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Fig. 9.6.19  Folded mylonite from the same locality as Fig. 9.6.17. Width of view 20 mm. PPL.

Fig. 9.6.20  As Fig. 9.6.19. Width of view 20 mm. CPL.
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Fig. 9.6.21  Detail of a fold similar to that in Fig. 9.6.18, but  with CPL and gypsum plate to show that the quartz 
lattice is folded. In the lower fold limb most quartz grains are blue whereas in the upper limb most are yellow as a 
consequence of their diferent optical orientation due to the folding. Marsjällen, Västerbotten, Sweden.  
Width of view 15 mm. CPL with gypsum plate.
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9.7 Other Shear Sense Indicators

In this section examples are shown of domino-type fragmented porphyroclasts (Fig. 9.7.1), shear-

band type fragmented porphyroclasts (Fig. 9.7.5), quarter folds (Fig. 9.7.9), asymmetric strain 

shadows (Fig. 9.7.13) and domino-type boudinage (Passchier & Trouw 2005, their Fig. 5.41). he 

irst group is characterised by antithetic movement along internal faults that make an angle of 

more than 45° with the mylonitic foliation. he second group includes porphyroclasts with inter-

nal faults at less than 45° to the mylonitic foliation and synthetic movement. he name quarter 

folds refers to their arrangement around porphyroclasts in opposite quarters. For example, in 

dextral shear they may develop in the upper right and lower let quarters. In a similar way as 

fragmented porphyroclasts, boudins can also be subdivided into domino-type and shear-band 

type (Passchier & Trouw 2005, their Fig. 5.41).



Fig. 9.7.2  Domino-type fragmented porphyroclast of K-feldspar in a matrix composed of quartz, feldspar, mica 
and fragmented tourmaline. The rock is a protomylonite derived from a granite. Notice that the angle between the 
fault planes that separate the feldspar fragments and the mylonitic foliation exceeds 45° to the right of the large 
porphyroclast; below this porphyroclast the angle is smaller due to the compressional efect of the porphyroclast. 
Sense of shear between the fragments is sinistral, but the general sense of shear in the rock is dextral. This struc
ture is also referred to as bookshelf sliding. Taxaquara, Sao Paulo State, SE Brazil. Width of view 3 mm. CPL.

Fig. 9.7.1  Dominotype fragmented porphyroclast. 
Notice that the movement along the faults in the 
porphyroclast is antithetic to the sense of shear in the 
matrix and that the angle between these faults and 
the mylonitic foliation is usually larger than 45°.
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Fig. 9.7.4  Mylonitised paragneiss with feldspar porphyroclasts and mica ish in a matrix mainly composed of 
quartz and mica. The central porphyroclast of plagioclase is broken into three pieces with dextral ofset between 
them. However, the sense of shear in the mylonite is sinistral as indicated by several mica ish and stair stepping 
across the porphyroclast. The fragmented porphyroclast is therefore interpreted as domino-type. This example 
illustrates that the interpretation of shear sense from fragmented porphyroclasts is not always unequivocal.  
Pernambuco, NE Brazil. Width of view 2 mm. CPL.

Fig. 9.7.3  This low-grade mylonite derived from a granite shows a broken porphyroclast of feldspar with appar-
ent dextral dislocation along the microfault that separates the two fragments. Since the fault makes a large angle 
with the mylonitic foliation the structure is interpreted as a domino-type fragmented porphyroclast, indicative of 
sinistral sense of shear in the mylonite, conirmed by several mica ish and some asymmetric minor folds.  
Pernambuco, NE Brazil. Width of view 4 mm. PPL.
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Fig. 9.7.5  Shear-band type fragmented porphyro-
clast. Notice that the movement along the faults 
in the porphyroclast is synthetic with the sense of 
shear in the surrounding mylonite and that the angle 
between the microfaults and the mylonitic foliation 
is smaller than 45°.

Fig. 9.7.6  Ultramylonite derived from a granitic rock showing a shear band type fragmented porphyroclast of K-
feldspar embedded in a very ine-grained matrix. Sense of shear between the two fragments is dextral, syntaxial 
to the sense of shear in the mylonite. The metamorphic circumstances during mylonitisation were probably low 
grade, as indicated by the brittle behaviour of feldspar and the very ine-grained matrix. Australia.  
Width of view 5 mm. CPL.
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Fig. 9.7.8  Medium-grade mylonite with porphyroclasts of garnet and kyanite in a biotite-rich matrix. The parent 
rock was probably a garnet-biotite-kyanite schist (possibly a restite or melanosome from a migmatite). The gar-
net in the center is broken in two halves with an apparent dextral ofset. Since the angle between the fault plane 
and the mylonitic foliation is less than 45°, the structure is interpreted as a shearband type fragmented porphy
roclast (however, the angle is very close to 45 degrees and the interpretation is therefore not unequivocal). Hence, 
the sense of shear in the rock was probably dextral as well, but the lack of other shearsense indicators to conirm 
this makes the conclusion uncertain. Marsjällen, Västerbotten, Sweden. Width of view 3 mm. PPL.

Fig. 9.7.7  Shear band type porphyroclast with sinistral sense of shear. The rock is a mylonite derived from a 
granite and the metamorphic conditions were low-grade, indicated by the partially recrystallised quartz (e.g. in 
a light band close to the bottom and at upper right). The sense of shear is conirmed by the stair stepping of the 
mylonitic foliation around the central porphyroclast and an incipient C/S fabric. Pernambuco, NE Brazil.  
Width of view 5 mm. CPL. 
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Fig. 9.7.10  This mylonite derived from a granite contains a large porphyroclast of feldspar in the center. At the 
upper right side of this porphyroclast, some minor folds verging to the right deine the structure as quarter folds, 
indicative of dextral shear sense. Other structures in the matrix, like mica ish and stair stepping across minor 
porphyroclasts conirm this sense of shear. Pernambuco, NE Brazil. Width of view 4 mm. PPL.

Fig. 9.7.9  Quarter folds. Notice that the folds in dex-
tral shear only develop in the upper right and lower 
left quadrants. 
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Fig. 9.7.11  Example of quarter folds around a feldspar porphyroclast from the same locality as Fig. 9.7.10. Notice 
the folds both in the upper left and the lower right quadrants, indicating sinistral sense of shear.  
Width of view 3 mm. PPL.

Fig. 9.7.12  Mylonite showing a porphyroclast in the center with quarter folds in the upper left and lower right 
quadrants, indicating sinistral sense of shear. Minor asymmetric folds and mica ish in the matrix reforce this 
interpretation. Pernambuco, NE Brazil. Width of view 3 mm. PPL.
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quartz

feldspar

Fig. 9.7.14  Porphyroclast of K-feldspar embedded in low-grade mylonite. The mylonitic foliation deviates 
strongly around the porphyroclast and shows accentuated stair stepping indicative for dextral sense of shear. 
Minor recrystallisation along the rim of the porphyroclast into very ine-grained new grains is just visible at this 
magniication (Fig. 9.7.15). The porphyroclast cannot be classiied as a clear delta or sigma structure because it 
did not develop clear wings and is therefore better described as a porphyroclast with asymmetric strain shadows. 
Roraima, northern Brazil. Width of view 5 mm. PPL. 

Fig. 9.7.13  Idealised model of asymmetric strain 
shadows.

Chapter 9.7

234



Fig. 9.7.15  As Fig. 9.7.14. Width of view 5 mm. CPL.

Fig. 9.7.16  Low-grade mylonite derived from a sillimanite bearing quartzite, showing sillimanite porphyroclasts 
in a matrix of strongly deformed quartz with minor recrystallisation by bulging. The sillimanite porphyroclasts are 
boudinaged and rotated in a dextral sense, whereas apparent ofset between the boudins is sinistral. The struc
ture is interpreted to show domino boudins related to dextral shear, conirmed by other shear sense indicators 
visible in the thin section but not in this photomicrograph. Saint Barthélemy Massif, French Pyrenees.  
Width of view 4 mm. CPL.
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9.8 Superposed Sense of Shear

Shear zones are commonly reactivated at various stages of their evolution and this reactivation 

may include a change in the sense of shear. In general the new sense of shear will tend to overprint 

the old one beyond recognition, but in several cases it is possible to recognise an old sense of shear 

overprinted by a later one. An example of this situation is shown in this section.



Fig. 9.8.1  Mylonite derived from an amphibolitic rock with porphyroclasts of plagioclase and hornblende. The 
structure shows two large porphyroclasts in the center with a well developed core-and-mantle structure show-
ing relatively large recrystallised feldspars surrounding a core with undulose extinction (Fig. 9.8.2). Their ish-like 
shape and stair stepping to the right is indicative for dextral sense of shear. Western Australia.  
Width of view 11 mm. PPL.

Fig. 9.8.2  As Fig. 9.8.1. Width of view 11 mm. CPL.
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Fig. 9.8.3  Detail of Fig. 9.8.2 to show the recrystallisation around the core of the central porphyroclasts, indica-
tive of medium-grade metamorphic conditions. Width of view 5 mm. CPL.

Fig. 9.8.4  Close-up of the upper right-hand part of Fig. 9.8.3 showing several quartz veins at left, with deformed 
and recrystallised quartz. Oblique foliation and an asymmetric fold in quartz are indicative of sinistral shear under 
low-grade metamorphic conditions, apparently superposed on the older dextral shear. Width of view 2 mm. CPL.
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Grain Boundary Migration (GBM)

Subgrain Rotation (SGR)

high T

low T

Bulging (BLG)

deformation

deformation

Fig. 10.1  The three main types of dynamic recrystallisation in a polycrystalline aggregate. The 
substance of one of two large grains that recrystallise is indicated in bright yellow, before and 
 during recrystallisation.
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10 Crystal-Plastic Deformation, Recovery and  
 Recrystallisation of Quartz

As stated in the introduction, this chapter is included because of the special importance of 

quartz to estimate metamorphic conditions during and ater mylonitisation. he theory behind 

crystal-plastic deformation is treated elsewhere (e.g. Passchier & Trouw 2005). he main optical 

expression of crystal-plastic deformation is smooth, non-patchy undulose extinction. Elongated 

grains with such undulose extinction, sometimes accompanied by deformation lamellae, are 

indicative for low-temperature deformation. At slightly higher temperatures recovery produces 

subgrains and recrystallisation tends to substitute the old deformed grains by small new ones. 

hree types of recrystallisation can be distinguished (Fig. 10.1):

bulging recrystallisation at relatively low temperature; low temperature grain boundary  –

migration causes small-amplitude lobate grain contacts that eventually separate small grains 

by a process of “necking”;

subgrain rotation recrystallisation at low to medium temperature; this type of recrystallisa- –

tion produces new grains by the progressive rotation of subgrains;

high-temperature grain boundary migration; strictly speaking, no new grains are produced  –

by this mechanism, but growth by large-amplitude grain boundary migration produces large 

grains with irregular shapes and oten with inclusions of other minerals.

If temperature is suiciently high ater subgrain rotation recrystallisation, adjustment of grain 

boundaries under static conditions tends to result in a polygonal granoblastic fabric, typical for 

medium-grade metamorphic conditions.



Fig. 10.2  Low-grade metawacke with detrital quartz grains in a matrix of muscovite and ine-grained quartz. 
The horizontal secondary foliation is delected around the more resistant quartz grains that show undulose ex-
tinction of sweeping type due to crystal-plastic deformation. However, the approximately equidimensional shape 
of the quartz grains shows that they are little deformed. This rock is not a mylonite which is clear from study in 
outcrop where an angle between bedding and cleavage can be observed. However, at irst sight, the structure is 
similar (see also Chapter 11). Quartz remained in its deformed state because of the low metamorphic grade.  
Southern Minas Gerais State, SE Brazil. Width of view 5 mm. CPL.

Fig. 10.3  Low-grade metawacke with detrital quartz grains in a matrix of muscovite and ine-grained quartz. 
Deformation in this rock was more intensive than in the rock shown in Fig. 10.2, as can be deduced from the more 
elongated shape of the quartz grains. Quartz shows sweeping undulose extinction, indicative of low-grade meta-
morphic conditions. Southern Minas Gerais State, SE Brazil. Width of view 12 mm. CPL.
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Fig. 10.4  Low-grade metawacke with strongly elongated, mainly monocrystalline quartz grains in a matrix of 
muscovite and ine-grained quartz. The quartz grains are strongly deformed by crystal-plastic deformation, form-
ing ribbons with sweeping undulose extinction. This rock is transitional to a mylonite. Some quartz grains are 
more deformed than others, probably due to diferent lattice orientation. Western Alps.  
Width of view 12 mm. CPL.

Fig. 10.5  Quartzite deformed under low-grade metamorphic conditions. Most quartz grains show undulose 
extinction, some of the sweeping type and others more patchy. The contacts between the quartz grains tend to 
become lobate by grain-boundary migration. Bahia, NE Brazil. Width of view 8 mm. CPL.
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Fig. 10.6  Quartzite deformed under low-grade metamorphic conditions. Note the elongated shape of most 
grains, deining a horizontal secondary foliation. Most quartz grains show sweeping undulose extinction. Note 
the lobate contacts that locally isolate small new grains by bulging recrystallisation. Pernambuco, NE Brazil. 
Width of view 10 mm. CPL.

Fig. 10.7  Low-grade deformed quartzite similar to the one shown in Fig. 10.6. Note the subvertical cataclastic 
shear band, right of the center with strongly reduced grain size due to cataclasis. Guapé, southern Minas Gerais 
State. Width of view 13 mm. CPL.
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Fig. 10.8  Low-grade quartzite with sweeping undulose extinction and lobate contacts due to grain boundary 
migration. At some localities (e.g. extreme right) new grains are being produced by bulging recrystallisation.  
Bahia, NE Brazil. Width of view 5 mm. CPL.

Fig. 10.9  Low-grade quartzite with deformed quartz showing sweeping undulose extinction, lobate contacts 
due to grain boundary migration and deformation lamellae (e.g. upper right–lower left) in the central grain.  
Bahia, NE Brazil. Width of view 3 mm. CPL.
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Fig. 10.11  Impure quartzite with opaque minerals (upper left) deformed under low-grade metamorphic condi-
tions. The central quartz grain is strongly deformed by crystal-plastic deformation resulting in chevron folds 
within the quartz with subvertical axial plane. Subhorizontal deformation lamellae are just visible in the central 
and right part of the photomicrograph. Lobate contacts and recrystallisation by bulging can be observed at lower 
left. Bahia, NE Brazil. Width of view 3 mm. CPL.

Fig. 10.12  Low-grade micaceous quartzite with two orthogonal metamorphic foliations. The horizontal folia-
tion deined by the preferred orientation of muscovite is older than the vertical foliation deined by the elongated 
shape of quartz crystals. This is evident from small folds in the muscovites with vertical trace of the axial plane. 
Many quartz grains show undulose extinction indicating that the vertical shape fabric of the quartz was induced 
by horizontal shortening under low-grade conditions. The photomicrograph demonstrates that crystal-plastic 
deformation of quartz is capable of inducing a shape fabric with relatively little deformation; in the case of stron-
ger deformation, the mica foliation would not have survived in its horizontal position. Itumirim, southern Minas 
Gerais State, SE Brazil. Width of view 12 mm. CPL.
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Fig. 10.13  Similar situation as shown in Fig. 10.12. Elongate chlorite crystals deine an older foliation trending 
upper left to lower right. Elongate quartz grains trend upper right to lower left; they show undulose extinction 
and lobate contacts related to the last deformation experienced by this quartzitic rock. Some gentle folds in the 
chlorite foliation conirm the sequential relation between the two foliations. Itumirim, southern Minas Gerais 
State, SE Brazil. Width of view 2.5 mm. CPL.

Fig. 10.14  Low-grade quartzite with large grains deformed by crystal-plastic deformation. Most contacts are lo-
bate. The undulose extinction shows some relatively sharp transitions in grey tones, deining elongated subgrains 
(upper left-lower right); the sweeping undulose extinction changes to patchy. Bahia, NE Brazil.  
Width of view 2 mm. CPL.
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Fig. 10.15  Low-grade quartzite with lobate contacts due to grain boundary migration. At several sites (e.g. left 
of center) isolated small grains appear as a result of bulging recrystallisation. The central grain shows a transition 
between patchy and sweeping undulose extinction, closer to patchy. Bahia, NE Brazil. Width of view 2 mm. CPL.

Fig. 10.16  Quartz-rich lens in a mylonitised gneiss showing strongly lobate contacts due to grain boundary mi-
gration. Bulging  recrystallisation is apparent in the central part of the photomicrograph. Marsjällen, Västerbot-
ten, Sweden. Width of view 1.25 mm. CPL.
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Fig. 10.17  Quartz-rich lens in a mylonitised gneiss with lobate contacts between quartz grains and incipient 
bulging recrystallisation (e.g. the white grains at lower right). Marsjällen, Västerbotten, Sweden.  
Width of view 1.25 mm. CPL.

Fig. 10.18  Low-grade quartzite showing patchy undulose extinction and partial recrystallisation into about 20% 
new small grains. The mechanism of recrystallisation is probably both bulging (e.g. lower left) and subgrain rota-
tion (e.g. central part). Bahia, NE Brazil. Width of view 1.8 mm. CPL.
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Fig. 10.19  Low-grade quartzite with patchy undulose extinction in large old grains, deining subgrains. The tran-
sition to new grains with stronger contrasting grey tones is gradational, suggesting that subgrain rotation was 
the main mechanism of recrystallisation. Bahia, NE Brazil. Width of view 1.2 mm. CPL.

Fig. 10.20  Low-grade quartzite with subgrains within large deformed old grains, and small new grains appear-
ing within a single old grain. The mechanism of recrystallisation was probably subgrain rotation since bulging 
occurs exclusively along lobate contacts of old grains. Bahia, NE Brazil. Width of view 3 mm. CPL.
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Fig. 10.21  Detail of the same thin section shown in Fig. 10.20. The whole photomicrograph shows an area inside 
one old deformed grain. At left the old grain  is still recognizable by the patchy undulose extinction corresponding 
to subgrains. In the central part new grains, produced by subgrain rotation, predominate. At right the proportion 
is about 50% each. Bahia, NE Brazil. Width of view 1.2 mm. CPL.

Fig. 10.22  Partially recrystallised old quartz grain with gradual transition between subgrains and new grains. 
The mechanism of recrystallisation is subgrain rotation. Bahia, NE Brazil. Width of view 1.2 mm. CPL.
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Fig. 10.23  Low-grade strongly deformed quartzite with about 25% recrystallisation. The elongated large old 
grains show strong sweeping undulose extinction. Recrystallisation was probably both by bulging and by sub-
grain rotation. Itumirim, southern Minas Gerais State, SE Brazil. Width of view 12 mm. CPL.

Fig. 10.24  Low-grade deformed quartzite showing about 40% recrystallisation. The large old grains exhibit 
undulose extinction. At this magniication it is diicult to distinguish between recrystallisation by bulging or by 
subgrain rotation. Conceição do Rio Verde, southern Minas Gerais State, SE Brazil. Width of view 10 mm. CPL. 
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Fig. 10.25  Low-grade deformed quartzite with about 70% recrystallisation. Few old elongated grains with undu-
lose extinction are recognizable. The predominant mechanism of recrystallisation was probably subgrain rotation, 
but at this magniication this is hard to see. Itumirim, southern Minas Gerais State, SE Brazil.  
Width of view 15 mm. CPL.

Fig. 10.26  Low-grade deformed quartzite with about 90% recrystallisation. Very few elongated old grains can 
be recognized (upper right). Itumirim, southern Minas Gerais State, SE Brazil. Width of view 15 mm. CPL.

Crystal-
Plastic De-
formation, 
Recovery 
and Recry-
stallisation 
of Quartz

255



Fig. 10.27  Fully recrystallised low- to medium-grade quartzite. Note the predominantly straight contacts that 
tend to make angles of about 120°. Light and dark clusters of grains relect old recrystallised grains to some 
extend since the angle between the lattice of new and old grains is usually between 5 and 30°. Bahia, NE Brazil. 
Width of view 10 mm. CPL.

Fig. 10.28  Fully recrystallised low- to medium-grade quartzite. Note the predominantly equidimensional shape, 
the straight contacts and the tendency of these contacts to make angles of 120° at triple junctions. Bahia, NE 
Brazil. Width of view 5 mm. CPL.
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Fig. 10.29  Fully recrystallised low- to medium-grade quartzite with relatively small equidimensional grains. The 
straight contacts tending to make angles of 120° are the result of static readjustment after deformation. Bahia, 
NE Brazil. Width of view 10 mm. CPL.

Fig. 10.30  Close-up of fully recrystallised quartz fabric with static adjustment of grain boundaries. Note the 
equidimensional shape of grains and the straight contacts that tend to make angles of 120° at triple junctions 
(e.g. upper left). Itumirim, southern Minas Gerais State, SE Brazil. Width of view 1.2 mm. CPL.
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Fig. 10.31  Phyllite with quartz veins and folds with the trace of the axial surface trending ENE-WSW. The major 
quartz vein is folded but the quartz fabric is free of strain, demonstrating the complete recrystallisation and 
static readjustment after folding. Two deformation phases can be recognized in this thin section. The irst one 
(D1) generated a slaty cleavage that is now trending upper left to lower right. The second phase (D2) produced 
the folds and a new spaced crenulation cleavage, trending upper right to lower left. The quartz veins must be pre-
D2, because they are folded by D2. The well-recrystallised quartz in the veins shows that metamorphic conditions 
during and/or after D2 were suiciently high for recrystallisation to proceed. Itumirim, southern Minas Gerais 
State, SE Brazil. Width of view 8 mm. CPL.

Fig. 10.32  Quartz fabric showing initiation of grain growth by (high-temperature) grain boundary migration. 
Several equidimensional grains with straight contacts at angles of 120° can still be recognized (e.g. below center), 
but other grains assume large irregular shape (e.g. above center) due to grain boundary migration. Santa Rosa 
Mylonite zone, California. Width of view 3 mm. CPL.
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Fig. 10.33  Medium- to high-grade micaceous quartzite with large quartz grains containing several inclusions of 
muscovite. Note the irregular shape of the quartz grains due to grain boundary migration. At lower metamorphic 
grade quartz rarely contains inclusions. Morro do Cara de Cão, Rio de Janeiro, SE Brazil. Width of view 3 mm. CPL.

Fig. 10.34  Medium- to high-grade micaceous quartzite with microstructures typical for high-temperature 
grain boundary migration. Just left of the center is a “window” microstructure where two biotite grains (colored) 
impeded the advance of the light grey upper quartz grain into the dark one below. Hence, the movement direc-
tion of the migrating grain boundary was downwards. Further to the right is a “pinning” microstructure, where 
another biotite grain hampered the movement of a grain boundary in the same direction. Morro do Cara de Cão, 
Rio de Janeiro, SE Brazil. Width of view 1.2 mm. CPL.
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Fig. 10.35  Typical microstructure of high-grade micaceous quartzite. Quartz grains are large and very irregular 
in shape due to high-temperature grain boundary migration. Notice the large number of inclusions. Isolated parts 
with the same grey tone may represent parts of a single crystal that link in the third dimension, above or below 
the thin section. Juiz de Fora, southern Minas Gerais State, SE Brazil. Width of view 13 mm. CPL.

Fig. 10.36  High-grade micaceous quartzite with large quartz grains. The irregular grain boundaries and the pres-
ence of inclusions indicate high-temperature grain boundary migration as the mechanism for grain growth. The 
central grain shows undulose extinction indicating renewed deformation after grain growth.  
Juiz de Fora, southern Minas Gerais State, SE Brazil. Width of view 3 mm. CPL.
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Fig. 10.37  High-grade micaceous quartzite with large irregular shaped quartz grains due to high-temperature 
grain boundary migration. Renewed deformation at lower temperature induced undulose extinction with well-
delineated subgrains of “chessboard” type. Note that the elongated shape of subgrains is controlled by the main 
shortening direction and the lattice orientation of the deforming crystal. Rio de Janeiro State, SE Brazil.  
Width of view 3 mm. CPL.

Fig. 10.38  High-grade sillimanite-bearing mylonitic quartzite, showing a fabric typical for grain growth by high- 
temperature grain boundary migration. The irregular shape of the quartz grains is controlled to some extend by 
sillimanite and biotite grains with a strong preferred orientation (horizontal). The undulose extinction reveals 
later deformation under lower temperature conditions. Maria da Fé, southern Minas Gerais State, SE Brazil.  
Width of view 18 mm. CPL.
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Fig. 10.39  High-grade mylonite with quartz ribbons separated by ine-grained recrystallised K-feldspar. This 
photomicrograph is also shown in Fig. 6.1 as an example of a high-grade mylonite. It is probably derived from 
pegmatite since the rock is exclusively composed of K-feldspar and quartz. The peculiar shape of the quartz grains 
is due to extreme stretching followed by recrystallisation by high-temperature grain boundary migration. The 
grain boundaries could only advance along the stretched quartz grains since these are embedded in small recrys-
tallised K-feldspar that would not permit lateral growth. Três Rios, Rio de Janeiro State, SE Brazil.  
Width of view 18 mm. CPL.
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11 “False” mylonites

Several little deformed sedimentary and volcanic rocks may contain structures that closely re-

semble mylonitic structures. Two examples are shown in this section. Low grade metasedimen-

tary wackes containing detrital quartz grains in a ine-grained matrix may resemble mylonites. 

he quartz may show undulose extinction and resemble porphyroclasts in a mylonite (compare 

Fig. 10.2). However, in real mylonites quartz is the weaker mineral and tends to form the matrix 

rather then the porphyroclasts. An exeption to this are mylonitised ignimbrites or other volcanic 

rocks (e.g. Figs. 9.5.46 and 9.5.47; Passchier & Trouw 2005, their Figs. 3.9 and 3.10).

Another example is given by low structures in lava. hese can be diferentiated from true 

mylonites by the fact that mylonites tend to contain rounded porphyroclasts whereas lavas usu-

ally contain angular phenocrysts.



Fig. 11.1  Low-grade metasediment with abundant clastic quartz grains in a mica-rich matrix. Ductile deforma-
tion has induced a horizontal cleavage. Deformation of the quartz grains by crystal-plastic processes resulted in 
undulose extinction. Low metamorphic grade has hampered recovery and recrystallisation. At irst sight the rock 
looks like a mylonite with deformed “porphyroclasts” in a ine-grained matrix; however, quartz in real mylonites 
tends to form the matrix and usually does not survive as porphyroclasts (see also Fig. 10.2). Southern Minas 
Gerais State, SE Brazil. Width of view 12 mm. CPL.
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Fig. 11.2  Low-grade metasediment with preserved bedding (upper right-lower left) at a small angle to slaty 
cleavage (horizontal). Deformed detrital quartz grains in abundant matrix resemble a mylonitic structure (Fig. 11.3). 
However, the preserved angle between bedding and slaty cleavage shows that the rock is not a mylonite.  
Southern Minas Gerais State, SE Brazil. Width of view 16 mm. PPL.

Fig. 11.3  As Fig. 11.2. Width of view 16 mm. CPL.
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Fig. 11.4  Flow structure in lava with deviation and local folding around angular fragments. Sense of low is sinis-
tral. The structure looks similar to a mylonite but porphyroclasts in mylonites tend to be rounded because of a 
less extreme viscosity contrast. Width of view 5 mm. PPL. (thin section courtesy Ron Vernon).

Fig. 11.5  As Fig. 11.4. Note the complex low pattern around the rigid clast, resembling quarter structure.  
Width of view 5 mm. PPL.
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Fig. 11.6  As Fig. 11.4. Width of view 5 mm. PPL.

“False”  
Mylonites

269



Fig. 11.7  Photomicrograph of the intrusive contact between a diabase dyke (at right) and amphibolite with 
horizontal schistosity (at left). The sharp contact and the almost opaque matrix of the dyke resemble pseudot-
achylyte, but the elongated plagioclase crystals leave no doubt about the igneous origin of this dyke.  
Buzios, Rio de Janeiro State, SE Brazil. Width of view 6 mm. PPL.

Fig. 11.8  As Fig. 11.7. Width of view 6 mm. CPL.
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Fig. 11.9  Very ine-grained metasediment with isoclinal folds in the bedding and a well developed axial plane 
cleavage. The rock looks mylonitic but isoclinal folds in mylonites tend to have a more tapering shape in the 
hinges. Portugal. Width of view 16 mm. PPL.

Fig. 11.10  As Fig. 11.9. Width of view 16 mm. CPL.
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Fig. 11.11  Deformed rhyolite. This rock resembles at irst sight a mylonite by the presence of relatively large 
quartz grains (apparent porphyroclasts) in a ine-grained foliated matrix. The idiomorphic shape of the quartz 
(see also detail in Fig. 11.12) and the lack of undulose extinction reveal that the rock did not sufer strong defor-
mation and that the contrast between large crystals in a ine-grained matrix is an original feature of this rock. 
This rock can be compared with Figs. 9.5.46 and 47 that were derived from a similar parent rock but with much 
more intensive deformation. Southern Chile. Width of view 16 mm. CPL.

Fig. 11.12  Detail of Fig. 11.11. The hypidiomorphic shape of this quartz crystal with an embayment is charac-
teristic for magmatic growth. Note the lack of undulose extinction, indicating that the deformation was not very 
strong. Width of view 2.5 mm. CPL.
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12 Exercises

he purpose of this chapter is to give the reader the option to check his or her level of understand-

ing of mylonites by trying to answer the questions given in the igure captions. Although we do 

not claim that our solutions given at the end of the chapter are the only possible ones, they will 

enable an assessment of the level of comprehension. 



Fig. 12.1  Width of view 4 mm. PP. 
Describe the structure, comment on the temperature during formation of the structure and determine sense of 
shear.

Fig. 12.2  Mylonite derived from granite. The central porphyroclast is feldspar and the high relief mineral in the 
upper central part is garnet. Pernambuco, NE Brazil. Width of view 3 mm. PPL.
Name the structure, commend on the temperature during mylonitisation and deine the sense of shear. 
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Fig. 12.3  Mylonite derived from quartz-mica schist. Heliodora, Southern Minas Gerais State, SE Brazil.  
Width of view 12 mm. CPL. 
Describe the structure, deine sense of shear and estimate the temperature during formation.
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Fig. 12.4  Mylonite derived from a granitic rock. Mount West, Western Australia. Width of view 16 mm. PPL.
Deine the sense of shear and describe the structures used as criteria. Estimate the temperature during myloniti-
sation (see also Fig. 12.5).

Fig. 12.5  As Fig. 12.4 . Width of view 16 mm. CPL.

Chapter 12

278



Fig. 12.6  Mylonite derived from a granitic rock. Mount West, Western Australia. Width of view 16 mm. PPL.
Deine the sense of shear and describe the structures used as criteria. Estimate the temperature during myloniti-
sation (see also Fig. 12.7). 

Fig. 12.7  As Fig. 12.6 . Width of view 16 mm. CPL.
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Fig. 12.8  Mylonite (lower part) and ultramylonite (upper part) derived from granite. Saint-Barthélemy Massif, 
French Pyrenees. Width of view 16 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.9).

Fig. 12.9  As Fig. 12.8. Width of view 16 mm. CPL.
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Fig. 12.10  Mylonite derived from granite. New Zealand. Width of view 30 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.11). 

Fig. 12.11  As Fig. 12.10. Width of view 30 mm. CPL.
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Fig. 12.12  Mylonite derived from a granitic rock. Rio Grande do Sul, southern Brazil. Width of view 16 mm. CPL.
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation. 
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Fig. 12.13  Mylonite derived from a paragneiss. Pernambuco, NE Brazil. Width of view 22 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.14).

Fig. 12.14  As Fig. 12.13. Width of view 22 mm. CPL.
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Fig. 12.15  Mylonite derived from a garnet-rich paragneiss. Marsjällen, Västerbotten, Sweden.  
Width of view 16 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.16).

Fig. 12.16  As Fig. 12.15. Width of view 16 mm. CPL.
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Fig. 12.17  Mylonite derived from a paragneiss. Pernambuco, NE Brazil. Width of view 8 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.

Fig. 12.18  Mylonite derived from a paragneiss. Pernambuco, NE Brazil. Width of view 4 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.19  Fish-shaped plagioclase grain embedded in a large quartz crystals (in extinction position). Varginha, 
southern Minas Gerais State, SE Brazil. Width of view 1.5 mm. CPL.
Determine the sense of shear, estimate the temperature during mylonitisation and comment on the structure.

Fig. 12.20  Three plagioclase ish and one hornblende ish (brownish, right hand side) embedded in large quartz 
crystals. Varginha, southern Minas Gerais State, SE Brazil. Width of view 3 mm. CPL.
Determine the sense of shear, estimate the temperature during mylonitisation and comment on the structure.
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Fig. 12.21  Mylonite to ultramylonite derived from a granitic parent rock. Roraima, northern Brazil. 
Width of view 24 mm. PPL.
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.22).

Fig. 12.22  As Fig. 12.21. Width of view 24 mm. CPL.
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Fig. 12.23  Mylonite derived from a garnet micaschist. Caxambu, southern Minas Gerais State, SE Brazil.  
Width of view 18 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.24).

Fig. 12.24  As Fig. 12.23. Width of view 18 mm. CPL.
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Fig. 12.25  Mylonite derived from an orthogneiss. Pernambuco, NE Brazil. Width of view 18 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.26).

Fig. 12.26  As Fig. 12.25. Width of view 18 mm. CPL.
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Fig. 12.27  Mylonite derived from a granitic parent rock. Rio Grande do Sul, southern Brazil.  
Width of view 12 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.

Fig. 12.28  Quartz-rich part in a mylonitic gneiss. Leiden collection. Width of view 3 mm. CPL. 
Determine the sense of shear, name the structure used as criterium and estimate the temperature during 
mylonitisation.
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Fig. 12.29  Kyanite porphyroclast in a mylonitised biotite-rich mica schist. Caxambu, southern Minas Gerais 
State, SE Brazil. Width of view 3 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.

Fig. 12.30  Mylonitised quartz-mica schist. Caxambu, southern Minas Gerais State, SE Brazil.  
Width of view 3 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.31  K-feldspar porphyroclast in a mylonite derived from a granitic rock. South Island, New Zealand. Width 
of view 4 mm. CPL with gypsum plate. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.

Fig. 12.32  Mylonite derived from feldspar-bearing mica schist. Caxambu, southern Minas Gerais State, SE Brazil. 
Width of view 5 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.33  Mylonite derived from feldspar-bearing mica schist. Caxambu, southern Minas Gerais State, SE Brazil. 
Width of view 5 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.34).

Fig. 12.34  As Fig. 12.33. The ield covered by this photomicrograph is slightly diferent from Fig. 12.33, but the 
major structure in the center can be recognized on both. Width of view 5 mm. CPL.
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Fig. 12.35  Mylonite derived from granitic rock, with feldspar porphyroclast. Roraima, northern Brazil.  
Width of view 2 mm. PPL.
Determine the sense of shear and name the structures used as criteria.
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Fig. 12.36  Mylonite derived from granitic rock with large porphyroclast of K-feldspar. Roraima, northern Brazil. 
Width of view 5 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.37).

Fig. 12.37  As Fig. 12.36. Width of view 5 mm. CPL.
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Fig. 12.38  Mylonite derived from a paragneiss with muscovite and K-feldspar porphyroclasts.  
Pernambuco, NE Brazil. Width of view 3.2 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.

Fig. 12.39  Mylonite derived from a paragneiss with muscovite and K-feldspar porphyroclasts.  
Pernambuco, NE Brazil. Width of view 2.5 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.40  Mylonite derived from a paragneiss with muscovite and K-feldspar porphyroclasts.  
Pernambuco, NE Brazil. Width of view 2 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.

Fig. 12.41  Mylonite derived from granite with large plagioclase porphyroclast. Saint Barthélemy Massif, French 
Pyrenees. Width of view 5 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.42  Ultramylonite with ine-grained quartz and biotite. Saint-Barthélemy Massif, French Pyrenees.  
Width of view 3 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.43  Mylonite with hornblende porphyroclast in a matrix composed of ine-grained feldspar and coarser-
grained quartz. Miguel Pereira, Rio de Janeiro State, SE Brazil. Width of view 14 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.44).

Fig. 12.44  As Fig. 12.43. Width of view 14 mm. CPL.
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Fig. 12.45  Mylonite derived from paragneiss with feldspar, muscovite and garnet porphyroclasts.  
Pernambuco, NE Brazil. Width of view 4 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.46  Mylonite derived from garnet mica schist. Marsjällen, Västerbotten, Sweden.  
Width of view 16 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.47).

Fig. 12.47  As Fig. 12.46. Width of view 16 mm. CPL.
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Fig. 12.48  Mylonite derived from paragneiss with muscovite and feldspar porphyroclasts.  
Pernambuco, NE Brazil. Width of view 16 mm. PPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during mylo-
nitisation (see also Fig. 12.49).

Fig. 12.49  As Fig. 12.48. Width of view 16 mm. CPL.
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Fig. 12.50  Mylonite derived from paragneiss with porphyroclasts of muscovite and feldspar embedded in a 
matrix composed of ine-grained quartz and mica. Pernambuco, NE Brazil. Width of view 4 mm. CPL. Saint Barthé-
lemy Massif, French Pyrenees. Width of view 5 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.

Fig. 12.51  Mylonite derived from a meta-rhyolite with porphyroclasts of quartz embedded in a matrix of ine-
grained quartz and mica. Northeast Minas Gerais State, SE Brazil. Width of view 18 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Fig. 12.52  Mylonitic schist with foliation ish composed of muscovite in a matrix of ine-grained quartz and 
mica. Santana do Garambeu, southern Minas Gerais State, SE Brazil. Width of view 16 mm. CPL. 
Determine the sense of shear, name the structures used as criteria and estimate the temperature during 
mylonitisation.
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Interpretations

Fig. 12.1  he dark rock occupying most of the 

photomicrograph is a pseudotachylyte as is 

evident from the injection veins along the 

upper contact. Within the pseudotachylyte 

a foliation can be recognized defined by 

elongated inclusions due to ductile deforma-

tion superimposed on the pseudotachylyte 

formation. he angle of this foliation with 

the more inclined pseudotachylyte contacts 

suggests dextral sense of shear for the ductile 

deformation. The temperature must have 

been low during pseudotachylyte formation 

but must have been higher during the ductile 

deformation.

Fig. 12.2  he structure around the central porphy-

roclast can be deined as a delta structure, 

that, together with well deined stair stepping, 

points to dextral sense of shear. he metamor-

phic conditions during mylonitisation were 

low grade because of the broken garnet in the 

central upper part of the photomicrograph 

and because of the very ine-grained matrix.

Fig. 12.3  he structures indicative for sense of shear 

in this thin section are mica ish (e.g. along 

the lower limit of the photomicrograph) and 

C t́ype shear bands (from upper right to lower 

let). Both indicate sinistral sense of shear. he 

undulose extinction of muscovite points to 

relatively low-grade metamorphic conditions 

during and ater mylonitisation.

Figs. 12.4 and 12.5  Shear sense indicators are 

asymmetric folds (lower let and just below 

the center) verging  top to the let; C/S fabric 

(C almost horizontal and S inclined to the 

right) and a C śhear band (top right to bottom 

let, in the central part), all indicating sinistral 

sense of shear. he metamorphic conditions 

during mylonitisation were low- to medium-

grade from the partial recrystallisation of 

feldspar around porphyroclasts, forming 

core-and-mantle structures (e.g. in the center 

and top right).

Figs. 12.6 and 12.7  A moderately developed C/S 

fabric (better visible with CPL, C planes sub-

horizontal, marked as dark zones, ans S planes 

inclined to the right) and a porphyroclast at 

right with a core-mantle structure and slight 

stair stepping, mark the sense of shear as 

sinistral. he partial recrystallisation of the 

feldspar porphyroclast at right and the elon-

gated deformed quartz grains indicate low- to 

medium-grade metamorphic conditions.

Figs. 12.8 and 12.9  In the upper ultramylonitic part 

a delta clast can be observed at the right hand 

side in the PPL photo, indicating dextral sense 

of shear. Along the lower limit of the phot-

omicrograph the mylonitic foliation is slightly 

inclined to the left, representing S planes. 

hese also indicate dextral sense of shear with 

respect to the subhorizontal ultramylonite 

foliation (closer to C planes). he metamorphic 

conditions must have been low grade as can 

be inferred from the strongly elongated quartz 

grains (close to the bottom, CPL) and the ap-

parent lack of recrystallisation around feldspar 

porphyroclasts (right hand side).

Figs 12.10 and 12.11  Several asymmetric folds (a 

small one just above the center and an isocli-

nal one just right of the center) indicate sin-

istral sense of shear, reinforced by an oblique 

C t́ype shear band that runs from top right 

to center let. Several porphyroclast systems 

show slight stair stepping to the let. he tem-

perature was relatively low, judging from the 

small grain size of the partially recrystallised 

quartz (e.g. folded vein right from center and 

lower right). he feldspars are partially broken 

and do not show signiicant recrystallisation 

at this magniication.

Fig. 12.12  he lozenge shaped perthitic K-feldspar 

porphyroclast in the upper left corner in-

dicates sinistral sense of shear according to 

the criteria of mineral ish and stair stepping. 

Around this porphyroclast a C/S fabric can be 
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recognized with subhorizontal C-planes and 

S-planes inclined to the right, also indicat-

ing sinistral shear sense. he metamorphic 

conditions were probably low- to medium-

grade during mylonitisation judging from 

the partial recrystallisation in the rim of the 

K-feldspar porphyroclast.

Figs. 12.13 and 12.14  A large number of mica ish 

visible with CPL (Fig. 12.14), many of which 

are slightly inclined to the right, indicate 

sinistral sense of shear (especially in the upper 

let corner). In Fig. 12.13 several porphyroclast 

systems with stair stepping to the let (e.g. in 

the lower let corner) and a small asymmet-

ric fold (lower right) conirm this sense of 

shear. he metamorphic conditions during 

mylonitisation are diicult to estimate at this 

magniication but the lack of signiicant re-

crystallisation in the feldspar porphyroclasts 

is consistent with low grade.

Figs. 12.15 and 12.16  Mica and kyanite ish slightly 

inclined to the let (e.g. at let just below the 

dividing line of upper and lower parts) and 

C t́ype shear bands inclined to the right (e.g. 

next to major garnet at let) indicate dextral 

sense of shear. Quartz ribbons with strong 

undulose extinction and limited recrystal-

lisation (lower right) are characteristic for 

low-grade metamorphic conditions during 

mylonitisation.

Fig. 12.17  Several mica ish at the lower let hand 

side, slightly inclined to the right, indicate 

a sinistral sense of shear, conirmed by por-

phyroclasts with stair stepping to the let (e.g. 

upper let). No metamorphic grade can be 

deduced from this photo but low- to medium-

grade is probable because of the small grain 

size of the matrix.

Fig. 12.18  Although the longest dimension of the 

central porphyroclast is inclined to the right, 

stair stepping of the deviating mylonitic 

foliation indicates clearly sinistral sense of 

shear, conirmed by several mica ish (below 

center and upper right) inclined to the right. 

Just above the central porphyroclast is a 

string of garnet fragments, probably derived 

from a cataclased larger grain, indicating 

low-grade metamorphic conditions during 

mylonitisation.

Fig. 12.19  he perfect plagioclase ish, embedded 

in coarse grained quartz, indicates sinistral 

sense of shear. Ater mylonitisation the tem-

perature was suiciently high to permit grain 

growth in quartz by high-temperature grain 

boundary migration. he ish remains as a 

relict of mylonitic structure in a quartzitic 

part of a high-grade gneiss (not visible in the 

photomicrograph).

Fig. 12.20  he two large plagioclase ish both in-

dicate sinistral sense of shear; note that the 

reference plane is slightly inclined to the let. 

he hornblende ish at the right hand side is 

truncated by the side of the photograph, but 

its shape is consistent with sinistral shear 

as well. he large quartz grains show lobate 

contacts, typical for growth by high-grade 

grain boundary migration. he black grain at 

upper let is a garnet ish and the dark spots 

“raining” out of it are luid inclusions.

Figs. 12.21 and 12.22  Dextral sense of shear is in-

dicated by tight asymmetric folds, verging to 

the right, by accentuated stair stepping across 

most porphyroclasts and by a C/S fabric, with 

subhorizontal C planes and S planes inclined 

to the let. he porphyroclasts show very little 

recrystallisation along the rims, indicating 

low-grade metamorphic conditions.

Figs. 12.23 and 12.24  he inclined muscovite ish 

in the lower let quadrant indicates sinistral 

sense of shear. The recrystallised quartz 

vein (just above the center) is indicative for 

medium-grade metamorphic conditions.

Figs. 12.25 and 12.26  Sinistral shear sense indi-

cators include mica ish (Fig. 12.26), a delta-

shaped folded quartz vein (right of center), a 

sigma-type porphyroclast system at upper 

right and several porphyroclasts with subtle 

stair stepping to the let. he metamorphic 

conditions are diicult to judge from these 

images; they were probably low- to medium-

grade because of the ine-grained matrix.

Fig. 12.27  A typical C/S fabric, with C planes in-

clined to the let and S planes inclined to the 

right, indicates sinistral sense of shear, con-

irmed by several mica ish (upper right) and 

stair stepping across porphyroclasts (below 

and let of center). Metamorphic conditions 
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were probably medium grade judging by the 

partial recrystallisation of porphyroclasts.

Fig. 12.28  he oblique foliation in quartz, steeply 

inclined to the right, indicates sinistral sense 

of shear. he deformed quartz with undulose 

extinction and lobate contacts points to 

low-grade metamorphic conditions during 

mylonitisation.

Fig. 12.29  he kyanite ish in the center (orange to 

purple) and several mica ish let of it reveal 

sinistral sense of shear. he quartz in the up-

per part of the photo is well recrystallised to 

a granoblastic polygonal texture, typical for 

medium-grade metamorphic conditions.

Fig. 12.30  he mica ish indicate sinistral sense 

of shear. he granoblastic polygonal quartz 

texture, resulting from recrystallisation, is 

characteristic for medium-grade metamor-

phic conditions.

Fig. 12.31  Sinistral sense of shear is indicated by 

the oblique foliation in the quartz band, just 

below the center. he fragmented feldspar 

porphyroclast at lower right (yellow) shows 

a synthetic microfault with apparent sinistral 

displacement, reforcing the interpretation 

of sinistral sense of shear. he strongly de-

formed quartz with only incipient recrys-

tallisation and the fragmented feldspar at 

lower right indicate low-grade metamorphic 

conditions. 

Fig. 12.32  The mica fish are subhorizontal to 

slightly inclined to the right, indicating sin-

istral sense of shear. A feldspar porphyroclast 

at lower right also indicates sinistral shear 

sense by stair stepping. he quartz in the vein 

close to the bottom is well recrystallised to 

a polygonal granoblastic aggregate and the 

feldspar porphyroclast at lower right shows 

minor recrystallisation along its upper part, 

hence the metamorphic conditions can be 

estimated as medium grade.

Figs. 12.33 and 12.34  The oblique mica fish 

throughout the image indicate sinistral 

sense of shear. he well recrystallised quartz 

vein in the upper part of Fig. 12.34 points 

to medium-temperature conditions during 

mylonitisation.

Fig. 12.35  he main kinematic indicators in this 

image are asymmetric folds verging to the 

right (lower let and upper right). he feldspar 

porphyroclast just above the center shows stair 

stepping of a dark band in the matrix. Both 

indicators point to dextral sense of shear.  

Figs. 12.36 and 12.37  he kinematic indicators 

that can be recognized in this image are 

oblique foliation (let hand part) asymmetric 

folds verging to the right (upper let), quarter 

folds and a delta structure around the central 

porphyroclast. All indicate dextral sense of 

shear. he elongate deformed quartz (let of 

center) is diagnostic for low-grade metamor-

phic conditions.

Fig. 12.38  he central K-feldspar porphyroclast 

shows stair stepping to the let and mica ish 

at upper right also indicate sinistral sense of 

shear. At lower let of the porphyroclast is 

a fragmented porphyroclast with domino-

type antithetic dextral offset, consistent 

with sinistral displacement in the rock. his 

fragmented porphyroclast and the small, 

partially recrystallised quartz let and right 

of the central porphyroclast indicate low 

temperature.

Fig. 12.39  Sinistral sense of shear is indicated by 

shear-band-type ofset in the central frag-

mented porphyroclast and also by two mica 

ish at lower let and by the stair stepping 

across the central porphyroclast. he pres-

ence of the fragmented porphyroclast points 

to low-grade metamorphic conditions.

Fig. 12.40  Several mica ish, especially at upper let, 

indicate sinistral sense of shear. Just below 

the center is a shear band type fragmented 

porphyroclast with sinistral internal displace-

ment, synthetic to the main movement in the 

mylonite. he presence of this porphyroclast 

points to low-grade metamorphic conditions.

Fig. 12.41  Oblique foliation in the quartz-rich part 

to the right, a kind of duplex structure in 

this same part and minor sinistral disloca-

tion along subhorizontal faults in the large 

plagioclase porphyroclast at lower let, all 

indicate sinistral sense of shear. Elongate 

deformed quartz with undulose extinction 

(upper right) and the fragmented plagioclase 
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point to low-grade metamorphic conditions. 

Note a minor fault at upper let with sinistral 

ofset that seems post mylonitisation.

Fig. 12.42  he oblique foliation in the quartz-rich 

bands, inclined to the let, and the asymmet-

ric folds, verging to the right, both indicate 

dextral sense of shear. he quartz is partially 

recrystallised to small new grains, character-

istic for low-grade metamorphic conditions.

Figs. 12.43 and 12.44  he hornblende porphyro-

clast shows asymmetric strain shadows with 

well deined stair stepping to the let, indicat-

ing sinistral shear sense. he recrystallised 

feldspar in the matrix and the large quartz 

grains, due to growth by high-temperature 

grain boundary migration, point to high-

grade metamorphic conditions during and 

ater the mylonitisation.

Fig. 12.45  Several mica ish inclined to the right 

and stair stepping around a major porphy-

roclast in the lower part of the photomicro-

graph indicate sinistral sense of shear. he 

fragmented garnet porphyroclast in the 

center also shows stair stepping to the let 

conirming the sense of shear. Metamorphic 

conditions were probably of low grade, judg-

ing from the fragmented garnet crystal.

Figs. 12.46 and 12.47  Shear sense indicators are 

diicult to deine in this set of photomicro-

graphs. However, at lower right is a mica ish 

and another one with kyanite inside, indicat-

ing dextral sense of shear. Two vague C t́ype 

shear bands, one in the center and one to 

the right also point to dextral sense of shear. 

he metamorphic grade was low, as can be 

deduced from the strongly elongated quartz 

grains with undulose extinction.

Figs. 12.48 and 12.49  Sinistral shear sense is in-

dicated by a sigma-type porphyroclast right 

of the center and stair stepping to the let 

across a porphyroclast system close to the 

upper limit of the photomicrograph. Several 

mica ish and a minor asymmetric fold up-

per right of the center complete the sinistral 

shear sense indicators. Recrystallisation of 

quartz to minor equidimensional grains 

reveals low to medium temperature during 

mylonitisation. 

Fig. 12.50  he fragmented porphyroclast in the 

center can be interpreted as domino type, 

indicating sinistral sense of shear, or as shear 

band type, indicating dextral shear sense. 

However, mica ish in the matrix around the 

porphyroclast (upper right) are consistent 

with sinistral shear sense, hence the first 

interpretation is preferred. Small, partially 

recrystallised quartz at upper right of the 

fragmented porphyroclast points to low-

grade metamorphic conditions.

Fig. 12.51  he oblique position of the quartz ish, 

inclined to the right, and the wavy pattern 

of the mylonitic foliation, caused by C -́type 

shear bands inclined to the let, both point 

to sinistral sense of shear. Low-grade meta-

morphic conditions are indicated by the 

deformed quartz crystals with clear undulose 

extinction.

Fig. 12.52  he foliation ish of muscovite show 

dextral sense of shear and the recrystal-

lised quartz grains in the matrix reveal 

medium-temperature conditions during 

 mylonitisation. 
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