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Chapter 1


Folds 

1.1 Acknowledgements for figures 

With the exception of the Busk construction figure, all figures for this section are 
drawn from Hobbs, H., Means, W., and Williams, P. (1982) An Outline of Structural 
Geology, New York: Wiley and Sons, inc., pp. 64 – 66. 

1.2 Reading 

Begin by re­examining the lab on folds, especially the handout. Two chapters are 
devoted to folds in TM. The first (ch. 11) is rather dreary stuff about the description 
and classification of folds. The second is a far better investment of your time and 
energy. 

1.3 Jargon 

As usual, a laundry list of key terms. 

Fold hinge, fold axis; hinge surface, axial surface; cylindrical / non­cylindrical 
fold. 
Types of folds: concentric, parallel, similar. 
Detachment folds, chevron folds, fault propagation folds, diapir or deroulement 
folds. 
Harmonic / disharmonic folds, ptygmatic folds. 
Neutral surface. 
Axial planar foliation. 

1.4 Terminology and classification 

Field measurements of folds: standard list of measurements and observations in­
clude: cylindricity of fold, style of folding of multilayers (harmonic or disharmonic), 
thickness of folded layers, strike/dip of beds around fold; orientation (trend/plunge) 
of hinge line; orientation of axial surface (hinge surface); asymmetry of folds (S or 
Z?); presence of axial planar foliation, intersection lineations, stretching lineations; 
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Figure 1.1: Ramsay’s classification of folds. 

secondary structures on limbs or in hinge (eg. evidence of flexural slip between lay­
ers; evidence of dilatancy – like fractures – in hinge). 

Careful measurement and documentation of even small minor folds in the field 
is crucial because (1) minor fold geometries are often related to geometry of large 
map­scale folds that control the distribution of rock units; (2) deformation style of 
folds reflects conditions of deformation (i.e. ductile vs. brittle); (3) folding can occur 
as a result of shortening or tectonic transport so constraining the geometry and style 
of folding is crucial for unraveling tectonic history of an area. 

1.4.1 Classification 

Field measurement and description of folds forms the basis for a classification of 
folds. Note that fold classification schemes can be based on geometry (purely de­
scriptive classification) vs. mechanics (a classification that infers a model of forma­
tion). Geometric classification schemes can get pretty abstruse but a good classifi­
cation scheme reflects differences in process and conditions of formation. Detailed 
fold classification schemes are described in pp. 220–235 of TM. Broadly speaking 
though, two (or three) common fold styles are especially worthy of note: parallel 
and similar folds. 

Parallel folds 

Parallel folds (Class IB in Ramsay’s scheme) are folds where the orthogonal thick­
ness of the layer is constant about the fold. Concentric folds are a special case of 
parallel folds where the outer and inner layers define arcs that have a common cen­
ter of curvature. These kinds of folds are common in upper crustal tectonic settings, 
where most deformation occurs by proceses that only permit limited ductile flow of 
rock. Instead, most of the deformation is accommodated by slip on bedding or layer 
boundaries (so­called flexural slip folding, see below). 
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Figure 1.2: Busk construction method for flexural slip detachment folds. Note the 
geometric necessity for a detachment surface and ductile deformation in the very 
core of the folds 

Similar folds 

Similar folds (Ramsay’s class II) are characterized by parallel dip isogons, but more 
to the point, by relative thinning of fold limbs and thickening of hinge zones. These 
folds are common in metamorphic terranes, i.e. where most deformation occurs by 
mechanisms permitting extensive ductile flow of rock. 

1.5 Geometric considerations for folds 

Especially for concentric folds, geometry creates constraints for the continuation of 
the folds at depth as well as local space problems. 

The Busk construction method is a way to extapolate fold geometries (fig. 1.2). 
Busk folds are arcs of circles centered on common points. Therefore, this construc­
tion method produces concentric fold geometries. However, Busk construction re­
quires that folds eventually “die out” on an essentially unfolded surface. Comparing 
the length of folded layers at the top of the construction (l3) to the bottom surface, it 
is clear that the lengths are rather unequal, and that the bottom of the folds (surface 
l0) is a detachment surface. These kinds of folds are therefore called detachment 
folds (figure 11.2 in TM shows a real world example of detachment folds – note that 
these folds depart from ideal concentric geometry). 

Another requirement is that some amount of material has to flow ductilely into 
the bottom of the anticlines in order to solve a "space problem" : if the folds are 
truly concentric this geometry has to break down as the radii of curvature get smaller 
and smaller. If the folds form above weak rocks (which might explain why the folds 
detach where they do), this material has to flow into the core of the fold. In some 
cases, this material flows according to pressure gradients and the pressurization of 
the ductile layer can produce piercement diapirs in the core of the structure (fig. 6.9 
page 102, for a general idea of what this might look like). 
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Figure 1.3: Strain for buckle folds. Figure from Hobbes, Means and Williams (1982) 

1.6 Models of fold formation 

The common models of fold formation present a series of end­member possibili­
ties. The models are not mutually exclusive, and the combination of various fold 
mechanisms may explain observed geometries better than any single mechanisms. 
Despite much work on these problems, you might feel that some models fail to be 
completely compelling. You would not be alone. 

1.6.1 Buckling 

Buckling is what happens when you push on the ends of fairly rigid layer (put a piece 
of paper on a flat surface and push the edges towards one another: this is buckling). 
Buckling of a layer will produce parallel fold geometries, since the thickness of the 
layer is unaffected. The important thing to realize is that the model predicts a char­
acteristic pattern of strain, and so is testable by going out into the field and checking 
to see whether that pattern actually obtains. 

Characteristic features of buckle folds: 
(1) the upper part of the layer folded anticlinally will be in extension, the lower half 
in compression. You can define a neutral surface that separates areas of compres­
sion and extension. On this surface, material points experience no strain. 
(2) Deformation occurs only by bending about the fold axis. Ideally, there is no ex­
tension parallel to the fold axis. That is, this is an example of plane strain. 
(3) Compressive and extensional strain increase with distance from the neutral sur­
face. 

1.6.2 Flexural slip 

This is “phonebook folding” or “deck of cards” folding. The idea is that folds are pro­

duced by shear on surfaces parallel to the layer being folded. This model produces

parallel folds.

Important features:

1) Deformation occurs by bending about the fold axis and shear on the slip surfaces

in directions normal to the fold axis. It is also plane strain. Fold axis is parallel to the
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Figure 1.4: Strain in flexural slip folds. Figure from HMW(1982) 

intermediate principal strain axis.

2) Layer maintains its thickness, but there is no neutral surface.

3) Folded layer is a circular section through strain ellipses.

4) Profile of fold shows a divergent fan of strain ellipses.

5) A passive linear marker on the fold surface will maintain its orientation wrt to the

fold axis. After folding, a stereonet plot of the lineation will have it define a small

circle about the fold axis.


1.6.3 Passive flow folding 

The layer being folded is assumed to exert no mechanical effect on the folding pro­
cess. It is just a passive marker. Folds form by differential flow or slip along closely 
spaced surfaces oblique to the layer being folded. This will produce similar folds. 

Characteristic features: 
1) Also plane strain. Deformation by simple shear on shear planes. The shear planes 
are circular sections through the strain ellipsoid. 
2) The direction of shearing can be quite variable. The only requirement is that shear 
plane is not parallel to the layer. However, the maximum fold amplitude obtains 
when shear direction is normal to the fold axis. 
3) In the plane parallel to the axial plane of the fold, no changes in layer thickness 
will be observed. However, viewing the fold normal to the shear plane and parallel to 
the presumed shear direction, you will see great variation between the thickness of 
hinges and limbs. This variation requires no flow of material from limbs to hinges. 
4) Shear sense on the shear planes changes from limb to limb on the same fold. 
Strain ellipses, and principal planes of strain make a divergent fan. 
5) There is no neutral layer, and strains are constant at all points within a layer. 
6) These folds can be harmonic over large lengths, as opposed to concentric folds, 
where geometry requires them to be detached. 
7) A passive linear marker is distorted and rotates towards the slip direction. Since 
the slip direction is never parallel to the hinge of the fold produced, initially linear 
markers will never be oriented parallel to the fold hinge. 
8) There is no relationship between layer thickness and wavelength of folds. 
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Figure 1.5: Passive flow folding, from HMW(1982) 

Why this model is inadequate. 

OK. You can make folds by passive slip or passive flow. But is it really what hap­
pens? Recall that what we need is a model to explain the kinds of folds commonly 
observed in metamorphic terranes. In these areas, folds are typically characterized 
by 1) similar fold geometry, in particular thinning at limbs and (relative) thickening 
at hinges; 2) stretching lineations parallel to fold hinges; 3) commonly disharmonic 
folding; 4) common apparent relationship between layer thickness and competency 
and wavelength and style of folding. Passive flow folding can do (1) but utterly fails 
at (2), (3) and (4). 

More importantly, is there any evidence for the existence of slip surfaces? Sim­
ilar folds are commonly associated with axial planar foliation, so on the face of it, 
a potential slip surface exists. But offsets (i.e. evidence for slip) across the cleavage 
or foliation planes are not common, and where present are more likely the effects 
of pressure solution. If related to shear on these surfaces, we might expect to see a 
stretching lineation oriented at high angle to the fold axis. More commonly, stretch­
ing lineations are parallel to the fold axis. Finally, axial planar surfaces are principal 
planes of strain. There should be no shear on them at all. 

1.6.4 Combination of fold mechanisms 

Our 3 simple models suffer from some problems. 

1. They produce either ideal parallel or ideal similar folds. In Ramsay classifica­
tion, that means class IB and class II folds. But in nature, class IC and class III 
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folds are common 

2. They predict folds forming under conditions of plane strain and simple shear. 
That is, they assume what is pretty much the simplest strain regime. This is 
unlikely to be correct. 

3. All the above mechanisms predict that the intermediate strain axis λ2 lies par­
allel to the fold axis. That is, everywhere we look, we should see stretching lin­
eations perpendicular to the fold axis. Far more common, especially in high 
grade zones, is for the stretching lineation to be parallel to the fold hinge. 

4. One of the most common secondary structures associated with folds is the 
presence of an axial planar foliation or axial planar cleavage. This is devel­
oped in rocks of a wide variety of rock types, fold geometries and metamor­
phic grades: from disjunctive fracture cleavages at low grade to high grade 
fabrics formed from crystal­plastic deformation. Only passive flow folds (in­
directly) accounts for the role of foliation development during deformation – 
but in this case, the interpretation that the axial planar foliation is a slip sur­
face is questionable. 

Ideal, theoretical models also ignore what seems to be a fundamental property 
of folds: folds form in layered sequences, with competency contrasts between the 
layers. In fact, competency contrasts appear to be necessary for folds to form (this is 
certainly true for metamorphic rocks. 

Wavelength of folds: a function of layer thickness 

Theoretical and experimental work on folding of viscous materials produces results 
that accord with that last observation: that fold wavelength is a function of layer 
thickness, as well as competency contrast. For a relatively strong layer bounded 
above and below by weak material, the dominant wavelength of folds is predicted to 
be � 

η1
λi = 2πh 3 1/6 

η2 

where h is the thickness of the layer, and η is the viscosity of each layer. Note how 
the wavelength is a directly related to both layer thickness and viscosity contrast. 

Wavelength of folds: multiple layers 

For a stack of multiple layers – say alternating layers of viscosities η1 and η2, the 
number of layers changes the details of the relationship described in the equation 
above: � 

λi = 2πh 3 1 η1 

6n2 η2 

where n is the number of layers. That is to say, there is a dependence on the 
number of layers. But the relative viscosities and layer thickness still exert a first 
order control. 

Complications arise when you have a number of competent layers, with different 
characteristic wavelengths (that is, the wavelength that they would fold at if a layer 
of such a thickness and viscosity were to fold alone), being folded together. It turns 
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Figure 1.6: Combining a buckle fold with homogeneous shortening to generate more 
realistic geometries and strain distributions 

out that if the layers are sufficiently far apart, each will behave independently of the 
others, each folding at its own characteristic wavelength, and so this would produce 
disharmonic folding. “Sufficiently far” in this case means something like 1/4 to 1/2 
the characteristic wavelength of that layer. 

If the layers are closer together, though, there is interference between them. The 
thinner layer will often show two wavelengths of folding: the larger wavelength con­
trolled by an adjacent, thicker layer and its own characteristic wavelength superim­
posed upon it. 

Polygenetic models: the quest for more realistic fold geometries 

More realistic fold geometries can be produced by combining various mechanisms 
with each other, or with an additional amount of homogeneous shortening. Figure 
1.6 shows the distribution of strain in a slab folded so that it has a neutral surface 
(a); then subject to additional homogeneous shortening of 20% (b) and 50 % (c). 
(See discussion and figures, pp. 243–245, figs. 12.12 and 12.13). 

1.6.5 Numerical models 

Figure 1.7 shows some results from numerical simulation of fold formation. This is 
an early simulation of the deformation of a single, viscous layer enclosed in a ho­
mogenous, viscous medium. Thin lines are drawn perpendicular to the principal 
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axis of shortening at each point. Three cases are shown, for different viscosity con­
trasts. Note that as viscosity contrast decreases, the importance of folding (versus 
homogeneous pure shear shortening) decreases. Note also the deflection of princi­
pal axes of strain near the boundary between the two layers. 

1.7	 Other kinds of folds: kink folds, chevron folds, di­
apirs 

Kink folds are asymmetric folds with straight limbs and sharp hinges. They occur 
as a short limb connecting two long limbs. Kink geometries are often adopted for 
idealizing fold geometries when constructing cross sections of fold and thrust belts. 
But beyond just an idealization, they actually exist! Various models of kink band 
formation include: 

1. Migration of the kink band boundary into undeformed material 

2. Kink band boundaries don’t migrate, but instead mark the boundaries of a 
small shear zone within which layers rotate and shear past one another. 

Chevron folds are symmetric folds with completely straight limbs and very tight 
fold hinges. One model for chevron fold formation has them being the result of 
interference of growing kink bands. Alternatively, chevron folds can form by flexural 
slip folding with strain concentrated in the hinge. If the layers are of some finite 
thickness, voids will form in the hinge zones. These voids are places that you might 
expect to be a locus of veining and fluid migration. 

Diapirs are antiformal domes that appear to have been intruded vertically into 
their host rock. Salt and pressurized shales are common materials involved in di­
apiric emplacement. On larger scales, domal culminations of high grade gneisses 
are common features of the internal parts of mountain belts. Commonly, diapir em­
placement is thought to require density inversion, a view motivated by the obser­
vation that salt is typically less dense than compacted, lithified sediments1 and by 
early modeling of diapiric and domal culminations using materials with viscous rhe­
ology. Leaving aside considerations of buoyancy for the time being, material within 
a diapir is necessarily weak, and therefore flows according to pressure gradients. For 
various reasons, pressures on the flanks of diapirs are higher than in the center of 
the diapir, so material moves laterally into the diapir, and then up into the diapir. 
Diapir­like flow of weak material is also noted filling the cores of anticlines in de­
tachment fold settings. 

1.8	 Review questions 

1. Draw a flexural slip and a passive flow fold. Draw the expected sense of shear 
along the folded layers 

1In fact, even though many people still labour under this assumption, modern modelling and inves­
tigation of salt tectonics environments has conclusively shown that density inversion is not needed for 
diapirism, nor is plausibly inferrable in many cases 
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Figure 1.7: Numerical models of fold simulation. HMW(1982) 
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2. Consider a layer with a pre­existing lineation that acts as a passive marker. 
What happens to the lineation when the layer is folded according to the three 
main models of fold formation. The key will be to determine whether the fold­
ing will cause rotation of the passive marker. That is: is the layer with the lin­
eation a circular section of the strain ellipsoid (no rotation), or not? 

3. In an perfect, upright flexural slip fold, what happens to the fold with depth 
and why? 
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Chapter 2


Fabrics and deformation 
mechanisms 

2.1 Fabrics 

A fabric is a particular arrangement of component features (called fabric elements) 
in a rock. This arrangement is usually regular: for instance the horizontal layers of 
sedimentary rocks are a kind of fabric, but we also refer to random fabric, which 
is by definition not regular. We distinguish between primary and secondary (tec­
tonic) fabrics: the first formed with the rock and includes, igneous flow lineation, 
sedimentary lamination and bedding and flow foliation. Secondary fabrics are ones 
that have formed as a result of deformation. Another key distinction is between 
penetrative or continuous fabric – which is observable at all scales, as opposed to 
non­penetrative or spaced fabric, where there is obvious spacing between the fabric 
elements (eg. solution cleavage seams or fractures). Finally we distinguish between 
planar fabrics – called foliation – and linear fabrics (lineations). 

2.1.1 Foliations 

A foliation is the general term for any kind of planar fabric, including: bedding, 
lamination, flow foliation, cleavage, schistosity and gneissosity. Many foliations 
are products of specific tectonic environments, including a particular orientation of 
principal strain axes. Depending on the rock, tectonic foliations may include spaced 
fracture cleavage, slaty cleavage, crenulation cleavage, schistosity, gneissosity. 

Rocks can record many generations of fabrics, from the primary (eg. bedding) to 
fabrics associated with many generations of tectonic episodes. The relative timing 
of these is worked out using cross­cutting relations. The physical appearance of the 
fabrics ultimately reflects the materials, metamorphic grade and strain­rates and 
so careful observation and analysis of fabrics is crucial to teasing out the tectonic 
history of a deformed rock. 

Cleavage 

Cleavage is a secondary (tectonic) fabric which imparts on the rock a tendency to 
part or split along it. The classic example is slate, where the cleavage is so perfect 
that the rock is easily quarried into thin, flat slabs for pool tables and roofing mate­
rials. 
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Disjunctive cleavage A type of spaced cleavage defined by an array of more or 
less parallel fabric domains (called cleavage domains). Within each fabric domain, 
there is typically evidence of pressure solution (hence this is often called solution 
cleavage or stylolitic cleavage). These domains are separated by intervals called 
microlithons. The spacing of the cleavage domains (and hence the width of the mi­
crolithons) is quite variable, but commonly observed on a cm­scale. 

Pencil cleavage This is characterized by the rock breaking into elongate, pencil­
like shards. Pencil cleavage appears to result from the intersection of two spaced 
cleavages, one of which forms due to the primary preferred orientation of clays (im­
parted during sedimentation and compaction), the second may form axial planar to 
folds or perpendicular to layer­parallel shortening. This causes detrital clays to fold 
and rotate, fine grained soluble materials to undergo pressure solution and new clay 
minerals to crystallize. When the original sedimentary parting and the new (spaced, 
and probably pretty weakly developed) cleavage intersect at fairly high angles, pen­
cil cleavage results. With more strain, it is possible to get the complete erasure of the 
original parting and production of slaty cleavage. 

Slaty cleavage Slaty cleavage forms by the same processes as outlined above: ro­
tation and folding of detrital clays, pressure solution and recrystallization of clay 
minerals. The difference is that the cleavage domains are so tightly spaced that the 
fabric is completely penetrative and continuous at all but high power magnification. 
The formation of slaty cleavage is coincident with the onset of low grade metamor­
phism, particularly the transition from smectite (a poorly ordered clay) to illite (a 
much more ordered clay). This transition is temperature sensitive and measurable 
by XRD. 

Phyllitic cleavage and schistosity Phyllitic cleavage is characteristic of low grade 
(low greenschis). It is produced by the preferred alignment of clay and mica miner­
als. At the lowest metamorphic grade these will be illite, transitioning to white mica 
(sericite / muscovite) and chlorite at higher grades. If the cleavage is formed synde­
formationally, the phyllosilicate minerals grow with a strong preferred orientation. 
At the hand sample scale, the preferred orientation of the phyllosilicates imparts a 
very strong parting or cleavage, although the phyllosilicates are very fine grained and 
individual minerals are usually not visible without magnification. At higher meta­
morphic grades, sericite­chlorite assemblages are replaced with coarser muscovite 
and / or biotite, and the individual mica grains are visible under close inspection. At 
this point, the rock is referred to as a schist. Schistose rocks are usually named ac­
cording to the assemblage of metamorphic minerals contained (biotite, muscovite, 
garnet, staurolite, kyanite, etc.). 

Crenulation cleavage If rocks containing an early, closely spaced cleavage (this 
can be slaty cleavage, phyllitic cleavage or schistocity) are shortened in a direction 
at a low angle to the original fabric, the older fabric folds at a very small scale. This 
produces a characteristic "wrinkled" appearance, somewhat like the baffles in an 
accordion. When a very regularly closely spaced cleavage is crenulated, the spac­
ing of the small folds is very uniform, and fold hinges and fold limbs line up. This, 
and possibly pressure solution or shear thinning in the limbs defines a new folia­
tion, which is called a crenulation cleavage. Crenulation cleavage can be symmetric 
or asymmetric. Eventually, pressure solution (which will tend to transport material 
from the limbs to the hinges) and shear of the limbs can lead to an almost complete 
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obliteration of the early fabric. This process is called transposition, and the new 
fabric is called a transposition foliation. 

gneissic layering . Gneissic layering is a coarse (mm to tens of cm scale) composi­
tional layering in metamorphic rocks. This compositional banding can be produced 
a variety of different ways. Primary layering is inherited from the original sedimen­
tary layering and compositional differences of a sedimentary protolith. Transposi­
tion layering is produced by isoclinal folding and shear of fold limbs of the original 
layering. Compositional layering can also be produced from metamorphic differen­
tiation, or the injection of melts either along the layering or rotated through shear 
into the foliation. 

Foliations and folds 

Planar fabrics can form in a shear zone, but often form in a specific geometrical 
relationship to a series of folds. Specifically, in folded rocks, planar fabrics are com­
monly parallel to the axial plane of the fold. You might find it useful to think of exam­
ples where this might not be the case (consider an interbedded quartzite and shale 
being folded). Foliations in folded terrains can be extremely useful: if they are truly 
parallel (or close to parallel) to the axial plane, the intersection of the layer being 
folded and the foliation will result in a line that is parallel to the fold axis. Moreover, 
there is a specific geometrical relationship between bedding and axial planar folia­
tion that allows you to infer the position of fold closures. These are key relationships 
that are the bread and butter of field geology in folded terrains. See TM, section 13.5. 
In areas of multiple deformations, you can have synformal anticlines and antiformal 
synclines and so on. The key to working this out is to be able to establish “younging” 
(or “way up”), and the geometrical relationship between the limb of a structure and 
an axial planar fabric. 

Once a foliation is formed, it can be modified by further deformation. Some 
processes: rotation during shear (see fig 14.4 for different mechanisms of rotation), 
small scale folding (crenulation), recrystallisation. See TM chapters 13 and 14 for 
material on the formation and modification of planar and linear fabrics (they are 
short chapters). The preservation of earlier generations of fabrics within porphy­
roblasts (eg. garnet) and within low strain zones (the hinges of later folds) is ex­
ploited by geologists who then label them S1, S2, S3 etc... Of particular importance 
is the concept of transposition foliation. Such a fabric is a composite fabric: mul­
tiple generations of planar features are found to be parallel. The common case is 
to find compositional layering (e.g. bedding, called S0) parallel to a tectonic fabric. 
How does this happen? (Chapter 13). 

2.1.2 Lineations 

A lineation is the generic term for a linear fabric in a rock. An intersection lineation 
is formed by the intersection of two planes. Typically, an intersection lineation is 
formed by the intersection of a layer being folded and a cleavage parallel to the axial 
plane of that fold. In this case, the intersection lineation will form parallel to the fold 
hinge, so observation of the orientation of the intersection lineation can yield very 
useful information about the geometry of the folds in a region. A mineral lineation 
is defined by the preferred orientation of minerals, especially minerals that have a 
well­defined long axis, such as amphiboles. Since the orientation of metamorphic 
minerals often reflects the state of strain, it is very common to find minerals ori­
ented parallel to a principal strain axis especially parallel to fold hinges. Stretching 
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lineations are defined by the orientation of parts of the rock that have been strained 
such that they have a well­defined long axis. For example, cobbles in a conglomerate 
that have suffered strain will often be observed to a well­defined preferred orienta­
tion of their long axis. At a smaller scale, individual minerals – such as quartz grains 
– can also be stretched, and form a lineation in the rock. Stretching lineations are 
usually interpretable as being parallel to the maximum principal strain axis. 

While many lineations are parallel to either regional fold axis orientations or the 
maximum extension direction, this is not always the case. A boudin line lineation 
is defined by the stretching of a relatively competent layer in a ductile rock. Instead 
of homogeneously stretching, this layer is likely to break into swells and necks. With 
further stretching the pinch and swell structure gives way to a broken line of typically 
elliptical fragments, called boudins due to their supposed resemblance to sausages. 
The alignment of the boudins defines a linear fabric element, but this lineation is, in 
fact, perpendicular to the stretching direction. 
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