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3.2.1  Cleavage 

An AAPG Short Course by 
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The mechanical compaction of shale is arrested with the 
onset of compaction disequilibrium which leaves a porosity 
above 20%.  Yet, shale at depth is fully cemented with a low 
porosity.  One source of this cement comes from grain-grain 
pressure solution which stops the further compaction of 
shale as indicated by bedding that wraps around concretions.  
While shale compaction stops, pressure solution at depth 
enhances the tendency for carbonates to compact.   

depth range 
for mechanical 
loss of porosity 

depth range 
for chemical 

loss of porosity 

Shale porosity-depth curve 

Sandstone 
compaction:    
Note the role of 
pressure solution 
in developing 
closer packing! 
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A stylolitic finger capped by 
a relatively insoluble 
inclusion (arrow) allows the 
darker layer to penetrate 
upward into an overlying 
layer which otherwise 
competes evenly to pressure 
solve the adjacent layer.  
This interpenetration 
indicates that at least a 4 cm 
of layer of rock has been 
removed by pressure 
solution. 

darker layer 

Bedding plane stylolites: Illustrates overburden compaction 



Bedding plane stylolites: Illustrates overburden compaction 
Indana Limestone Fm, Bloomington, Indiana, USA  

From Simon Katterhorn, University of Idaho 
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Pitted pebbles 
Purgatory conglomerate, Rhode Island, USA 

Mosher, 1976 

The Pennsylvanian age Purgatory Conglomerate of Rhode Island was deformed under late Paleozoic lower greenschist 
facies conditions. Two mechanisms are invoked to account for the deformation. Pressure solution resulted in the 
formation of a highly flattened and elongated pebble fabric. This fabric was enhanced by slip and concurrent pebble 
rotation on intra-pebble shear fractures. Adjacent quartzite pebbles are molded against each other and usually exhibit 
distinct pressure shadow over- growths in the direction of pebble elongation. The matrix between pebbles, exclusive of 
pressure shadow overgrowths, is predominately micaceous.  

top and bottom view of same pebble 

micaceous material in pits 

quartz overgrowth (a ‘pressure shadow’) 

Important point:  Micaceous material is less 
soluble relative to either quartz or carbonate and 
thus is left as a residue where SiO2 and CaCO3 are 
dissolved under stress.  



Pitted pebbles 
Purgatory conglomerate, Rhode Island, USA 

Mosher, 1976 

Examples of interpenetration of quartz 
pebbles and flattening of the pebbles 



Triassic Conglomerate – with pressure solution pits and fractured 
Helvetic Alps, Switzerland 

Terry Engelder 

Quartzite pebble with evenly 
spaced intra-pebble shear 
fractures. Note the offsetting 
of the pebble margin.  

Important Point:  Pressure solution 
and brittle fracture co-exist in the 
upper brittle crust where geological 
structures are most important in 
the quest to extract fossil fuels. 



Cleavage 

The term 'cleavage', as used here, refers to a set of closely spaced secondary, planar, fabric elements that impart 
mechanical anisotropy to a rock without apparent loss of cohesion.  The fabric elements, which are commonly called 
'domains', are zones in which the original fabric of the rock has been altered by the deformation processes responsible 
for creation of the cleavage, mainly pressure solution in the brittle crust. Cleavage domains have been variously 
referred to as bands, films, folia, selvages and stripes.  Uncleaved, or less strongly cleaved, bands of rock that lie 
between adjacent domains are called microlithons (Borradaile et al. 1982). 'Disjunctive' cleavage domains, in contrast to 
'crenulation' domains, cut across pre-existing (sedimentary) layering in the rock without reorienting the layering (Powell 
1979). The principal characteristics that have been used to classify disjunctive cleavage are; (1) the spacing of cleavage 
domains and (2) the morphology of the domain (Borradaile et al. 1982). 

Pressure solution refers to the process of dissolution at grain-to-grain contacts under conditions that cause the rate of 
dissolution to be controlled by the magnitude of normal stress across the contact; grains dissolve most rapidly where 
the normal stress is greatest. Subsequent to removal from the grain surface, dissolved ions then diffuse through fluid 
films away from the point of dissolution and either precipitate at sites of lower normal stress, or pass into the pore fluid 
of the rock. The rate-controlling step of the pressure-solution process is thought to be this diffusion through fluid films 
(Rutter 1976), and based on thermodynamic arguments, the driving force for the diffusion accompanying pressure 
solution is a chemical potential gradient created by variations in the magnitude of normal stress at grain-grain contacts. 

Engelder & Marshak, 1985 
Patterns of disjunctive (domains can be seen with the naked eye) cleavage cutting beds. 
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Tectonic stylolites (sutured cleavage) showing NE-SW compression 
Upper Jurassic Limestone, Rabac, Croatia 

Terry Engelder 

Looking down on a horizontal bedding surface. 
Maximum penetration is about 1 cm 
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Dinaride Thust Belt 
Croatia 

From Tomašić et al., 2011 
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Layer-parallel shortening stylolites with millifractures 
Madison Group, Teton Anticline, Sawtooth Range, Montana, USA 
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Terry Engelder 

Classifications of cleavage 

Disjunctive cleavage has been-subdivided into two principal types based on domain spacing. Spaced cleavage is 
recognized where domains and microlithons can be distinguished in hand specimen or in outcrop, and slaty cleavage 
where adjacent domains cannot be distinguished without the aid of optical microscopy; Powell (1979) noted that most 
slaty cleavage has a domain spacing of less than 1 mm. Spaced cleavages can be further labeled, based on domain 
spacing, as weak, moderate, strong and very strong (Alvarez et al. 1978). 

Alvarez et al., 1978 

Spaced cleavage has been variously referred to as tectonic striping, solution cleavage, fracture cleavage, stylolitic 
cleavage, zonal cleavage, fissuring, reticulate cleavage, false cleavage, and spaced-solution cleavage. Very widely 
spaced domains, which commonly have pitted surfaces, are also called stylolites. The variety of terms listed above can 
be confusing, for some of these terms imply a mechanism of origin and others indicate morphological characteristics. 
The term 'fracture cleavage', for example, implies that disjunctive cleavage is a consequence of brittle failure of rock, 
which is generally not the case. Usually, the non-genetic term 'spaced cleavage' can be used in preference to the 
others. 



Terry Engelder 

name 
place 

The top part of the Tulley Limestone interfingering 
with shale of the overlying Genesee Group at 
Taughannock Falls State Park near Ithaca, New York. 
A zone of stylolitic solution cleavage developed in the 
limestone grades downward into a zone of pencil 
cleavage developed in a 20-cm-thick bed of shale.  
Strike of pencil cleavage parallel to fold axes. 

Pencil cleavage in shale of the Upper Devonian 
Canadaway Group and along the Vandermark Creek 4 km 
east of Scio, New York. The view is a vertical face looking 
parallel to the strike of the pencil structures (N60°E). 
Bedding is horizontal, and the parting that forms the 
pencil structures is vertical. 

Engelder & Geiser, 1979 



Engelder, 1979 

name 
place 

Edge of a crinoid columnal 
removed by pressure solution, 
the mechanism responsible 
pencil cleavage throughout the 
Appalachian Plateau. 



Geiser & Engelder, 1983 

Layer-parallel shortening fabric 
Appalachian Plateau, USA 

The distribution of layer parallel 
shortening fabrics across the Appalachian 
plateau to the Hudson Valley. The trend-
line map was prepared by connecting 
data points (thick lines) with nearly 
parallel cleavage planes. The orientation 
of the cleavage planes is shown by a plot 
of the strike of cleavage planes. 

Photo micrograph of crossing sets of cleavage 



Marshak & Engelder, 1985 

Cleavage distribution is strongly controlled by 
limestone composition; limestones containing 
greater than 10% clay-quartz matrix develop 
widespread cleavage, whereas limestones with less 
than 10% clay-quartz matrix develop isolated 
tectonic stylolites. This dependence appears to be 
textural, and may reflect the role that clay plays in 
providing interconnectivity between the sites of 
dissolution along grain boundaries and the free-
fluid system. Cleavage morphology is also 
controlled by limestone composition; tectonic 
stylolites in pure limestones have a sutured 
morphology, whereas cleavage domains in impure 
limestones have a non-sutured morphology. 

Layer-parallel shortening (LPS) is the same on all 
rock units but the mechanism is calcite twinning 
in low clay rocks and cleavage development (few 
calcite twins) in the high clay rocks. 

calcite twins                         cleavage 

after LPS 



Weathering accents disjunctive cleavage (core taken from fold limb) 
Middle Devonian Mahantango Formation, Sunbury, Pennsylvania, USA  

Terry Engelder ~ __ ~I 



X-ray tomography (core taken from fold limb) 
Middle Devonian Mahantango Formation, Sunbury, Pennsylvania, USA  

Terry Engelder 

X-ray tomography shows that 
cleavage is an early layer-
parallel shortening fabric 
before fold limbs grow. 



Terry Engelder 

name 
place 

AAPG Highway Map  circa 1965 

Disjunctive cleavage in a sample of the Silurian Mifflintown micritic 
limestone from the central portion of the Valley and Ridge, 
Pennsylvania.  This is a region stacked fault-related folding where 
rocks have passed through more than one fold hinge.  This stylolitic 
surface contains insoluble residue 2-3 mm thick.  Passing through 
fold hinges also places the limestone bed into extension as 
reflected by the calcite filling that follows the insoluble residue. 



Terry Engelder 

name 
place 

AAPG Highway Map  circa 1965 

Cross cutting slaty cleavage of the 
Ordovician Martinsburg Formation 
from the Great Valley of Pennsylvania. 

Beutner, 1978 



Slaty cleavage 
Devonian Esopus Formation, Catskill, New York, USA 

Terry Engelder 
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Crenulation cleavage from the Martinsburg Slates 
Delaware Water Gap, Pennsylvania, USA 



Terry Engelder 

Extension of a 3 mm thick silt layer by brittle fracture 
Helvetic Nappe, Switzerland 
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Crack extension (opening) passes in en echelon fashion to maintain  
a constant crack-parallel extension throughout the area of the sample. 



Terry Engelder 

Buckle folds developed at the scale of crenulation cleavage 
Marcellus gas shale, Newton-Hamilton, Pennsylvania, USA 



3.2.2 - Folding 

An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 

The Pennsylvania State University 



There was a time when geologists did not automatically connect folds in foreland basins with unseen faults at depth.  
One of the first to recognize the connection was Gwinn (1964).  He wrote, “New data, illustrating complex subsurface 
structure as revealed by recent exploration for natural gas in the Appalachian basin, are combined with surface 
geological data to present evidence that folds of the Plateau and western Valley and Ridge provinces are surficial, 
compressional wrinkles developed above deep non-outcropping bedding-plane thrust faults of large displacement, 
which continue northwestward beneath the Plateau from the western margin of the Valley and Ridge province”. Our 
understanding of modern structural geology owes a great debt to the connection that Gwinn made between folding 
at the surface of the Appalachian Plateau and faulting at depth.  The following is an example of what Gwinn saw at 
depth, largely based on the correlation of well logs.   

Terry Engelder 

Gwinn’s model for Appalachian Plateau folding 

Imbricate thrust faulting, Giffin Dome, Chestnut Ridge anticline, 
Westmoreland County, Pennsylvania; at the level of the lower 
Devonian, the northwest flank of the anticline is an imbricately faulted, 
overturned fold. (Don-h = Devonian Onondaga-Oriskany-Helderberg 
sequence (stippled); T = Tully limestone; solid line near the surface is 
the base of the Mississippian Pocono Sandstone.)  

The Gwinn cross section 
of Chestnut Ridge 
served as a solution to 
the famous ‘room’ 
problem for folding in 
compressional 
mountain belts. 

The regional décollement 



Folds are sometimes overturned.  In this example the 
sandstone is younger than the limestone, yet in the 
overturned limb the older limestone appears over the younger 
sandstone.  The direction of younging is said to be downward. 
The enveloping surface of the folds as well as the crest and 

trough are indicated. Terry Engelder 

Before we go on to further establish the connection 
between faulting at depth and folds, we must develop a 
terminology for folds. Folds are most commonly marked by 
bedding, a surface referred to as S0 in structural geology.  
Folds are characterized by axial surfaces, S1, and a fold axis.  
The plane perpendicular to the fold axis is that surface on 
which the profile of a fold is projected.  A fold that has a 
planar axial surface is said to be a plane fold, otherwise it is 
a nonplanar fold.  

One ideal fold is cylindrical with any profile the same as any 
other profile.  Real folds are rarely cylindrical but rather conical 
in shape.  The ideal fold can be divided into the hinge area 
where the radius of curvature of the fold is smallest and the 
limb area where the radius of curvature of the fold is largest.  A 
profile or cross section through a set of cylindrical folds 
constituting a wave train.  The Amplitude and wave length of 
the wave train are shown. 

 

Fold classifications 



Terry Engelder 

Folds have many shapes in cross section 
depending on their intralimb angle.  Four 
general classes of folds based on intralimb 
angle are:  Gentle, Open, Tight, and 
Isoclinal.  Other shapes of folds include 
Rounded, Angular, Chevron, and Box. 

 

Folds may be classified based on the 
orientation of their hinge line and axial 
surface.  Turner and Weiss (1963) have 
identified seven types of folds including: 
horizontal normal, plunging normal, 
horizontal inclined, plunging inclined, 
reclined, vertical, and recumbent  

Fold classifications 



Tight chevron fold – Horizonal normal fold 
Scaglia Rosa Limestone, Gubbio, Italy 

Terry Engelder 

hori 20ntal normal 



Terry Engelder 

Inclined axial plane with horizontal fold axis – Tight chevron fold 
Loughskinny, Ireland 



Vertical axial plane with plunging fold axis -  Open chevron fold 
Loughskinny, Ireland 

Terry Engelder normal 



Horizontal axial plane with horizontal fold axis 
Col de Tourmelet, Pyrenees Mtns, France 

Terry Engelder 



Refolded Vertical Folds 
Connecticut, USA 

Terry Engelder vertical 



Terry Engelder 
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Fold classifications 

Ramsay's (1967) classification of folds is based on the 
dip isogon.  A dip isogon is the line joining points of 
equal dip.  Two common types of folds are the similar 
and parallel folds.  In similar folds the bedding shape 
remains the same from bed to bed whereas in parallel 
folds the bedding thickness remains unaltered from bed 
to bed.  Parallel folds lead to the famous room problem 
that was addressed by Gwinn (1964). 

 

In order to maintain similarity from bed to bed, material 
within the beds must be moved out of the limbs and 
into the hinges. 

In parallel folds the shape of the beds must change from 
layer to layer in order the maintain constant bed 
thickness throughout. 



-The mechanism of folding that will operate 
during deformation is a function of a) the 
nature of inherent anisotropy in the rock b) 
the ductilities of the involved rocks. 
  
-As ductility of the rocks increases, the effect 
of layering decreases. 
 
-Increasing depth of burial favors lower 
ductility contrast and high mean ductility. 
 

Donath and Parker, 1964 

Flexural Slip v. Flexural Flow v. Passive 



-Movement Horizontal surface, generally parallel to 

bedding, along which movement has taken place 
during flexural slip, and which is commonly marked by 
thin quartz-fibre sheets or veins. 

 
-Flexural folds form as a result of the slip of one layer 

over another as the limb dip increases in response to 
lateral shortening. 

 

Tanner, 1989 

Flexural Slip v. Flexural Flow v. Passive 
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Buckle Folding (single beds) 

The mechanics of folding of a single layer has evolved from the model for 
the folding of an elastic plate.  The elastic plate has a thickness of 2y.  The 
plate is folded upon the application of a force P distributed on the area DA 
at the ends of the plate.  As the plate is folded the upper portion of the 
plate is stretched (stippled area) whereas the lower portion of the plate is 
compressed.  A plane between the compressed and stretched portion of 
the plate is folded but neither stretched nor compressed.  This plane is 
referred to as the neutral surface.  A plane normal to the fold axis cuts the 
neutral surface to form a line called the neutral fiber.  The neutral fiber 
has the length l.   A line a distance of y above the neutral fiber has the 
length l+ Dl.  The stretch Dl is proportional to 

If this is an elastic fold it is known as a buckle.  The force P necessary to cause the buckle is proportional to the distance 
from the neutral fiber.  For the force per unit area on a small strip at y from the neutral fiber 

 

where E is the Young's modulus.  For elastic plates the bending moment (M) is defined as the torque about the neutral 
fiber. 
 

Now the moment of inertia (I) about a horizontal axis through its "unit mass" is 



Terry Engelder 

Stress distribution in an elastic fold 

,-------1 



Terry Engelder 

Curvature is defined as the rate of change of a curve (i.e. the neutral fiber) in the vertical direction (y) as a function of 
distance in the horizontal direction 

Folds can also be defined in terms of a bending moment at x where  the equation for a beam is 

Rearranging this equation we can construct a homogeneous 2nd order differential equation 

The same equation for the buckling of a plate is 

For small deflections the shape of a buckled beam can be represented by an equation for a sine curve.  Taking tne 
second derivative for this sine curve, the second order differential equation for the bending moment can be 
written in terms of the force necessary to cause the buckle.  Taking the homogeneous 2nd order differential 
equation from above and rewriting it in terms of P, we can derive 

If the end of the buckle fold is fixed  

The physical significance of this force P is that if P is less than a 
certain value there will be no bending but if the force is slightly 
greater, the beam will bend suddenly where 

 

=  the Euler force at which a beam will buckle. 

  
 

Buckle Folding (single beds) 
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Rocks layers differ from the single member which is constrained neither on top of bottom.  Rather anytime that a rock 
layer folds, that layer has to contend with moving aside the rock layers above and below.  In modeling folds these 
adjacent layers are handled in several manners.  One approach is to consider the situation where both the layer of 
interest and those above and below are elastic.  The layer in question is considered competent and located in an 
incompetent elastic media.  Johnson (1970) considers the problem of a confined member loaded axially.  Johnson 
(1970) derived the value to the Euler wave length. 

A buckle folding might include the following: 

Buckle Folding (multiple beds) 



Terry Engelder 
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B. Buckling by orthogonal flexure 

A 

C. Buckling by flexural shear 

A 

D. Buckling by volume-loss flexure 
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A. Undeformed layer 

B. Bending by orthogonal flexure 

C. Bending by flexural shear 

D. Bending by volume-loss flexure 
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Kink folding 

Kink bands occur in strongly anisotropic rock where the anisotropy is either beds with a finite thickness or foliation 
with very thin layers.  These two are fundamentally different types of geological material that kink in different 
manners.  The first is a well cleaved schist where individual microlithons are very thin.  This material resembles a pack 
of computer cards where folding is vary sharp at the hinges.  In the second geological material the bedding has a finite 
thickness where any folding at the hinges has to respond to the thickness of the hinges.  Kinks in bedded material 
resemble the common chevron folds. 

The terminology for kink bands includes the kink band which is that zone within the beds or foliation has been rotated.   
In this case the geological material has an anisotropy developed by the bedding planes.  Within the kink band the beds 
have been rotated from horizontal to a steeply dipping position.  The kink plane is the boundary between the rotated 
and unrotated portion of the beds.  The kink axis is the same as a fold axis with the strike of the axis parallel to the 
strike of the kink plane provided the beds were initially horizontal. 



Terry Engelder 

Kink folding 

Kink-bands and kink-like folds may develop by flexural slip or continuous simple shear. The deformation within a kink 
band can be described in terms of an external rotation (j) and an internal rotation (q).  The external rotation takes the 
bedding planes or foliation and rotates them through an angle j so that the beds or foliation are rotated into the 
obtuse angle sector between the kink band boundary (kink plane) and the foliation outside the band.  The internal 
rotation (q) is indicated as the rotation of the radius of an undeformed circle to the deformed ellipse.  The strain ellipse 
within the kink band shows the opposite sense of rotation from the shear couple parallel to the kink-band boundary.  
The shear S indicated by the internal rotation (q) can be measured according to the rule. 

 

Compressive strain parallel to the foliation is 



Kink folding 
Silurian Wills Creek Formation, Huntingdon, Pennsylvania, USA 

Terry Engelder 
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Kink folding 

Kink bands develop one of two senses of rotation known 
as normal and reverse respectively.  Largely the 
difference is determined by the acute angle between the 
foliation and the kink-band boundary.  For the normal 
kink band the external rotation is opposite in sign from 
the acute angle measured from the kink plane to the 
foliation.  In the reverse kink band the external rotation 
has the same sign.  The limbs of kinks are distinguished 
on the bases of whether the kink band constitutes the 
long limb or short limb.  Often the rotated limb is the 
short limb. 

 
Chevron folds resemble kink bands except there is 
generally one fold plane where kinks are distinguished 
by a pair of kink planes.  For three beds the nature of 
deformation is associated with both the limbs and hinge 
area. The sandstone in the hinge is above the neutral 
fiber and as a consequence extends along fractures as 
shown in black.  The hinge area in this fold is not as 
sharp as was the case for the kink bands.  As the hinge 
develops there are room problems where holes open 
and other portions of the fold wants to overlap.  Usually 
in the areas of overlap the folds take the overlap by 
pressure solution where part of the bed is dissolved and 
carried away in solution or redeposited in the form of 
veins.  



Terry Engelder 

Chevron fold – Fault-bend folds 

Three types of rotation can be distinguished in association with a chevron fold.  The rotation #1 is an external rotation 
as indicated by the change in orientation of the bedding.  This is j in the our analysis of kink folds.  Rotation #2 is an 
internal rotation and is shown on the strain ellipse by q.  Rotation #3 develops off of beds of limestone that have been 
shortened by cleavage development.  Each block of limestone is bounded by pressure solution cleavage that dissolves 
the beds and permits shortening without the total rotation shown as #1 for the sandstone beds. 

Fault-bend folds, versions of kink folds, are a 
consequence of décollement tectonics where bedding 
parallel detachments climb section by cutting across 
several beds (Suppe, 1983).  A model of fault-bend 
folding involves a detachment fault where the thrust 
plane comes from the right, cuts upward across 
bedding, and continues parallel with bedding off to the 
left.  Upon the initiation of the fault across bedding two 
kink bands develop at the bends in the footwall 
because these bends cause folding in the upper sheet 
of the thrust system. The axial surfaces A and B 
terminate at the bends in the detachment where it 
changes from bedding parallel to cross cutting.  The 
axial surfaces A' and B' terminate at the transitions 
between crosscutting and bedding-plane fault 
segments in the hanging wall at points X' and Y' which 
match points X and Y in the footwall.  As slip continues 
kink bands A-A' and B-B' grow in with and the anticline 
above the crosscutting fault grows in height. 

X X’ 
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Fault-propagation folds 

Axial surfaces A' and B' move with the thrust sheet because they are fixed to the hanging wall cutoffs.  Because the 
axial surfaces A and B are fixed to the footwall cutoffs X and Y, the beds must move through the axial surfaces, first 
bending and then unbending.  

The motion of the fault-bend fold is complex because when the hanging-wall cutoff, Y', reaches the footwall cutoff, X, 
the fold has reached its maximum amplitude, which is the height of the step in décollement.  At this point the 
deformation, axial surface A, which has been fixed to the footwall is suddenly released to move with the hanging-wall 
cutoff, Y', whereas axial surface B', which has been moving with the hanging wall, is suddenly locked to the footwall  
cutoff, X.   

Fault-propagation folds form as a part of the process of fault 
propagation.  In such a fold the thrust fault cuts across section but 
does not extend in the subsurface in front of the fold as was the 
case for a fault bend-fold.  Like the fault-bend fold, as the thrust 
starts to step up through the section two kink bands immediately 
develop.  One axial surface is pinned to the footwall cutoff and 
the beds roll through the fold by first folding and then unfolding.  
Another axial surface is pinned to the tip of the fold and beds roll 
through it was the fault propagates forward.  A third axial surface 
touching the fault plane moves with the velocity of the thrust 
sheet and is the surface where the two initial kink bands have 
merged below the surface.  Commonly, fault-propagation folds 
will become locked because the bending resistance of some 
formation may be too great.  In this case the fault may propagate 
along the anticlinal or synclinal axial surfaces or somewhere in 
between. 



Chevron Folds at Loughskinny, Ireland 

Terry Engelder 



Polydeformed Archean aged turbidites and sandstone dykes 
spectacularly exposed near Rankin Inlet, Nunavut, Canada. 

Photo courtesy of Chris Studnicki-Gizbert vis Clark Burchfiel, MIT 



Passive folding: Refolded folds 
Connecticut, USA 

Terry Engelder 



Faulted folds in the Great Kavir Desert 75 km NNW of Jandaq, Iran 

Terry Engelder 



3.2.3 Strain during Folding 
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Mud pellets in an Appalachian Limestone 
Appalachian Mountains, Pennsylvania, USA 

Terry Engelder 
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Intersection 

Deformed Oolites in the Cambrian Conococheague Limestone 
South Mountain Anticline, Hagerstown, Maryland, USA 

Terry Engelder 



Cleavage face showing 
bed-normal stretching 

(lineation) 

Deformed Oolites in the Cambrian Conococheague Limestone 
South Mountain Anticline, Hagerstown, Maryland, USA 

Terry Engelder 

Cloos 1947 



Cleavage and Oölites in 
cross section 

Deformed Oolites in the Cambrian Conococheague Limestone 
South Mountain Anticline, Hagerstown, Maryland, USA 

Terry Engelder 

Cloos 1947 



Deformed Oolites in the Cambrian Conococheague Limestone 
South Mountain Anticline, Hagerstown, Maryland, USA 

Cloos 1947 
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Deformed Oolites in the Cambrian Conococheague Limestone 
South Mountain Anticline, Hagerstown, Maryland, USA 

Cloos 1947 
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Ramsay and Huber, 1983 

Strain distribution 
Western Helvetic Nappes, Switzerland 

Finite strains in the W. Helvetic nappes, 
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3.2.4 - Salt Tectonics 
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Salt Tectonics 

A very wide variety of rocks have remarkably similar frictional strengths under conditions which are common in the 
top 10 km or so of the crust (Byerlee. 1978). Exceptions to this rule include clays and shales, which are relatively 
weak. However, evaporites (and. in particular, rock salt) are vastly weaker than any other common rock type. Salt is 
below its brittle-ductile transition even in the top few kilometers of the crust and flows at geologically important 
strain rates in response to shear stresses of less than 1 MPa (Carter and Hansen, 1983). Because overthrusts 
appear to seek out horizons which provide even a modest reduction in resistance to slip, it is logical to expect that 
salt may have a major effect upon the deformation in a fold-and-thrust belt. 

Let us now consider the effect of a weak basal layer upon the mechanics of fold-and-thrust belts. The overall 
mechanics of thin-skinned fold-and-thrust belts and their marine analogs, accretionary prisms, have been modeled 
as analogous to that of a wedge of soil in front of an advancing bulldozer (Davis et al., 1983; Dahlen et al., 1984). 
The critical taper is that cross-sectional wedge taper maintained when the entire thrust belt is on the verge of 
horizontal compressive failure. A wedge that is too narrowly tapered (such as one which has undergone erosion) 
will not slide along its basal decollement when pushed from behind. Instead, the failure criterion is exceeded 
within a narrowed portion of the wedge, leading to internal thrust faulting which shortens and thickens the wedge 
to reestablish the critical taper.  

The failure criterion used to calculate the critical taper for fold-and-thrust belts consisting of rocks that have normal 
stress dependent strengths (Byerlee, 1978) is the Coulomb criterion. This criterion for shear traction t at failure is of 
the form 

where S, is cohesion, m is the friction coefficient, sn is the normal stress, and l is the pore-fluid pressure ratio, as 
defined by Hubbert and Rubey (1959). The Coulomb failure criterion, with p between roughly 0.6 and 0.85 and with 
S, between roughly 5 and 20 MPa, 

 



Terry Engelder 

Experimental deformation of salt (e.g., Carter and Hansen, 1983) 
demonstrates a different sort of behavior which is not suitably 
modeled by the Coulomb criterion. Even at the temperature and 
pressure conditions found at shallow depths in the earth, salt is 
in the ductile regime. At typical depths for a basal detachment 
(2-6 km), geological strain rates (lo-i4*i set-‘) and geothermal 
gradients (20°-35°C km-1), the yield strength to for salt is 
between roughly 100 kPa and 1 MPa (Carter and Hansen, 1983). 
In a salt-dominated basal decollement, the normal stress 
dependence disappears. Instead, it becomes more appropriate 
to write: 

Thus, under conditions which are appropriate to a basal 
detachment, salt is between 1 and 2 orders of magnitude weaker 
than most other rocks. 

If the basal decollement occurs along the salt horizon, the critical 
taper may be very small. Let us assume a pressure-independent 
(i.e., plastic) yield stress to along the basal decollement, with the 
overlying rock having a strength dominated by a friction 
coefficient m = tan  and with So negligible. If to = 1 MPa a few km 
deep at the base of a fold-and-thrust belt, then essentially no 
taper (- 1⁰) is required for the overlying sediments to be pushed 
horizontally toward the foreland. 

Salt Tectonics 



Engelder, 1993 

Strength of Rock Salt 

Plot of log subgrain size (μm) versus log sd 
(MPa) for creep experiments on Avery Island 
domal salt. Horizontal bars show maximum and 
minimum stress levels recorded during 
experiments and vertical bars show one 
standard deviation from mean subgrain 
diameter. Data fit the dashed line with a 
correlation coefficient of 0.9775. Also shown are 
mean subgrain sizes and corresponding sd for 
seven naturally bedded, domal, and anticlinal 
rock-salts. Vertical bars show one standard 
deviation from mean subgrain diameter 
(adapted from Carter et al., 1982). 



Appalachian Plateau Decollement 
Silurian Salina Salt, Ithaca, New York, USA 

Terry Engelder 
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Scanlin & Engelder, 2003, The 
basement versus the no-basement 
hypothesis for folding within the 
Appalachian Plateau Detachment 

Sheet:  American Journal of 
Science, v. 303, p. 519-563. 

Salt Withdrawal  



• Layer-Parallel Shortening: 

• Brittle collapse leads to anticlinal growth 
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Jackson & Talbot, 1994 

Salt Tectonics 

Another version of  the Davis & Engelder (1985) tapered wedge diagram. 
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Jackson & Talbot, 1994 

Block diagrams showing three basic types of salt canopy formed by coalescence of salt stocks, salt walls and salt 
tongues, respectively. The degree of coalescence increases towards the front of each group. The sutures between 
coalesced salt structures can be recognized by lenses of country rock between salt, by cuspate synforms in the 
overburden above, and by pairs of raised, appressed antiforms in the margins of the coalesced salt sheets. 

Salt Tectonics 

101 



Jackson & Talbot, 1994 
Block diagrams showing the schematic shapes of known classes of salt structures 
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Jackson & Talbot, 1994 

Salt Tectonics 

Sedimentary record of salt flow during extension (above) and shortening (below). The prekinematic layer was 
deposited before salt flow began. The synkinematic layer accumulated during salt flow and may include internal 
onlap or truncation. The postkinematic layer was deposited after salt flow ceased; its base may onlap or truncate 
originally opencast (exposed) structures in the synkinematic layer. 



3.2.5 Nappes 

An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 

The Pennsylvania State University 



Geological Map of France 

https://upload.wikimedia.org/wikipedia/commons/thumb/9/92/Tectonic_map_Mediterranean_EN.svg/2000px-Tectonic_map_Mediterranean_EN.svg.png 
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Geological Map of France 

https://en.wikipedia.org/wiki/Geology_of_France 

Montagne Noire 



Fold nappes of the Montagne Noire 
Nappe du Mont-Peyroux, Haut-Languedoc, France 

Various French authors 

Versant 
sud 

, 
Carte g~fogique generale de fa Montagne noire (modlfie d'apres Demange, 1998). 

Zone axiale 

Coupe generale synthetfque de la Montagne noire (modffie d'apres Demange, 1998). 



Fold nappes of the Montagne Noire 
Nappe du Mont-Peyroux, Haut-Languedoc, France 

Various French authors 

schema general (Engel et at 1978) 

coupe dans fa partie oCcidentale de la nappe (Demange, 1997) 



N-S cross section of the Alps 

Dal Piaz, et al., 2003, Episodes 

Lithospheric section of north-western Alps - 1) Austroalpine: Sesia-Lanzo inlier (sl) and Dent Blanche nappe s.l. (db), including 
Matterhorn (Ma); 2) Penninic domain (P): Piedmont ophiolitic units (po), Monte Rosa (mr) and Grand St. Bernard (sb) nappes, 
underlain by lower Penninic and outer Penninic Valais zone (va), Penninic klippen (Pk), Penninic frontal thrust (pft); 3) Helvetic 
basement slices and cover nappes (H); 4) Molasse foredeep (M); 5) Jura belt (J); 6) buried wedge (BW) of European mantle or 
eclogitized crustal units; 7) European lithosphere: continental crust (EC) and mantle (EM); asthenosphere (AS); 8) Adriatic 
lithosphere: antithetic belt of Southern Alps (SA) and mantle (AM); Periadriatic fault system (pl); 9) Padane-Adriatic foreland (PA) 
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Burkhard, 1993 

In the Helvitic Nappes the 
appearance of calcite twin lamellae 
changes systematically as a function 
of deformation temperature. Micro-
twins and straight narrow (< 1/~m) 
lamellae are characteristic of very 
low temperatures where no other 
slip system competes and where the 
absence of effective recovery 
mechanisms prohibits large strains by 
twinning. Above ca 150°C, thicker (> 
1-5/~m) but fewer twins are 
developed. Above approximately 
200°C, curved twins, twinned twins 
and completely twinned grains 
indicate the progressive importance 
of other slip systems, and larger 
intracrystalline strains are possible. 
At ca 250°C and above ancient 
straight twin lamellae are modified 
into irregular geometries by 
recrystallization and grain-boundary 
migration. 
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Pyrite framboids  
with stress shadow 

Layer-parallel shortening 

Terry Engelder 

Appalachian Valley & Ridge 
Selensgrove, PA, USA 



Pyrite 
framboids  
with stress 

shadow 

Layer-parallel 
shortening 

Donald Fisher 

Cleavage and the development of a pressure shadow 
Hsuehshan Range, Taiwan 



Mesozoic cover spit out between Aar and Gotthard Massifs 
Swiss Alps near Andermatt, Switzerland 

https://earth.unibas.ch/tecto/ 

pyrite pressure shadows 

Terry Engelder 



Mesozoic cover spit out between Aar and Gotthard Massifs 
Swiss Alps near Andermatt, Switzerland 

Terry Engelder 
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Nummulites with cleavage from the compression of the Helvetic Nappes  
Swiss Alps near Andermatt, Switzerland 

Wikipedia Terry Engelder 



Overturned limb: Lebanon Nappe, Great Valley 
Appalachian Mountains, Elizabethtown, Pennsylvania, USA 

Terry Engelder 

http://searchanddiscovery.com/documents/2016/41849engelder/ndx_engelder_part7.pdf
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