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Folding

1.Requires some 
component of ductile 
deformation.

2.Imparts permanent 
strain on rocks.

3.Requires high P and 
T, and therefore 
significant burial.

Presenter Notes
Presentation Notes
Folding:Requires some component of ductile deformation.Imparts permanent strain on rocks.Requires high P and T, and therefore significant burial.



Tectonic Relationship to Folding

1. Fold belts are typically 
associated with convergent 
plate boundaries and directed 
compressive stress.
2. However, folds can develop 
in other tectonic environments 
besides convergent boundaries.
3. It is generally assumed that 
the maximum compressive 
stress (sigma 1) is more or less 
perpendicular to fold hinges.

Presenter Notes
Presentation Notes
Tectonic Relationship to Folding:1. Fold belts are typically associated with convergent plate boundaries and directed compressive stress.2. However, folds can develop in other tectonic environments besides convergent boundaries.3. It is generally assumed that the maximum compressive stress (sigma 1) is more or less perpendicular to fold hinges.



Relationship of Folding to 
Metamorphism

• Metamorphic fabrics such as foliation or cleavage often are related 
geometrically to folds because they develop synchronously.

• An example is axial planar cleavage – rock cleavage that is parallel to the 
axial planes of folds.

S1 cleavage

Bedding

Presenter Notes
Presentation Notes
Relationship of Folding to Metamorphism:1. Metamorphic fabrics such as foliation or cleavage often are related geometrically to folds because they develop synchronously.2. An example is axial planar cleavage – rock cleavage that is parallel to the axial planes of folds.



Geometry of Folding
• Hinge: points of maximum curvature within a single 

folded surface.
• Axis: a line when moved parallel to itself “sweeps out” a 

folded surface. The fold axis and fold hinge line have the 
same attitude.

• Axial Plane or Surface: the plane or surface defined by 
connecting fold hinge lines in multiple folded surfaces

• Fold Limb: the area of a folded surface between hinge 
points.

• Inflection point: a point on a folded surface where the 
curvature changes direction. This is half the distance 
between hinge points.

• Crest: highest elevation point on a folded surface.
• Trough: lowest elevation point on a folded surface.

Presenter Notes
Presentation Notes
Geometry of Folding:1. Hinge: points of maximum curvature within a single folded surface.2. Axis: a line when moved parallel to itself “sweeps out” a folded surface. The fold axis and fold hinge line have the same attitude.3. Axial Plane or Surface: the plane or surface defined by connecting fold hinge lines in multiple folded surfaces4. Fold Limb: the area of a folded surface between hinge points.5. Inflection point: a point on a folded surface where the curvature changes direction. This is half the distance between hinge points.6. Crest: highest elevation point on a folded surface.7. Trough: lowest elevation point on a folded surface.



Geometry of Folding cont.
• Concave-down folds are antiforms.
• Concave-up folds are synforms.
• Folds that contain older strata in the 

core of the fold are anticlines.
• Folds that contain younger strata in 

the core of the structure are synclines.

A=Anticline
B=Synformal anticline
C= Syncline
D=Antiformal syncline

Presenter Notes
Presentation Notes
Geometry of Folding continued: 1. Concave-down folds are antiforms.2. Concave-up folds are synforms.3. Folds that contain older strata in the core of the fold are anticlines.4. Folds that contain younger strata in the core of the structure are synclines.



Overturned Folds
• Overturned folds possess an overturned limb- the limb must be 

rotated more than 90° to bring it back to its original position.
• Note that the overturned limb dips steeper than the axial planar 

cleavage.
• Remember this when mapping geology – if a bed dips steeper than 

axial planar cleavage/foliation then it is part of an overturned limb.

Upright limb

Overturned limb

Axial Planar cleavage

Presenter Notes
Presentation Notes
Overturned Folds:1. Overturned folds possess an overturned limb- the limb must be rotated more than 90° to bring it back to its original position.2. Note that the overturned limb dips steeper than the axial planar cleavage.3. Remember this when mapping geology – if a bed dips steeper than axial planar cleavage/foliation then it is part of an overturned limb.



Superposed Folding
• Multiple folding events.
• Note that the F1 axial plane is refolded by 

later folds.

Presenter Notes
Presentation Notes
Superposed Folding:1. Multiple folding events.2. Note that the F1 axial plane is refolded by later folds.



Anti- and Synclinorium
• Anti- and synclinorium 

are large (map-scale or 
megascopic) folds that 
contain smaller fold 
structures (mesoscopic) 
on their limbs.

• The order of folds 
progresses from the 
largest (1st order) to 
smallest wavelengths.

• It is assumed that all nth 
order folds form 
synchronously.

1st order antiform

2nd order 
antiform

Presenter Notes
Presentation Notes
Anti- and Synclinorium:1. Anti- and synclinorium are large (megascopic) folds that contain smaller fold structures (mesoscopic) on their limbs.2. The order of folds progresses from the largest (1st order) to smallest wavelengths.3. It is assumed that all nth order folds form synchronously.



Fold Surface Geometry

• The hinge may be represented 
by a point or by a zone.

• The inflection point occurs 
when the curvature becomes 
zero.

• The limb of a fold is that part 
of the folded surface between 
adjacent hinge points or 
zones.

Presenter Notes
Presentation Notes
Fold Surface Geometry:1. The hinge may be represented by a point or by a zone.2. The inflection point occurs when the curvature becomes zero.3. The limb of a fold is that part of the folded surface between adjacent hinge points or zones.



Fold Asymmetry
• Asymmetric folds 

have limbs of unequal 
length.

• These folds are 
designated as “Z”, “S” 
or “M”.

• Rule: sense-of-shear 
arrow away from axial 
plane points toward 
hinge.

Presenter Notes
Presentation Notes
Fold Asymmetry:1. Asymmetric folds have limbs of unequal length.2. These folds are designated as “Z”, “S” or “M”.3. Rule: sense-of-shear arrow away from axial plane points toward hinge.



Asymmetric Fold Examples
• This example fold 

appears as a “Z” 
(right-lateral) 
symmetry fold but 
since we observe 
it “up-plunge” it is 
recorded as an 
“S”.

• Symmetry is 
always recorded 
as viewed in a 
down-plunge 
direction by 
convention.

• Neutral (“M”) folds 
occur along the 
axial plane of the 
higher order fold.

Presenter Notes
Presentation Notes
Asymmetric Fold Examples:1. This example fold appears as a “Z” (right-lateral) symmetry fold but since we observe it “up-plunge” it is recorded as an “S”.2. Symmetry is always recorded as viewed in a down-plunge direction by convention.3. Neutral (“M”) folds occur along the axial plane of the higher order fold.



Asymmetric Fold Analysis

• If a megascopic asymmetric fold is 
sampled statistically it will display an 
asymmetric contoured stereonet.

• It is also true, however, that non-statistical 
sampling of a symmetrical fold may yield 
an asymmetrical contoured pattern.

• It is also true that “Z” versus “S”  symmetry  
modes of lower order folds may indicate 
asymmetry.

Presenter Notes
Presentation Notes
Asymmetric Fold Analysis:1. If a megascopic asymmetric fold is sampled statistically it will display an asymmetric contoured stereonet.2. It is also true, however, that non-statistical sampling of a symmetrical fold may yield an asymmetrical contoured pattern.3. It is also true that “Z” versus “S”  symmetry  modes of lower order folds may indicate asymmetry.
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Presenter Notes
Presentation Notes
Stereonet Example:Example stereonet displays an asymmetric pattern with the long limb indicated as a NE strike and SE dip diection.The “short” limb strikes NE and dips NW.



Axial Surfaces & Axial Trace
• A-C: Examples of 

planar and non-planar 
axial surfaces.

• D: Axial trace in map 
view and cross-
section view.

• A folded axial surface 
can be treated as if it 
were a folded bedding 
plane to define the 
hinge of the younger 
fold.

Presenter Notes
Presentation Notes
Axial Surfaces & Axial Trace:1. A-C: Examples of planar and non-planar axial surfaces.2. D: Axial trace in map view and cross-section view.3. A folded axial surface can be treated as if it were a folded bedding plane to define the hinge of the younger fold.



Hinge & AP Attitude 
• Only by determining the attitude of both the hinge 

and AP can you fix the orientation of the fold.
• Examples to the right have the same AP attitude 

but different hinge attitudes.
• Special Attitudes of AP & Hinge:

– Recumbent: Axial Plane is horizontal.
– Reclined: Hinge trend is perpendicular to Axial 

Plane strike.
– Upright: Axial Plane is vertical.

Presenter Notes
Presentation Notes
Hinge & AP Attitude:1. Only by determining the attitude of both the hinge and AP can you fix the orientation of the fold.2. Examples to the right have the same AP attitude but different hinge attitudes.3. Special Attitudes of AP & Hinge:Recumbent: Axial Plane is horizontal.Reclined: Hinge trend is perpendicular to Axial Plane strike.Upright: Axial Plane is vertical.



Examples of AP & Hinge 
Combinations

• In A & B the trend of the 
hinge is the same as the 
strike of the AP.

• In C the trend of the 
hinge is significantly 
different than the strike of 
the AP- Reclined Fold.

• If AP has a vertical dip 
the trend of the fold hinge 
must remain parallel to 
the AP strike.

• If the AP is horizontal 
(dip=0) the trend of the 
hinge can be in any 
azimuth direction, and 
the plunge of the hinge 
must = 0.

Presenter Notes
Presentation Notes
Examples of AP & Hinge Combinations:1. In A & B the trend of the hinge is the same as the strike of the AP.2. In C the trend of the hinge is significantly different than the strike of the AP – Reclined Fold.3. If AP has a vertical dip the trend of the fold hinge must remain parallel to the AP strike.4. If the AP is horizontal (dip=0) the trend of the hinge can be in any azimuth direction, and the plunge of the hinge must = 0.



Cylindrical Folds
• Fold surface profile is a section of a Cylinder.
• Poles to bedding/foliation fall on a great circle.
• Poles to bedding/foliation that align along a 

small circle are conical folds.

Presenter Notes
Presentation Notes
Cylindrical Folds:1. Fold surface profile is a section of a Cylinder.2. Poles to folded bedding/foliation fall on a great circle.3. Poles to folded bedding/foliation that align along a small circle are conical folds.



Classification of Fold Profile
• Gentle: Interlimb angle 180-

170.
• Open: Interlimb angle 170-90.
• Tight: Interlimb angle 90-10.
• Isoclinal: <10.
• Interlimb angles must be 

measured in the fold profile 
plane.

• The fold  profile plane is the 
plane perpendicular to the fold 
hinge.

Presenter Notes
Presentation Notes
Classification of Fold Profile:1. Gentle: Interlimb angle 180-170.2. Open: Interlimb angle 170-90.3. Tight: Interlimb angle 90-10.4. Isoclinal: <10.5. Interlimb angles must be measured in the fold profile plane.6. The fold  profile plane is the plane perpendicular to the fold hinge.



Concentric Folds
• Fold profile is a section of a circular 

arc.
• These folds have a “room problem”-

they must die out at depth.
• Constant thickness measured 

perpendicular to folded layer.
• Requires slip along bedding planes 

that is primarily brittle deformation.

Presenter Notes
Presentation Notes
Concentric Folds:1. Fold profile is a section of a circular arc.2. These folds have a “room problem”- they must die out at depth.3. Constant thickness measured perpendicular to folded layer.4. Requires slip along bedding planes that is primarily brittle deformation.



Similar Folds
• Profile displays 

thickening in hinge and 
thinning in the limbs.

• Requires ductile flow 
of material from limbs 
into hinge zone.

• Constant thickness of 
layers measured 
parallel to AP.

• Lessening of thickness 
in limbs and thickening 
in hinge zone.

Ductile Flow

Presenter Notes
Presentation Notes
Similar Folds:1. Profile displays thickening in hinge and thinning in the limbs.2. Requires ductile flow of material  from limbs into hinge zone.3. Constant thickness of layers measured parallel to AP.4. Lessening of thickness in limbs and thickening in hinge zone.



Ramsay’s Dip Isogon Classification

• Dip Isogon: a line connecting points of 
equal dip from one folded layer to another

• Classes of Folds:
– Class 1: curvature of inner arc is greater than 

outer arc; Isogons converge at AP towards core
• 1A: Thinning in the hinge; thickening in the limb.
• 1B: Parallel folds that maintain a constant 

thickness of beds; dip isogons are perpendicular 
to layers.

• 1C: Modest thickening in hinge zone; modest 
thinning in limbs.

– Class 2: Ideal similar folds that maintain a 
constant layer thickness measured parallel to 
AP; curvature of outer arc is equal to inner arc.

– Class 3: curvature of outer arc is greater than 
inner arc; dip isogons fan away from AP 
towards the core; extreme thickening in hinge 
zone of fold.

Presenter Notes
Presentation Notes
Ramsay’s Dip Isogon Classification:Dip Isogon: a line connecting points of equal dip from one folded layer to anotherClasses of Folds:	Class 1: curvature of inner arc is greater than outer arc; Isogons converge at AP towards core of fold:	1A: Thinning in the hinge; thickening in the limb.	1B: Parallel folds that maintain a constant thickness of beds; dip isogons are perpendicular to layers.	1C: Modest thickening in hinge zone; modest thinning in limbs.Class 2: Ideal similar folds that maintain a constant layer thickness measured parallel to AP; curvature of outer arc is equal to inner arc. Dip isogons are parallel to AP.Class 3: curvature of outer arc is greater than inner arc; dip isogons fan away from AP towards the core of the fold; extreme thickening in hinge zone of fold. 



Fold Mechanisms

• Flexural Slip: fold forms by slip parallel to 
bedding planes (see card deck model); 
Brittle deformation; generally forms class 
1B (parallel) folds.

• Passive Slip: fold forms by slip parallel to 
AP; Ductile deformation; generally forms 
Class 2 (similar) folds.

• Flexural Flow: combination of flexural slip 
and passive slip commonly found in strata 
with diverse mechanical properties.

Presenter Notes
Presentation Notes
Fold Mechanisms:1. Flexural Slip: fold forms by slip parallel to bedding planes (see card deck model); Brittle deformation; generally forms class 1B (parallel) folds.2. Passive Slip: fold forms by slip parallel to AP; Ductile deformation; generally forms Class 2 (similar) folds.3. Flexural Flow: combination of flexural slip and passive slip commonly found in strata with diverse mechanical properties.



Flexural Slip & Fold Asymmetry
• Flexural slip provides a nice 

explanation of why “Z” and “S” 
2nd order folds form on the limbs 
of a 1st order fold.

• Note that right-lateral slip 
produces “Z” symmetry, left-
lateral produces “S” symmetry.

• The arrows of the slip indicators 
on the outside of the fold point 
toward the correct hinge 
direction- “B” interpretation is 
incorrect, “C” is correct.

Presenter Notes
Presentation Notes
Flexural Slip & Fold Asymmetry:1. Flexural slip provides a nice explanation of why “Z” and “S” 2nd order folds form on the limbs of a 1st order fold.2. Note that right-lateral slip produces “Z” symmetry, left-lateral produces “S” symmetry.3. The arrows of the slip indicators on the outside of the fold point toward the correct hinge direction- “B” interpretation is incorrect, “C” is correct.



Folding and Associated Faulting
• On the concave side of the fold 

compression dominates leading to 
bedding-plane thrusts.

• On the convex side of the fold 
tension produces normal extensional 
faults.

• This is a good example of how 
extensional structures (normal faults) 
can be produced in compressional 
tectonic environment (fold belt).

• The grabens in along the extensional 
part of the fold are termed “Keystone 
Grabens”.

Presenter Notes
Presentation Notes
Folding and Associated Faulting:1. On the concave side of the fold compression dominates leading to bedding-plane thrusts.2. On the convex side of the fold tension produces normal extensional faults.3. This is a good example of how extensional structures (normal faults) can be produced in compressional tectonic environment (fold belt).4. The grabens in along the extensional part of the fold are termed “Keystone Grabens”.



Kink Folds
• Kink folds can be propagated 

indefinitely along the axial plane of 
the fold. No slip is required along 
bedding planes.

• Kink folds are similar to Ramsay 
class 1B in that thickness is 
maintained along the fold profile.

• Even though kink folding is brittle 
deformation there is no “room 
problem” as in the case of 
concentric or parallel folding 
(Ramsay class 1B).

Presenter Notes
Presentation Notes
Kink Folds:1. Kink folds can be propagated indefinitely along the axial plane of the fold. No slip is required along bedding planes.2. Kink folds are similar to Ramsay class 1B in that thickness is maintained along the fold profile.3. Even though kink folding is brittle deformation there is no “room problem” as in the case of concentric or parallel folding (Ramsay class 1B).



Monoclines
• Similar to a kink fold- only one 

limb.
• These folds are typically “cored” 

by a basement fault zone.
• These are asymmetric folds –

the long limb is horizontal, the 
short limb has significant dip.

Presenter Notes
Presentation Notes
Monoclines:1. Similar to a kink fold- only one limb.2. These folds are typically “cored” by a basement fault zone.3. These are asymmetric folds – the long limb is horizontal, the short limb has significant dip.



Basement-cored Monocline

• Many shallow fold 
structures are “cored” by 
basement faults. 

• Note that the basement 
is behaving in a brittle 
fashion, whereas the 
cover sequence is more 
ductile.

Presenter Notes
Presentation Notes
Basement-cored Monocline:Many shallow fold structures are “cored” by basement faults. Note that the basement is behaving in a brittle fashion, whereas the cover sequence is more ductile.



Exam Summary
• Be able to describe the relationship between folding and axial planar 

cleavage/foliation; be able to use this to complete a cross-section.
• Know Ramsay’s Isogon classification of fold profiles.
• Be able to discuss Parallel vs. Similar mechanisms of folding.
• Be able to discuss and demonstrate with stereonet sketches the 

difference between Cylindrical and non-Cylindrical folds.
• Be able to sketch a fold profile that displays:

– Hinge
– Limb
– Interlimb angle
– Axial plane
– Inflection point
– “Z” and “S” 2nd order (parasitic) folds
– Crest and Trough points

Presenter Notes
Presentation Notes
Exam Summary:



Exam Fold Sketch Example:
• Geometrical elements 

of a fold profile.
• IP= Inflection point; 

AP= Axial Plane; IA= 
Interlimb Angle.

• Note that the limb 
extends between 
adjacent hinge points.

• Note that AP trace 
extend through hinge 
points along different 
stratigraphic contacts.

AP

Hinge

IP

Hinge

Limb

IP

IA

“Z” 2nd order

“S”
2nd

order

Crest

Trough

AP

Hinge

Presenter Notes
Presentation Notes
Exam Fold Sketch Example:Geometrical elements of a fold profile.2. IP= Inflection point; AP= Axial Plane; IA= Interlimb Angle.3. Note that the limb extends between adjacent hinge points.4. Note that AP trace extend through hinge points along different stratigraphic contacts.
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