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Front Notes 

Structural geology evolved as a separate subject in the geological sciences during the latter part of the 
19th Century.  Origins involved a cross fertilization between the great European masters including the 
Swiss Alpine geologist Albrecht Heim and their American counterparts.  Bailey Willis wrote in his 1923 
text, Geological Structures, that Heim, “laid the corner-stone of our work in Das Mechanismus der 
Gebirgsbildung”.  In North America, the  great master was G.K. Gilbert who in 1888 first suggested the 
study of the mechanical principles underlying structural geology.  In 1898, Charles R. Van Hise wrote one 
of the first compendiums on geological structures, Principles of North American Pre-Cambrian Geology, 
as part of the 16th annual report of the U.S. Geological Survey.  In 1913, Charles K Leith published a 
textbook on Structural Geology in which a fault-bend fold is described if not named.  21% of the pages in 
Willis’s text was devoted to the mechanics of rock deformation.  For these early giants of structural 
geology, mechanics was to key.  Stress causes rock strain and strain gave us the rich variety of structures 
that are the focus of any course on the subject.   This short course takes the same path worn in by the 
early geologist who were guided first by stress, then strain, and then geometric forms that were the 
result. 
          Terry Engelder, Boalsburg, PA, June 14, 2016 

Heim’s example of rocks that have been stretched by flowing 

Note:  Most of the following photos, diagrams, 
and text are mine.  Italics will identify text that 
is lifted verbatim from other sources.  For the 
most part, figures and photos are also 
attributed to their source unless unidentified 
when available on the web. 
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1.1.1 – Prologue 

An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 

The Pennsylvania State University 

Ductile Deformation (l): Crinoid Columnal with Stress Concentration 
Brittle Deformation (r): Plumose Morphology indication Cyclic Fracture Propagation 



Appalachian Plateau 

On a field trip to the Jura Mountains in 1987 led by the 
great Swiss structural geologist, Hans Laubscher, he 
described the Jura as “his garden”.  At the time he was 
considered the ‘expert’ on Jura structural geology.   It 
took a career of 40 + years to accumulate the knowledge 
that enabled Prof. Laubscher to lead such a great field 
trip.  I like to think of the Appalachian Plateau as my 
equivalent to Laubscher’s garden.  I first presented my 
ideas, however wildly flawed, about the structural 
geology of the Appalachian Plateau in a poster back in 
1959.  We have learned a tremendous amount about 
structural geology during the following half century.  

This short course is shaped by the lessons coming from 
the Appalachian Mountains (Rodgers, 1970).  The 
objective of this course is to expand that which we have 
learned while doing field work in these mountains and 
place these lessons in the context of a global 
understanding of deformation in the upper crust, 
bearing in mind that the field of structural geology is so 
broad that this short course will not be able to touch all 
the subjects in the discipline.                                                                           
               May 30, 2016  
                                            Terry Engelder, State College, PA 

Terry Engelder 
@ 13 years old 



Cleavage Duplex 
Marcellus Gas Shale, Newton-Hamilton, Pennsylvania, USA 

For some, choosing the Appalachian Mountains as the template for a short course in structural geology may seem 
parochial except that these mountains were second only to the Alps as the 19th century cradle for structural 
geology.  Furthermore, the Appalachians gave us the first gas (1829) and oil (the Drake Well – 1859) wells in North 
America.  They were the source of wealth for the company that eventually evolved into ExxonMobil (Standard Oil).  
Finally the Appalachians is host of the world’s largest unconventional gas field in the Middle Devonian Marcellus 
gas shale and arguably they gave us the word, fracking. Terry Engelder 

The Appalachian foreland  
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Structural geology offers great 
opportunities for field work.  
Such work always starts with 
identifying the local stratigraphy 
for the purpose of correlation.  
Mapping folds and faults is not 
possible without a thorough 
understanding where in the 
stratigraphic section a certain 
rock unit sits.  The stratigraphy 
of the Appalachian Mountains is 
largely Paleozoic and reflects 
three tectonic cycles as marked 
by clastic outwash from 
mountain building to the east.  
Each clastic flux rests on 
carbonates (vertical white 
arrows) accumulated during 
periods of relative quiescence 
on a passive margin.  The three 
tectonic events (i.e., orogenic 
cycles) include the Taconic (blue 
arrow), the Acadian (green 
arrow) and the Alleghanian (red 
arrow) (Hatcher et al., 1989).    

Stratigraphy of the Appalachian Mountains 

AAPG Highway Map  circa 1965 



Salt Withdrawal: Ductile Flow  

The deformation of the Alleghanian Orogeny (ca. Permian) is illustrated in this cross section from Bradford County, 
Pennsylvania, USA.   The Appalachian Plateau was folded into broad, open anticlines during slip on a Silurian salt as 
indicated by salt withdrawal from the decollement which was a thick (> 100 m) bed of salt rather than a single slip 
surface common of most detachment surfaces (Davis and Engelder, 1985; Scanlin and Engelder, 2003).  These are 
the structures that serve as a template for this short course.   

NE 

SW 

Section ≈ 50 km 
Faults: Brittle Fracture 



AAPG Highway Map  circa 1965 

Valley and Ridge 

Appalachian Plateau 

Crinoid columnal in thin section Plumose joint morphology 

Geological map of the Appalachian Mountains 

Two structures (Engelder favorites) from the 
Appalachian Plateau illustrating ductile (l) and 

brittle (r) deformation. 

Seismic section of previous slide 

Terry Engelder 



Columnal with three sets 
of mechanical twins. 

Crossed nicols. 

Columnal with eliptical outline 
and mechanical twins next to 
the axial canal. Note the 
dissolution of the heavily 
twinned portion of the 
columnal has eroded the walls 
of the axial canal to obscure 
the original five-lobed shape. 
Crossed nicols. Quartz wedge. 

Columnal truncated by 
pressure solutions. The 

five-lobed hollow interior is 
the axial canal which once 

housed the central nervous 
system of the crinoid. 

Plane light. 

Columnal with both crenularia 
and mechanical twins visible. 
Crossed nicols. Quartz wedge. 

Engelder, 1982 

Tectonics of the Appalachian Plateau: 
Ductile Deformation during the Alleghanian Orogeny 

In the deformed crinoid columnals of Devonian Rocks of the 
Appalachian Plateau the exterior edge is more elliptical than the 
internal structures of the columnal (Engelder, 1982). This means that 
part of the external edge has been removed by a process called 
pressure solution. A critical ingredient for pressure solution is that the 
rock contain water in its pores and cracks between grains. During 
pressure solution part of the rock is dissolved into the water within the 
cracks and pores. While in solution the components of the dissolved 
rock may diffuse away from the point where they entered solution. 
Evidently, pressure from the silt matrix surrounding the columnal 
enhances the solubility of the calcite in contact with the matrix. 
Enhanced solubility drives calcite into solution at an unusually high rate. 

Part of the insides of some of these crinoid columnals have been removed 
by dissolving into the water that filled microscopic pores in the crinoid's 
axial canal. This process of internal dissolution is different from the 
pressure solution on the external rim because the former is enhanced not 
by the normal pressure from the silt grains within the axial canal, but by an 
energy associated with internal deformation of the calcite crystal. Straight 
bands within the calcite crystal mark planes of atoms that have shifted to 
allow the calcite to deform internally. These deformation bands are known 
as calcite twin lamellae ("twins"). They disturb the atomic structure of the 
calcite so that the calcite crystal near the lamellae contains an abnormally 
high amount of strain energy. It is the strain energy associated with the 
twin lamellae that increases the rate of dissolution within the axial canal. 

Devonian Fossil Crinoids 



Tectonics of the Appalachian Plateau: 
Brittle Deformation during the Alleghanian Orogeny 

 

The plumose morphology of the surface of a vertical joint contained in a siltstone bed that is isolated in 
shale at Watkins Glen, New York, USA. The fracture propagated in discrete increments which are numbered 
in order of development as determined by morphological criteria. Arrest lines as shown mark the position 
of the fracture front at the termination of each fracturing cycle.  (Lacazette and Engelder, 1992) 

Terry Engelder 



Fracking: Science and the Media 

Christopher Joyce 
Correspondent: Science Desk 
National Public Radio (NPR) 

• I have been in science journalism for more 
than 30 years and I have never seen more 
scientific disinformation on any topic as 
fracking. I am amazed at the level of both 
inadvertent and purposeful disinformation. 

http://www.youtube.com/watch?v=giCRpuI-YBA 

Terry Engelder’s background vis-a-viz Fracking 



Taughannock Falls State Park, 
Trumansburg, NY 

National Geographic 

Terry Engelder 

FEAR OF FRACKING 
A key technique in shale drilling is hydraulic 
fracturing, aka 'racking. A fluid mix of wat er, 
sand, and chemicals is pumped down the 
well at high pressure, creating fissures in 
the shale that let gas flow into the welt. 
But the whole d rilling process may also 
create pathways that allow gas or chemi
cals to pollute drinking water. 

Wastewater 

Leaky ponds 
Contaminated wastewater 
from tracking is often stored 
in surface ponds, which can 
overflow or leak, polluting 
streams or groundwater. 

- Water table 

Faulty wells 
Wells are reinforced with 
steel casing and sealed with 
concrete. But poor cement· 
ing can leave gaps that 
allow methane or fracking 
chemicals to contaminate 
drinking·water aquifers. 

Fissures 
Fracking fissures might 
connect to natural ones, 
allowing pollutants to 
migrate. Whether they'd 
climb thousands of feet to 

,----,------------------------------------- ------------

GR~ICS, L.,O.WSON PARKER AND ~ATTHEW TWOMBLY, NGM STAFf 
SOURCES: U.S. EPA (EMISSIONS); 

ANTHONY INGRAFFEA. CORNELL UNIVERSITY (DRILLING) 



https://www.youtube.com/watch?v=BBSVLGf7zPI Terry Engelder 

The frack ing debate: Terry Engelder at TEDxPSU 
TEDlCTalks 35,&17_ 

lED" a Subsmbe 



Ash layer in the rocks of Italy 

• The rock at the Tertiary-Cretaceous boundary is a 
layer of ash! 

EOS, 1986 

At the K/T boundary 
Terry Engelder - 1977 



Italy - 1977 

• In 1977 I worked on the geology of Italy with a 
geologist named, Walter Alvarez 

• At the time, Walter was puzzled by dinosaurs and 
why they disappeared! 

Alvarez Engelder 

Field work in Italy! 



Alvarez’s explanation for this 
world-wide ash layer 
• A large bolide hit the earth 

• A comet??? 

• A meteor?? 

• An asteroid?? 



1.1.2 - The Three Elements of 
Structural Geology 

An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 

The Pennsylvania State University 



E.B. Bailey, 1935 

Structural Geology 
Two early interpretations of the Glarus Overthrust in the Swiss Alps 

Structural geology boils down to a study of Newton's famous laws of motion as they 
pertain to the deformation of rocks within the earth.  The very presence of faults 
and folds in the crust suggests that rocks, seemingly at rest, were once subject to 
forces that changed their original state by motion of one point relative to another.   
Structural geology is the study of the deformation of rocks.  In its simplest form this 
is a description of present geometries.  A study of the motion causing the 
geometries within rocks is called kinematics.  A study  of the forces that cause the 
motion is called dynamics.  The mathematics of structural geology are designed to 
simplify the study of kinematics and dynamics. 

Terry Engelder 

The double fold of 
Arnold Escher von der 

Linth (1807-1872). 

Albert Heim’s (1849 -
1937) reinterpretation 

of the double fold 



The Three Elements: 

• Geometry                  Kinematics                Dynamics 

 

 

One geologist’s opinion  
The premier books presenting each of the three elements of structural geology! 

Terry Engelder 



Groshong, 2006 

Geometry 
Deerlick Creek coalbed methane field, Black Warrior Basin, Alabama, USA 

 

Geometric analysis is the descriptive or qualitative portion of structural geology.  This element of structural 
geology is as the name implies: A study of the size, shape, and orientation of structures.  This element was 
covered in classical structural geology courses.  However, in this set of lecture notes the study of geometry will 
be delayed until a good mathematical base is established.  In the meantime, many of the lab exercises will be 
devoted to geometric analysis.  One of the most useful tools in geometric analysis is the stereonet which is a 
qualitative tool that serves the same purpose as vectors within a coordinate system.  

Terry Engelder 



The Three Elements of Structural Geology 

• Geometry 

 

Worthy books dealing with the geometry of earth structures! 

Terry Engelder 



Ramsay, 1981 

Kinematics 
Morcles Nappe, Helvetic Alps, Switzerland  

Kinematic analysis requires a mathematical base for a rigorous treatment.  Kinematics, as you learned when taking 
elementary physics, is a mathematical description of the motion of objects.  In the case of structural geology 
kinematics is the description of the path that rocks took during deformation.  It is also the mathematical description of 
the relative position of two infinitesimal points during the deformation of rocks.  Two points can change  by translating 
together, rotating around each other, or changing in distance relative to one another.  We shall call such a 
mathematical description deformation mapping. Terry Engelder 



The Three Elements of Structural Geology 

• Kinematics 

 

Worthy books dealing with the kinematics of earth structures! 

Terry Engelder 



Terry Engelder 

Dynamics 
Joints record stress trajectories, Blue Lias, Lilstock Beach, Bristol Channel, UK 

Dynamics is the study of the forces which caused the deformations studied during kinematic analysis.  In the case 
of structural geology, dynamics includes the study of how rocks react to stress.  For every stress the rocks 
respond with a finite strain.   In a sense rock structures would not have formed, if rocks had not been subject to a 
stress.  A study of dynamics starts first in this short course. 

Terry Engelder 



The Three Elements of Structural Geology 

• Dynamics 

 

 

Worthy books dealing with the dynamics of earth structures! 

Terry Engelder 



Structural Geology 

Structural geology also divides into disciplines that may include field observations (outcrop and well bore), laboratory 
experiments (including in situ measurements), petrofabric analyses (microscopes and geochemical), analytical modeling, 
numerical modeling, and a liberal integration of physical theory.  An understanding of structural geology includes the 
incorporation of lessons from each of these disciplines.  While geometric descriptions may arise from raw field 
observations and some kinematic analysis possible from these field observations, dynamic analysis can not proceed 
without experiments.  This is largely because stress can’t be seen in the field and, in fact, is not measured directly in the 
laboratory.  But, careful laboratory experiments allow inferences about rock stress.  One of the most informative 
derivatives of laboratory experiments was this schematic representation of the spectrum from brittle fracture to ductile 
flow (Griggs and Handin, 1960). 

Here, s1, s2, s3 are the 
maximum, intermediate, 
and minimum principal 
stresses, respectively, 

with compression given 
a positive sign. 

Terry Engelder 

Ductile Flow Brittle Fracture 

Stress-Strain Curves 
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Terry Engelder 

Structural Geology: Lessons from the laboratory 

Geological structures range across the spectrum from brittle fracture to ductile flow.  The crust of the earth may also 
be divided in the same fashion with the schizosphere being that part of the outer crust where confining stress 
governs crustal behavior (Scholz, 2002).  Below is the plastosphere where temperature governs behavior virtually 
independent of confining stress.  Throughout this range of behavior, but particularly in the schizosphere, crack 
propagation has a universal presence.  Crack propagation is governed by the elasticity properties of the rock.   

Schizosphere Plastosphere 

A laboratory experiment in plexiglass where a ductile shear zone is about to develop with en echelon cracks guiding 
the evolution of this shear zone.  In cross section the crack opens most in the center and narrows to a sharp tip.  In 
plan view, the crack grows as a circular, ‘penny’, hence the name, penny-shaped crack.   
 

An experiment illustrating the merging of the Schizosphere and Plastosphere 



Terry Engelder 

Variables for the Components of Stress in the Literature 

When progressing through the three 
elements of structural geology (geometry, 
kinematics, dynamics) the concepts 
become increasing abstract.  This reaches a 
culmination with stress which is a non-
intuitive subject  However, part of the 
difficulty with the abstract is that the 
twelve different books featured above use 
different descriptors (i.e., variables) for the 
same concepts.  The components of stress 
are particularly confusing because of the 
different way that the variables are 
represented.  This is a reference table to 
aid in placing this short course in context 
with six of the premier books on structural 
geology.   



1.1.3 - The Mathematics of  
Structural Geology 

An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 

The Pennsylvania State University 



Terry Engelder 

Vector Analysis 

Scalar - A physical quantity expressed by a single number (i.e., temperature);  a tensor of zero rank.  Gradient 
of a Scalar  -  The direction at which a quantity increases the fastest. 

Vector - A physical quantity expressed by a three numbers; a tensor of rank one. Coordinate system for a 
vector:  RIGHT HANDED - looking up the x3 axis from the origin in positive direction, the x1 axis will rotate into 
the x2 axis in 90° in a clockwise direction. The components of a vector,              are: 

Within this text a vector is represented by variables printed in bold letters (e.g. 
a).  A knowledge of direction implies that a coordinate system is known.  For 
structural geology a rectangular or Cartesian coordinate system represented 
by the direction of three positive unit vectors i,j, and k will do (e.g. i = 1, etc).  
Any vector can then be represented with scalar  components f1, f2, and f3  
which represent distances along the axes denoted by the three unit vectors. 

Magnitude of a vector is 

The dot product of two vectors is the projection of vector A on vector B: 
where q is the angle between the two vectors.  An example of the dot product is the work done by a 
force.   Consider a rock on which a constant force f acts.  Let the rock be given a displacement d. Then 
the work W done  during the displacement of the rock is defined as the product of |d| and the 
component of |f| in the direction of d, that is,  
 



Terry Engelder 

Scalar product or Dot product of a vector - magnitude of one vector times the magnitude of projection of 2nd 
vector on the first vector.  This number of a scalar. 

Vector Analysis (Isotropy vs. anisotropy) 

The cross product of two vectors is the magnitude of A times B times the sine of the angle between then.  The 
direction (u) is perpendicular to the plane of A and B 
where q is the angle between A and B. According to plate tectonics theory, as continental plates move over the 
mantle a moment of force is generated.   The moment of force is also known as a torque t which is a vector 
quantity. 

Einstein Summation using Heat flow, q (cal cm-2 sec-1), in 
homogeneous, isotropic rock is indicated by a thermal gradient 
 
                                       where k is the thermal conductivity. 

Heat flow is parallel to a thermal gradient 
so it can be expresses in a vector form 
where for an isotropic homogeneous rock. 

If the rock is anisotropic then the thermal conductivity 
is not the same in each of the three directions.  If,                    
then 



Terry Engelder 

If we consider heat flow through a cube, then the first subscript relates to the direction of the heat flow and 
the second subscript relates to the plane on which the heat flow operates.  Remember that the ‘1” plane is 
defined by the 2- and 3- axes of the coordinate system defining the planes. If the temperature gradient is 
parallel to the x1 axis, then 

Heat Flow 

but heat flow still occurs in three directions according to 
 
Because of anisotropy of the rock, there is heat flow in all three 
directions of the rock even though the gradient was applied parallel 
to the x1 axis. 
 
 
kij is a tensor of second rank represented by the matrix 
 
 
For a temperature gradient which is not parallel to a coordinate axis 

in an anisotropic material 
 
 

 
The expression for hear flow 
in an anisotropic material may 
be written in its full form as 



Terry Engelder 

Einstein Summation and Tensors 

Partial differential equations are time consuming to write so a convention called Einstein summation is used.  To 
illustrate Einstein summation lets consider a property of a rock that relates two vectors.   A position within a rock 
x is related to a displacement u by displacement gradients E, which is a second-rank tensor.  Position and 
displacement are both vectors with components x1, x2, x3 and u1, u2, u3, respectively.  x and u are related in the 
following way: 

Rather than writing out all of these equations we can shorten then in the following manner: 

or more compactly as: 

We now leave out the summation sign: 

and introduce the Einstein summation convention: When a letter suffix occurs twice in the same term, 
summation with respect to that suffix is to be automatically understood.  In the above example the suffixes 
can be any letters.  i is the free suffix and j is the dummy suffix.  By this we mean that j can take any variable. 

In addition to those referenced in the introduction (1.1.2), books by Nye (1985), Means (1976) and 
Oertel (1996) are excellent sources for understanding tensor analysis in the study of structural geology. 



Einstein summation convention -- Here the Einstein summation convention applies and the components sij relate two 
vectors fi and lj in a linear manner.    
  
The components sij form a 3 x 3 matrix:  

In the study of vector analysis we have introduced three sorts of quantities: the scalar; the vector; and then a nine 
component quantity which relates two three-component vectors.  These three quantities are all called tensors where: 
Tensor of zero rank  =  Scalar -- This is a single number unrelated to any axes of reference. 
Tensor of first rank  =  Vector  --  This is specified by three numbers or components, each of which is associated with 
one of the axes of reference. 
Tensor of second rank  =  (e.g. stress)  --  This is specified by nine numbers, or components, each of which is associated 
with a pair of axes (taken in a particular order). 

 
Tensor transformation --  The physical quantity, such as thermal conductivity, kij, is the same regardless of the set of 
axis chosen.   This is the chief characteristic of a tensor.  Transformation from one coordinate system to another 
depends on the direction cosine relating the axes of each of the coordinate systems.  aij are the components of the 
transformation matrix where a12 is the cosine of the angle between x1 of the old coordinate system and x2' of the 
new coordinate system. The complete transformation matrix is 

The first subscript in the a's refers to the 'new' axes and the second to the 'old'.  There are only three independent 
direction cosines of the nine given in the transformation matrix.  The coordinates of a point (x1,x2,x3) can also be 
transformed to the coordinates (x1',x2',x3') using direction cosines in the same manner 

Terry Engelder 

old coordinate system 

new coordinate system 



Likewise the equations for the transformation of a vector from one coordinate system to another resemble the 
equations for transforming a point. 

where pi’ are the components of the vector in the new coordinate system and pj are the components of the vector in 
the old coordinate system.  Here the free suffix is i and the dummy suffix, j, is together in the right-hand term.  
Written in its full form the equation becomes 

 

We can reverse the transformation process to find the old vector in terms of the new vector. Here the dummy suffix, 
j, is separated by the free suffix, i. 
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Relations between direction cosines  -  Since each row of the array (3-1) represents three direction cosines of a 
straight line with respect to a coordinate system, x1, x2, x3, the following equations hold true 

 

We can combine the orthogonality relations into one equation where the symbol, dij, is called the Kronecker delta. 

Second rank tensor -- In general, if a property, T, relates two vectors P = [p1,p2,p3] and Q = [q1,q2,q3] in such a way that 

where the components, T11, T12, .....are constants, then T11, T12, .....are said to form a second-rand tensor. 
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The values of the coefficients T11, T12, .....depend on the orientation of the coordinate axes x1, x2, x3.  Now suppose 
we choose a new set of coordinate axes x1',x2',x3' related to the old axes by the direction cosines, aij.  If so, the 
vectors P and Q have new components pi' and qi'.  Next we find P' in terms of Q' the series of equations shown 
below (The arrow means "in terms of"). 

 

The following equations permit the transformation 

So 
This is the Transformation Law for a tensor of second rank.  Written out in 
full form each of its nine equations are rather long. 



1.1.4 – Force-Balance 
Equilibrium 

An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 
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The Force-Balance Equilibrium Wedge 

At first we were taught that pressure is defined as force per unit area.   Stress has the same definition.  The distinction 
between pressure and stress in structural geology is based on the nature of the material on which the force is acting.  
The distinction is made depending on whether the material in question has a shear strength.  Materials such as rock 
are said to have a shear strength because they maintain their shape when placed unsupported on a table.  If we are 
dealing with a rock that has a shear strength (fluids such as water and gases do not), then we say that it exerts a 
stress on its surroundings.  Materials which have a shear strength can exert different stresses in different directions.  
In contrast, water, without a shear strength would proceed to run over the table top seeking the lowest spot.  If we 
wish to describe the force per unit area that a liquid or gas is exerting on its container, we use the term pressure.  
Water in the pores in rocks exerts a pressure on the grains surrounding the pore.   

The most useful equations for teaching the concept of stress are the equations for normal (sn) and shear (t) stress 
in terms of principal stresses (s1, s3).   The derivation of these equations is based on a force-balance problem which 
assumes that a body subject to forces is in equilibrium which means that all forces in any direction add to zero.   

Consider the forces (N and S) acting parallel to the front face of 
a triangular solid.  These forces are acting in a plane with the 
forces on the bottom and left faces so that this force-balance 
problem is two dimensional.  If the area of the hypotenuse face 
is unity (i.e. 1), then the area of the bottom face is unity times 
sin q whereas the area of the left face is unity times cos q.  
Forces acting on the three faces are stresses multiplied by the 
area of the face [Force =  (force/area) × (area)].  Summing the 
forces in the horizontal and vertical directions (the forces add to 
zero in both directions), we obtain 
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Rewriting the force terms using components of stress, we obtain the normal and shear stresses acting on a plane 
whose normal is at an angle of q to s1, the maximum compressive principal stress. 

The Force-Balance Equilibrium Wedge 

In many geological applications the plane of interest is a fault plane.  Now we can solve these two equations for 
sn and t 

 

Using trigonometry  

and 
the famous equations for the Mohr’s Circle are derived 

Note that in these equations q is the angle between s1 and the normal to the fault plane.  If q is the angle between 
s1 and the fault plane the sign convention for normal stress becomes 

 

Note also that equilibrium does not require equal stress on the back and bottom sides.  This leads to a differential 
stress ( sd = s1 – s3) within the solid as a consequence of one surface traction which is divided into components of a 
normal and shear traction. 
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Force-Balance Equilibrium 

The general force-balance problem is shown below where the back and side faces of the unit triangle are subject to 
both normal and shear stresses.  In other words the coordinate system x-y is not parallel to the principal stress 
directions.  The general case is given to illustrate a property of stress called invariance with respect to coordinate 
system.  In two dimensions we define stress as a force per unit of line length, in contrast to the three dimensional 
situation where stress is a force per unit area.  Consider a coordinate system Oxy with an arbitrary line AB cutting 
the x and y axes such that the normal to the line AB makes an angle q with the y-axis.  This gives a right triangle 
AOB with sides OA (parallel to Ox) and OB (parallel to Oy) and a hypotenuse AB.    Across the line AB a stress vector 
p can be applied making an angle q with the x-axis.  Remember that p = df/dA when dA  0, so a stress vector can 
represent stress at a point.  Otherwise stress is defined on a line (2-D) or a surface (3-D).  The stress vector p can be 
resolved into components parallel to the x and y axes:  p = px + py.  Even though P is called a vector it still has units 
of stress (force/length in two dimensions).  Because the triangle ABO is in equilibrium the sum of the force-vectors 
on all sides balance.  In 2-D stress multiplied by line length will give a force vector.  So 

If length a = AB, then a × cosq = OB and a ×  sinq = OA.  If we divide by 
length a, then 

Now consider a normal stress sn and shear stress t across AB in terms 
of the components of the stress vector 

Substituting for px and py and remembering the trig functions from earlier 
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Force-Balance Equilibrium 

These are the general equations for a stress system in which the orientation of the principal stresses are unknown.  

Let us look at the specific case where the principal stresses are parallel to the coordinate axes. Now we consider the 

effect of rotating the coordinate system to parallel a normal and shear stress.  To accomplish this coordinate rotation 
let sn and t  be sn' and  t’x'y' where Ox'y’ is rotated q from Oxy .  From a previous equation we have 

Now we must find sy' in the new coordinate system.  This is accomplished by 
replacing q by q + 1/2π and we get 

If we add sx' and sy' and remember that  sin2q + cos2q = 1, we get 

This shows that the sum of the normal stresses is invariant or unchanged by rotation of the coordinate system.  Likewise 

Principal stresses are found in planes containing no shear stress.  If in these planes, tx"y"  =  0, then from the previous 
equation 

where Q is the one angle between the coordinate system Ox"y"  and Oxy where the shear stresses vanish along the 
directions Ox" and Oy".  In this coordinate system the only stresses are the normal stresses sx" and sy" . This coordinate 
system contains the principal stress axes and the components, sx" and sy" are known as the principal stresses. 

 



Terry Engelder 

Force-Balance Equilibrium 

Using this same coordinate system where the axes are parallel to the principal stresses s1 and s2, we can look at the 
stress vectors px and py.  They become 

Substituting into the equation  sin2q  +  cos2q  =  1,  we can generate the equation for an ellipse where the px and py 
are on the ellipse called the stress ellipse. The semi axes of the ellipse are s1 and s2. 

The Mohr's circle is a graphical method of representing the state of stress of a rock in 
two dimensions.  The equations used for the Mohr's circle representation are those 
derived above for the coordinate system with axes parallel to the principal stresses.  
The Mohr's circle may be used to derive the normal sn and shear t  stresses on any 
plane whose normal is oriented at q from s1.   The coordinate system for the Mohr's 
circle representation is sn along the horizontal axes with increasing compression to 
the right and t  along the vertical axes.  Critical points along the sn -axes are OP = s1, 
OQ = s2, and  C  =  1/2(s1  + s2).  Point C is the average stress.  The angle measured 
as PCA counter clockwise from OP is 2q.  Now we have 

 

Diameter of the Mohr’s circle = Differential stress (sd) 
Radius of the Mohr’s circle = Maximum shear stress (tmax) 
 



1.1.5 – Stress in the Earth 
An AAPG Short Course by 
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Professor of Geosciences 
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Dynamics = Stress: 
The heart of structural geology 

• Stress              Strain 

• Compression   Shortening 

• Shear               Shear 

• Tension           Elongation 

The mechanical traffic light 

Dynamic 
Analyses 

Kinematic 
Analyses 
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Blue = superposition of 
shear and normal 

tractions 
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Reaction in the rock  
A change in shape (something visible) → A change in stress (something invisible) 

Stress within the solid will 
cause deformation of the 
solid of two fundamental 

types later called pure shear 
and simple shear. 

SURFACE TRACTIONS 
(reaction within the rock) 

, 
\ , ' 

coordinate\.,?-- 1 
system 

. . 
, , 

, , 
, , 

coordinate system 
defines reference cube 

within the solid 

n = nj = [ "1,"2,"3] 

surface 
orientation 

stress within 
the solid 

-- .. _- -------- ---

distortion 

-

lorce on 
surface 

I = I; = [1, ,1,,1, 1 

volume 
change 



• si = principal stresses   (i = 1 to 3 – Einstein’s notation) 

• s1 > s2 > s3   (note: one subscript signifies a principal stress) 
• In a solid there are three orthogonal planes on which shear stress does not act.  Principal stresses act on 

planes devoid of shear stresses. Shear stresses act on all other planes in the solid body. 

• sii = normal stresses but not necessarily principal stresses   (i = 1 to 3 – Einstein’s notation) 

• s11 > s22 > s33   (note: two like subscripts signify a normal stress) 

• sn = normal stress 

• sij = shear stresses   (i,j = 1 to 3 – Einstein’s notation) 

•  s12 = s21; s13 = s31; s23 = s32 (note: two different subscript signify a shear stress) 

• No orientation implied relative to earth coordinates 

• tij = shear stresses (i,j = 1 to 3 – Einstein’s notation) 

• t12 = t21; t13 = t31; t23 = t32 

• tij  and sij are the same parameters.  The symbols represent the same values. 

 

• Sv = vertical stress 

• SHmax = maximum horizontal stress 

• Shmin = minimum horizontal stress 

• No relative magnitude implied 

• These are usually (but not always) principal stresses 
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Stress: That invisible reaction within a body to a surface traction 
Acts on three orthogonal planes specified by a coordinate system (1,2,3) or (x,y,z) 

a

Stress is specified as a 3 by 3 matrix 

These matrices are three versions of the same stress 

compression is positive 



Density of Important Earth Materials 
(mass per unit volume) 

 

• Quartz:  2.65 gm/cm3 

• Calcite:  2.71 gm/cm3 

• Salt (NaCl):  2.165 gm/cm3 

• Common Clays 
• Chlorite:  2.6 to 3.3 gm/cm3 

• Kaolinite:  2.65 gm/cm3 

• Illite:  2.77 gm/cm3 

• Siltstone:   2.6 – 2.63 gm/cm3 

• Sandstone:  < 2.6 gm/cm3 

• Depends on porosity 

• Carbonate:  ≈ 2.69 gm/cm3 

• Salt (NaCl):  2.165 gm/cm3 

• Shale:  2.68 to 2.71 gm/cm3 

• Pure Water:   1.0 gm/cm3 

• Salt Water:  > 1.02 gm/cm3 

• Depends on salinity 

• Petroleum:  ≈ 0.84 gm/cm3 

• Compressed methane:  0.06 gm/cm3 
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The Earth is a self-
gravitating body with its 

primary stress as 
consequence of the 

‘weight’ (i.e., force) of 
overburden.  That force is 

proportional to the 
(integrated) density of 

the overburden. 



Stress-Depth Diagram 

• Overburden Stress (Sv) 

 

 

• Pore pressure (Pp) 

 

 

• Rock (solid) → Stress 

• Pore water (fluid) → Pressure 

• Natural gas (fluid) → Pressure 

gzS rockv 

gzP waterp 

z = depth 
 = density 
g = gravitational acceleration  z 

MPa 

Fluids can not sustain a stress 
because they exhibit to shear 
strength under static (slow) 
loads, hence, they are assigned 
a pressure as a proxy for stress. 
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Note: In rock deformation 
experiments, fluids are used 
to simulate s2 and s3 and 
these stresses are misnamed 
confining pressure (but only 
in the laboratory). 



Andersonian states of stress plotted on a stress-depth diagram 
(Anderson, 1951) 

• Thrust Faulting:       SHmax >  Shmin  >  Sv 

 

• Strike Slip Faulting:       SHmax >  Sv  >  Shmin 

 

• Normal Faulting:       Sv > SHmax >  Shmin 

 

z 

MPa 

SHmax 

SHmax 

SHmax 

Shmin 

Shmin 

Shmin 

Sv 
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Here, the variables for stress (s and S) are used interchangeably only because the coordinate 

axes for laboratory experiments on fault generation have been rotated to their field positions. 



Nomenclature and definitions for various terms used to express stress 
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s1 – sm  ,  s2 – sm  ,  s3 – sm 



Strain:                                         
Visible Reaction to Surface Traction 

• Volume Change – caused by normal stresses (-sn) 
or normal stresses (sn) 

• Distortion – caused by shear stresses (t) 

• Mohr Diagram – simple graph illustrates relative 
tendency for volume change vs. distortion 

Note: compression (+) here 

compressive normal stresses tensile normal stresses 
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Note: Unconfined deformation ~ no DV 

Mohr’s Circle 

• One force (normal stress) can generate stresses at right angles in a confined body 

Normal stresses 

produce a volume 

change 

Compaction 

Note: Confined compression = negative DV 

0 < Sh < Sv 

• Unconfined Body 

Poisson expansion 

Uniaxial Strain 

s1 

s1 

s3 
s3 
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Sv = Pp 

mud with > 70% porosity: 
acts as a liquid with no 

shear strength 

Initial stress state during a burial cycle 
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Shear Stress 

• Unconfined Body 
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s1 

s2 

s3 

Coordinate System (i.e., interior cube) oriented so that axes 
(i.e., cube faces) are parallel and normal to principal stresses! 
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Within the solid there is a 
coordinate system parallel 
to the principal stresses 



 

Note:  Same surface traction as before (i.e., same 
magnitude, same orientation on same surface) 
means stress inside cube is the same as before.  

Just a different coordinate system. 
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Rotate Orientation of Reference Body 

• Mohr Circle: Graphic means of representing a 
tensor quantity 

31 

13 
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s1 
s3 



Cauchy Equation for Stress 
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STRESS (a matrix which relates the force on 

the surface and orientation of the surface) 
lorce on 
surface 

G l1 , u '2:...'~..yr 
[11,12 ,13 ] = cr21 • <J22• 0'23 

0'31. (J32. a 33 

n = nj = [ "1,"2,"3] 

surface 
orientation 

n2 
n, 

-
I = I; = [1,,12,1,] 

, 
\ _ 2 

coordinate ~ 1 
system 



State of stress during burial 

Using arbitrary coordinate system 
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STRESS (normal traction) 

3 

\ , ' 
coordinate ~ 1 
system 

n = nj = [ "1,"2,"3] 
surface 
orientation 

all, a12! a13 

(J = (Jij = 0'211 a22 ! 0'23 

0'31! 0'32! 0'33 

f = f; = [f"f"f3 1 
force on 
surface 

~ normal 
Iraclion 

= [ 1,,1,,13 1 



State of stress during burial 
State of stress during burial 

Rotate the coordinate system to parallel the principal stresses 
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STRESS (the principal orientation) 

1 

,-L, 
coordinate 
system 

0 11 0 , 0 
(J = (Jij = 0, O2 , 0 

0, 0, 0, 

n = nj = [ "11"2,"3] 
surface 
orientation (), 

force on 
surface 

1 = I; = [1,,0,0] 



The Cauchy tetrahedron 

Front face of the tetrahedron represents a free surface on which a surface traction 
(force (f) =  a vector) acts.  The orientation of the surface is give by direction cosines 
relative to a coordinate system (x1, x2, x3). 
 
Back three faces represent orthogonal planes in the interior of the stressed body 
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Reaction oftbe solid 10:0. .tre .. .. octor -- Now we e"anllne a solid piece of the rock Ul the 
shap" of a tetrahedron with comers ABCO (F.g . 10-5). Becau"" the rock.s in 
equilibrium no surface o f the tetrahedron i. moring re\atiye to any other surface. Let the 
.urface defmed by ABC be the surface element OS discussed abm-e . The force o (l) 

transmitted across oS is ° (I) times (area ABC). The forces on the three face. at right 
angles may be each denoted by three components 0ij so that we ha, ·e nine components in 

a lL Each face has two component. parallel to the .urface and one component normal to 
the surface. Note that these components are parallel to the three components 1\ , 12> and. 
13 of the unit , ·ector I. Remember that a stre.s multiplied by an area" a force 

Resolving forces parallel to Ox we M,-e 

f \ (ABC) = 0l1(BOC) + 012(AOC) + 0\J(AOB) (10-2) 

Diyiding the area of each s ide (e .g . BOC) by the area of the face (ABC) gi,-e. the 
component of the unit ,-ector I in the directiOllnormal to the side. Thu.: 

(10-3) 

Hence, 

fi = ° ijlj (l 0-4) 

wbere both fi and Ij are three component. of the force ,-ector f and the unit directional 

yector I. 
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Mohr cin:le construction - We start with the pnncipal axes of a ten,.,,-

(10-5) 

and consider the transformation of the components of stress by a clockwise rotation about 
the prmcipal axis a)_ For this rotation the direction cosine matrix IS the followmg 

- sin e 
00>6 

o 

0, 
:J 

We now transform 0ij Using the direction cosines to obtain 

(10-6) 

(10-7) 

According to the transformation we generate four components For elGlIDple. 

' 6 . ' 6 0'11 = 0 \ 00.- +02"n-

- . ' 6 + ' 6 vn = o \ 'm- 02 co.-

O'u =+ 0 \ ,in e co. e - 02 .in e co. e 
(10-8) 
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Field t eDsor s .. e""e. matter teD"""" - Stress are strain are eltlllllples o f field tensocs whereas 
the tensors which measure crystal properties such as magnetic susceptibility are maner 
tenson. Maner tensors must conform to crysta l symmetry wh= as suess i. not a crystal 
property but is akin to a force impressed on the crystaL Both field and matter tensors 
haye similar special forms. 

F ,eld Tensor Symmetry of Malter Tensor 

[P, 00] o P p 0 

o 0 Pp Hydrostatic Stress r: 0 0] o M 0 

o 0 M Isometric 

[:' 0 o ~ 0] 0 Uniaxial Stress 

[:' 
0 

o ~] 0, 
0 Bi""ial Sue .. r:

. , 00] 
o M \ 0 

o 0 M Tetragonal 

[:' 
0 
o~ 0, 

0 Triaxial Stress r:
. , 00] 
o M2 0 

o 0 M • Orthorhombic 

[0, 0 0] 
0 - 0 2 0 

o 0 0 Pure Shear Monoclinic 
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Water and Structural Geology 

Given the large range of topics in the 12 books on the geometry, kinematics, and dynamics of structural geology 
(see 1.1.2), there is very little attention given to role of water.   It most commonly appears as the medium 
responsible for pore pressure in rocks.  Its role is one of the most underestimated in the formation of the 
structures mentioned in all 12 books largely because it is such an effective friction reducer.  More to the point, it 
does not reduce friction (i.e., the rock property) but rather it reduces the normal stress so that slip between 
surfaces can take place at a lower shear stress.  An approach that makes this set of short course notes different 
from the large collection of such notes, is the larger focus on the role of water in structural geology relative to 
other treatments of this ilk.  

One subject that is common in structure texts from a half century ago is the chapter on the deformation of soft 
sediments (Maltman, 1994).  Causes of sediment deformation include gravitational mass movement (slumps, 
slides, creep), fluid-sediment movement, glacial shoving, and earthquake shaking.  Specific structures include 
density inversions, pore water escape structures, sediment shrinkage, sediment wetting, deformation related to 
compaction and deformation related to early chemical precipitation.  Many of these structures are enabled by a 
decrease in effective stress with the most common being the liquefaction from earthquake shaking. Examples of 
most of these structures are abundant in the Devonian section of the Appalachian Basin the Acadian tectonics 
taking place just to the east.  Regardless of which basin examples come from, these soft sediment structures are 
usually a manifestation of tectonics.   

Syneresis joints within a Middle Devonian 
concretion form the Geneseo black shale.  
Syneresis joints form by the loss of pore 
water from clays or the shrinkage of clay-
swelling lattices due to changes in salinity 
of the surrounding water shortly after 
growth at the methane-sulphate 
interface in black shale.  



 

389 Ma         
Early Acadian 

Laurentia 

Gondwana 

Depositional basin 
for Marcellus 

A plate-tectonics context for Middle Devonian Marcellus and Upper Devonian sediments 
of the Catskill Delta complex which carry abundant soft sediment structures. 

Blakey, 1994 



Density inversion: Ball & Pillow Sags in Upper Devonian Sandstone 
Appalachian Basin, Sugar Run, Pennsylvania, USA 
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Underside of Bedding 



Liquefaction features that are incipient ball & pillow structures 
Devonian Rhinestreet Formation, Dansville, New York, USA 
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Look at the underside of bedding 



Balls of silt pulling apart to slump down into shale 
Devonian Ithaca Formation, Marathon, New York, USA 
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Balls of silt falling more than a meter down into shale 
Devonian Ithaca Formation, Marathon, New York, USA 
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Pencil cleavage forming around the siltstone ball as it falls 
Devonian Ithaca Formation, Marathon, New York, USA 
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Large ball deforming while dropping into shale 
Devonian Ithaca Formation, Marathon, New York, USA 
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Small-scale slumps near the shelf-slope break of a delta front 
Mahantango Fm, Appalachian Valley & Ridge, Pennsylvania, USA 
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Tioga bentonite:                
water-layed volcanic ash bed 

soft sediment structure 
(ball and pillow) 

Marcellus Shale 

Bentonite deposited rapidly on sea-floor mud 
Appalachian Mountains, Pennsylvania, USA 
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Clastic dike dewatering & slaty cleavage  
Martinsburg Formation, Delaware Water Gap, Pennsylvania, USA 
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Buckled folding of chert beds as a consequence of peptization of porcellanite  
Miocene Monterey Formation, Santa Barbara 

When colloidal particles bear a same 
sign electric charge, they mutually 
repel each other and cannot 
aggregate together. Flocculation 
occurs by adding a concentrated 
solution of salt to the system.  These 
was the condition for deposition of 
the Monterey porcellanite.  The 
electrical charges present at the 
surface of the particles are so 
"neutralised" and disappear.  When 
the water chemistry of the pore 
space changed by the invasion of 
fresh water (groundwater), the 
electrical double layers present 
before flocculation in sea water 
expands again and the electrical 
repulsion reappears: the precipitate 
peptizes.  The expansion of the 
porcellanite caused the buckling of 
the chert.  

Porcellanite with clay contracts with peptization 

Non-peptized layers buckle with peptization 
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Sand volcano 
Lilstock Beach, Bristol Channel, United Kingdom 
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Hooke’s Law 

When a body changes shape we say that the body is strained.  Strain, a deformation, is measured as the ratio of 
the change in shape of a body to its initial shape.  During compaction, for example, individual beds on the sea floor 
were separated by a certain distance (L).  When the beds were compacted under overburden load, the separation 
decreased (i.e., displacement took place) by an amount DL.  Strain (e) is DL divided by L.  If the beds had been 
compacted elastically, would have returned to their initial separation, L, upon exhumation.  Of course, we know 
that compacted beds are not elastic so they don’t ‘rebound’ upon exhumation.   

Linear elasticity has a predictable relationship between the amount of force and the amount of strain.  We note, 
for example, that when a spring is loaded with one, two, and three weights, respectively, it gets longer in equal 
increments with the addition of comparable increments of weight.  In this example, weight is a force acting at a 
point but if the force was spread over an area we would say that a stress causes the springs to lengthen.  Constant 
and predictable relationship between change in force (or stress) and change in length (or stain) is characteristic of 
an elastic material. 

Elasticity of a Spring 

Atomic forces which govern the atomic distances in a lattice act just like 
springs which return to their natural shape regardless of whether they 
were subject to a push or a pull.  The law that governs the action of a 
spring is called Hooke's Law.   We can write the equation for the 
Hooke's Law of a spring as follows: 

 
The constant which specifies the relationship between the force on the 
spring and its displacement is called the spring constant.  Often rock 
deformation is given in units of stress (force per unit area) and strain 
(change in length divided by initial length).  In this case Hookes Law is 
written as: 
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Hooke’s law is illustrated in a plot of strain (displacement) versus stress (force) 

Stress (for force) 

St
ra
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r 
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Stress (s) = -------------------- 
 
 
Young’s Modulus =  --------------- 
 
 
Spring Constant = -------------------- 

force 
unit area 

stress 
strain 

force 
displacement 

Above, stress (force) is plotted as the independent variable as it should be.  However, geologists (and engineers) are 
an odd bunch who by convention always plot stress (force) on the vertical axis as if it were the dependent variable.  
Don't be fooled by this convention in the other plots that appear during this short course. 

Measurements of strain of rocks usually involve very small displacements.  This is because most rocks are very stiff 
relative to a rubber band.  In fact, rocks are so stiff that strain is measured using the unit, microstrain.  A strain of 10-1 
is a 10% strain which means that a body of one meter in length will shorten by 10 centimeters.  A strain of 10-3 is a 
0.1% strain which means that a body of one meter in length will shorten by 1 millimeter.  A microstrain is 10-6 or a 
0.0001% strain which means that a body of one meter in length will shorten by one micron (one micrometer = 10-3 
millimeter). 



Terry Engelder 

If we wish to measure very small strains we must use strain gauges which are small wires wound like an accordion.  The 
strain gauge wires are glued to the surface of specimen so that when the specimen stretches, the strain gauge wires 
also stretch.  If the wires are stretched the cross sectional area of the wires gets smaller.  The electrical resistance of 
the wire increases if the cross sectional area decreases.  The strain gauge operates on the principle that the change in 
resistance of the accordion-like wire is equivalent to the strain of the sample.  A strain indicator measures strain in the 
strain gauge wires by measuring the change in resistance of the wire as the specimen stretches.  

 

Quartzite cylinder subject to a 
tensile stress sufficient to cause 
brittle failure.  A strain gauge 
was used to monitor strain 
before failure. 

pseudo 1-D problem 



Elementary Elasticity (1-D problems) 

• Stress 

• Strain 

• Hooke’s Law 

 

• Poisson’s Ratio 
 

• If DV (volume) = 0,         nH2O = 0.5 (incompressible) 

• nrock < 0.5 (compressible)  due to pore space 

• Poroelasticity 
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stated for a 1-D problem 

Terry Engelder 
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Intermediate Elasticity (3-D problems) 

The Earth is elastic.  This can be said for many geological phenomena from the short-term loading from earthquake 
waves to the long-term loading by seamounts that cause lithospheric flexure.  These longer-term loads may lead to a 
dual rheological behavior such as viscoelasticity but, never-the-less, the elastic load always present even under these 
long-term conditions controls the behavior of fracture propagation.  Short-term loads are those acting at time scales 
less than 105 seconds and at these time scales the mechanical behavior of rock is described reasonably well by the 
theory of elasticity.  Under many circumstances crack propagation in the crust appears to occur during short enough 
time intervals that the stresses driving the propagation are short-term loads.  For this reason, it is appropriate to start 
our discussion of the physical process controlling fracture distribution in the crust with a discussion of elementary 
elasticity followed by a discussion of the more common states of stress in the crust. 

 Stress in the Earth can be easily considered using either of two standard reference states (Engelder, 1993).  A 
reference state is taken to by the hypothetical stress condition in the absence of tectonic stresses that are a 
manifestation of global plate tectonics.  Without tectonic stress a planetary body would be left with gravitational and 
thermal stresses, as presumably is the case for the Moon.  Rock near its melting temperature under long-term loads 
will flow to relieve differential stress, sd.   In such a state the three principal stresses will approach each other to 
generate a state of stress that we call the lithostatic reference state 

 

where the Greek letters refer to principal stresses with reference to Earth coordinates and the Arabic letters refer to 
the Earth coordinates of vertical and horizontal.  In general, geologists refer to compressive stresses as positive.  
However, there are times in the analysis of fracture propagation when it is more convenient to assign a positive sign 
to tensile stresses. 

The uniaxial strain reference state is based on the postulated boundary condition  that strain 
is constrained at zero across all fixed vertical planes (Savage et al., 1985).  Such a boundary 
condition leads to thea stress state which approximates newly deposited sediment in a 
sedimentary basin: the state of stress arising from uniaxial strain.  The intrusion, solidification 
and cooling of a diabase sill demonstrates both reference states, as does the generation of 
mud cracks, a structure that may later be used as a geological strain marker. 
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Thermoelastic contraction generates the tensile stress that 
drives the propagation of these columnal joints 

Columnal Joints  
Giant’s Causeway, Northern Ireland 
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Mudcracks:  
Eastern Desert of Egypt (near Gulf of Suez) 



Initial state of stress in a granite based on thermoelastic behavior 
The stress-depth diagram 

• Lithostatic Stress – Granite pluton going 
through its solidus: 

• SHmax =  Shmin  =  Sv 

• Cooling 
• Cooling is a negative temperature change which 

causes a decrease in horizontal stress and 
increase in differential stress.      

T
E

Sh D


D
n



1min

z 

MPa 

Magma cools by isobaric contraction 
causing Shmin to decrease 

z = depth 
T = temperature 
E = Young’s modulus 
 = thermal expansivity 
n = Poisson’s ratio 

Shmin Shmin 

Here are three elastic constants (material properties) 
that we would like to understand! 

This is a reference stress state 
Elasticity becomes a 3-D problem 
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Intermediate Elasticity 

The second reference state in the crust of the Earth arises as a consequence of burial of sediment where the lateral 
constrain of neighboring rock prevents lateral stretching.  This is a state called uniaxial strain where additional 
overburden will cause a vertical contraction but eH = eh = 0. Under such conditions an elastic body will support a 
differential stress, sd.  Under a state of sd, the body is subject to a shear deformation characterized by a different 
form of Hooke’s law,  

where M = 2m and m is the shear modulus or modulus of rigidity. 

For the purpose of understanding the relationship between the various elastic constants a third reference state, the 
uniaxial stress state where s1  0 and s2 = s3 = 0, is useful but not common in the Earth.  The general statement of 
Hooke’s law relates each principal stress the three principal strains as follows 

where l is a Lame constant and m is the shear modulus.  The most general statements of Hooke’s law involves two 
elastic constants.  Under a state of uniaxial stress equations of elasticity are written 

 

The elementary response of rock to a state of lithostatic stress is to deform (i.e., strain, e) in a manner characterized 
Hooke’s law, 

 
where M is a property of the rock called an elastic modulus.  Under lithostatic stress,  

where M = 3K and K is the bulk modulus of the rock.  
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Intermediate Elasticity 

Now we see that Young’s modulus is a function of two other elastic constants: 

We may also define Poisson’s ratio, n, as a function of two other elastic constants: 

Hooke’s law for uniaxial compression can also be applied to write expressions for m and K in terms of E and n: 

 

Typical elastic properties of a well-lithified sandstone might be on the order of E = 40 GPa, m  20 GPa, K = 
15 GPa and n  0.2. 
 The evolution of the state of stress leading to the generation fractures can be quite complex.  During the history 
of burial, lithification, tectonic deformation, and exhumation there may be several instances when stress 
conditions are conductive for fracture propagation.  One can assume that these favorable states of stress are 
achieved during inelastic deformation.  In most cases, a thermoelastic excursion is imposed on the sequence of 
inelastic events.  The first of these inelastic events takes place during burial and lithification. 

 

rearranging 

Substituting back into the stress (s1) equation 



Important Variables for Structural Geologists 

Terry Engelder 

Symbol Nillll' Units 

p density ML~3 

0 stress ML-1T-2 

shear stress ML-1T-2 

0 " nonnal stress ML-1T-2 

, strain dimensionless [LL-l] 

E Y OlUlg'S Modulus ML-1T-2 

v Poisson's ratio dimensionless 

y Engineering shear strain dimensionless 

P, pore pressure ML-1T-2 

~ porosity dimensionless 

T temperature CO 

q heat fl ow JL-2T-l 

K thennal conductivity JL-1T-1CD-! 

, d",th L 



1.2.3 Effective Stress 
An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 

The Pennsylvania State University 



Karl Terzaghi was a pioneer in the field of soil mechanics.  Much of what he proposed for the behavior of water 
saturated soils can be applied to the mechanics of rocks with fluid-filled pores.  His most important concept is 
known as the effective stress principle.  The effective stress within a soil or rock is equal to the total stress minus 
the pore pressure.   The effective stress principle is as follows.  Across any open surface around a pore within a rock, 
there act a total stress s and a pore water pressure Pp.  Total stress (s) can be visualized as the weight of a water-
saturated column  rock.   Two components of that weight are the rock with empty pores and the weight of the 
water that fills the pores.  We define effective stress as 
 
 
Distinguishing the total vertical stress sv and the total horizontal stress shmin, we have 
 

Note:  Here sv and shmin 
provide information on 

orientation but not 
magnitude 

The coefficient of lateral stress (L) is based on effective stresses 

Terry Engelder 



Coupled Behavior 
• “All measureable effects of a change in stress, such 

as compression, distortion and a change in 
shearing resistence are due exclusively to changes 
of effective stress.” 

• Deformation is then the product of the combined effect 
of total stress s and pore pressure Pp through effective 
stress, s 

Terzaghi, K, 1936, The shearing resistance of saturated soil and the angle between the 

planes of shear, Proceedings of 1st International SMFE Conference, Harvard, Mass. V. 1, 

p. 54-56  

pPs s 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Friction between grains 
holds grains in place 

Dry Wet 

gzS dryv 

hv SS 

gzS wetv 

hv SS 

s1 – vertical 

s3 – horizontal  

Total Stress 
Stress in a Sand Aggregate 

Dry and Saturated 

Terry Engelder 



Hydrostatic Pore Pressure – Total Stress 

Dry – Total Stress 

s1 s3 s3 sn 

t 

Dry – Friction between sand grains prevents lateral loading 
Wet – Water adds to load against the side of the container 

s1 – vertical 

s3 – horizontal  

Mohr’s Circle 

Terry Engelder 



Mohr Circle (Terzaghi Behavior) 

• Effective stress acts only on normal stresses. 
• Starting condition (sample saturated = wet) 

 s1 

 s3 

Terry Engelder 



s1 s3 s3 sn 

t 

Saturated Sand Hydrostatic Pp – Total Stress 

Dry Sand – Total Stress 

Saturated Sand – Effective Stress 

s3 s1 

s1 – vertical 

s3 – horizontal  

Mohr’s Circle:  Effective Stress 

Terry Engelder 
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Sedimentary Basin: Basic Mechanical Unit: 

Dry Clastic Material 

total surface area 

pore 

<1=@fi> 
contact area 

Porosity: 



forces 

Terry Engelder 

Sedimentary Basin: Force Balance 

vertical forces (J A = (J a 
v s 

vertical stress (J > (J 
s v 

pore pore 

~ 
contact area 

<1 ® :> 
total surface area 



Terry Engelder 

Sedimentary Basin: Compaction 

vertical forces (J A = (J a 
v s 

vertical stress (J > (J 
s v 

<i===@===;> 
contact area 

<3 ® ;> 

total surface area 



Poroelastic Behavior 

• A coupling of changes in total stress to changes in 
pore pressure 

• Because of free boundary at the Earth’s surface, 
total stress and pore pressure are NOT coupled in 
the vertical direction (to a first approximation). 

Terry Engelder 



Consider the effect of pores on strength of rocks.  A rock without pores is considerable stronger.  This stands to 
reason because pore space is unsupported within the rock.  With the presence of unsupported space the intact rock 
between the pores has to take larger loads to sustain an overall applied stress.  This important effect also has a 
direct bearing on the effective stress law which is more properly written 

Terzaghi suggested that   =  1 based on experiments in soils.  His interpretation was that grain boundaries and 
grain contacts both have an effective porosity of one, which is to say, water at a pressure Pp fills all space 
between grain contacts.  Others including Geertsma have suggested that  

where K and K0 are the effective and grain bulk moduli.  Nur and Byerlee have a very interesting derivation of 
.  They assume an isotropic aggregate of solid material with connected pores.  The outside of the solid is 
subject to confining pressure Pc and the pores are subject to pressure Pp.  Both of these pressures have an 
effect on the volumetric strain of the aggregate Q.  But what we will do is consider the effect of these pressures 
by dividing the application of the confining pressure into two steps.  The first application of pressure involves 
balancing pp and pc, so that Pp '  = Pc '.  The second application of pressure involves the remaining confining 
pressure Pc ''  = Pc  - Pp.  Volumetric strain Q of a dry aggregate caused by the addition  of a confining pressure is 

where b =  1/K is the effective compressibility of the dry aggregate.  Now the volumetric strain of the aggregate 
Q'' due solely to the confining pressure Pc'' is 

 

The volumetric strain Q' caused by the equal addition of pressure around the rock body and inside the pores is 
of interest.   The solution is to assume a solid in which the pores are filled with a solid.  Then an external 
confining pressure Pc' causes an equal hydrostatic compression Pc' in the solid.  The volumetric strain of the 
solid Qs is then 

 
Nur and Byerlee, 1971 



where bs is the compressibility of the solid devoid of any cavities.  In this analysis we can remove the solid from 
the pore and replace it with a fluid at Pp'  =  Pc'.  In doing so the deformation of the solid remains unchanged.  
Consequently 

 
Adding the equations to find the total strain 

 

This equation can be written in terms of the bulk moduli where K is the bulk modulus of the dry aggregate 
and Ks is the intrinsic bulk modulus of the solid itself 

 

Because the volumetric strain can be written 

the expression for the effective pressure can now be written 

and 

Nur and Byerlee, 1971 



free water 

along contact 
only surface 

film along 

contact 
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Mohr Circle 
• Terzaghi vs. Biot effective stress. 

• Start experiment saturated then increase pore pressue (Pp) 

Dsh 

Poroelastic 

deformation applies in 

horizontal 

direction 

s1 – vertical 

s3 – horizontal  

Terzaghi Biot 

Terry Engelder 



s1 s3 sn 

t 

Hydrostatic Pore Pressure – Total Stress (Sh) 

Hydrostatic Pore Pressure – Effective Stress 

s3 s1 

Abnormal Pore Pressure – Effective Stress 

Abnormal Pore Pressure – Total Stress (Sh) s1 – vertical 

s3 – horizontal  

Mohr’s Circle:   
 
1. Effective Stress 
2. Abnormal Pore Pressure 
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Evidence of Poroelastic Deformation (Biot Behavior): 
Production of gas reduces pore pressure! 
Horizontal stress does not reduce as much as pore pressure! 

Stress decreases when pore pressure decreases  
McAllen Ranch Field, Texas, USA 

Salz, 1977 



Leakoff 
data from 
the North 
Sea, Central 
Graben 

Evidence of Poroelastic Deformation: 
Generation of gas increases pore pressure! 
Horizontal stress does not increase as 
much as pore pressure increases! 

Stress increases when pore pressure increases  
North Sea, Norway Sector 

Gaarenstroom et al., 1993 



•  DPp is fully effective in an uncemented sand (i.e., soil) 

•  DPp works against a cement in a rock and thus is not 
fully effective 

Anderson, et al., 1973 



1.2.4 – Consolidation, Compaction, 
and Compaction Disequilibrium 

An AAPG Short Course by 

Terry Engelder 

Professor of Geosciences 

The Pennsylvania State University 



Compaction and consolidation 

• Compaction is the process in which a stress applied to a soil causes instantaneous 
densification  

• Air is displaced from the pores between the soil grains. 

• After stress is applied, there is a densification due to water (or other liquid) being 
displaced from between the soil grains. This slow densification is called consolidation, 
not compaction.  

• Compaction is the term commonly used when when strain associated with densification 
is visible in rock. 

• Seafloor mud converts to rock through porosity decline.  

• Porosity loss occurs through the combined effects of compaction (if water loss is 
instantaneous) consolidation and cementation,  

• Consolidation often dominates in the upper 2 km of burial  

• cementation dominates porosity evolution at greater depths. 

 

Terry Engelder 



• March Model 
• Expresses the relationship 

between mechanical 
rotation and flattening 
strain 

• Detection of mechanical 
rotation during flattening 
strain 

• Anisotropy of magnetic 
susceptibility from 
paramagnetic grains (i.e., 
mica) 

• Anisotropy of intensity of 
X-ray diffraction from 
chlorite grains 

Mechanical Rotation --  mechanism for mechanical compaction 
(called compaction because this is no sense of time in the observation) 

Terry Engelder 



Flattening of grains 
Devonian Rhinestreet gas shale, New York, USA 

• kerogen particles 
have been 
flattened to 
conform to the 
shape of 
inorganic grains 
(scale = 0.1 mm) 

Lash and Engelder, 2005 



• compacted clay 
grains wrapping 
a pyrite 
framboid in a 
clay laminae 
sample 

Lash and Engelder, 2005 

Flattening of grains 
Devonian Rhinestreet gas shale, New York, USA 



Pressure Solution 
 (mechanism for chemical compaction) 

Solution occurring preferentially at the contact surfaces of grains (crystals) where the normal stress at the grain 
contacts exceeds the fluid pressure in the pore space.  Preferential solution is a consequence of the higher chemical 
potential in the water film trapped between grain contacts. 

 

Engelder, 1982 

Chemical potential is commonly used in predicting the influence of stress on the tendency of a solid to dissolve or 
grow in the presence of a solution (Kamb, 1959). For equilibrium of a solid under all possible states of strain 

where μL is the chemical potential of the solute in solution, Fs is the molar Helmholtz free energy of the stressed 
solid, Pw is the pressure of the solution in contact with the solid, and Vs is the molar volume of the solid in the 
stressed state. Differentiating at a constant temperature, a change in μL is represented by three terms: 

mL = Fs + PwVs 

dmL = dFs + PwdVs  + VsdPw  

In this equation, Vs dPw represents a change in normal pressure on the surface of a solid suspended in the 
fluid undergoing a pressure change. dFs is the change in elastic strain energy and PwdVs is the change in 
specific volume as the result of stress under grain-grain contacts. For rocks where grains are in contact, 
stresses within the grains arise from a combination of pore water pressure and grain to grain contacts. To 
treat this situation, several including Paterson (1973) and Robin (1978) deal with a variation in stress (sn) 
along the surface of the grains arising from grain to grain contacts. Unlike the hydrostatic case, chemical 
potential varies along the surface of the grain because of the pressure variation from grain to grain contacts. 

Pressure solution removing the edge of this crinoid columnal 



Pressure Solution 
Jurassic Tuscaloosa Formation, subsurface Louisiana, USA 

• Sandstone 
compaction:    Note 
the role of pressure 
solution in developing 
closer packing! 

 

Weedman et al., 1992 



Overburden compaction 
Soft-sediment deformation (continued) 

• Bedding will flatten and fold around a rigid body in 
a compacting matrix: 

• Pebbles in a tillite  
• Difficult to sort out sub-glacial compaction from overburden 

compaction 

• Concretions 

• Dropstones 

Terry Engelder 



 

Devonian Rhinestreet Formation, Lake Erie 

Shale matrix compacts around concretions 

Concretions are carbonate deposits within seafloor mud 

Terry Engelder 



The dissipation of excess pore 
pressure, accompanied by volume 

change is called consolidation.  
 

Usually (but not always) the total stress remains 
constant and the pore pressure and volume slowly 
change. The rate of consolidation (volume change 
with seepage) is dependent on the permeability of 

the rock and the size of the consolidating layer.  

Consolidation 

Terry Engelder 



Specific Volume of Rock 

• Specific volume (v) decreases during consolidation 
V – volume of sample 

Vo – volume of grains 

Vp – volume of pores 

• Porosity 

 

• Void Ratio 
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Rock-Water Interaction 

• Consolidation is a form of compaction but driven by 
changes in fluid volume in the pore space of rocks. 

• In this context pore water is incompressible relative 
to a compressible rock. 

• Consolidation reflects a coupled behavior 
expressed as:   

 h pS f PD  D
Terry Engelder 



Effective Stress Parameter (k) 

•  sh = Sh – Pp and sv = Sv – Pp are effective horizontal 
and vertical stresses. 

• Effective stress parameter is also known as the 
coefficient of Earth stress at rest. 

  

k < 1 
Terry Engelder 



Uniaxial Consolidation 

• During the early stages of burial in a sedimentary basin, 
especially where tectonic deformation is slow, stress is 
commonly governed by uniaxial strain conditions where 
lateral boundaries are fixed.   

tectonic deformation early basin behavior 

Terry Engelder 



• Earth consolidates only under drained conditions 

conditions for no lateral strain 

Terry Engelder 



• Experimentally 
consolidated silty 
clay including 
unloading-
reloading cycles 

Karig & Hou, 1992 

Some will call this a compaction curve 



• k = Ko = 
stress ratio 
for no 
lateral 
strain. 

Karig & Hou, 1992 
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Effective stress parameter (k) 

• Some call this a consolidation coefficient 

• The mechanism responsible is friction at grain/grain 
contacts 

• It is a mistake to consider that k is equivalent to 
Poisson’s ratio (n) 

• Poisson’s ratio is an expression of elastic behavior 

• Consolidation is not elastic 

Terry Engelder 
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Mechanisms for controlling horizontal stress early during burial 
The consolidation coefficient (k) is just one of three mechanisms that might control the state of stress during early 
basin development.   The fourth, pore pressure, is already incorporated in the effective stress ratio that defines k.   The 
first process that must be followed in burial is lithification.  Before lithification the grain-grain contacts carry the 
overburden weight and the rock column is maintained by the uniaxial mechanism where part of the vertical stress is 
transferred to the lateral boundaries.  In the case of sand this might be 53% of the overburden.  More of the vertical 
load is transferred in the case of shale (62%).   When the grain framework carries the overburden weight, lithification 
can take place without changing the lateral stress (Voight and St. Pierre, 1974).  If nothing else happened, this would 
leave a layered sandstone-shale with sandstone carrying a lower least principal stress (Shmin).  As will be seen, fractures 
in sand-shale sequences follow this rule.  

The Nolte-Smith (1981) model for hydraulic 
fracture in sedimentary basins 

The other two mechanisms for controlling horizontal stress 
early in the history of a basin are viscous relaxation and 
tectonic strain.  A viscoelstic material will strain when a 
new load is applied and when strain is held constant the 
material will relax.  Experiments by Hagin and Zoback 
(2004) show that creep will allow the relaxation of as much 
as 75% of a differential stress on an unconsolidated dry 
sand in as little as 10 hours.  The implications of this 
behavior is that the sd that Karig and Hou (1992) observe 
might not last in a basin until lithification can ‘cement’ in 
this stress difference in place.   However, the evidence is 
that a bed by bed stress difference does survive for a long 
time (millions of years) in a sedimentary basin. 
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Mechanisms for controlling horizontal stress early during burial 

Aside from consolidation and viscoelastic relaxation, the third mechanism for controlling 
the least stress (Shmin) in a basin is tectonic strain.  Following lithification, the rock will not 
creep with the short time constant as a soil or sand aggregate, never-the-less the rock will 
creep.  However, as well be shown, basins are subject to a differential stress that is 
sufficient to cause slip on favorable oriented faults if the stress field is disturbed only 
slightly (Townend and Zoback, 2000).  This means that rocks of the basin are subject to a 
significant elastic tectonic strain above that which is derived from overburden acting on a 
constrained earth.  If tectonic strain is important in setting the horizontal stress profile, 
the rock with the higher Young’s modulus (E) will exhibit extreme stresses, high or low, 
depending on whether the basin is stretching or shortening.   

If a basin is being stretched, sandstones would have a lower Shmin 
relative to shale because of the sandstone’s higher E.  This is the type 
of stress profile seen in the Piceance Basin (Warpinski, 1989).  
Modern offshore basins such as the Gulf of Mexico are presently 
being stretched and might exhibit this familiar stress profile in 
sandstones versus shale.  However, the Piceance Basin sits in a back 
arc where the original sedimentary deposits were subjected to 
shortening tectonics.  Under such an environment we might expect 
that the sandstone would have a higher Shmin. 

 



Terry Engelder 

Mechanisms for controlling horizontal stress early during burial 

The Appalachian Basin is a place where the stiff rocks, both sandstone limestone are subject to higher stresses (Evans 
et al., 1989).  In some cases the stiff layers have a stress state with SHmax > Sv as indicated hydraulic fracture stress 
tests in the stress-depth diagram shown below. The Appalachian Plateau is a test case for the three mechanisms for 
early stress in basins.   

ISIP is a proxy for Shmin. 

Today the propagation of vertical fractures should favor shales rather than the 
stiff beds.  However, natural fractures propagated during the Alleghanian 
Orogeny which was a layer-parallel shortening event about 270 Ma.  Even then, 
like today, the stiff rocks should have been least likely to fracture under 
effective tensile stress.  Rather, the ‘stiff’ rocks fractured in a compressive 
environment, the same situation observed in the Piceance Basin.   One 
explanation is that, despite the possibility of both stress relaxation by creep and 
a tectonic stress that favored shortening, the fracture pattern indicates the 
least stress was in the stiff rocks, as would have been the case if the overprint 
of the original consolidation stress was still significant.   The other possibility is 
that the stretch of the oroclinal bend was active (Srivastava & Engelder, 1990). 

siltstone 

shale 
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Taughannock Falls 

Uncompacted bedding preserved within concretion 

Terry Engelder 



 

e (compaction) = 42% 
Terry Engelder 



 

Lash and Blood (2007) 



Red Curves: Compactional 
porosity decline in lithic-bearing 
sandstones (experimental data of 
Pittman and Larese, 1991). 
 
Red Dot:  Intergranular volume of 
sand at deposition. 
 
Green Dot:  Intergranular volume 
of sand after compactional 
stabilization. 

Mudrocks display higher 
depositional porosities than 
sandstones and also experience 
more porosity loss with burial. 
At a depth of 1.5 km, many 
mudrocks have porosity lower 
than the 26% intergranular 
volume of a sandstone. 

Milliken and Day-Stirrat, 2010, AAPG Hedberg Conference, Austin, TX 



Lash and Blood (2007) 



• the mechanism 
stopping 
compaction acted 
at a relatively 
shallow depth 

Dickinson, 1953 

42% concretions 

700 m 



 

Lash and Blood (2007) 
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Compaction Disequilibrium 

• When pore fluid can not leak in response to 
additional overburden the rock is undrained. 

• Water in a subsiding basin in incompressible. 

• This means that under undrained conditions, water 
supports the total increment of overburden. 

Terry Engelder 



A model for  Compaction Disequilibrium 

Terry Engelder 



Geopressure profile for the Monte Christo field, Hidalgo 
County, Texas. (100 bottom hole pressure  measurements 
from 87 wells with 11 data points excluded.) 

The top of abnormal pressure and the top of the zone 
undercornpaction as indicated by shale density, sonic, 
and conductivity logs usually do not occur at the same 
depth at a given location. Rather, these tops in most wells 
are separated by hundreds of feet (tens of meters) and in 
some wells by vertical distances of over 2000 ft (600 rn). 
Furthermore, the top of abnormal pressure is usually 
above or coincident with the zone of undercompaction, 
and therefore the zone of undercompaction in many 
cases is abnormally pressured. Since the top of abnormal 
pressure and the top of the zone of undercompaction are 
usually not coincident the use of electropressure 
methods to determine geopressures quantitatively yields 
results that are in many cases inaccurate and unreliable. 
The Tertiary section of the Gulf of Mexico Basin is 
characterized by two geopressure profiles consisting of 
three or four linear segments.  The Monte Christo field 
shows a profile with four 
segments. 

Leftwich & Engelder, 1994 



1.2.5 – Stress in the 
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Terry Engelder 

Extension fractures (i.e., joints) are by far more common in the crust of the earth than shear fractures.  The 
explanation is simple:  the state of stress within the crust of the earth is such that the differential stress  (sd = s1 – s3) 
is rarely large enough to fracture intact rock.  In many instances smallish appearing faults are nothing more then 
reactivated extension fractures.  Reactivated means that slip occurs parallel to the extension fracture after it 
propagated normal to the least principal stress (s3).  Slip in shear requires that the stress field be reoriented so that 
the extension fracture is no longer sitting in a principal stress plane. 

If differential stress within the crust of the earth is rarely large enough to cause shear fractures, how are most 
fractures formed?  This question is particularly interesting because tensile stresses are required for the generation 
of extension fractures.  Yet, how are tensile stresses generated when lithostatic stress which is compressive 
become increasingly large with depth in the crust.  Remember that the vertical stress (sv) is proportional to the 
density () of the rock and the depth of burial (z). 

where g is the acceleration due to gravity.  In the absence of tectonic stresses the horizontal stress (sh) increases 
with depth as a fraction of the vertical stress. 

 

Using the foregoing equation, the stress-depth diagrams on the top of the next slide is a thought experiment 
showing two examples of the development of sh with depth of burial in a delta environment, however unlikely.  One 
case assumes a dry sandstone which formed with its present elastic properties at the surface of the earth (the black 
line on the left diagram).  The other extreme assumes a dense clay matrix supported by water so it can’ t consolidate 
(the black line on the right diagram).  The clay has such a low permeability that its leak rate is too slow to keep up 
with burial.  Therefore we call a clay "undrained". A fluid like water with no shear strength has a Poisson’s ratio u = 
0.5.  In this state, the clay has sh = sv. There is some difference in the overburden induced sh between these two 
situations with sh being less in the sandstone. A dry sandstone might have a u = 0.25. and so the sandstone would 
have a horizontal stress gradient (Dsh/Dz =) 0.33.  The undrained clay would have a (Dsh/Dz =) 1.00. 



Terry Engelder 

These cartoons are stress-depth diagrams that help understand the evolution of stress in basins subject to both 
tectonic and pore pressure change.  These extremes are not realistic for several reasons.  First, the consolidation of 
mud and sand set the original stress gradient (for sand Dsh/Dz = 0.53 psi/ft and for clay Dsh/Dz =) 0.62 psi/ft).  
Second, water is nearly universal at depth in basins.  If the sandstone is saturated and drained, the hydrostatic Pp in 
would have a pressure gradient of about 0.45 psi/ft (blue line) depending on the salinity of the pore water (fresh 
water DPp/Dz = 0.43 psi/ft).  Note that the horizontal stress gradient (Dsh/Dz =) 0.33 psi/ft (black line) is less than 
the pressure gradient for water, an impossible situation.  In fact, through consolidation of an unlithified sand 
aggregate (Dsh/Dz =) 0.53 psi/ft.  Lithification does not change this stress state but does transform sand (i.e., buried 
soil) to a sandstone (i.e., an elastic rock).  Through coupled behavior of water acting one an elastic rock, least 
horizontal stress (sh) would exceed pore pressure (red line).  Third, mud is not very dense on the sea floor.  A water 
supported mud would have a stress gradient that was a function of the density of the mud which is not much 
denser than the water column (orange line).   

DRY SANDSTONE UNDRAINED MUD 



Natural hydraulic fractures 

 

Ithaca (Devonian siltstone-gray shale) 
Watkins Glen, N.Y. 

Propagation direction is right to left 

1 2 

Terry Engelder 



Compaction Disequilibrium 

 

Total 

Stress 

Effective 

Stress Change in Total 

Stress 

No Change in 

Effective Stress Change in Pore 

Pressure Terry Engelder 



Compaction Disequilibrium 

Sh 
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Integrity Good 

Terry Engelder 



Bouyancy 
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Terry Engelder 



Mechanisms for increasing               
pore pressure 

• Compaction disequilibrium 

• Hydrocarbon maturation 

• Pore-space filling by chemical diagenesis 

• Development of a gas column 

• Tectonic compaction 

 

 

 Terry Engelder 



Mechanisms for increasing    pore 
pressure 
• Compaction disequilibrium 

• Hydrocarbon maturation 

Hydrocarbon Maturation 

Bell, 1990 
Hydrocarbon maturation 



Mechanisms for increasing    pore 
pressure 
• Compaction disequilibrium 

• Pore-space filling by chemical diagenesis 

Stress-insensitive compaction 

Pore-space filling by chemical diagenesis 
Bell, 1990 



• Poroelastic deformation causes a decrease in sd 
(differential stress) because total s3 (Sh) increases 
with increasing Pp. 



• Jointing is only permitted in the crust at s3 = -T   if 
s1 < 3T  

Secor, 1965 
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Mechanisms for increasing    pore 
pressure 
• Compaction disequilibrium 

• Development of a gas column 

Bell, 1990 

Gas column above oil or water 

Development of a gas column 



Mechanisms for increasing    pore 
pressure 
• Compaction disequilibrium 

• Tectonic compaction 

Tectonic Compaction 

Bell, 1990 



Zoback, 2007 

General stress-depth diagrams in the schizosphere 
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Zoback, 2007 

Schizosphere 

Plastosphere 

Stress measurement 
in the KTB scientific 
research well 
indicate a strong 
crust, in a state of 
failure equilibrium 
as predicted by 
Coulomb heory and 
laboratory-derived 
coefficients of 
friction of between 
0.6 and 0.7 (after 
Zoback and Harjes, 
1997) 

http://searchanddiscovery.com/documents/2016/41849engelder/ndx_engelder_part2.pdf
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