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Chapter- |

Introduction

- Structural geology

Is the study of the three-dimensional distribution of rock units with
respect to their deformational history?

- What is structural geology?

Study of rock deformation; i.e. “the study of the architecture of the
Earth’s crust”.

- Structure Vs Tectonics

- Definition

Structure comes from Latin word “Struere”, which means
“to build”.

Structural geology is concerned with the reconstruction of
the motions that have shaped the evolution of the Earth’s
outer layer.

Tectonics (large scale structures) comes from Greek word
“Tektos” which means “builder”.

- Structural geology is the study of:

“Structural Geology” is the study of the deformation of rocks
and its effects.

The geometry of geologic structures (such as faults, folds,
joints, intrusive bodies, etc.)

How these structures form (their relationship to applied
stress)



Their significance to the geologic history of an area.
Their relationship to plate-tectonic motions.
- Goals of structural geology

This course aims at:
- Study of rock masses in 3-D
- How rocks are deformed?
- How structures are formed?

- The primary goal of structural geology is to use measurements
of present-day rock geometries to uncover information about
the history of deformation.

A common goal is to understand the structural evolution of a
particular area with respect to regionally widespread patterns of rock
deformation

= Importance of structural geology

The study of geologic structures has been of prime importance

in economic___geology, bothpetroleum geology and mining

geoloqgy. Folded and faulted rock strata commonly form traps that

accumulate and concentrate fluids such as petroleum and natural
gas. Similarly, faulted and structurally complex areas are notable as

permeable zones for hydrothermal fluids, resulting in concentrated

areas of base and precious metal ore deposits. Veins of minerals
containing various metals commonly occupy faults and fractures in
structurally complex areas. These structurally fractured and faulted

zones often occur in association with intrusive igneous rocks.

They often also occur around geologic reef complexes and collapse
features such as ancient sinkholes. Deposits

of gold, silver, copper, lead, zinc, and other metals, are

commonly located in structurally complex areas.

)


https://en.wikipedia.org/wiki/Economic_geology
https://en.wikipedia.org/wiki/Petroleum_geology
https://en.wikipedia.org/wiki/Mining
https://en.wikipedia.org/wiki/Mining
https://en.wikipedia.org/wiki/Mining
https://en.wikipedia.org/wiki/Stratum
https://en.wikipedia.org/wiki/Petroleum
https://en.wikipedia.org/wiki/Natural_gas
https://en.wikipedia.org/wiki/Natural_gas
https://en.wikipedia.org/wiki/Hydrothermal
https://en.wikipedia.org/wiki/Ore
https://en.wikipedia.org/wiki/Intrusive_rock
https://en.wikipedia.org/wiki/Igneous_rock
https://en.wikipedia.org/wiki/Reef
https://en.wikipedia.org/wiki/Sinkhole
https://en.wikipedia.org/wiki/Gold
https://en.wikipedia.org/wiki/Silver
https://en.wikipedia.org/wiki/Copper
https://en.wikipedia.org/wiki/Lead
https://en.wikipedia.org/wiki/Zinc

Structural geology is a critical part of engineering geology, which
Is concerned with the physical and mechanical properties of natural
rocks. Structural fabrics and defects such as faults, folds, foliations
and joints are internal weaknesses of rocks which may affect the
stability of human engineered structures such as dams, road
cuts, open pit mines and underground mines or road tunnels.

Environmental geologists and hydrogeologists need to apply
the tenets of structural geology to understand how geologic sites
impact (or are impacted by) groundwater flow and penetration. For
instance, a hydrogeologist may need to determine if seepage of
toxic substances from waste dumps is occurring in a residential area
or if salty water is seeping into an aquifer.

= Geological Structures

Geological Structures |

*

Stratificati| | Cross || Mud | | Ripple |

[ Folds | [ Fractures | |  Salt | Igneous |

Joints | Fissures|  |Veins|  Faults
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= Applications of Structural Geology

Mineral resources

Crystallization in fluid-rich environment

Hot, metal-rich fluid migration as vein deposits or
disseminated deposits (remobilized by faults)

Oil Traps

Types of oil traps
p)

y () Unconformaty wop




Groundwater Aquifers
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= STRESS Vs Strain

STRESS
Study of the action and effect of forces on bodies.
STRESS
Stress [S] Force per unit area or the intensity of Force
S =F/A

Stress = (Force / Area)

Compressive Tensile Shear
ﬁ
Y )




= Strain
Strain = A change in shape or volume in response to a stress.

Stress is the cause, strain is the effect!

Stress Axes
o1 (Maximum Principal Stress Axis)
02 (Intermediate Principal Stress AXxis)
03 (Minimum Principal Stress Axis)
(Hobbs et al., 1976) (01> 02 > 03 # 0)

The behavior of rock during stress
Depends on:
1) The type (tension, compression, shear) and amount of stress.
2) The temperature.
3) The pressure.
4) The rate at which the stress is applied

(Think about Silly Putty).
Rock squeezing experiments reveal 3 types of rock behavior:
1) Elastic behavior
2) Brittle behavior

3) Ductile/plastic behavior



Elastic Behavior — A lightly-
deformed material will recover
Its original shape after the
stress is removed, Elastic
behavior occurs at very low
stresses,

Stress

Every material has an elastic
limit, the maximum amount of
stress a material can feel and
still recover to Its original shape

The behavior of rock
after reaching the
elastic limit depends
onTandP.

Brittle Behavior -
Near the Earth’s
surface (low T and P),
rocks exhibit brittle
behavior...rocks will
fracture (faults).

B c .
A
Strain
L Ductile
b 4
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@

Strain s—




Ductile Behavior
At depth in the B c
Earth (high T and

P), rocks exhibit
plastic behavior.... & A
rocks will bend
and flow (folds).
Strain
Strength of rock
Strength

Depth

In addition to lithology,
strength is a function of
pressure, temperature,
pre-existing weakness,
chemical reactions, time

Evidence of Crustal Deformation
Folding of strata e IR
Faulting of strata
Tilting of strata
Joints and fractures

AR



Evidence of Crustal Deformation

Folding of strata
Faulting of strata
Tilting of strata

* Joints and fractures
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Chapter- Il

Primary Structures

Primary structures

A primary structure is defined by Wilkerson (2019) as, "any structure
that develops prior to or during the formation of the rock." Primary
structures are non-tectonic, meaning they form during sedimentary

deposition, or in the case of igneous rock, during crystallization.

We will explain primary structures by grouping them into five
subcategories:

= Depositional Structures

Deformational Structures

Sedimentary Structures

Igneous Structures

Depositional Contacts

Primary structures are useful to geologists for many reasons. For
one, they can be used to determine facing, or which side of the rock
represents the upward direction during deposition. Primary
structures can also be used to describe the strain the rock has
undergone, as well as adding details regarding the geologic setting
during deposition.



Sedimentary structures including:

Bedding — Primary layering in a sedimentary rock, formed
during deposition, manifested by changes in texture, color,
and/or composition; may be emphasized in outcrop by the
presence of parting

Overturned beds — Beds that have been rotated past vertical
in an Earth—surface frame of reference; as a consequence,
facing is down

Parting — The tendency of sedimentary layers to split or
fracture along planes parallel to bedding; parting may be due
to weak bonds between beds of different composition, or may
be due to a preference for bed-parallel orientation of clay
Bedding = layering = stratification

> AL g T M i A A
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Sedimentary structures

Stratigraphic facing (= Younging direction) — The direction to
younger strata, or, in other words, the direction to the depositional
top of beds.

Younging direction

Youngin
direction

1



. The use of bedding in structural analysis
« The Law of Original Horizontality
« Bedding provides a reference frame.

« Bedding is labeled So (pronounced ess-zero), where
the S is an abbreviation for planar structures (surface)

« Bedding provides information on depositional
environment, younging direction, current direction.

« Homoclinal.

. Graded beds and younging direction

» During settling, the largest grains fall first, and the finest grains
last

= Bouma sequence in turbidites

» Flysch
E (h) Hemipelagic mud

E (t) Turbidite mud

C Rippled bed,
convoluted laminae

B Planar laminae

A Massive,
graded bed

Cross beds and younging direction

* Sedimentation on a lee side



» Topset, forset, and bottomset beds
» Erosion of topset beds

» Clear stratigraphic facing and current indicator

——-

Topset beds

Bottomset beds

e
—t oo

e

— o e e

Cross bedding



= Convolute folds

. Disrupted Bedding

» Disrupted Bedding
* Load casts
e Sand volcanoes

* Clastic dikes

14



Studies of disrupted bedding, sedimentary dikes, and sand
volcanoes provide an important basis for determining the recurrence
interval of large earthquakes

Load casts

Extend downward from a sand layer into an underlying mud or very
fine sand layer




Load casts

= Conformable and unconformable contacts

Disconformity beds above and below the unconformity are parallel
to one another, but there is an age difference between the two

sequences.

Angular unconformity strata below the unconformity have a different
attitude than strata.

AR



Nonconformity strata were deposited on a basement of older
crystalline rocks.

Buttress unconformity beds of the younger sequence were
deposited in a region of significant predepositional topography

uli.—ml
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Nonconformity

How to identify unconformities?

Channeling Basal conglomerate

il ﬁ—‘@ @
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—_—

Yy



Compaction and Diagenetic Structures

Compaction results in a decrease in porosity (>50% in shale and
>20% in sand) that results in an increase in the density of the
sediment

Compaction of mud leads to development of a preferred
orientation of clay - shale

Deeper compaction can cause pressure solution

Pen contemporaneous Structures

» Deposition on a preexisting slope or tilting prior to full
lithification in a tectonically active region can pull the layers
down the slope

» Fluid pressure in the layers keeps the layers apart
» Debris flows

» The deformed interval is intraformational, meaning that it is
bounded both above and below by relatively unreformed
strata

Y¢



Chapter- Il
Faults

= |ntroduction
= FAULTING

Deformation Styles

N |
=

Brittle

| 5km

Ductile

Brittle Vs Ductile

Brittle « Grain size reduction by brittle fracture
« Randomly oriented fabrics
- Fluid flow + cementation/silicification
+ Frictional melting (pseudotachyllite)
Ductile

» Grain size reduction by crystal plastic strain

+ Systematically oriented fabrics

* Development of foliation

+ Development of stretching lineation

Yo



Make sure that you understand the big picture
The behavior of rock during stress
Depends on:

1) The type (tension, compression, shear) and amount of
stress.

2) The temperature.

3) The pressure.

4) The rate at which the stress is applied
(Think about Silly Putty).

Make sure that you understand the big picture!

High T or Slow?

FOLD!

| 1

Aadoling Syncline Dip Fault Strike Fault
(Old at center) (Young at {(Normal or (Left or right
center) reverse) lateral)

e BRITTLE deformation

Brittle deformation of an object refers to deformation promoting loss
of continuity of or within the object. The discontinuities eventually
created during brittle deformation are called fractures. In contrast
to ductile deformation, which implies internal continuity of the
object after deformation, brittle deformation occurs mostly in the
upper structural levels of the crust.

We will use the word fracture to characterize a brittle structure
without any other precision, i.e. whenever details on the relative

Y1


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/discontinuity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ductile-deformation

displacements of the fracture walls cannot be assessed. As such
‘fracture’ is used as a general term for all kinds of brittle structures.
Fractures are in turn grouped in mode I, Il and Il fractures,
depending on the relative motions of their fracture walls.

Brittle deformation; the permanent change that occurs in a solid material due to the
growth of fractures and/ or due to sliding on fractures. Brittle deformation only occurs
when stresses exceed a critical value, and thus only after a rock has already
undergone some elastic and/or plastic behavior.

Brittle fault zone A band of finite width in which slip is distributed among many smaller
discrete brittle faults, and/or in which the fault surface is bordered by pervasively
fractured rock.

brittle fault offsets

e DUCTILE deformation

- Ductile deformation mechanisms

Ductile deformation indicates shape change of a material through
bending or flowing during which chemical bonds may become
broken but subsequently reformed into new bonds. It requires stress
surpassing the elastic threshold and a deformation rate slow enough

to accommodate further strain without breaking of the material

YV



(i.e., ductility or plasticity). Fold, foliation, and lineation are the
typical features of a rock that experienced ductile deformation,
though the last two can sometimes also be formed by brittle
deformation. Several mechanisms are responsible for ductile

deformation, including diffusion creep, dislocation

creep, mechanical twinning/kinking, grain  boundary  sliding,

and rigid body rotation.

Ductile offsets within shear zone

YA


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ductility
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/foliation
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dislocation-creep

another example of a small ductile shear zone

= FAULTS

A fault is a planer fracture across which the rock has been displaced
in a direction which is generally parallel to the fracture plane.

Faults are ruptures along which the opposite walls have moved past
each other. The essential features is differential movement parallel
to the surface of the fracture.

e Fault geometry

Y4



Fault geometry

footwall - |

hangingwall I3

Strike-slip and dip-slip components

Oblique-slip faults

* Strike-slip and dip-slip components

* Most faults are oblique-slip, but are often
dominantly strike-slip or dip-slip

Rake angle

_—

Strike-slip component

L

_.:.u;q'?»\." B ”‘\...-- Dip-slip component
\&\ : o N - _
e ~
e



Geometry of displacement

® The faults with displacement parallel to the strike
of the fault plane are termed Strike-slip faults .
These faults may also be called Wrench, Tear or
Trans current faults.

The faults with displacement parallel to the dip of the
fault plane are termed dip-slip faults .

=  Faults with oblique-slip displacement are
regarded as having strike-slip and dip-slip
components are termed oblique faults .

Normal and Reverse Faults

_
\ /
Normal Fault - -

Reverse Fault

-4

Lag Fault

Thrust Fault

AR



The Main Types of Faults

Normal Fault

Normal Fault; Qena — Safaga Road

Thrust Fault

Thrust Fault; Qena-Safaga Road

vy



Strike-Slip Fault

Strike-slip Faults; Qena- Safaga Road

g
|
i
|

Fault - Fault zone - Shear zone

Fault - Fault zone - Shear zone

b 4]
FIGURE 7.9 ) Fauli. (b) Fault zone. () Shear zone.
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What are the three kinds of faults?

« The three main kinds of faults are strike-slip faults, normal
faults, and reverse faults.

» Afault plane is the location where two fault blocks meet.

For any fault except a perfectly vertical fault, the block above the
fault plane is called the hanging wall. The block below the plane is
the footwall.

Ye



The three major
types of faults

soemoal fauit

Fault Plane

R e L e

Dip-slip Hanging-wall Hanging-wall

faults - block
_,;_”\\ e / S

/

Footwall

block AL :
Footwall —
bicck

{a) Normal = (b) Reverse

Strike-slip ——

faults __,__/"; /Z.l

i

{c) Right-lateral (or dextral) {d) Leftlateral (or sinistral)

= Strike-slip faults

* In a strike-slip fault, the fault blocks move past each other
horizontally.

» Strike-slip faults form when rock is under shear stress, or
stress that pushes rocks in parallel but opposite directions.

Strike-slip faults are common along transform boundaries, where
tectonic plates move past each other

e What Governs Strike-Slip Fault Movement

Yo



Geologists understand the mechanics of strike-slip faulting at the
plate scale but up until now, the specifics of faulting on a very small
scale haven't been as thoroughly studied. Often times, we see faults
as they currently exist but don't get to look at the development of
that fault from incipient stages.

e Dextral and sinistral strike- slip faults

al -‘

=

[

Strike-slip faulls

e Right — lateral [ Dextral] Strike- slip Fault

Strike-slip

Copyright © 2005 Pearson Prentice Hall, Inc.
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e example right — lateral [ dextral] strike- slip Fault
4

e SAN ANDREAS
- WHAT TYPE OF FAULT IS THE SAN ANDREAS?

A San Andreas earthquake would be classified as occurring on a
strike-slip fault. Strike-slip faults are found along boundaries of
tectonic plates sliding past each other.

A strike-slip fault is a vertical fracture in the earth’s crust that
creates horizontal motion, along the line of the fault. The walls of
rock move to the left relative to one another, or to the right relative
to one another. These faults are formed by horizontal
compression.

Motion along a strike-slip fault is horizontal.

Shear stress is acting on the opposing earthen blocks.

The fault surface is near vertical.

Stress on the San Andreas fault causes right-lateral motion

v



Example

Right-lateral
Strike- slip Fault

San Andreas Fault

1.200 kilometers (750 mi) through California. It forms the tectonic boundary
between the Pacific Plate and the North American Plate. and its motion is right-
lateral strike-slip (horizontal). The fault divides into three segments, cach with
different characteristics and a different degree of carthquake risk. The slip rate
along the fault ranges from 20 to 35 mm (0.79 to 1.38 in)/yr. It was formed by a
transform boundary.

extends roughly 1.200 kilometers (750 mi)

through California. It forms

the tectonic boundary between the Pacific

sa~p Plate and the North American Plate, and its

1 ‘ motion is right-lateral strike-slip: and extends to
depths of at least 10 miles within the Earth

)/

Arrows show relative motion
of the North American Plate
(southeastward) and the

Pacific Plate (nothwestward)

YA



e Dead Sea Fault
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https://www.researchgate.net/publication/215755872_Geology_and_Evolution_of_the_Southern_Dead_Sea_Fault_with_Emphasis_on_Subsurface_Structure

e Najd fault system

The Najd Fault System is a complex set of left-lateral strike-slip
faults and ductile shear zones that strike NW-SE across the
Precambrian of Arabia and Egypt. This system was developed
during the interval 540-620 Ma. It is up to 400 km wide with an
exposed length of 1100 km; inferred buried extensions of the Najd
give it a total length of 2000 km. It is the best exposed and may be
the largest pre-Mesozoic zone of transcurrent faulting on earth.
Previous models for the Najd Fault System suggest it formed as a
result of a major Late Precambrian continent-continent collision.
This model is not preferred here because (1) the lack of evidence
for a pre-Late Precambrian continent to the east of the Najd Fault
System; (2) the difference between the orientation of the Najd Fault
System and that predicted by slip-line theory; (3) the younger age
of Najd movements compared with that of collisional sutures in the
Arabian Shield; and (4) lack of evidence for wide-spread crustal
uplift that would be expected to accompany collision. A new model
for the origin of the Najd Fault System accounts for each of these
objections: The Najd Fault System formed in response to a broad
zone of NW-SE directed crustal extension that accompanied
juvenile continental crustal formation in northernmost Afro-Arabia.
This model also accounts for the following observations: (1) Strands
of the Najd parallel the direction of extension in the North Eastern
Desert of Egypt and Sinai; (2) the timing of the principal rifting
movements (ca. 575-600 Ma) overlap with those of the Najd (ca.
560-620 Ma); (3) in spite of observation (2), the Najd Fault System
Is not recognized in northernmost Afro-Arabia; instead the Najd
deformation becomes increasingly ductile and these zones are
more commonly intruded by sheared and foliated granites as the
principal zone of extension is approached. The Najd Fault System
thus represents a set of continental transforms developed in
response to a major episode of Late Precambrian extensional
continental crust formation in northernmost Afro-Arabia
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Najd fault system and sutures of the northern part of the Arabian-
Nubian Shield. Black arrows show principal stress directions for the
Najd fault system as a whole. Small white arrows show strain in
individual gneiss complexes. Note that this is extensional in the
Eastern desert, but transpressive in the Feiran—Solaf metamorphic
complex. (Compiled from various sources, including: Abdelsalam &
Stern, 1996; Fritz et al., 1996; Johnson, 1998).

e Pull-apart basins

These basins are called pull-apart basins because the crust is
literally pulled apart in the section between the two strike-slip faults.

Examples. Two famous localities for continental pull-apart basins
are the Dead Sea and Salton Sea. Pull-apart basins are amenable
to research because sediments deposited in the basin provide a
timeline of activity along the fault.

The Salton Sea is a shallow, landlocked, highly saline body of water
in Riverside and Imperial counties at the southern end of the U.S.
state of California.
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Pure strike-stip pull-apart basin

T3 » gm?\ _4‘-—745@-\.
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Pull-apart basins represent an important exploration target for oil
and gas, porphyry copper mineralization, and geothermal fields.
The Matzen fault system in the Matzen oil field has been recast as
extensional grabens produced by pull-apart basins of the Vienna
Basin. The Dead Sea has been studied extensively and thinning of
the crust in pull-aparts may generate differential loading and

£y
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instigate salt diapirs to rise,® a frequent trap for hydrocarbons.
Likewise intense deformation and rapid subsidence and deposition
in pull-aparts creates numerous structural and stratigraphic traps,
enhancing their viability as hydrocarbon reservoirs.%

The shallow extensional regime of pull-apart basins also facilitates

the emplacement of felsic intrusive rocks with
high copper mineralisation. It is believed to be the main structural
control on the giant Escondida deposit

in Chile.l*ll Geothermal fields are located in pull-aparts for the same
reason due to the high heat flow associated with rising magmas

e Reverse Faults

e |n a reverse fault, the hanging wall moves up relative to the
footwall.

¢ Reverse faults form when rocks undergo compression, which
Is stress that squeezes or pushes rock together.

Reverse faults are common along convergent boundaries, where
two plates collide.

Dip-slip fauits

Reverse fault Thrust fault
(steep slope) (gentie slope) Normal fault |
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e Thrust faults

A thrust fault is a break in the Earth's crust, across which older
rocks are pushed above younger rocks.

A thrust fault is a reverse fault with a dip of 45° or less, a very low
angle.

Thrust fault

Thrust Fault -

e Reverse Faults and thrust faults

i

PN

reverse fault thrust fault
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e Overthrust fault

Thrust fault is a type of reverse fault that has a dip of 45 degrees or
less. If the angle of the fault plane is lower (often less than 15
degrees from the horizontal) and the displacement of the overlying
block is large (often in the kilometer range) the fault is called an
over-thrust or over-thrust fault.

Removed by erosion

Chief Mtn.

Cretaceous shale

e Nappe Structure

Nappes form when a mass of rock is forced (or "thrust") over another
rock mass, typically on a low angle fault plane. The resulting
structure may include large-scale recumbent folds, shearing along
the fault plane, imbricate thrust stacks, fensters and klippes.

Thrust Sheet Diagram

* Window (fenster) shows of the autochthon
through the eroded allochthon

* Klippe is a piece of allochthon surrounded by
autochthon
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Window (Fenster)

» Thrust faults are often thin sheets, and erosion may open
holes in them

* A hole through a thrust sheet is called a fenster, or window

» Fenster: An eroded area of a thrust sheet that displays the
rocks beneath the thrust sheet

« Triangular teeth point outward fenster are used on a map

Klippe

« If erosion leaves an isolated remnant of thrust sheet,
surrounded by exposed footwall, the remnant is called a
klippe (German for cliff)

» Klippe are indicated on a map by inward pointing teeth.

Bedding and Fault Plane Orientation

Fault segments may parallel bedding in either the footwall of
the hanging wall, but cut across bedding in the opposite block.

Fault-bend folds
Thrust faults, particularly those involved in thin-skinned style
of deformation, have a so-called ramp-flat geometry. Thrusts
mostly propagate along zones of weakness within a
sedimentary sequence, such as mudstones or halite layers,
these parts of the thrust are called decollements. The part of
the thrust linking the two flats is known as a ramp and typically

e


https://en.wikipedia.org/wiki/Thrust_tectonics
https://en.wikipedia.org/wiki/Mudstone
https://en.wikipedia.org/wiki/Rock_salt
https://en.wikipedia.org/wiki/Decollement

forms at an angle of about 15°-30° to the bedding. Continued
displacement on a thrust over a ramp produces a
characteristic fold geometry known as aramp anticline or,
more generally, as a fault-bend fold

Diagram of the evolution of a fault-bend fold or ‘ramp anticline'
above a thrust ramp, the ramp links decollements at the top of
the green and yellow layers

e Thrust duplex

Duplexes occur where there are two decollement levels close to
each other within a sedimentary sequence, such as the top and
base of a relatively strong sandstone layer bounded by two
relatively weak mudstone layers. When a thrust that has propagated
along the lower detachment, known as the floor thrust, cuts up to
the upper detachment, known as the roof thrust, it forms a ramp
within the stronger layer. With continued displacement on the thrust,
higher stresses are developed in the footwall of the ramp due to the
bend on the fault. This may cause renewed propagation along the
floor thrust until it again cuts up to join the roof thrust. Further
displacement then takes place via the newly created ramp. This
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process may repeat many times, forming a series of fault bounded
thrust slices known as imbricates or horses, each with the geometry
of a fault-bend fold of small displacement. The final result is typically
a lozenge shaped duplex.

Most duplexes have only small displacements on the bounding
faults between the horses and these dip away from the foreland.
Occasionally the displacement on the individual horses is greater,
such that each horse lies more or less vertically above the other,
this is known as an antiformal stack or imbricate stack. If the
individual displacements are greater still, then the horses have a
foreland dip.

Duplexing is a very efficient mechanism of accommodating
shortening of the crust by thickening the section rather than by
folding and deformation.

i T

Development of thrust duplex by progressive
failure of ramp footwall

e Blind thrust faults
If the fault plane terminates before it reaches the Earth's surface,
it is referred to as a blind thrust fault. Because of the lack of
surface evidence, blind thrust faults are difficult to detect until they

rupture.
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The destructive 1994 earthguake in Northridge, Los Angeles,

California, was caused by a previously undiscovered blind thrust

fault.

Because of their low dip, thrusts are also difficult

to appreciate in

mapping, where lithological offsets are generally subtle and

stratigraphic repetition is difficult to detect, especially

In peneplain areas.

Examples of thrust belts

Black ISea o
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‘—
x| TURKEY N ‘%
B ANATOLIAN (,)x? E -
SUBPLATE / Bitlis %
Med e o Suture
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Dead Sea
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System
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AFRICAN ~ b
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Zagros thrust belt
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= Zagros thrust belt
The collision of the Iranian microcontinent with the
Afro-Arabian continent resulted in the deformation of
the Zagros orogenic belt. The foreland of this belt in

the Arabian _Gulf and Arabian platform has been
investigated for its petroleum and gas resource
potentials, but the Zagros hinterland is poorly



https://www.sciencedirect.com/topics/earth-and-planetary-sciences/orogenic-belt
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/persian-gulf

investigated and our knowledge about its deformation
Is much less than other parts of this orogen. Therefore,
this work presents a new geological map, stratigraphic
column and two detailed geological cross sections

= Normal faults

In a normal fault, the hanging wall moves down relative to the
footwall, in a way you would normally expect as a result of
gravity.

Normal faults form when rock is under tension, which is stress
that stretches or pulls rock apart.

Normal faults are common along divergent boundaries.

SHORTENING

EXTENSION | width before |
|«———width before————| |<———width after ———]
| width after |
Compression

Tension .

Normal fault Reverse fault

Normal fault
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e Horst Vs Graben

Horst and graben structure, typical rift related structure (direction of
extension shown by red arrows)

DOMINO-BLOCK ROTATION MODEL ROLLING-HINGE MODEL
(] Bl
A\

W1
\

Stage 1

Stage 2

Schematic evolution of low-angle normal faults. (A) Under normal crustal
conditions, faults rotate via domino-style block rotation (after Fletcher and
Spelz, 2009). In this model, multiple faults form at high angles over a distributed
region and simultaneously begin to rotate to shallower angles (e.g.,
Chamberlin, 1983; McClay and Ellis, 1987; Whitney et al., 2013). Faults are
eventually crosscut by a younger generation of faults after they have rotated
~20°-45° from their initial orientations (Nur et al., 1986). (B) Under hot crustal
conditions, faults rotate via a rolling-hinge mechanism (Buck, 1988; Wernicke
and Axen, 1988; Lavier et al., 1999). In this model, slip is concentrated along a
single large-offset fault system. As extension progresses, isostatic uplift rotates
the initial fault to shallower angles, and new faults emerge basinward as older
faults are continually rotated.
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Structural setting of Half Graben basin

e Listric Fault

Listric Fault: In the field of geology, a listric fault refers to a fault with
a curved fault plane. Most listric faults comprise a steeply dipping
section near the surface. But the fault plane becomes increasingly
flat with depth. Listric faults can be normal faults or reverse faults
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¥ |
gap — Lep

Listric normal fault with a family of rotating "domino" blocks bounded
by synthetic, planar faults (from Wernicke & Burchfiel 1982).

Brittle failure of pre-existing rock in Shelf margin, delta front
a continental rift
\ \ Preferential stratigraphic thickening
in space created by successive, downward
\ \ displacement of fault blocks
|
\

Folded and collapsed strata
in the hanging wall blocks

Alluvial fans

Common detachment

Common detachment in weak rock
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e Stress distribution during faulting

cl>62>063

o1 vertical; extension
ol diagonal; strike-slip
o1 horizontal; Thrust

[Stress axes and faul'rs] 03 g i

G2

strike-slip faults
02

principal stress axes
O; max

= > Oy int
O, min
e N5

- FAULT CRITERIA

o
63 -@i

- Displacement of recognizable marker such as fossils,
color, composition, texture, .etc.).

- Repetition or omission of stratigraphic units
asymmetrical repetition

- Occurrence of fault rocks (mylonite or cataclastic or both)

- Presence of S or C structures or both, rotated porphyry
clasts and other evidence of shear zone.
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- Abundant veins, silicification or other mineralization
along fracture may indicate faulting.

- Drag Units appear to be pulled into a fault during
movement (usually within the drag fold and the result is
thrust fault)

- Reverse drag occurs along listric normal faults.
- Slickensides and slickenlines along a fault surface

- Topographic characteristics such as drainges that are
controlled by faults and fault scarps.

Recognition of fault in the field
- Discontinuity of structures.
- Repetition or omission of strata.

- Presence of features characteristic of fault-planes
(slickenside, gouge, fault breccia

- Solidification and mineralization

= Layer1 == Layer2 == Movementindicators  f=m= Fault interpretation -l

o1



Criteria for Faulting

Fault =

2. Repetition or omission of strata

Repetition or omission of strata may indicate faulting. The following figure
represents a geological map of a region of folded and faulted sedimentary
rocks. A syncline lies near the centre of the map, as is shown by the dips, and
the formations are progressively younger from a to e. In certain places,
however, one or more formations are missing, as, for example, along the line
FF, where formation b is absent, and along the line F'F’, where ¢ and d are
missing. The lines FF and F'F’ must be the traces of faults.

Department of Geology, University of Dhaka Elementary Structural Geology

Criteria for Faulting

Fault ==

3. Features characteristics of fault planes

c. Drag : Drag is in some cases an aid in divulging the relative motion along
the fault. Because of friction the beds in the up throw block are dragged up,
whereas the beds in the down throw are drag down.

Department of Geology, University of Dhaka Elementary Structural Geology
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Criteria for Faulting

Faulte=

3. Features characteristics of fault planes
a. Slikensides:

Department of Geology, University of Dhaka Elementary Structural Geology Slide 8 of 30

Tension Gashes
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Tension Gashes

*  Grooves (parallel to the
movement direction)

+«  Growth of fibrous minerals
(parallel to the movement direction)

*  Slickensides are the polished
fault surfaces.

*  Small steps.

All are considered a kind of lineation.
They indicate the movement relative
trend NW, NE ... etc.

Small steps may also be used to determine
the movement direction and
direction of movement of the
opposing wall. Slicklines usually
record only the last moment event on
the fault.

Fault Rocks
SHEAR ZONE

Shear zones are produced by both homogeneous and
inhomogeneous simple shear, or oblique motion and are
thought of as zones of ductile shear.

Shear zones are classified by Ramsay (1980) as:
1) Brittle

2) Brittle-ductile

3) Ductile

o9



eCharacteristics of Shear Zones

Shear zones on all scales are zones of weakness.

Associate with the formation of mylonite.
Presence of sheath folds.

Shear zones may act both as closed and open geochemical
systems with respect to fluids and elements.

Shear zones generally have parallel sides.

Displacement profiles along any cross section through shear zone
should be identical.

INDICATORS OF SHEAR SENSE OF MOVEMENT

1.

a & N

Rotated porphyroblasts and porphyroclasts.
Pressure shadows

Fractured grains.

Boudins

Presence of C- and S- surfaces (parallel alignment of platy
mineral)

Riedel shears.



Examples of ductile shear zones in Piantonetto Valley. a Extremely localized, 'fault-like'
shear zone. Pen (13.5 cm long) for scale. b Centimetre-thick approximately tabular shear zone with
sharp boundary to the host metagranite. Coin (2 ¢cm in diameter) .

Features from the Field: Shear Zones and Mylonites

W



Shear.Zone

Protolith’s.

Interpretation of the Neves shear zone, shown above. The foliation (yellow) forms in the
metagranite close to the shear zone and it is deflected and parallelized to the mylonitic
foliation (center). In the shear zone, the metagranite has been completely transformed to a
mylonite. Photo ® Samuele Papeschi ® Samuele Papeschi

Why are shear zones important?

Understanding shear zones and interpreting their deformation
history represent major goals for structural geologists. Fossil shear
zones, now exhumed to the surface, hold valuable clues to how
mountains formed and plates collided. They are precious ‘hard
drives’ of the deformation mechanisms happening at depths and
temperatures that are otherwise completely inaccessible. Studying
those structures helps us understand how rocks deform and how
strain is distributed through the lithosphere, giving us important
clues about how plate tectonics works.

Shear zones also affect our daily lives! Even if shear zone are
(generally, not always) aseismic (i.e. do not produce earthquakes),
they transport mechanical energy loading shallower faults that have
the potential to release energy in the form of destructive
earthquakes. Shear zones are also major discontinuities that may
act as preferred fluid pathways through the crust, becoming
potential traps for strategic metal, rare earths, and other
mineralizations.
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e S-C fabric

«— S planes (compression)

C planes (shear)

S-C fabric is a metamorphic fabric formed by the intersection of
shear surfaces within rocks affected by dynamic metamorphism

1y



S-C fabric

= 8hear direction shear plane (C-surface)

X\\\\\\\\\ \\\ NCEE

%\\ \\\ \\\ \\\\
M.

s-C iabru: in the }{Z-plane of finite strain ellipsoid

ﬁ"

5-C fabric is a metamerphic fabric formed by the intersection of shear surfaces
within rocks affected by dynamic metamorphism. The foliation that develops in a
shear zone is usually thought to trace the XY-plane of the strain ellipsoid. The
sense of rotation of the foliation from the margin into the shear zone is generally a
safe kinematic indicator. As strain accumulates, a set of slip surfaces or shear
bands commonly forms parallel to the walls of the shear zone. These shear bands
are called € (French cisaillement for shear, which relates to the movement of
scissors) and the foliation is named S (for schistosity or schistosité).

—a (RS Y
c
c % b . ~
-~ -
(@) (b)

FIGURE 12.141 Characteristic geometry of [a] C-Sand
[b] C-C" structures in a dextral shear zone. The C-surface is
parallel to the shear zone boundary and is a surface of shear
accumulation [i.e., not parallel 1o a plane of principal finite
strain]. The S-foliation is oblique to the shear-zone boundary
and may approximate the XY-plane of the finite strain ellipsoid.
The C’-foliation in [b] displaces an earlier foliation [C or
composite C/S).
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S-C fabric in @ mylonite from Sardinia (Italy).
XPL image, 10x (Field of view = 2mm)

e Fault Breccia

Indurated Breccia
Photomicrograph

* Photomicrograph of fault
breccia in the Antietam
Formation, Blue Ridge
province

* Breccias form when rocks are
extensively fractured in fault
zones and are cemented

* Note the angular fragments together when minerals

(fr) of quartz sandstone in a precipitate in the cracks and

matrix of fine-grained iron fractures

oxide cement (ic)

* Ficld of View 4 x 2.7 mm,

Cross Polarized Light

e Mylonites

Mylonite is a fine-grained, compact metamorphic rock produced
by dynamic recrystallization of the constituent minerals resulting in
a reduction of the grain size of the rock. Mylonites can have many
different mineralogical compositions; it is a classification based on
the textural appearance of the rock.

Mylonites are ductilely deformed rocks formed by the accumulation
of large shear strain, in ductile fault zones. There are many different
views on the formation of mylonites, but it is generally agreed that
crystal-plastic deformation must have occurred, and that fracturing

10
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and cataclastic flow are secondary processes in the formation of
mylonites. Mechanical abrasion of grains by milling does not occur,
although this was originally thought to be the process that formed
mylonites, which were named from the Greek yuAog¢ mylos,
meaning mill. Mylonites form at depths of no less than 4 km

e Blastomylonites

- Blastomylonites are coarse grained, often sugary In
appearance without distinct tectonic banding.

- Ultramylonites usually have undergone extreme grainsize
reduction. In structural geology, ultramylonite is a kind of
mylonite defined by modal percentage of matrix grains more
than 90%. Ultramylonite is often hard, dark, cherty to flinty in

appearance and sometimes
resemble pseudotachylite and obsidian. In reverse,
ultramylonite-like  rocks are sometimes “"deformed
pseudotachylyte”.

- Mesomylonites have undergone an appreciable amount of
grainsize reduction, and are defined by their modal
percentage of matrix grains being between 50 and 90%.2110

- Protomylonites are mylonites which have experienced limited
grainsize reduction, and are defined by their modal
percentage of matrix grains being less than 50%. Because
mylonitisation is incomplete in these rocks, relict grains and
textures are apparent, and some protomylonites can resemble
foliated cataclasite or even some schists.

Porphyroclasts — a relict crystal in a ductile shear zone that has
survived the shearing and reduction in grain size from the
photolith (Twiss & Moores, 1992).

Porphyroblasts — mineral crystals which grow to relatively large
sizes and are related to metamorphism and
deformation (Twiss & Moores, 1992)

"
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Porphyroblasts / Porphyroclasts

» Porphyroblasts = large grains that have grown in the rock
mass during deformation and metamorphism

» Porphyroclasts = relict earlier large grains that have
survived ductile deformation (e.g. feldspar)

Blast: grain size increase
Clast: grain size decrease

Pseudotachylyte

Pseudotachylyte

* Silicate rocks are excellent
insulators, and heat
generated by friction does not
escape

* Temperatures in excess of

10002C are possible
penpegeigme-. ., 200 * Tachylyte is a type of volcanic
« Newer pseudotachylyte glass, and the prefix pseudo

means false, so the name
literally means false volcanic
glass

injection vein cuts the older
one.
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Foliation (mica) fish-

Foliation (mica) fish

B A layer with oblique internal fabric becomes detached
along S-fabric to form an asymmetric ‘fish’.

/
Mica fish

WFish “flash” - oriented sample reflected sunlight...

# Tails on porphyroclasts
are asymmetric in the
direction of ductile
flow.
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Fractured Grains

# Large grains of some minerals
(e.g. feldspars, pyroxenes) A
continue to deform brittley within
a ductile matrix.

# The fractures indicate a sense of —
motion opposite that of actual
shear sense

How would you describe the kinematics of this system?

Death of a Fault

- Faults can also split, to form an anastomosing array, which
may merge and diverge several times along its length

- Afault splay may develop, with the fault splitting and dying out
— these are called horsetails (B)

- A fault dies when its displacement becomes less and less,
finally reaching zero near the tip, in a zone of plastic

deformation (C).
C
g

Z
L
—7
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Chapter- IV
Folds

Folds — warping of strata produced by compressive deformation,
range in scale from microscopic features to regional-scale
domes and basins.

= |Introduction
e Why we Study Folds?

- Folds can trap oil and natural.

3 Impermeable
< Oilwell~

Oil

Water

Reservoir
rock

A




Oil wells

rock

- Folds are suitable
‘sites for
‘mineralization.

- Folds provide
information about
kinematic and
deformational
history of rock
masses.
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e Conditions of Folding

In structural geology, a fold is a stack of originally planar surfaces,
such as sedimentary strata, that are bent or curved during
permanent deformation. Folds in rocks vary in size from
microscopic crinkles to mountain-sized folds. They occur as
single isolated folds or in periodic sets (known as fold trains).

Folds form under varied conditions of stress, pore pressure, and
temperature gradient, as evidenced by their presence in soft
sediments, the full spectrum of metamorphic rocks, and even as
primary flow structures in some igneous rocks.

Folds result from the slow deformation of rocks. This happens
deep underground where the rocks are under pressure and
temperatures are higher. Folded rocks are common in mountain
ranges like the Alps, Himalayas and the Scottish Highlands

Compression
(shortening-Contraction)

Compressive Forces

Folding Plastic (Ductile)

Faulting

Brittle

(3) Symmetrical {open)
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Main types of folds )
Anticline: fold that is convex in the :
direction of the youngest beds anticline

Syncline: Fold that 1s convex in the
direction of the oldest beds

*requires that you know facing

direction (direction of youngest
beds); know stratigraphy!

)
synformal
ncline
i)
Synform: convex down m
: . ncling
*simply describes geometry N .

» Geometry of a Fold (Parts of a Fold)

Antiform: convex up

Geometry of a Fold (Parts of a Fold)

vy
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FOLD DIMENSIONS 7%
\_/ interlimb angle

Crest Wavelength H inge"‘-

Amplitude

Height

median line

(fold width) §
fold|width =
£
Tr;.zce of =

axial plane

Trough Wavelength Hinge
Rasoul Sorkhabi (2013)
crest
backlimb forelimb

ampltude

wavelength

hinge T8 trough

intertimb angle

asymmetlric, periodic and inclined folds
with clockwise apparent vergence (Z-folds)

» Classifications of Folds
Folds are generally classified according to the attitude of
their axes and their appearance in cross sections perpendicular to
the trend of the fold. The axial plane of a fold is the plane or surface
that divides the fold as symmetrically as possible. The axial plane
may be vertical, horizontal, or inclined at any intermediate angle. An
axis of a fold is the intersection of the axial plane with one of the

Yo
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strata of which the fold is composed. Although in the simpler types
of folds the axis is horizontal or gently inclined, it may be steeply
inclined or even vertical. The angle of inclination of the axis, as
measured from the horizontal, is called the plunge. The portions of
the fold between adjacent axes form the flanks, limbs, or slopes of
a fold.

An anticline is a fold that is convex upward, and a syncline is a
fold that is concave upward. An anticlinorium is a large anticline
on which minor folds are superimposed, and a synclinorium is a
large syncline on which minor folds are superimposed.
A symmetrical fold is one in which the axial plane is vertical.
An asymmetrical fold is one in which the axial plane is inclined.
An overturned fold, or overfold, has the axial plane inclined to
such an extent that the strata on one limb are overturned.
A recumbent fold has an essentially horizontal axial plane. When
the two limbs of a fold are essentially parallel to each other and
thus approximately parallel to the axial plane, the fold is
called isoclinal.

= Anticline and Syncline

Older rocks will be in the core of an anticline. (An easy way to
remember this is "antique" = old = anti cline = old rock will be in
center.)

Younger rocks will be in the core of a syncline. (An easy way to
remember this is "sin" = young = syn cline = younger rock will be in
the center.)

Rock layers will dip down perpendicular in direction of the youngest
rock at the surface.

The steeper a layer of rock dips the more narrow the width of it's
exposure belt and a wider dip represent a gentle dip.

&
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Hinge line
/

‘Hinge line

Anticline Syncline

Monocline

e Anticline
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e Syncline

Homocline

Homoclinal fold : is a region of uniform djp
in one direction.
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overtuned.

: c AN
Chevron folds : have sharp crests and
froughs.
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Box folds : the fold has two hinges and
flat crest.

kink "box" fold
band :




¢ Domes and Basins
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Older rock

Symmetric fold

Axial plane

(a) Sy;nmetrical (open)
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Asymmetric fold

Axial plane Is
not vertical

I(}ru',u
directional
{b} Asymmetrical pressun

» Facing and vergence

The direction of apparent movement of the upper, long limb with
respect to the shorter limb of an asymmetric fold is called the
vergence. In other word, vergence is simply the sense of
asymmetry. The true vergence or facing is the younging
direction along the axial plane in a direction perpendicular to the
fold axis. Uniformly verging asymmetric folds are characteristic of
thrust belts. Vergence is useful in working out the regional direction
of transport and help to fix an observation location on large folds.

general vergence

upright o
fold inclined
' fold - overfold recumbent, isoclfinﬁjl
- 8]

axial surfaces .
plunging -
fold
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2- Based on interlimb angle

2- Based on interlimb angle

Qualitative classification of folds according to interlimb angles isocins|

gentle open
{180-120") {120.70")

Fold shape in the profile plane is described by the interlimb angle

Fold Profiles

S AS

g

v Open  Tight  ygqchinal

KeY ____
A, Anticline
S. Syncline
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3- Based on curvature of hinge zone

3- Based on curvature of hinge zone

Rounded fold Angular fold

= Mechanism of Folding

Three distinct mechanisms have been identified for the folding of
rocks: bending, buckling, and passive folding. Bending of rocks
occurs when the deforming force is applied across (at high angle to)
rock layers.

Types of folding:

to the layer

H-._'l':._||||i_'

the

—  Pazsive folding

A&



Passive - amplification of natural imperfections in the layers
of arock - or are a consequence of differential flow in a

volume of rock.
I
=58

e Q) et

Active (flexural folding) - the layering has mechanical
significance

Buckle folding

occurs when there is a competency contrast between
layers, and they are subjectedto layer-parallel
shortening.

Ao



| Making buckle folds |

weaker B
layers
| ‘
strong layer Mechanical Anisotropy

Neutral surface folding:

Folded layer contains only one plane with no internal deformation,
the neutral surface. Active folding.

AT



Facing is very important in fold naming

younging direction anticline (antiform with normal facing)

o
'oungest 2 :
e Antiformal syncline
(anticline with reverse facing)
| e (aging like syncline)
i oldest
& 0"
e
; 9 =
Syncline oldest < - _-;?/ o
(synform with normal facing) :?,-’ /‘{ 4

o" ‘{/,1' 3 ' i
ol

youngest \_/}

Synformal anticline 2 younging direction
(synform with reverse facing, aging like anticline)

< < “€
Rasoul Sorkhabi (2013) ARC S

Source: Structural Geology, George Davis & Stephen Reynolds (1996)
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ZMS Parasitic folds always verge toward the anticlinal
hinge. When you see a small asymmetric fold, you can infer

that there is a larger fold with an anticlinal hinge in the
direction of the vergence.

Symmetrical (M)

Crest

Enveloiini surface

En échelon folds

In some non-cylindrically folded surfaces, doubly plunging and
relatively short folds with steeply dipping axial planes are
arranged spatially such that culminations and depressions in
successive folds lie along lines that make an acute angle with the
axial surfaces. Such folds are stepped and consistently
overlapping; they define an en échelon array. Note, however, that
this term describes the geometry of the folded surface and is
independent of the relationship of the structure to the horizontal
and vertical.

en échelon folds sl /
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Chapter -V
FOLIATION and LINEATION

FOLIATION and LINEATION

b Lo wemels =
v o — =

Foliation:

T e

= [ntroduction; "General" definition:

Foliation: Penetrative (at outcrop and microscopic scale) and

planar fabric elements in a

"Structural geologist's" definition:

Foliation is a planar fabric, secondary and due to mineral
recrystallization and/or plastic behavior during deformation at

elevated temperatures

A4



Gneissic structure:
Compositional banding
produced during
deformation.

Schistosity:
coarser grained
fabric- also a
foliation



Mylonitic foliation: Forms due to grain-size
reduction by a mix of brittle and plastic deformation
in shear zones

Figure 8.55 {A) The mikrescopi texeurn f

mylonite. The wivte re
ln’mnmd grans (perphyrociuts) and brecoa streaks. The black memm' o
Geformed quartz, (8) The FICroscopic texture of ultramylonite. [From Higgion (1971}
Courtesy of United Seaces Gaological Survey.| g i

brittle deformation of feldspar_porphyroclasts
plastic deformation of quartz "ribbons" and mica

Coarse-grained mylonitic augen gneiss. The large
porphyroclasts are called augen ("eyes")
i - 2 5T s rﬂ;" 2

1)



Foliation Mechanism

(e) )

FIGURE 5.1 Diagrammatic representation of various types of foliation. The
foliations are defined by: (a) compositional layering: (b) grain-size variation; (c)
closely spaced, approximately parallel discontinuities such as microfaults or
fractures; (d) preferred orientation of grain boundaries: and (¢) preferred
orientation of platy minerals or lenticular mineral aggregates. These various
microstructures €an be combined and (/) shows a combination (@ + ¢) that is very
common in both sedimentary and metamorphic rocks.
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Axial Plane Foliation

)

4 Drve
fan .7 ' l::m '
FIGURE 5.2 Diagraimmatic~
representation of axial plane clemage
+ lans. ;

Divergent Foliation

= Lineation

Lineation: penetrative linear fabric. We will focus on those that are
related to deformation.

Y



How does it differ from other linear structures we have talked about,
like slickenlines on a fault surface?

e Types of lineation:
1) Intersection

2) Crenulation

3) Mineral

4) Stretching

Intersection lineation: Intersection of two planar
features- an "apparent" lineation in that there is no fabric
that is linear.

Mineral lineation: preferred alignment of minerals due to
deformation and/or recrystallization during deformation

q¢



Stretching lineation: clongation of minerals due to
"stretching" deformation

S-C fabrics- occur in L-S tectonites and serve as
excellent sense-of-shear indicators

Strain Gradient

Mylonite —

S-Surfaces- planes of schistosity/foliation (flattening)
C-Surfaces- planes of maximum shear "shear bands"
C comes from cisaillement, French for shear

q0



Chapter =VI
Tectonics

= |ntroduction

- In 1785, James Hutton introduces; (the present is the key to
the past).

A group of scientists started to recognize themselves as
geologists. Their main aims were:

- To make geological maps.
- Reported the formation of rocks.
- The origins of specific structures and mountain ranges.

Later,

ideas about the origin of mountains have evolved

gradually.

Some questions we will answer

How is the earth always changing?

What forces inside the earth create and change
landforms on the surface?

What is continental drift and sea floor spreading?

What is the theory of plate tectonics and how does
it work?

What two theories help make up the theory of plate
tectonics?

What happens when the plates crash together, pull apart, and
slide against each other?

= The Earth’s crust

e The Earth is made of many different and distinct layers. The
deeper layers are composed of heavier materials; they are
hotter, denser and under much greater pressure than the
outer layers.

a1



e Natural forces interact with and affect the earth’s crust,
creating the landforms, or natural features, found on the
surface of the earth.

Cceanic crust
Cantinental crust

Saolid care
Liguid core
Ml artle

Lithosphere
icrust and upper mantle)
hroken into tectonic plates.

e Before we start to look at the forces that contribute to
landforms, lets look at the different layers of the earth that play
a vital role in the formation of our continents, mountains,

volcanoes, etc.

B100km /S .

Irmer cere l Outer core Crus

A slice through the globe to show Earth's dif ferent layers

v



570 b

- P P Crust

- TN _Mantle
/: T e a
/ o ", __ Outer Core
IIII.' I." Jf_Ea - "'-.__ ___'_,_,.,-o-""' -". \
' ', o Y
{:i[ 1 |, Inner

Il) Lore
—

crust - the rigid, rocky outer surface of the Earth, composed mostly of
basalt and granite. The crust is thinner under the oceans

mantle - a rocky layer located under the crust - it is composed of silicon,
oxygen, magnesium, iron, aluminum, and calcium. Convection (heat)
currents carry heat from the hot inner mantle to the cooler outer mantle.

outer core - the molten iron-nickel layer that surrounds the inner core.
inner core - the solid iron-nickel center of the Earth that is very hot arH

under great pressure,
Continental Drift Theory
and

Seafloor Spreading

= Continental Drift Theory

¢ When the tectonic plates under the continents and oceans
move, they carry the continents and oceans with them.

¢ Inthe early 1900s a German explorer Alfred Wegner;
proposed the continental drift theory. He proposed that
there was once a ingle “supercontinent” called Pangaea.

aA
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PERMIAN TRIASSIC
225 million years ago 200 million years ago

JURASSIC CRETACEQUS
135 million years ago 65 million years ago

PRESENT DAY

Wegner's theory was that about 180 million years ago, Pangaea
began to break up into separate continents. To back this theory up,
he perserved remains and evidence from ancient animals and
plants from South America, Africa, India, and Australia that were
almost identical.

Africa

South
America )

19



= Seafloor Spreading
The other theory supporting plate tectonics emerged from the study

of the ocean floor.

Scientists were suprised to find that rocks taken from the ocean floor
were much younger than those found on the continents. The
youngest rocks were those nearest the underwater ridge system
which is a series of mountains that extend around the world,

stretching more than 64 thousand kilometers (40 thousand miles).

® shallow depth earthquake

Seafloor Spreading



The theory of seafloor spreading suggests that molten rock (think
of a melted chocolate bar that has been left in your pocket for too
long)... This hot substance (lava) from the mantle rises under the
underwater ridge and breaks through a split at the top of the ridge
(the crust... Remember, the plate). The split is called a rift valley.
The rock then spreads out in both directions from the ridge as if it
were on two huge conveyor belts. As the seafloor moves away
from the ridge, it carries older rocks away. Seafloor spreading,
along with the continental drift theory, became part of the theory of
plate tectonics.

Plate motions also can be looked at into the future, and we can
have a stab at what the geography of the planet will be like.
Perhaps in 250 million years time there will be a new

supercontinent.



Future World + 250 Ma

Modern Landmuass Q
Subduction Zone (triangles point in the
direction of subduction) 1}

Sea Floor Spreading Ridge G
© 2000 C.R. Scotese

- What two theories help make up the theory of plate
tectonics?
- What is continental drift and sea floor spreading?

= Plate Tectonics

- Most of these changes in the earth’s surface takes place
so slowly that they are not immediately noticeable to the
human eye.

- The idea that the earth’s landmasses have broken apart,
rejoined, and moved to other parts of the globe forms part
of the plate tectonic theory.

About 60 years ago, scientists exploring the seafloor found that it
is full of tall mountains and deep trenches, a single seafloor
mountain chain circles Earth and contains some of Earth’s tallest
mountains.

Along this mountain chain is a deep crack in the top layers of
earth. Here the seafloor is pulling apart and the two parts are
moving in opposite directions, carrying along the continents and
oceans that rest on top of them. These pieces of Earth’s top layer
are called tectonic plates. They are moving very slowly, but
constantly. (Most plates are moving about as fast as your
fingernails are growing -- not very fast!) Currently Earth’s surface

YoV



layers are divided into nine very large plates and several smaller
ones.

The Earth's Major Plates

- Antarctic Plate g

©7oomachoolcom ™™

According to the theory of plate tectonics, the earth’s
outer shell is not one solid piece of rock. Instead the
earth’s crust is broken into a number of moving
plates. The plates vary in size and thickness.

The North American Plate stretches from the mid-Atlantic Ocean
to the northern top of Japan. The Cocos Plate covers a small
area in the Pacific Ocean just west of Central America.



These plates are not anchored in place but slide over a hot and
bendable layer of the mantle.

In Conclusion:

Plate Tectonics

Plate Tectonic Theory:

Plate Tectonic Theory says that; the earth’s
crust and the upper mantle are divided into
major lithospheric plates moving tangentially
with respect to each other.

But this doesn’t actually tell me how the
mountains or volcanoes were formed or how
earthquakes happen, does it?

YES!

* As mentioned earlier, those tectonic plates are
always moving. They are always moving:
— pulling away from each other
— crashing head-on
— or sliding past each other.
Depending on which way these plates are moving

will decide what is happening on the earth you
and | are standing on.



They’re Pulling Apart!

* When plates pull away from one
another they form a diverging
plate boundary, or spreading
zone.

SPREADING
ZONE

Thingvellir, the spreading zone in Iceland between
the North American (left side) and Eurasian (right
side) tectonic plates. January 2003.

What happens when plates crash into each other depends on the
types of plates involved.

Because continental crust is lighter than oceanic crust,
continental plates "float” higher.

Therefore, when an oceanic plate meets a continetnal plate, it
slides under the lighter plate and down into the mantle. The slab
of oceanic rock melts when the endges get to a depth which is
hot enough. A temperature hot enough to melt si about a
thousand degrees!) This process is called subduction. Molten
material produced in a subduction zone can rise to the earth’s
surface and cause volcanic building, mountains, and islands.



Oceanic Crust

Lithosphere

What are Plates?

* The Earth’s crust and

(o SiEROSRRERS
upper mantle — :
(Lithosphere) are et
broken into sections R

called plates

Plates move around on top of the mantle like
rafts

A section of the lithosphere that slowly moves over
the asthenosphere, carrying pieces of continental
and oceanic crust.



What makes the plates move?

Mid-cceanic ridge

Convection Currents in the mantle move the plates as the core
heats the slowly-flowing asthenosphere (the elastic/plastic-like
part of the mantle).

PLATE
FLATE
PHERE




= Plate Boundaries

The edges of Earth’s plates
meet at plate boundaries.

“+Extended deep into the
lithosphere

raraform (s nq:\/\

or Undefined

FAULT - Breaks in Earth’s crust where rocks have
slipped past each other.

THERE ARE THREE TYPES OF PLATE BOUNDARIES!

What are the three types of boundaries?
« Divergent Boundaries

« Convergent Boundaries

« Transform Boundaries

A different type of plate movement occurs along each type
of boundary.

Divergent Boundaries

A plate boundary where two plates move away from each other.

€>

RIFTING
causes
SEAFLOOR
SPREADING




Accumulated  Volcanic
sediments mountains £

(@)

How is the rock pulled at Divergent
Boundaries?

Rock gets THIN in the middle as it is pulled
apart.

Tension

This STRESS is called Tension



What happens next at Divergent Boundaries?

Rift Valley

* A geologic feature or
event...

May form RIFT
VALLEYS on continents

SEA-FLOOR SPREADING

in the ocean -

Features of Divergent Boundaries
* Mid-oceanridges

g ”ft Va”eys NORTH AMERICAN
» fissure volcanoes




Convergent Boundaries

* Places
where
plates crash
(or crunch)
together or
sub- duct
(one sinks
under)

Type 1

Oceanic-continental convergence



What else happens at Convergent

Boundaries?
VOLCANOES
occur at
subduction
zones
Seofloor wce\‘m

AUSTRALIAN PLATE

Type 2

* Ocean plate colliding with another ocean plate

* The less dense plate slides under the more dense
plate creating a subduction zone called a TRENCH

Oceanic-oceanic convergence

ARA



Aleutian Islands, Alaska

Type 3

* A continental plate colliding with another
continental plate

* Have Collision Zones:

—A place where folded and thrust faulted
mountains form.

VY



* May form Mountain Ranges.

These are Folded Mountains, like the Himalayas or
the Rockies.

AR R



Transform Boundaries

A plate boundary where two plates move past each
other in opposite direction.

How is the rock broken at Transform
Boundaries?

* Rock is pushed in
two opposite
directions (or =
sideways, but no \ .
rock is lost) ERE

* This stress is
called SHEARING



What happens next at Transform Boundaries?

* May cause
Earthquakes
when the rock
snaps from the
pressure.

* Afamous fault @
a Transform
Boundary is the
San Andreas Fault
in California.

= HOTSPOTS

Map of part of the Pacific basin showing the volcanic trail of the
Hawaiian hotspot-- 6,000-km-long Hawaiian Ridge-Emperor
Seamounts chain.

A sharp bend in the chain indicates that the motion of the Pacific
Plate abruptly changed about 43 million years ago, as it took a
more westerly turn from its earlier northerly direction. Why the
Pacific Plate changed direction is not known, but the change may
be related in some way to the collision of India into the Asian
continent, which began about the same time.

RN



OTHER HOTSPOTS

EXPLANATION

Divergent plate Boundaries—
Where new crust is genarated
s the plates pell away from
esch other

ahnsn C gent plate

Where crust s consumed in the
Earth's interiar as one plate
dives uvader anether

Tramaform plate bowndarios—
Where crent is nether produced
nor destroyed as plates shide
horizontally past sach other

L 1 Plate beundary rones—Brosd
L belts in which deformation is
dituse and boundaries are not
well defined

= Plate Motion Summary




= Tectonic setting of the Red Sea

" stE 40°E ' \ '50°E ' 60°E
Caspian
yrides @,} Sea <— 10 mm/yr scale
’«S‘\ [ Cenozoic Volc. Rocks
= [ Ocean Crust >10 Ma
?9-. T [ Ocean Crust <10 Ma
30N OJ‘ @ N Spreading Center
% . 30°N-
é o
Gulf of 7 Eurasia

Somali Block
500 Fracture

Tectonic setting of the Red Sea. Modified from Bosworth et al. (2005).
Red arrows are GPS-derived velocities from ArRajehi et al. (2010).

VYA



Regional
map depth

Afar N
T PMATSE
.

Regional setting of the Red Sea, Gulf of Suez and Gulf of Agaba. Instrumentally
recorded earthquakes demarcate the plate boundaries of the region (M 4 since 1960-
01-01; ANSS 2016). Yellow arrows show the slip rates of Arabia and Sinai relative to
Africa (ArRajehi et al. 2010). The small arrow on Sinai equates to 0.15 cm/yr
(Mahmoud et al. 2005). Locations of Figs. 2 and 14 are shown by boxes. Volcanic
rocks of Harrat Al Birk are shown in red. The continental Danakil Block is shown in
green.

= East African Rift System
East African Rift System, also called Afro-Arabian Rift
Valley, one of the most extensive rifts on Earth’s surface,
extending from Jordan in southwestern Asia southward through
eastern Africa to Mozambique. The system is some 4,000 miles
(6,400 km) long and averages 30—40 miles (48—64 km) wide.


https://www.britannica.com/dictionary/extensive
https://www.britannica.com/place/Earth
https://www.britannica.com/place/Jordan
https://www.britannica.com/place/Asia
https://www.britannica.com/place/Africa
https://www.britannica.com/place/Mozambique

“ Volcanoes

— Plate Boundary

[ Intense Volcanism

® Earthquake Centres

®
. \e®
R o
Red Sea
Afar
AFRICAN (NUBIAN)  Triangle
PLATE

SOMALIAN
MICROPLATE

1
e R TER ! o= &
i I M.
il N\ o
| AFRICA \}ﬁ_, Rivar |
ain / AFRICAN
L PLATE |
/ 1=a (Nubian)
ATLANTIC 4] | ) {
OCEAN | Vo e i
~1 - f?“{) il
- el 7y / INDIAN
NS ./ PLATE
é | RN -
fga LN s : Equator
& & 1 Ioidoinyo Lengai
Fodls A‘L o AFRICAN
L &é“ IF 2 PLATE
Ve (Somalian}
“::';:‘“ J |
et EXPLANATION
'I.n!“ ] A Plate
AL Rinat boundaries
! |‘| y " | J East African
¥ ik 4§ Rift Zone

EURASIAN




East African Rift System

References

Anderson, r. n., et al. (1977), The mechanisms of heat transfer through the
floor of the Indian ocean, J. Geophys. Res., 82, 3391-3409.

Andreas fault zone, J. (1992), Geophys. Res., 85, 6185-6222.

Brodsky, E. E., and H. kanamori (2001), Elastohydrodynamic lubricationof
faults, Journal of Geophysical Research-Solid Earth, 106, 16374-16305.

Chester, F. M., et al. (2004), Structure of large-displacement Strike-Slip Fault
zones in the Brittle Continental Crust, in Rheology and Deformation of the
Lithosphere at Continental Margins, edited by g. karner, et al., pp. 223-260,
Columbia university Press, new york.

Chester, F. M, et al. (1993), Internal Structure and Weakening Mechanisms
of the San-Andreas Fault, J. Geophys. Res.-Solid Earth, 98, 771-786.

Davis, John C., (1986), Statistics and data analysis in geology: 2nd ed., John
Wiley & Sons, New

York , 646p.

di Toro, g., and g. Pennacchioni (2005), Fault plane processes and
mesoscopic structure of a strong-type seismogenic fault in tonalites (Adamello
batholith, Southern Alps), Tectonophysics, 402, 55-80.



Faulkner, d. r., et al. (2003), on the internal structure and mechanics of large
strike-slip fault zones: field observations of the Carboneras faultin southeastern
Spain, Tectonophysics, 367, 235-251.

Hardebeck, J. |., and E. Hauksson (1999), role of f luids in faulting
inferred from stress field signatures, Science, 285, 236-239.

Greiling, R.O., Abdeen, M.M., Dardir, A.A., El Akhal, H., El Ramly, M.F.,
Kamal El Din, G.M., Osman, A.F., Rashwan, A.A., Rice, A.H.N., Sadek, M.F.,
(1994), A structural synthesis of the Proterozoic Arabian-Nubian Shield in
Egypt. Geologie Rundschau, 83, 484-501.

Rice, J. r. (1992), Fault stress states, pore pressure distributions, and the
weakness of the San Andreas fault, in Fault Mechanics and Transport
Properties of Rocks, edited by B. Evans and T.-F. Wong, pp. 475-504,
Academic Press, London

Scholz, C. H., and T. C. Hanks (2004), The Strength of the San Andreas Fault:
A discussion, in Rheology and Deformation of the Lithosphere at Continental
Margins, edited by g. d. karner, et al., pp. 261-283, Columbia university Press,
new york.

Pearce, J.A., (2003). Supra-subduction zone ophiolites: the search for modern
analogues. In: Dilek, Y., Newcomb, S. (Eds.), Ophiolite Concept and the
Evolution of Geological Thought. Geological Society of America Special Paper
373, pp.295-269.

Marshak, Stephen and Mitra, Gautam, (1988), Basic methods of structural
geology: Prentice Hall, Englewood Cliffs, New Jersey, 446p.

Ramsay, John G., 1967, Folding and Fracturing of Rocks: New York, McGraw-
Hill, 568p.

Stern, R.J., (2005), Evidence from ophiolites, blueschists, and ultrahigh-
pressure metamorphic terranes that modern episodes of subduction tectonics
began in Neoproterozoic time. Geology 33, 557-560.

Stern, R.J., (2008), Neoproterozoic crustal growth: the solid Earth system
during a critical episode of Earth history. Gondwana Research 14, 33-50.

http://www.utahpictures.com/Checkerboard.html.
http://volcanoes.usgs.gov/Products/Pglossary/PillowLava.html
http://volcanoes.usgs.gov/Products/Pglossary/ancientseq.html
http://www.geology.washington.edu/~cowan/faultrocks.html#photo

Scholz, C. H., The Mechanics of Earthquakes and Faulting, 2nd. ed.,
Cambridge University Press, 471 p., 2002

Coney, P. J., Cordilleran metamorphic core complexes; an overview,
in:Crittenden, M.,D., Jr., Coney, P. J., and G. H. Davis (eds), Cordilleran

YYY



metamorphic core complexes, Geological Society of America Memoir 153, 7-
31. 1980.

http://home.earthlink.net/~rhaughy/ROCKS.HTM
http://earth.leeds.ac.uk/assynt/quartzmfr.htm
http://www.Ipl.arizona.edu/~rlorenz/pseud.html
http://www.geolab.unc.edu/Petunia/lgMetAtlas/meta-micro/mylonite.X.html
http://mwww.nps.gov/deva/pphtml/maps.html
http://www.geophysics.rice.edu/department/research/julial/julial.html
http://earth.leeds.ac.uk/mtb/background/nwmap.htm

http://earth.leeds.ac.uk/assynt/quartzmfr.htm

\YY



