COURSE INTRODUCTION
ERTH 162 STRUCTURAL GEOLOGY
SIO 256B

(Winter Quarter 2006)

Web link for class: http//daneel.ucsd.edu

The main objective of this courseis to introduce studentsto the basicsof
structuralgeology,structuralterminology,and mechanicaprincipalsof deformationof
earthmaterialsthrougha seriesof lecturesjaboratorypracticalsandfield trips. Practicals
andshortfield trips will normally be heldon ThursdayafternoonsDay field trips will be
held on the weekendsPleasebring a notebook(A4 size)pens,pencils,erasersyalking
shoes, water, backpack, and rain gear if appropriate.

Field trips:
Three Thursday afternoons: Local geology of the San Diego Region
Dates
1) 19 th Jan SIO beach walk north of the pier
2) 26 th Jan way up North Torrey Pines state park
3) 23 Feb Cardiff State Beach , mystery project
Three full days field work in the Anza Borrego and San Andreas regions

One-day field trip on 11 the Feburary, Anza Borrego

Potentialone overnightcampingtrip on 4 and5™ marchAnza Borregoand San
Andreas fault zone

Examplesof structuresdentified during the periodof thefield classwill discuss
and evaluatedthrough applicable geologic principles learnt in the classroomand
laboratory.Therelevantchapterdan the assignecdtlasstextbookareto be readaspart of
the weekly homework.
Grading:

Grading will be done on the basis of the mid term and final exams (i.e. 2 x 30% of
the final grade) and through continual assessment of the field and laboratory exercises
(40% of the final grade).

Field based projects are due at the end of each field trip.

Mid term is probably the 9th or 16th of February



Final is 16th of March (last Thursday class in the term.
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Textbook:

Structural Geology of Rocks and Regions

George Davis and Stephen Reynolds
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Instructor: Prof. Kevin M. Brown - 534-5368; kmbrown@ucsd.edu;
Vaughn Hall 207; Mobile: 858 610 5346



ES 162 COURSE OUTLINE

LECTURE 1

1) Stratigraphic sequence indicatosgay up indicators)

i) Bottom markings (flute casts, load casts, flame structures)
i) Graded bedding- Bouma divisions

iii) Cross bedding

iv) Channels and scours

V) Rain pits, desiccation cracks

vi) Burrows i.e. U-shaped burrows bioturbation gradients

vii) Lava flow structures, grading in cumulates, pillow basalts
viii) Unconformaties

iX) Age- biostratigraphic, radio-isotope dating etc.
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LECTURES2 & 3

KINEMATIC ANALYSIS - (READ CHAPTER 2, PAGES 38-59)

1) General description
a) Strain — Results from non-rigid body deformation when rock undergoes a
change in size (dilation) or shape (distortion).
b) Displacement vectors — distance, direction, sense of transport.
¢) Rotation, axis, magnitude, and sense
d) Homogeneous/heterogeneous

2) Strain ellipse (read pages 68 to 84) will return to this when dealing with Mohr
diagrams.

a) Instantaneous stain ellipse - tiny increment of strain
b) Finite stain ellipse- total strain
¢) Changes in length of lines

3) Simple and Pure shear | € = (i-lo)/lo

Simple shear B when rocK S= W, of cards into a parallogram
Pure shear b square shortereorror—areed0n and lengthens in the perpendicular
direction (square that changes into a rectangle - area stays the same).




4) INTRODUCTION TO FAULTS (READ CHAPTER 6, PAGES 269-303)

a) Faults and fault zones (meters to tens of knghear fractures (~cms) andnicro
faults (~mm or less).

b) Hanging wall and footwalHigh angle (>45j); Low angle faults (<45j)
c) Dip-slip faults, Strike-slip faults, oblique-slip faults, Rotational faults, Fault trace

d) Strike slip faultsdextral (right lateral), Sinistral (Left lateral)

5) CHANGING CHARACTERISTICS OF FAULTS WITH DEPTH
(read Chapter 4)

A) SHEAR STRENGTH PROFILE WITH DEPTH- Brittle,
Ductile, and Brittle-Ductile shear zones

B) Formation of micro cracks and cataclasis
B) SHALLOW "BRITTLE" PORTION OF THE CRUST (DEPTHS <~4 TO
10 KM AND TEMPERATURES LESS THAN 250-300°C).
Characterized by:
|) INDEPENDENT PARTICULATE FLOW. Grains slip past each
other without breaking. (Occurs at very low stresses, commonly at very

shallow depths <100's m to few km with high pore fluid pressures).

) CATACLASTIC ROCKS - Grain breakage (see Table 4.1, p. 53 -
Fault rock terminology)

a) Breccia, (mega breccia (> 0.5m), breccia, micro-breccia (<1 mm) and
Gouge (<<1mm). Matrix < 30%.

b) Cataclasite (matrix > 30 %). grain size (<10mm).
c) Pseudotachylite - Faulting under dry conditions results in large amount

of frictional heating and melting of the rocks along the fault plane to cause
glass.

C) SENSE OF SHEAR INDICATORS IN THE BRITTLE UPPER CRUST:



a) Drag folds and micro folds

b) Displaced features/beds- Piercing points of linear features. Displaced

distinctive igneous bodies or in the case of the surface breaks of faults geographic
features such as rivers/roads etc.

C) Slickenside lineations/ fault mullions/striations- formed in response to
scraping of raisedsperities.

d) Slikenfibers - mineral growth into open fracture&yntaxial fibers, Antiaxial
Fibers

e) En echelon arrays of subsidiary fractures

f) Riedel shears, R and R’
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LECTURES 4 TO 6

JOINTS, SHEAR FRACTURES AND FAULTS IN THREE DIMENSIONS
Chapters 3 and 5

1) JOINTS (Chapter 5)

2) Propogating fractures in three dimensions

a) Mode II and Mode III fractures
b) Tip lines, Branch lines, Fault splay
c) Fault displacement maps

CHAPTER 3 - STRESS, MOHR CIRCLE CONSTRUCTION (PAGES 98-155)

I =F/A

Stress = Force divided by Area

Introduction

This chapterintroduceghe Mohr Circle graphicalconstructionThis simpleconstruction
(simplerthanthe mathsin the chapteranyway)allows us to easilydefinethe magnitude
of thenormalandshearstressesctingon a planeof any orientationin astresdield. The
Mohr circle constructionis usedtogetherwith the propertiesof a rock to ascertain
whethertherock will break,andthe angleof the fracturealongwhich it will break.The
Mohr circle constructioncan also be usedto predict,in a previouslyheavily fractured
rock, which of the many differently orientedfracture planesshouldbeginto slip first.
TheMohr circle is only usefulup to the point at which the materialbeginsto breakor the
fracturebeginsto slip. After this the propertiesare controlledby very coupledtransitory
interactions of rock stress and fluid pressure, and material properties.

The stressat a point s belongsto a group of mathematicafjuantitiesknown assecond
order tensors.What is a secondorder tensor,you ask? A tensoris a mathematical
guantitythat canbe usedto describethe stateor physicalpropertiesof a material. We
represent tensorby a setof scalarcomponentgeferencedo a particularcoordinate
system.The rank of a tensorindicateshow many scalarcomponentsare requiredto



describeit completely. The numberof components equalsthe dimensiond of the
physical space raised to the power given by the raok

c=d
In three-dimensional space, d = 3.

1) Scalars (examplesaretemperaturemass,density,volume)aredescribedsimply by a
magnitude and are zero rank tensers ( so that = 3 = 1).

2) Vectors describephysical quantitiescharacterizedoy magnitude and a single
direction. Vectors (velocity, acceleration force) are first order tensorsin three-
dimensional space € 1 so that = 3' = 3).

3) Second order tensors, suchas stressand strain (and momentof inertia, and the
indicatrix from mineralogy...)relateonesetof vectorsto another Considerthe following

asaway to visualizesecond-ordetensorsfirst, imaginethe unit sphere Every pointon

the surfaceof the unit sphereis, in fact, the endpointof a vectorradiatingout from the
origin. Now deformthat sphereby inflating or deflatingit, or by squashingpr stretching
it in somedirection. The endresultis an ellipsoid, orientedin someway or another
relative to your original set of coordinateaxes.The surfaceof the ellipsoid can be

describedy anothersetof vectors.Whatrelatesthefirst setof vectors(the sphere}o the

secondtheellipsoid)?In physicalterms,itOghe amountof stretchingor squashingalso
known as strain. In mathematicaterms, itOsthe straintensor.Becausea secondorder
tensorrelatesa vectorwith d componentgo anothervectorwith ¢ componentsyou can
representt in three-dimensionadpaceby a setof 9 component§r = 2, ¢ = 3= 9), or by

threevectors(calledthe principal axes). This is the basisfor referringto secondorder
tensors as ellipsoids (in 3-D; ellipses in 2-D).

Incidentally,the force (actuallyforce perunit area)you appliedto the unit sphere
in orderto deformit is known as the stress.The stress tensor is made up of the
components of stress normal to and parallel to the plane on which that stress acts
(callednormal stress andshear stress).

Finally, structuralgeologistsoften wantto know stress fields or strain fields. A
tensorfield is the collectionof tensorswhich describethe stress strain, or othersome
othertensorquantityat everypoint within anobject(arock, usually;sometimeseferred
to in abstractermsasamedium or anelement). Whenwe talk abouthomogeneoustress
fields or strainfields, we meanthat the sametensorapplieswhereveryou look in that
object.

4) Fourth order tensors exist. For example the elasticconstant®f a materialdescribe
the relationshipbetweenthe stresson a material (a secondorder tensor) and the
associated strain (another second order tensor).

Forces and tractions

1) Body forces act on each particle independent of the surrounding material, i.e. gravity



2) Surface forces arise from the action of bodies across a surface

3) Theintensityof aforce depend®n theareaoverwhichit is distributedandis calleda
traction.

4) Tractionon a surfaceis normally representedn termsof a componentpair acting
paralleland perpendiculatto the surface. The normaltraction (or normalforce) acts
perpendicular to the plane the shear traction (Shear force) acts parallel to the surface.

5 To bein equilibriuma surfacemusthavepair of equalandoppositetractionsactingon
it. These define the surface stress.

6) Surface normal stress can be tensile (negative) and compressive (positive).

7) Shearstresscouplesare positive if they tend to rotate a body clockwise and are
negative if they rotate a body anticlockwise.

8) The surfacestresson a planeof any orientationin a cubecanbe representedh terms
of thethreeindependensurfacestressegi.e. pairsof tractions)actingon the surfaceof
the cube.

9) The stresstensorif formedfrom the componentof the of the threesurfacestresses
andis a quantitythatpermitsusto calculatethe surfacestresson a planeof any possible
orientation.

10) In 3D, if the surfacestresse®n a planein any orientationareplottedfrom acommon
point they define an ellipse- called the stress ellipsoid.

11) Thethreesurfacestresseshatareparallelto the major,intermediateandminor axes
of the stress ellipsoid are called the Principal Stresgs! >! ).

MOHR CIRCLE CONSTRUCTION

Recallthata secondordertensorcanbe resolvedinto threevectorsbits principal axes.
Geologiststypically refer to the principal axesof the stresstensoras! ;, ! ,, and! ..
Also recallthatthe stresgensoris actingon a planein spaceyou can,asanalternativeto
resolving the tensorinto its principal axes,resolveit into a normal and a shear
component.

In thederivationon the nextpage we will look athow, for agivena stresgensor,
normaland shearstressevary with the orientationof aninclined planeon which that
stresgs operating.The planeneednot be a real discontinuityin a pieceof rock: we let "
be the anglebetweenthe planeand! ,, andthencalculatethe valuesof normalstress

(! \) andshearstress(! , sometimesalso called #) for all possible angles.In other
words, we usethe equationsdor normal stress(E.18B) and for shearstress(E.19B) as



parametricequationswith paramete2" (thefactorof 2 is herebecausef atrick we use
in thederivation).If we plot ! ( against | for all angles" , we getacircle. Thisis the
Mohr circle construction (FigureE.5).It is aconvenientvay to relatethe magnitude of
the principalstressaxes(! ;,! ,, and! ;) to! . ! , and" , all of which will bevery
important very soon in this course.

Thevariationsof normalandshearstressesvith the changan angle" areshown
individually in figure E.6. The maximumand minimum valuesof shearstress(positive
and negativevaluescorrespondo the direction of sheatr,i.e. right-handedversusleft-
handedsenseof shear)arealwaysfound actingalongtwo planesequallyinclinedto the
principal of stresg(" = 45j). In three-dimensionadtressstatest canbe shownthatthe
maximumvaluesof shearstressalwaysoccuron two conjugatesurfacesintersecting
along the intermediatestressaxis! ,. Thesesurfacesmake anglesof +45; with the

principal axed ; and! ; (see Figure E.7).

STRESSESACTING ON A SURFACEINCLINED TO THE PRINCIPAL
AXES OF STRESS (PLANE STRESS)

For this analysis,we make the approximationthat the elementweOrdooking at is
homogeneouslgtressedTo simplify things,the coordinatesystemis chosensothatthe

axesare parallelto the directionsof the principal stressesX in the directionof ! |, Y
parallelto ! ,, andZ parallelto ! ;. We will referto the valuesof normalstress!  and
shear strest with respect to the values of the principal stresses

Considera planeof areaA with its normalmakingan angleof " to the X axis. The
projectionsof the planeon the X andY axesare of areasA sin " and A cos" ,
respectively. And the forces acting on the inclined plane in the X and Y directions are:

F,=!,Acos"

,=!,Asin"

Resolving these forces to determine the force normal to the surface, we obtain:

Al =!,Acos" cos" +!,Asin" sin"
or 'v=", cos" +! 2 sirf " (E.18A)
This can be put into double angle form using the identities
cos" =(1+cos2)/2andsifA" =(1-cos2)/2:

| (=05(,+!,) +05(,-!,)cog" (E.18B)

The shearforce actingalongthe inclined surfacecanalsobe expressedh termsof forces
F,and E:

Al .=l Acos" sin" -!1,Asin" cos
or e=(,-"!,)sin" cos" (E.19A)



using the relationship sih cos" =(sin2 )/ 2:
,=05(¢(,-!,)sin2 (E.19B)

Other things to know:

1) Conjugates plane of maximum shear stress.

2) Terminology for states of stress

a) Hydrostatic stress!-1=! 2=! 3

b) Uniaxial compressiont >!' =! =0, tension - 0>=! >!_
c) Axial of Confined compression!- >! =! >0

d) Extensional stresd ;=! >! >0

e) Triaxial stres$ >! >!

f) Pure shear stresg=-! ,, and! .= 0

AAAAAAAAAAAAAAAAAAA

CHAPTERs 3 & 6 - MECHANICS OF FRACTURING AND FAULTING

Elastic Deformation

Whena rock experiences graduallyincreasingstressthe initial deformationor strainis
elastic andrecoverable (as with a spring). The extensional strain is given as:

e = (-L) /L

where L is the initial length of the object and | is the length after
deformation.In the uniaxial stateof stress,the magnitudeof the elastic
extension is proportional to the magnitude of the stress:

'v=E&§
whereE is Young’s modulus. For the geologic sign convention,a uniaxial

compressive(positive) stress decreaseghe length of the specimen
(producingnegativeextension).Tensilestresgnegative)increaseshelength



of the specimenpositiveextension) Giventhis geologicsignconvention E
IS given as a negative number for rocks.

Another important parameterfor isotropic, elastic behavior is
Poisson’s ratio, $. PoissonOsatio is a measureof the extension
perpendicularto an applied compressivestress(e,,,) divided by the
extension parallel to that compressiop (g):

$ = |%erp| / |%ara|lel

If amaterialwerecompletelyincompressible$ would equal0.5.In contrast,
for most rocks$ = 0.25 to 0.33.

Horizontal pressuresgeneratedby vertical loading with no additional
tectonic stress imposed

| =1 =1 $I(19)

3



Experimental Fracturing

1. The stressat which failure of a sampleoccursis a measureof the strengthof the
material.

Understandfrom the reading: experimentalgeometries,axial stress,radial stress,
confining pressure pore fluid pressure flexable impermeablejackets,uniaxial and
triaxial confined experiments.

1) Stressstatesor Mode I extensional fractures. Tensionfracturesform perpendicular
to the minimum principal stress! ; when! ; is tensile.Longitudinal splitting of the
sampleoccursif theaxial stresd , is compressivandtheradial stresds ator closeto
zero. Extension fractures can also form whers radial and ; is vertical.

2) Shearfractures:Modes II and III shear fractures form in confinedcompressiorat
angles less than 450! ;. The shear fractures are paralle! to

COULOMB FRACTURE FOR CONFINED COMPRESSION

Experimentadatashowthatasrocksare subjectedo increasingconfining stresseshey
can supporthigher differential stressedefore they fail. Using thesedata, you can
constructa shear failure envelope on the Mohr diagram.The Coulomb fracture
criterion for confinedcompressions a straightline approximationto the shearfracture
envelope such that:

I,=c+! tan"
or Fe=c+ply
where! . is thecritical shearstressg is theinterceptor cohesion,' is theangleandp is
the coefficient of the internal angle of friction (4 = tan" ). The Coulombfracture
criterion stateghatwhenevetthe stateof stressn arock is suchthaton a planeof some
orientationthe surfacestresscomponentsatisfy! ;= c +! | tan" , a shearfracturecan
developon that plane.For any critical stress state, the criterionis satisfiedat the two
points where the Mohr circle is tangentto the lines given by the Coulomb failure
envelope.Thesepointsdefinethe stresse®n two differently orientedplanescalledthe
conjugate shear planes.

Understand: Stable, Critical, Unstable states of stress

1) Fracture angles: the fractureangledeterminedoth the critical stressrequiredfor
fracturing and the orientation of the shear fracture.

At anypoint onthe Mohr circle, the radiusof the circle is by definition perpendicular
to atangentine. Whenthe Mohr circle touchesthe failure envelopethen,thereis a



radialline segmentvhich represents fractureplaneat someangle% to the principal
compressivestress ;. We canfigure out the orientationof thatfractureplaneusing
what we know about the construction of the Mohr circle:
2% =(90-")j = (&2 -" ) radians

The anglé ; between the normal to the plane aridis given by:

2 :,=(90+")j = (&2 +" ) radians
So if the fracture envelope for a sandstone is given by

Fs=c+ply

=24.1+0.49

Recall thayu = tan" , which is 0.49 in this case. The angle

' =tan' 0.49 = 26
The angle the fracture makes withwill thus be% = 32 .

2) The meanof the fractureplaneanglesfor a variety of rocksis % = 30;. In many
instancesthen, the angle betweenfracturesand the maximumcompressivestress
forming them is 30

3) Progressive deformation of clay analogs.

1) Pure shear: conjugate sets start with ( 30; and then rotate to higher angles.
2) Simple shear: Riedel shears R and RO and P shears.

THE FULL FRACTURE ENVELOPE:

1) Understandtensionfractures,extensionalmixed mode shears brittle shear
fracture, brittle-ductile transition,Von Mises ductile criterion.

Relationship betweebrittle failure and frictional sliding:
Brittle failure:! ;= c +u!
Frictional sliding:! ;= u®

wherep is normally smaller thapO.

3) The effect ohnisotropy. Mohr failure in rocks with planes of weakness. Two failure
envelopes.

LECTURE 7

FLUIDS, FAULTING AND EATHQUAKES: MANIFESTATIONS OF OVER
PRESSURES AND FLUID FLOW
CHAPTER 5 (PAGE 245-260)



1) Origins of high pore fluid pressures. Geopressures or overpressures are fluid
pressureshatlie abovehydrostatidevels.High fluid pressuraleceas¢he effectivestress
and thus the shear strength of rocks and sediments.

a)

b)

d)

Geopressures form wherelow permeability materials limit therateof fluid
escapeduring burial and heating.This meansthat compaction cannotoccur
(the sedimentdbecomeundercompactedor their depth)andthe pore fluid
pressurancreasesPermeabilityof geologicmaterialsvariesby >12 ordersof
magnitude High permeabilitymaterialsinclude: sands fracturedrocks and
dilated or hydrofracturedformations.Low permeability materialsinclude
unfractured rocks, clays, cemented rocks.

Rapidly buriedclay-rich sequenceare morelikely to becomeoverpressured
thanfracturedrocks or sandyformations.Thusclay rich fault zonemay be
weakbecausdhey are overpressurednd haveweak sedimentsn them (i.e.
low p).

Sourcef fluids thatdrive increasesn fluid pressuren environmentswhere
drainageis limited by low permeabilitiesinclude compaction (porosity
reduction)andchemical dehydration reactionsOneexampleof a chemical
dehydrationreactionis the reaction of smectiteclays to illite in the
temperaturegangebetween~80-100;C.Oils andgasgeneratiorcanalsolead
to overpressureing@scanthe processof aquathermapressurizatiortheating
and expansionof waterin reasponseo beingburied or episodicfrictional
heating.Even though they are smaller volumetic sourcesof fluids than
compactionThe deeperthermally activatedreleasesof water candrive up
fluid pressuresreleasedluids into sedimentsthat alreadyhave had their
permeability reduced by compaction.

Sedimentsare buried more quickly in subductionzone than sedimentary
basins becausethe sedimentsare under thrust beneaththe thickening
accretionary wedges at plate convergence rates

Key words: consolidation, permeability, fluid sources, overpressures
(geopressures), effective stress

3) Stick-slip behavior and Earthquakes

A) Stick-slip behavior at high stress.Earthquakecycle. Velocity weakening/
velocity strengthening and rupture instability. Unstablesliding relatesto a decreasén
shearstrengthsn the postfailure period.Potentialcausewelocity weakeningcausedy a
decreasen p with increasingvelocity, dropin cohesiondueto breakingof cementsor
christianizematerials,increasein pore pressureto frictional heatingand expansion,
acoustic fluidization.

b) Typical depths of earthquake intiation and relationship to shear strength
profile . Epicentergi.e. wheretheyinitiate) andhighestenergyreleaseas nearthe baseof
the brittle zone where the shear strengths are highest.



c) Stressdroopsduring earthquakesre generallysmall 1-10Mpaand major plate
boundary faults are often weak.
e) Weakplate boundaryfaults zone:Potentialorigins of weak plate boundary
faults zoneinclude high pore fluid pressureand/orthe presenceof weak
materials such as clays.

f) p valuesof typical geologicalmaterialsclaysu=0.07-0.25,sandg.=0.5-0.7,
rocks (i.e. graniteji=0.7-1.0.
4) Dynamic fluid-fault interactions: Effective stress and the development of

hydrofracture, extensional shears and shear fractures and the Mohr’s circle.

a) Orientation of hydrofracturesin thrust, extensionaland congressional
environments.

b) Interactionof fluid escapeandfaulting: Fault valve behavior - episodic hydro
fracturing, flow and changes in fluid pressure doing episodes faulting.

¢) Dilational Hardening

d) Fluid pressures antilational jogs: termination of earthquake ruptures

Lectures 8 & 9 Normal, Thrust and Strike-slip faults

Read Chapter 6
Normal Faults

Characteristics of normal faults:
1) They are a feature ektensional systems
2) Stress state and hydrofracture orienation

3) Omission of Strata- In flat lying sediments they cut out stratigraphy and commonly
place young sediments on top of much older rocks

4) They commonly havelistric or concave-up shape cross section. As the hanging wall
beds slip down they maintain contact with the underlying fault plane producally a
over anticline.



5) The major low angle fault seperating the complex structures in the hanging wall rocks
from the un-faulted foot wall rocks is called ihetachment fault.
6) Structures in the hanging wall:

i) Imbricate faults (closely spaced parallel faults)
i) Synthetic faults - smaller faults with the same sense of shear as the main

fault.
iii) Antithetic faults- Conjugate faults that dip in the opposite direction to the
main fault and which have the opposite sense of shear.

iv) Half graben -down dropped region with a fault on only one side.

V) Horst - relatively up lifted block with conjugate faults on either side.

vi) Transfer zones or faults - Strike-slip faults seperating regions in the anging
wall with different fault geometries and event different degrees of extension.
vii) Growth faults - associated with syntectonic sedimentation

viii) Extensional duplex

v) Extenion above salt domes and ring fault around volcanic claderas

7) Types of regions dominated by normal faulting

i) Mid-oceanic ridges- Mid Atlantic Ridges

i) continential extension and basin developement, formation of steer's head
geometry, failed riftspassive margin developemnt - i.e. Eastern continential
seaboard

iii) Syn- and late stage Orogenic collapse . i.e. US Basin and range

iv) strike slip basins

V) US Gulf Coast delta

vi) Extension over diapirs

READ CHAPTER 6 -THRUST FAULTS

Thrust faults form in compressionaknvironmentsand are a responseo horizontal
shortening.Thrustsgenerallyemplaceolder strataover youngerstrataand thickenthe
crust. Thrustsare typically found in continentalcollisional belts and subductionzone
systems.

1) Stress state and the orientation of thrust faults

2) The hangingwall abovea low angle décollement zone is called a thrust sheet or
nappe.



3) The allochthonous sequenceés a hangingwall sequencehat hasbeendetachedand
displaced from its underlying basement (#heochton).

4) Thrusting can juxtapose units with very widely separated facies i.e. oceanic sediments
andophiolite materialof Jurassicage may becomeemplacedonto Jurassiccontinental
shelfsedimentsThe agediscordancenay be very smallbut thethrustmay havetraveled

great distances.

5) Thrust faults characterized by@mp-flat geometry.

6)Erosion and thrust&lippe and windows.

7) Folds-fault bendfolds - ramp anticline, ramp synclines, and fault lateral ramp,
imbricate fan.

8) Duplex, horse, roof thrust, floor thrust, antiformal stack, Hinterland dipping
duplex, forehand dipping duplex.

9) Structuresassociateavith propagatiorandtransferzones-Tear faults, transfer zones
between en-echelon faults. Fault propagation folds

10) Large scale geometrical geometry's of thrust belts-

1) the early middle and late stage phases of orogenic development

2) Overall geometry of Orogenic belts:

foreland, hinterland, foreland basin or fore deep, Fold-and-thrust belt, slate
belts, Root zone, suture zones, ophiolite belts, metamorphic core, back thrust
systems, salient, reentrant or syntaxis, culmination, depressions.

Read Chapter6 - Strike Slip faults

1) Dextral (right lateral), Sinisteral (left lateral) faults
2) Strike slip tectonic regimes,

a) Plate boundaries - Transform faults L.e. San Andreas, Oceanic spreading
axis Transform faults

b) Regional transcurrent fault systems developed during continental collision-
Himalayan escape tectonics.

¢) Accommodation faults, e.g. tear faults.



3) Stress state in strike slip environments

4) Basic Structures developed during distributed deformation in and around strike
slip faults.

a) Subsidiary R, R' and P shears
b) Folds
¢) Thrust and normal faults.

5) Structures associated with restraining bends- thrusts, folds, transverse range
California, positive flower structures

6) Structure associated with releasing bends- normal faults, strike slip basins,
negative flower structures.

7) structures associated with fault terminations
8) Rotation associated with distributed strain along strike slip systems

9) Strain partitioning and state of stress on the San Andreas (paper- Mount and
Suppe State of stress near the San Andreas Fault)
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LECTURES 10 & 11
FAULTING IN THE DEEPER PORTION OF THE CRUST: DUCTILE
DEFORMATION AT TEMPERATURES > 250i-300C AND DEPTHS > ~ 10 KM

2) SHEAR STRENGTH PROFILE WITH DEPTH Brittle, Ductile, and Brittle-
Ductile shear zoneRead Chapter 9 - (pages 493- to 537)
The effect of increasing temperature and pressure at low to moderate strain rates
(~ roughly equivalent to displacement rate) is to inhibit fracturing and will promote
thermally activated process such as crystal slip and atomic diffusion. Faulting is
characterized by rapid recrystallization of minerals to forplonites. At these
metamorphic depths recrystallization and the grown of new mineral phases can produce



new foliation (planar fabrics) and lineations that transpose original bedding. The fault
zone minerals are commonly reduced in grain size relative to the original host rock.

Why shear zones form, thin, thicken

a) Softening due to grain size reduction, deformation mechanisms often more
efficient at small grain sizes

b) Geometric softening, grains realign until slip systems align favorably for slip

c) Reaction softening B mineral transformations to weak phases (clays,
serpentinite, micas)

d) Fluid related softening, fluids may remove grains that resist ductile
deformation or deposit vein materials that deform easily. Also hydrolytic
weakening water promotes ductile deformation

Strain Hardening b increasing density of dislocations cause disruption of grains to
deform by dislocation glide

SHEAR SENSE INDICATORS IN DUCTILE SHEAR ZONES:

1) Sense of curvature of a foliation (defined by a parallel alignment of platy
mineral).

2) Sheath folds

3) Asymmetric s-type and d-type tails around porphyroclasts (reliced crystals)

4) Helical trails of inclusions in porphyroblasts

5) Sense of shear on fractured grains such and feldspar.

6) S-C fabrics and shear bands

7) Displacement controlled fibers and pressure shadows

8) en echelon veins and tension gashesigmoidal veins

9) Fractured grains



Y

2)

3)

4)

5)

6)

DUCTILE DEFORMATION MECHANISMS

READ CHAPTER 4 - (PAGES 151- TO 201)

LINE AND POINT DEFECTS

MECHANICAL TWINING AND KINKING

THE THREE CREEPS

A) diffusion creep
B) dissolution creep
C) dislocation creep

DEFORMATION MAPS

A) DIFFUSION CREEP
I. volume diffusion creep
II. grain boundary creep
II1. superplastic creep

B) DISSOLUTION CREEP -PRESSURE SOLUTION

C) DISLOCATION CREEP
STRAIN HARDENING DISLOCATION TANGELS

RECOVERY AND RECRYSTALLIZATION

A) Dynamic Recrystallization — during deformation

B) Annealing — after deformation

C) Dislocation Climb — Movement of dislocation to and

higher or lower slip plane

D) Grain boundary migration recrystallization
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LECTURE 12 THE DESCRIPTION OF FOLDS
CHAPTER 7

1) Fold geometry:



Hinge line / zone

Inflection line

Axial plane / surface, axial trace

Antiform / synform

Anticlinal synform / synformal anticline and antiformal syncline /
synclinal antiform Younging directions?")

3-D variations including crest line depression / culmination, trough line
depression / culmination

Amplitude / wavelength

Plunge (moderate, steep, etc.; doubly plunging)

Homocline, monocline, overturned

Cylindrical folds, non-cylindrical folds, conical folds

2) Fold symmetry: symmetric and asymmetric folds, vergence, S, Z, and M folds.

3) Style of a folded layer:
Dip isogons and relative curvature, orthogonal thickness, axial trace thickness
Fold classes: Parallel / similar folds

Style of a folded multi-layer:

Harmony of folding: All folds die out along their axial surface unless they are intersected
by something like the earthOs surface. The depth of folding, D, is the distance along the
axial surface over which the folding persists. The harmony, H, is the scale-independent
measure of the rate at which the fold dies out along the axial trace. The harmony is equal
to the ratio of the depth of folding to half the wavelength

H=2D/)

A harmonic fold is continuous along its axial trace for many multiples of its half-
wavelength. A disharmonic fold dies out within a few half-wavelengths.

Because multilayer folds die out along the axial trace, dip isogons must form closed
contours between two adjacent hinges.

The order of folds: 9, 2, and 3' order folds, etc. PumpellyOs rule.

Other terms and types of folds: Parallel folds, kink folds, chevron folds.

MECHANICS OF FOLDING
Four different mechanisms:
1) Simple shear folds
2) Buckle folds and orthogonal flexure
3) Flexural shear folds
4) Passive shear folds

Relationship of the mean competence and the competence contrasts between beds and the
style of folding. Ptygmatic folding



Volume loss during folding
Development of Axial plane cleveage
Relationship between cleavage and the sense of closure on a fold.

Fault propagation folds and fault bend faulting
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Lecture 13

Chapter 8 - Foliations and Lineations

1) Foliation, Lineation, Surficial-Penetrative,
2) Disjunctive foliation, stylolities

3) Slaty cleavage, Phyllitic cleavage, schistosity, gnesssic foliation

4) Axial plane cleavages, refracted cleavages
5) Relationship between cleavage and the sense of closure on a fold.
6) Multiple folding episodes and creneualtion cleavage
6) S-C tectonites
7) Transposition of foliation, rootless folds
8) Lineations
constructed - intersection lineation e.g cleavage/bedding lineation, intersection of

two foliation, pencil cleavage

Mineral lineation, rods, nonfiberous overgrowths, Mineral fiber lineations
9) Fold Hinge lineations

10) Boudins, Boudinage pinch-and-swell structures. chocolate tablet boudinage



11) Mullions

12) Formation of Foliations and Lineations

a) Principal axes of strain, strain ellipse

b) flattening and constriction

c) Stretching lineation , plane of flattening

d) Mechanical Rotation- three ways = 1) ridged particle in a ductile matrix, 2)
passive marker, 3) shear on crystallographic slip planes.

e) Solution Diffustion, precipitation






