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DEFORMATION MECHANISMS

1. Cataclasis: low temperature, high stress (brecciation)

2. Pressure solution: low temperature, low stress (common in limestone)

3. Dislocation creep (crystal plasticity): high temperature

Involves motion of dislocations (edge and screw) 

Requires diffusion of atoms (ie high temperature)

Leads to recrystallization at high stress. 

Leads to recovery and annealing at high temperature. 

Crystal defects

No crystal lattice perfect- have defects

Imperfections in crystal lattice

Point defects: 

vacancies, empty site 

impurities, e.g. Rb in K-feldspar

interstitals, atom between sites

latter two can tangle (block) dislocations

Defects move by diffusion (cm2/s) of atoms in lattice (volume diffusion)

D = Do exp (-E/RT)

E = activation energy (kJoules/mol); 

T = temperature; 

R = gas constant

Do: experimental constant

Plot of ln D vs. 1/T = line (slope = E)

Line defects: Dislocations

Extra half plane of atoms

1) Edge dislocations

2) Screw dislocations 

and mixed

Burgers vector b  = unit lattice displacement

(10-9 m)

Edge dislocation perpendicular to b

Screw dislocation parallel to b 

Local stress- causes dislocation to move

Dislocation also move under external stress

Crystal plasticity

Dislocation glide: movement of dislocations on glide plane.

Dislocation climb: climb to higher or lower glide plane – requires diffusion.

DISLOCATION CREEP (glide + climb)

Produces plastic deformation 

Produces crystallographic preferred orientation (e.g. c axis in quartz).

Temperature controls plasticity:

Quartz, 300oC

Feldspar, 500oC

Calcite< 250oC

Strain hardening- rocks get stronger with strain (due to dislocations tangles)

Strain softening- rock gets weaker w/strain

Recovery: (static annealing):

eliminate defects- mainly a temperature effect (dislocations untangle)- 

Flow law for dislocation creep:

e’ = /( (viscous)

e’ = n exp (-E/RT)

 = 1 –  (differential stress)

n: experimental constant

E, R, T: same as in diffusion

Diffusive mass transfer

1) Pressure solution

2) Volume diffusion (lattice diffusion)

3) Grain boundary diffusion

Pressure solution- requires non-hydrostatic stress (1 ( 2 ( 3). 

Requires grain boundary fluid.

e.g. Stylolites in limestone

Mylonites sometimes display all three deformation mechanisms.

Brittle upper crust: breccias

Ductile lower crust: mylonites- fine grained

Intermediate depths: complex mix of mechanisms

FOLDS

Fold geometry 

Fold parts: limbs, hinge, fold axis, axial plane

Amplitude: fold height

Wavelength: distance between hinges

Fold shape: interlimb angle: gentle, open, tight, 

Isoclinal: parallel limbs

Recumbent: horizontal axial plane 

Vergence of small folds: 

S shape: clockwise; 

Z shape: counterclockwise

Antiform, synform: no stratigraphic information

Anticline, oldest in center

Syncline, youngest in center

Face down fold: on overturned limb of larger fold

Fold Classification

Parallel fold: constant thickness of limbs

Similar fold: vertical thickness same 

(limbs are thinned)

Ramsay folds classification: based on dip isogons

Dip isogon: lines joining tangents to upper and lower bed limbs

Plot limb dip versus limb thickness

Fold classes:

1A-thick limbs, 

1B-parallel fold, 

2- similar fold 

Fold models

1) Layer buckling: outer layer extension, inner layer compression; neutral surface in middle. Produces class 1B (parallel fold) 

2) Flexural slip: slip parallel to beds (also produces class 1B)

3) Card-deck shear- produced similar fold (class 2) along vertical shears

4) Kink-fold: angular hinges- requires strong foliation (e.g. slate, shale)

Mechanics of folding

Viscous rheology for folding: 

Stress = (viscosity) (strain rate)

Silly putty: weak at low strain rate, strong at fast strain rate

Viscosity (or competence) controls wavelength of folded layers:  

Dolomite, sandstone, limestone, siltstone, shale, salt
Biot-Ramberg equation:

L = 2t(1/2)1/3

L = arc length or wavelength

t: strong layer thickness

(1/2): viscosity ratio of layers

Contrast in viscosity controls fold wavelength:

high viscosity contrast results in long wavelength 

(e.g. limestone in shale)

low viscosity contrast results in short wavelength 

(e.g. silstone and shale). Also produces layer thickening.

Thicker layer also produce longer wavelength

Stages of folding: layer initially strong- 

1) layer parallel shortening, and layer thickening (depends on viscosity ratio of layers)

2) Layer begins to fold

3) Rapid weakening and more folding

Viscosity decreases at higher temperatures  

TECTONIC FABRICS- foliations and lineations

Sedimentary fabrics not included 

(e.g. peeble alignment)

Foliation: planar fabric (“S” surface; S-tectonite)

Lineation: linear fabric (L-tectonite)

Plot on different regions of Flinn diagram

With increasing metamorphic grade:

Cleavage (low)

Schistosity (medium)

Gneissosity (high)

Cleavage: alignment of micas/clay minerals; < 300oC

Micas grew that way or were rotated?

Produces planes of weakness

Spaced cleavage

Penetrative cleavage- not spaced

Slaty cleavage

Crenulation cleavage: folding of first cleavage to produce micro-folds- second deformation event

Texture: alignment of crystallographic axes in mineral (e.g. c-axis in quartz)

Gneissic layering: light colored layers (quartz and feldspar) and dark colored layers (biotite, amphibole, pyroxene).

Augen gneiss: feldspar porphyroclasts

Migmitite gneiss: mixed rock (formed from partially molten, partially solid).

TYPE of STRAIN INVOLVED

Foliations: flattening but volume loss also possible

Lineation: elongation or shearing involved

Volume loss calculated from concentration of immobile trace elements (e.g Ti or Zr)

DUCTILE SHEAR ZONES

Long linear narrow belts composed of highly deformed rocks (mylonites)

e.g. Moine thrust, Scotland; 

Brevard zone S. Appalachians; 

Hope Valley shear zone, New England.

Shear zone characteristics: strong foliation 

(( lineation)

Fine grain size compared to host – due to recrystallization

Shear sense indicators:

Rotated foliation  

Asymetric mineral tails (delta and sigma type) 

Asymmetric folds (S and Z vergence)

Asymmetric crystallographic fabric (texture)

Mechanisms of deformation: 

Dislocation creep (high temp.)

Cataclastic flow (low temp)

Pressure solution (intermediate temp)

Temperature of recrystalllization: calcite, 250; quartz, 350, feldspar, 450, olivine, 700oC

Type of strain involved: 

mixture of simple shear and pure shear 

(( volume loss)

Strain usually heterogeneous

Mylonite terminology

Blasto-mylonite: minerals grew during deformation

Clasto-mylonite: relict minerals

Phyllonite: mica-rich mylonite

Ultramylonite: > 90 fine grained matrix

Fold and thrust belts

 Terminology: Thin-skinned- basement not involved (Valley and Ridge)

Thick skinned- basement is involved (e.g. Blue Ridge)

Foreland side of orogen: undeformed cratonward side

Hinterland side: deformed interior of orogen

Tectonic settings of fold-thrust belts

1) Back-arc setting- volcanic sediments

2) Foreland side- passive margin sediments

3) Accretionary prism- ocean sediments

4) Inverted rift basin

5) Restraining bend on strike slip fault

Hanging wall: upper thrust plate

Footwall: lower thrust plate

Ramps and flats in hangingwall and footwall

Blind thrust: does not break surface

Emergent thrust: does break surface

Window (fenester): erosional hole in thrust sheet

Klippe – erosional remnant of thrust sheet

Transport direction: NW in S. Appalachians; East in Rockies

Detachment (decollement): Master fault – other thrust Splay off.

Two end-member thrust systems:

1) Imbricate fan- forelanf thrust sequence

2) Duplex- roof and floor thrusts

Balanced X-section: no bed length or bed thickness change before and after deformation

Use surface bed dips, drill holes and seismic data

No volume loss

No strike-slip offset

Mechanics of thrust faults

Thrust fault paradox: basal friction too high to push thrust block from behind.

Gravity sliding: need 30 degree dip- too high

Effective stress principal: fluid pressure lowers basal shear stress (see beer can experiment)

shear = (n – Pfluid)

Features of thrust belts needed to be in models:

1) Wedge shaped- topographic slop toward foreland

2) Weak basal layer (shale or salt)

3) Thin skinned

Critical taper model: assumes a coulomb rheology (ie brittle faulting).

Strike slip faults

Examples: Alpine fault New Zealand; San Andreas; Red River fault, China.

Anderson’s theory: 

1 and 3 are horizontal, 2 is vertical 

Heat flow paradox on San Andreas: there should be excess frictional heat along fault (using Byleree’s law) but heat not observed.

Solutions: 

1) groundwater washed heat away 

2) Byleree’s law does not apply- i.e. fault is weak.

 Transform fault: offset of ocean ridge

Jog on strike slip faults: cause transpression or transtension, depending on whether fault is left lateral or right lateral.

Strike slip faults at ends of Pine Mt. Thrust: 

Jacksboro and Russell Fork faults

Escape tectonics: Crustal fragments “escape” along strike slip faults

(e.g. Red River fault in Himalayas)

San Andreas connects to Cocos plate rift in south and connects to Juan de Fuca rift in the north

