Module:
Fachkompetenz Geologie
Wahlmodul Geologie

Voraussetzung:
System Erde | und Il
Ubungen System Erde | und Il

Leistungsuberprifung:

8 Ubungen PASS/FAIL
| Schlussprufung benotet

2KP

Bestehen =Voraussetzung fur ~

Modul:
Methodenkompetenz Geologie

Voraussetzung:
Kartenlesen und Profilzeichnen
Strukturgeologie und Tektonik

Leistungsuberprufung:
Kartierung, Exkursionsbericht (PASS-FAIL)
(3KP)



Datum Thema Ubungen abgeben
26. Feb. | | |Druck, Spannung, Mohr Kreis, Spannungsfeld Stress 29.3.
4.Marz | 2 |Deformation, Strainellipse, strain marker, Strainmessung Strain 29.3.
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| Druck - Spannung - Mohrkreis - Spannungsfeld

VL-Themen: Druck und Spannung in der Erdkruste

Spannungsellipse
Spannungstensor
Hauptspannungen

Mohr-Kreis
e Mohr'sche Briiche
e Spannungszustande (Experiment & Natur)

* Spannungsmessungen
e Spannungsfeld



Druck und Spannung



Kontinuumsmechanik

Material ist
- kontinuierlich (keine Diskontinuitaten, keine Partikel etc.)

- homogen
- isotrop




Druck

Gravitation (Kraft)
F=m'g =pVg=pZAg % F Z(m)
Kraft = Masse - Beschleunigung p (kgm3) 1. i
| Newton (N) = | kg-m/s2= 1| kgms~ | A
= 2
g=98Ims Druck  =p =F/A

p =2.85:10° kgm? Spannung = o = F/A

Lithostatischer Druck (= Gravitation / Flache)

oin= p'g VIA=p-g-(zA/A=pg-z

. Pascal andere Einheiten
_ . 102 Pa (I Hektopascal) | mbar
Spannung = Kraft / Flache 105 Pa | bar
| Pascal (Pa) = | N/ m? =1 Nm- 100 MPa | kb
| GPa 10 kb
Beispiel 10° P 14.5 psi ( d/i h2)E
= — A _ a .5 psi (pound / inch?) |
Oiith = f(z) =27'959 Pa/ m =28 MPa / km | MPa 0.145 kpsi 5



Lithostatischer Druck

0 5 10 p (103kgm™)

100

Granit in 100 km Tiefe
z=100-103 m

Dichte p
pGranit =275 03 |(gm'3

2900 .
Plitho = P8 " Z
~ 27 108 Pa = 2.7 GPa

Faustregel fur Druckzunahme
~ 27 MPa / km
~ | kb /4 km

5100

(km) 0 200 400 p (GPa)



Spannungsmessungen

Depth below surface (m)

z = depth (m)

oy = 0.027z

Ov=pgz

| | |

0
500 4
il @
1000 — o
®
1500 =
e Australia
2000 —
* USA
— 4 Canada
o Scandinavia
2500 = & south Africa
. a Other regions
3000 —

0O 10 20 30 40 50 60
vertical stress, Ov (MPa)

Fletcher & Pollard (2005)

Depth below surface (m)

500

1000

1500

< Ov

0.5

25 3.0
ratio K = Ox / Ov
mit zunehmender Tiefe: O < Ov

3.5

7



Spannungsmessungen

0. 10 30 50 70 90 MPa
J B it B LV -0 8T T vy Fof N ]
e b
] 1
. | , .
2750) 21— A =
1 - A A A A
= I -~ b 3
o ] £ 3
‘g OH > Ov| | g 3 A wd
2 1 8
a [ Shear, ] © |- 5 N
i zone
o L Overburden = L N
; o 26.5 MPa/km ] - il
|OH < Ov J 5OH < Oy|o =
[ | I N R R T N | | o BN N NS N | | I l 1 l l l l
0 10 20 30
measured vertical stress, Ov Shear stress (MPa)
Twiss & Moores (2007) Turcotte & Schubert (1982)

iO'v

p-g-z

= lithostatic
pressure

= overburden
pressure

T ='/2(0Ov- On)

wenn Ov = OH
T—0



Elastizitatskonstante E,V

Ov Ov Ov
: p 4T = p 4 ..
2
§ o %y OH — <« OH
ijA_y. ._A>X,A)'
e.=0v/E=0,/E e =0zz E = Elastizitatsmodul

(Young's module)
ex=e =V-'0;/E ex = Ax/x ey = Ayly V = Poissonzahl
(Querdehungszahl)

V
O-H=K'O-V= m)o-v O-H=O-x=0-y




Warmeausdehnung

To To+ AT
OH — <+« OH
Ax, Ay Ax, Ay
Ax = Ay = X -xo AT X = Langenausdehungskoeffizient
(thermal expansion coefficient)
on= —E o AT OH = Ox = Oy
(1-v)

_ vV E
zusammen: OH = K'O'V—m) Oy + (1) - - AT




Stress during burial and uplift

tensile compressive
-10 -5 0 5 10 |5
I I I I |
> OH (MPa)
pgz(lkm) = 25 MPa
A = 0.40
o) | (+on)
N E(GPa)| v |a (10¢°C"
\\ Shale ( )
Sy AY sand 1.0 |02l 10.0
%
sssssssss \\\\ sandstone | 165 |033| 108
| \\ clay 0.50 0.0
. shale 49 036 10.0
O
N
""" burial
Fossen / Engelder uplift
1000 —
z(m) v
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Spannungsellipse



Gleichgewicht der Krafte

Krafte
y
F F.
Fs
Fs
Fr F

Fn, Fs: Normal- und Scherkomponenten

Kraftegleichgewicht

Foben - Funten

Krafte = Spannung - Flache

0, T: Normal- und Scherkomponenten

'traction’' - Gleichgewicht

zoben - zunten

14



Gleichgewicht der Krafte

A - cos(0y)

Kraftegleichgewicht
Fx-Richtung - F-x-Richtung oA COS(ex) = Ox A
Fy-Richtung - F-y-Richtung o2 A COS(Gy) = Oy A

15



Spannungsellipse / - ellipsoid

Gleichgewicht: X3
O-I A ) COS(ex) — O-X A 1
02 A-cos(0y) = 0y -A

lx = cos(0x)

I)’ = COS(ey) = sin(ex) Richtungscosinus
6 l| = cos(By)
. l, = cos(By)
lx = Ox/ O} cos?0 + sin?0 = | s = cos(6y)

l, = o,/ 02 -

@ analog in 3D:
O Oy 0 OyY 07
+ — = | + — + = |
012 02 o2 02 03




Spannungsellipse / - ellipsoid

Hauptkomponenten
O = 02 > O3
= Achsen des Spannungsellipsoids

o 02  OA
+ — + = |
012 02 032

17



Spannungstensor



Spannungstensor

der Spannungstensor verknupft zwei Vektoren:
den 'Spannungsvektor' (traction) bzw. die Kraft, pi, und die
Flachennormale, |i , auf welche die Kraft wirkt.

Gleichgewicht:

pi = Lo + o2 + 1303
P2 = 11021 + 12022 + 130723
p3 = 11031 + 12032 + 130733

P, =0 lj

pi = Kraftkomponenten

Schreibweise: Ojj = Spannungstensor
012 1 in Richtung » auf Flache i = Richtungscosinus




Spannungstensor - Symmetrie

der 3-dimensionale Spannungstensor beschreibt den
Spannungszustand auf drei orthogonalen Flachen.

O O Op

Oij =|0n Opn O

03 1 032 033

Im Gleichgewicht muss der 3-dimensionale Spannungstensor
symmetrisch sein.

S wo i= j: Normalspannungen
O-'l o O-l' wo i#j: Scherspannungen

20



Spannungskomponenten, -vorzeichen

X2
A

022

AN

—— O Np) X|

X3

Bezeichnungen:

Normalkomponenten
11 022 O33

Scherkomponenten oder
Oi2 O3 0Oz T2
O23 O3 03 T23

TI3
T3]

132

+

o)

+

C

,.M‘ (top)
v -
kompressiv dehnend
;mm ‘ ‘ ;tom
(bottom) (bottom )
sinistral dextral
ounterclockwise clockwise

Vorzeichen:

Normalkomponenten

kompressiv = positiv
Scherkomponenten
sinsitral = positiv

21



Hauptspannungen



Hauptspannungen und Invariante

Die Hauptspannungen gewinnt man aus den Eigenwerten des Spannungs-
tensors. In Richtung der Hauptspannungen sind die Scherspannungen = 0

’ o 0 0
auptspannungen
Ptsp g 0 o 0
o > 02 > O3
0 0 o)
|. Invariante || Spur (011 + 022 + 033)
= Oij

2. Invariante |»
011022 + 022033 + 03307 . 0122 + 0232 + 032
= '/ (0i0j - ;)

3. Invariante |3 Determinante = det(0j)

Invariante sind gegenuber Koordinatentransformationen invariant...
Praktisch, denn die Grosse der Spannung sollte nicht vom Koordinatensystem
abhangen, in welchem sie beschrieben wird.

23



Koordinatentransformation

Koordinatentransformation
2 Dimensionen

X2

X2

all adil2
dij =

a1 axn |

all = cos(Xi1) = cos(X)
a2 = cos(X2) = sin(x)
a21 = cos(21) = -sin(X)
a2 = cos(022) = cos(X)

- cos(X) sin(X) -

| -sin(X) cos(&) |

24



Koordinatentransformation

Transformation des Spannungstensors

: ' cos(®) sin(x)
O-ij — aip ajq O-pq O = A O-AT ajj = [ ]

-sin(®X) cos(o)

Beispiel fur 2D - Expansion:

O'“' - aIP a|q O'Pq |=| ]=| P=|2 q:|2
O11' =ail aiq Oiq + a12 a1q O2q
O'=ajra; O +tajjan o tana 02 tapan o

sei 0 = 100 MPa, 02 =50 MPa, o =90° 45°, 30°
100 0~ ,_[50 0 ][75 257875 -22

9% o0 s0 9= 1 o100 ]|[-25 75| |-22 625

oI | [7.7] 875

10 | |-7.7] |-5 .87

Test: |} = 150

25



Spannungsdeviator (deviatoric stress)

Deviator
511 S12 513
521 S22 S23| =
| 531 532 533
Spannung Spannung Deviator
Tzz Ty O 0 0 P T2z Tzy 0. —Pp

Oy + 0y + 0,

p=

3

p='/3 05 =3 (0 + 02 + 03) = mean stress
= hydrostatischer (lithostatischer) Druck

Spur von S =0

26



Spannungen O, und T aus 0 und 0>

geg:
Flache F,
Normale n,

Spannungsellipse (O, 02)

ges:

Spannung 0 mit

Komponenten On, T

auf Flache F 0

O

Moglichkeiten:
e uber Spannungsellipse
e uber Mohrkreis



Mohr-Kreis



Mohr Kreis in 2 Dimensionen

Flache A

geg:
Hauptspannungen
o 0
0 o
ges:

Normal- und

Scherspannung auf
Flache A,

Flachennormale n

29



Mohr Kreis in 2 Dimensionen

Koordinatentransformation: Gj' = aik aj Ok

O =ajran O tajpan0i2taza 021 +anan 02
012 =ajraz O +ajran 02 +azay 021 +angaxn On
O21' =az1an O +aan 02 +axa 02 +axanox
022 =az1ax] O +az1 ax 012 + ax ax) 021 + axn an On
Beispiel:

o11' = cos(0)cos(0) a1 + cos(0)sin(B) 012 +

sin(B)cos(0) 021 + sin(B)sin(0) 022

weil 012 = 0721 =0:

o' = cos(0)2 011 + sin(0)? 022



Normalspannung

neu (0') als Funktion von alt (0) geschrieben:

o1l = Oy
O =0
O22 = 02

On = cos(0)? oy +5in(0)? 07

sin(0)2 = /> (I- cos(20))

umgeformt: cos(0)2 = '/, (1+ cos(20))

On= 'N (1+ cos(20)) o1 + /2 (1- cos(20)) 02

On= 'L (01 + 02)+ '/2(cos(20) O/ - cos(20) 02)

On= ' (O1+ 02)+ /2 (01 - 02) cos(20)

31



Scherspannung

12 =-T
O =0
O22 = 02
012 =ajra O tajaxn O +tanpa O +apan 0n

= cos(0)(-sin(0)) o1 + sin(0)cos(0) o
(da 012 =021=0)

-T = cos(0)(-sin(0)) o + sin(B)cos(0) 0

umgeformt: sin(0)cos(0) = !/2sin(20)

T

- 1/ 5in(20) 0 + '/ 5in(20) o

T

[, (O - 07) sin(20)

32



On - T - Koordinatensystem
sei 0] =55 MPa, 02 = |5 MPa, und 8 = 30°

.‘.‘....‘. \ --.1nunu”u~
.“..n .”..u“.-”.‘.“

On= '[2 (01 + 02+ '12 (01 - 02) cos(20)

T = !2(0/ - 02) sin(20)




Beispiel

sei 0] = 55 MPa, 03 = |5 MPa, und © = 30°

berechhne cund T

T

T N
> | :
O> O-I
On= 'L (01 + 02)+ /2 (01 - 02) cos(20)
T = 1) (O] - 02) Sin(ze)

34



weitere Orientierungen
6 = 45°,60°,75°,90°

T,A

. | d

O2 O
On= '[2 (01 + 02+ '12 (01 - 02) cos(20)
T = !5 (01 - 02) sin(20)

35



Mohr Kreis in 2 Dimensionen
)

O)y) O mean O]

—l\(sq

D

On= '[2 (01 + 02+ '12 (01 - 02) cos(20)

T = !5 (01 - 02) sin(20)




Mohr Kreis in 2 Dimensionen

TA

Tmax

AC = (O - 02)

(differential stress)

O-mean

On

O-mean + I/2 : AO- : COS(ZO)

T

= 4+ A0 sin(20)

Tmax — I/2 AO-
bei O = 45°

37



Mohr Kreis in 2 Dimensionen

T

On = Omean T /2 Oldifferential ° COS(Ze)

]

>

A

T =" A0 - sin(20)
20| )

> On

O mean O

Ao = differential stress

On y T= f (O-mean, AO-’ e) Trax = Y2 AC

38



Spezielle Spannungen

O >0, 0 <0 compressive stress, tensile stress

01, 02, O3 principal stresses
0| = maximum compressive,
O3 = minimum compressive or tensile

Omean '[3 05 = !/3 (O + 02 + 03) = mean stress
p-g-h lithostatic stress = Omean F O3
AO = 0| - 03 differential stress + deviatoric stress

Tmax = /5 AO = maximum shear stress

Si1, Sy, S3 deviatoric stress

39



Mohr'sche Bruche



Scher- versus Normalspannung

maximale Scherspannung: Tmax
#+ maximales Verhaltnis: (T / O)max

On
O3

41



Scher- versus Normalspannung

30

45° 60°

75

90

maximum stress ratio T/O

O = (01+03) + (01-03) - cos(0)

T = (01-03) -sin(0)

——sigma —tau ——tau/sigma

3.00+—=
\ /
2.50 / \\
2.00
/ \

1.50
1.00 /// \L
0.504 / 7 \\
0.00

theta

O 10 20 30 40 50 60 70 8

N o,

0.60

0.50

0.40

0.30

0.20

0.10

0 90
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Stabilitatsbereich

Kompression =

Scherbruch

0~=~60° bedeutet
Bruchflache 30° zu O

Tension =

Extensionsions-

bruch (Kluft)

0=90° bedeutet
Bruchflache // 0

., 0=60°

Unstable

Unstable 95

26, = 180°

..Q>

Tension fracture
envelope
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Spannungszustande



Spannungszustande

uniaxiale Kompression:
0>0 0,=03=0

(00

02= 03 w o o T

axiale Kompression:

01>(02=03)>0

uniaxiale Tension:
o =0,=0 03<0

' o

O3

axiale Extension (# Tension):
(01=02)>03>0

02

/\
O /v

T
O3 * 02
- — —
02 On — g1

O3 U 0= 02 f
03
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Spannungszustande

hydrostatischer Druck:
01 =02=03=0mean=Pp

-
Vo
— D
® o - o
O-mean T
03
allgemeiner Spannungszustand: allgemeiner Spannungszustand:
. o >0 030 07! . 01>02>03>0
| |
/ /
— — — -
On SE On el O3
O3 \ O T O3 (0))) g T
gl g
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Spannungszustande

Orogenic beit
or

Transform magmatic arc
resistance s

Basal push

drag
7" Collisional
resistance
normal - fault reverse - fault strike slip
stress regime stress regime stress regime
O = vertikal O = horizontal O = horizontal
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Horizontale / vertikale Spannung

Depth below surface (m)

e Australia

« USA

4 Canada

_© Scandinavia
s South Africa

L. a Other regions

= 2 1 | ] | ]

r
-
-

T

0 10 20 30 40 50 60
Vertical stress, o, (MPa)

Ov=pgh

Ov

OH= K-

(b)

Depth below surface (m)

1000

1500

Fig 6.26
3 km from in-situ measurements. (a) Vertical normal stress.
(b) Horizontal normal stress normalized by vertical stress.
Reprinted from Brown and Hoek (1978) with permission of
Elsevier.

‘ lithostat. On = OV

il ol o |8
q-"f‘ "Tetoe -'; .7
" .... t oo o
o* oe

-
J 1 1 1 1
0 15 20 25 30 35
K=(THa/(rv

Variation of the stress components to depths of

Pollard & Fletcher (2005)
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Einfluss der Poissonzahl

\% OH / Ov Materialbeispiele
OH 0.00 0.00 Kork
Granit
100 — Sandstein
0.43 0.75 Tongestein
0.50 .00 Gummi,

50 —

inkompressible Flussigkeit

| | | | | > Oov=pgh

50 100 150 200 250 MPa
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Effekt der Poissonzahl im Mohr Kreis

\Y; OH/ Oy AC/Ov Tmax/ Ov
0.00 0.00 1.00 0.50

0.43 0.75 0.25 0.125
0.50 1.00 0.00 0.00
| > On
250  MPa

V klein = AOC gross
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Standard State

stress (MPa)
10 20 30 40 S50 60 70 80 90

standard state

© Sandstone, shale ]

A Granite Ov = ng
i | o= K'p-gz=K-Ov
OH #+ Ov
Overburden

24 MPa/km

= state of perfect confinement:

£
& OH= K * Ov
8 P
a 3E o \Y OH/ Ov

; a K= —Y 0.333 0.50 sandstone

- (1-v) 025 033 | granite
Horizontal
4T stress from

* lithostatic pressure = p-g -z (p =2500)

[ Poisson effect

+ vV =0.25 _ OH = Ov
5 : . - o : 1 f— . —
L "l‘lerosltatllcl)\l— w o F 1  hydrostatic pressure = g -z (p =1000)
horizontal stress (measured by hydrofract technique) >\ -8z / pgz= 0.40
OH = Ov

Twiss & Moores (2007)
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Porendruckeffekt @)= 01 -

Peff = P - Pp
|
V OH/Ov AC/Ov Tmax
0.25 0.33 0.67 0.33 Quarzit _»% 4
0.333 0.50 0.50 0.25 Tonschiefer r -
)
100 — Pp
t
50 —
- [ L I | > Onp
50 10 |50 0 250 MPa
8 Z
A= =040
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Porendruckeffekt

V OH/Ov AC/Ov Tmax
T 0.25 0.33 0.67 0.33 Quarzit
) 0.333 0.50 0.50 0.25 Tonschiefer
100 —
50 —
- ® | | | | | > On
50 100 150 200 250 MPa
Tensile

Spannung
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Porendruck - Stabilitatsgrenze

l

> — —
T -115MPa 346 MPa il st i
2?0 390 490 5?0
Erfahrungswerte fur
g Stabilitatsgrenze
0| = 34.6 MPa + 303

horizontale Extension
minimale Spannung OH (=073) N
fur Ov=0]|=0max

Twiss & Moores (2007)

o +— A\-Werte

horizontale Kompression
maximale Spannung OH (=O0')
fur OH = 0| = Omax
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Spannungsmessungen



Spannungsmessung

Overcoring Flatjack technique

Original

borehole
g\trrlg:;arrelief Annular stress
s relief hole R ¥ Rock face
- ) . Reference: .-~ . -
g d, d2
* Grout -
Gl o Y Flat jack
Section parallel to Strain Section perpendicular oiging| S : g
borehole gauges to borehole borehole U e T )

@ e g ) Plan of rock face
0o 6 12
e S

- " Cross section
of rock face Scale, in
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Spannungsm

essung

Hydraulic fracturing (hydrofracting)

Pressurized fluid

Vertical cross section
through borehole

- Inflatable seal

~ Inflatable seal

Hydrofracture

Packer Borehole

Pressurized
fluid

Pressurized
fluid

Horizontal section
through center of
borehole packer

fracture

Pressure —p-

Flow rate ——»

Wellbore

Hydraulic

J,Sh # Fluid injection
S
] feF——
Pressure Hydraulic
? transducer | || | fracture

P, = Fracture initiation pressure

¥

P, = Fracture re-opening pressure

shatle / Shutin

/ Pg = Shut in pressure
P4 = Formation

pore pressure

Time ——
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Spannungsmessung

SH max. horizontal

Borehole breakout Sy min. horizontal
Wellbore
brealiut —
r>R
/ Remote stress

r>>R

r=R

stress field

4

A

Opening fractures



Spannungsmessung

Fi rst m Oti O n an a Iys i S Kompression Kompression

00 O

Kompression

:

3

Fokus@

Tension Tension

Erdbeben - Herdflachenlosung

WOE @

/s

Abschiebung  Aufschiebung Blattverschiebung Transtension
Uberschiebung  Seitenverschiebung
45° + richtig

|
%; -
@7 Y l/cm/oo %

@
® 0 o Oooo
0% | 050
[

l

Tension
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World Stress Map (GFZ Potsdam)

e M LN = ¢

| The stress maps display the maximum horizontal compressional stress Sy Gl
| .
| Method Quality Stress Regime
/ focal mechanism A ——— Spis within £15° () Normal faulting
/ breakouts B ——  Syiswithin £20° ¥ Strike-slip faulting
/ drill. induced frac. C —  Suiswithin £256° ® Thrust faulting o
// . ) Unknown regime R A
overcoring IR ¢
| /e/ hydro. fractures //
| \ // geol. indicators { '
| ‘ ’\E"\'\m
7 S TSy
I Data depth range :
S 0-40 km normal faulting regime  strike-slip regime thrust faulting regime |~
Sv>SH > Sh SH>Sy > Sh SH>ShH>Sy
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World Stress Map (GFZ Potsdam)

350° 0° 10° 20° 30°
60° ' ' — L ' 60°

Ohormax

normal
strike-slip

thrust




World Stress Map (GFZ Potsdam)
™ R

(4 thrust strike-slip

normal




Spannungsfeld



Spannungsfeld an der Oberflache

€A iyl (o)) 03 jz [03
e~ b Rl
‘03 *\\ o —,
o) j | Ci' |
Y \\0\\\0 /0/ o
N o3 > ﬂ<_ o /4— 3

7N
7% T X T %

............ = Richtung von (T/0)max = maximum stress ratio
--------- = Orientierung der Bruche gegenuber Hauptspannungen
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Spannungsfeld in der Tiefe

g >0

c > C
{ lllllllll N \
Yz ¢+ v v 0 b ) A
i il L. . . L D D T L \ \ .
1 T T T T T A T T T \ \ O-maX’O-m|n
| S - T T 3
llllllll J=-—
el LU LT
=0,,= 192

B T e Ty
FREESE888SIS (o)
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Spannungsfeld bei Uberschiebung

Seitlicher Schub

o,..=66.2 MPa

xr !
- X
0, = 238.2 MPa

= 132.3 MPa
l ~-66.2 MPa

AZ

X
. -— (O
. b !
1 ‘ 0—4'
S = H‘ N = + —st
{-_O‘ } ~—-
F ction !
O e P \ —

Compressive Ovarburden  Net Net Overburden Compressive
tectonic stress stress stress strass tectonic
stress stress
Overburden
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Spannungsfeld und Stabilkitatsbereich

== 3
¢ LI
/"™ Boundary of stable field f‘\ \
fork=p.g VA
" VA
A< b
__I__I__I__I_-I__]__J




Spannungsfeld bei Krustendehnung
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Hauptspannungstrajektorien

Spannungsverteilung Spannungsverteilung
um einen Hohlraum an Punkt-zu-Punkt-Kontakten

ERRNARR

// parallel to surface of hole

Concentrations of
compressive stress
and spalling off wall

of hole

~ Trajectories of
maximum
principal stress

Trajectories of
minimum

inir Visualisierung durch Spannungsoptik
PGPS Stese (http://dutcgeo.ct.tudelft.nl/allersma/fotoelast/fotelast.htm)
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2 Deformation - Strain - Strainmessung

VL-Themen:

Deformation und Verformung
Strain ellipse

Progressive Deformation
Flinn Diagramm

Verkurzung - Falten
Streckung - Boudinage
Scherung - Scherzonen

Verformungsmarker (strain marker)
Strainmessung



Deformation und
Verformung
(deformation and strain)



Deformations - Zustand

Deformation = Geometrie
als Abweichung relativ zu unverformtem Zustand

Deformation:
= Verschiebung (displacement) von Punkten
= Translation + Verformung (translation + strain)

Strain (Verformung):  Streckung - Elongation
Scherung (sinistral - dextral)

Rotation (CLW - CCLW)

Dimension: Lange / Lange = dimensionslos



Translation (translation)

= Spezialfall der Verschiebung

NN

d=Verschiebungsvektor
(displacement vector)

u, v = Komponenten
der Verschiebung
Wenn alle u, v gleich

=> Translation



Verschiebung

= allgemeiner Fall

S

Alle u, v sind
verschieden

T—e. 4 —9




Koordinaten - Transformation

o o x = f(x,y)
N y' = f (xy)
} X =A-x+B-y
— y'=C-x+D-y
X1 =ar X +anx2
X" )" X2 =az "X +axn-x2
o
% [X'I]z [an a|2] [XI}
R X2| |a21 a22]| |X2

T
Xi—aij‘Xj



Strain ID

Lo unverformt
L' verformt

I O

& e =AL/ Lo
o< ¢ (dimensions|os)

Lo AL e >0 Streckung
e <0 Verkurzung



Strain 2D

- X,y unverformt
X,y verformt

/@ 7 e =Ax/x

A ;o' e, =Ay/y
o

’ ! @% (dimensionslos)

e >0 Streckung
" x €<0 Verkirzung




stretch 2D

X,y unverformt
X,y verformt

sx = Lx / Lx
sx = (I +ex)

s > | Streckung
s < | Verkurzung



Strain 2D - strain ellipse

! VA2 e =AL/ Lo
| L' = Lo- (I
\/>\|<> o- (1 +e)
— A= (1 +e)?
Strainellipse A= (| n e2)2
Einheitskreis Al >N\
r=1|

; x N> Streckung

A < | Verkirzung
A\ = quadratische Elongation



Strainellipse 2D

Ellipsenachsen

\/>\2 \/>\| ’ \/>\2
/\ Achsenverhaltnis
\/>\|q D R=\/>\|/\/>\2
v R > 1.00
Beispiel: bei AA = 0:
\/>\I _20 \/>\I | \/>\2 = |
\/)\2:0.5 \/>\2= I/ \/AI
R =4.00

R =(VAN2=N\



Strainellipsoid 3D

Ellipsenachsen

\/>\| VA2, VA3
VA3 I
, bei AV =0, V2= |
\/A'< > (plane strain): :
Riz = VA1 VA3
Beispiel: VAL VA = |
JAI=20 V=10 VA=V

VA3=0.5
Riz3 =4.00 Riz = (/A)2=A



Reine Scherung - koaxial

keine Rotation
der Achsen




Einfache Scherung - rotational

shear strain
Y=tan (YY)
Y=d/ h




Progressive Deformation
(progressive deformation)



Progressive Deformation

A. Progressive pure shear B. Progressive simple shear



Reine Scherung - pure shear

Koachsiale progressive Deformation
(coaxial progressive deformation)

Achsen der Strainellipse
* rotieren nicht
¢ sind Materiallinien

e ==




Einfache Scherung - simple shear

Nicht-koachsiale progressive Deformation
(non-coaxial progressive deformation)

Achsen der Strainellipse
® rotieren
¢ sind keine Materiallinien

X K <




looks familiar
Jh

4.00
3.00
2.00
.00

Q.00

R A | L T I e L) et o [, T, MY WO | N S S

135
140

150
P ad

\’»‘» 160

.88

30T I T - e T

|

.88

2.00 3.00

Y

170



progressive simple shear finite strain

Feld la & Ib: Streckung (Boudinage)
Feld 2 & 3 :Stauchung (Falten)



Reine Scherung - pure shear

X |.) Plattung (flattening)
reine Scherung
(pure shear)

y
koachsiale progressive Deformation
(coaxial progressive deformation)
b a b S a b SZ a
/ S
a b a b' q' b

a und b sind Materiallinien, sie bewegen sich in Richtung S;
Diese Richtung ist der fabric attractor



Einfache Scherung - simple shear

T 2.) Scherung

einfache Scherung
% (simple shear)

Nicht-koachsiale progressive Deformation
non-coaxial progressive deformation

S? Sl
X Sz Sl
a' b' ' !

a b’ d bv

Materiallinie aa® wird immer gelangt.
bb® wird zuerst verkurzt, dann gelangt



strain # strain history

continued simple shear

g g

flattening and rotation

-




Reihenfolge der Verformung

——

Plattung
R=2

 ——

p/\ Rotation

att(ln 45°
~ . &
R h E



Ubung 2
strain



Ubung 2

Scherverformung in der Scherbox (simple shear
in 2 D)

Ziel dieser Ubung ist es, die verschiedenen geometrischen Aspekte der
einfachen Scherung (in 2 Dimensionen) kennenzulernen und quantitativ
beschreiben zu kénnen. Die Ubung kann auf zwei Arten gelst werden:

durch Messen oder durch Rechnen.

Einfache Scherung wird wie folgt beschrieben:

Y d

—_—

X

Y=d/h
wo d = Versetzungsbetrag und h = Héhe des gescherten Kérpers.

Das Experiment

Ein Stapel Computerkarten wird geschert (diese Karten existieren in der

Tat immer noch - sie sind im Ubungsraum zusammen mit einer real
existierenden Scherbox zu finden).

Auf den Karten ist seitlich ein Einheitskreis (Radius = 1.00) aufgemalt,

sowie 8 Durchmesser in den Orientierungen 0°, 30°, 45°, 60°, 90°, 120°,

135°, 150°.

Das Resultat des Scherexperimentes ist auf der beigelegten Abbildung

dargestellt:

1 - Unverformter Zustand

2-Y=05
3-Y=1.0
4-Y=20
5- Y=3.0

Der Kreis verformt sich zu zunehmend schlankeren Ellipsen (=
Verformungsellipsen), die verschiedenen Durchmesser werden langer
oder kirzer und &ndern die Orientierung.

Aufgaben

1.

N

4,

Bestimmen Sie den Scherwinkel, W, in den 4 Verformungsschritten.
Beschreiben Sie das Vorgehen.

Schreiben Sie die Gleichungen der Koordinaten-Transformation
furY =0.5, 1.0, 2.0, 3.0.

Bestimmen sie die Extension, e, und die Orientierung, ¢, der
eingezeichneten Durchmesser (A-A', B-B', etc.) bzw. der Radien (0-
A', 0-B!, etc.) in den 4 Verformungsschritten.

AL=L-Lo
e =AL/Lo
wo Lo = urspringliche Ladnge und L = verformte Lange

Die Radius des urspriinglichen Kreises ist = 1.00. Sie kénnen nun
entweder alle Durchmesser oder Radien messen oder die
Koordinaten der verformten Radiusvektoren berechnen und daraus
die verformte Lange gewinnen. Dazu nehmen Sie am besten an,
dass sich der Koordinatenursprung immer im Mittelpunkt der
Ellipsen befindet.

Welches Vorgehen wéhlen Sie? Beschreiben Sie es.

Stellen Sie die Extension, e, und die Orientierung, ¢, der Linien A-
A', B-B' etc. als Funktion von Y dar (2 separate Diagramme) und
kommentieren Sie. Welche Linien, d.h. welche urspriinglichen
Orientierungen, werden kirzer, welche werden langer ? Wie schnell
rotieren sie?

Finden Sie die mathematische Gleichung, welche die Extension, e,
und die Orientierung, ¢, einer gescherten Geraden in Abhéngigkeit
der Scherung, Y, und der urspriinglichen Orientierung, ¢o, der
Geraden beschreibt.

Zeichnen Sie die lange Achse, a, und die kurze Achse, b, der
Ellipsen ein, messen Sie die Langen a und b, berechnen Sie das
Achsenverhaltnis, Rt (Rf = a/b), und bestimmen Sie die
Orientierung, ¢, der langen Achse.

Tragen Sie die Resultate in den entsprechenden Diagramme der
Aufgabe 4 ein.

Vergleichen Sie die Sie Rotation der langen Ellipsenachse mit der
Rotation der gescherten Durchmesser. Zeichnen Sie die Lagen der
langen und kurzen Achsen auf den Verformungsellipsen im
urspringlichen Einheitskreis ein. Kommentieren sie. Sind
zusammengehdrige Achsen senkrecht aufeinander ? Sind die
Ellipsenachsen Materiallinien ?

&

N

5
A

w

N

Abbildung: Resultat des Scherexperimentes



Flinn Diagramm
(strain types)



Flinn - Diagramm

prolate

General C.
constriction

Ri2

Simple constriction

General
flattening

Simple flattening

plane
strain

Ra23

Undeformed

k=(Ri2-1)/ (R - 1)
Ri2 = (I+e)/(1+ey)
Raz = (1+e))/(1+e3)

symmetrische Streckung
constrictional strain
|(= (00) =>e2=e3<e|

plane strain
k=1= €= 0

symmetrische Plattung
flattening strain
|(=0=>e|=e2>e3

€ = strain magnitude



Flinn - Diagramm

L-Tektonite

3

I
-4

lange
mitilere Achse

Ri2

[E—

Achse

mittlere
R23 = kurze

S-Tektonite



Deformation:
n» strain
(strain marker !)
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m shortening and extension in layers
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Verkurzung - Falten
Streckung - Boudinage



Verkurzung:
mw Ptygmatische Faltung




m Faltung = Schieferung
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Boudinage

};390100 boudns



Boudinage




Boudinage
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Boudinage




Boudinage

Mullionstrukturen (mullions)
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Scherung - Scherzonen



Scherverformung
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homogen
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Schersinn: Duktile Scherzonen
;;!’f.l'?}-n ; - : & 7

N
A. Original B. Heterogeneous simple shear C. Heterog. volume change D. Heterogeneous simple is
shear plus heterogeneous

volume change



Schersinn: S - C - Gefuge
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Schersinn - Kriterien
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Verformungsmarker
(strain marker)



deformed pebbles

i e ) o




e,

.

deformed pebbles




reduction spots




reduction spots




deformed trilobites
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matrix - particle strain
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strain history







strain history - superposition

instantaneous
strain ellipse

strain ellipse

/
Intermediate MI Ih — ‘— ;
R
Final M’/ r/ﬁ'\“:’,/
Possible EVOI\:,;E/t:iS N ’/A:/
: N

future state

Sector SS Sector LS

combination

Sector LL

|
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Strain
Messungen






Lokalisierung und bulk strain

- pure shear

simple shear




Massstab




strain from displacements
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xtensional strain from healed cracks




Rf - ¢ method (Ramsay)

s52

R 10 E o e e .
O Ri initial ellipses
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Rf - ¢ method (Ramsay)

In(Ry) In(Ry)
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Rf - ¢ method (Ramsay)

A B
min, max. min. max.
e 1 Log, Ry 1 - 1 Log, R, l
orn. — orn—-

Rs (Ri2-1)
[ (RR2-1) (R2-R?)

¢'o°" T F =

+90°" +90°
| | | 4.0
,,Di‘s,p.ersjonl
> 330
. AT ) F fluctuation
e | I . .
< | rafgnr 17 Ri initial ellipses
i [ | A% <30
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few i g o Sleni
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-90° 30 +90°

unverformten Elllipsen
e Rs strain ellipse
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Fry method
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PAROR SURFOR (Panozzo)

Simple shear experiments on calcite rocks: rheology and microfabric

Special Research Paper *

S. M. Scamip,t R. PAN0zzot and S. BAUER}

 Geologisches Institut, ETH-Zentrum, 8092 Zirich, Switzerland and $ Center for Tectonophysics,
Texas A & M University, College Station, Texas 77843. Now at: Sandia National Laboratories, Div. 6314,
Albuquerque, NM 87185, U.S.A.
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strain test

characteristic shape
(= ellipse)
= strain ellipse ?
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Ubung 2
strain



Ubung 2

Scherverformung in der Scherbox (simple shear
in 2 D)

Ziel dieser Ubung ist es, die verschiedenen geometrischen Aspekte der
einfachen Scherung (in 2 Dimensionen) kennenzulernen und quantitativ
beschreiben zu kénnen. Die Ubung kann auf zwei Arten gelst werden:

durch Messen oder durch Rechnen.

Einfache Scherung wird wie folgt beschrieben:

Y d

—_—

X

Y=d/h
wo d = Versetzungsbetrag und h = Héhe des gescherten Kérpers.

Das Experiment

Ein Stapel Computerkarten wird geschert (diese Karten existieren in der

Tat immer noch - sie sind im Ubungsraum zusammen mit einer real
existierenden Scherbox zu finden).

Auf den Karten ist seitlich ein Einheitskreis (Radius = 1.00) aufgemalt,

sowie 8 Durchmesser in den Orientierungen 0°, 30°, 45°, 60°, 90°, 120°,

135°, 150°.

Das Resultat des Scherexperimentes ist auf der beigelegten Abbildung

dargestellt:

1 - Unverformter Zustand

2-Y=05
3-Y=1.0
4-Y=20
5- Y=3.0

Der Kreis verformt sich zu zunehmend schlankeren Ellipsen (=
Verformungsellipsen), die verschiedenen Durchmesser werden langer
oder kirzer und &ndern die Orientierung.

Aufgaben

1.

N

4,

Bestimmen Sie den Scherwinkel, W, in den 4 Verformungsschritten.
Beschreiben Sie das Vorgehen.

Schreiben Sie die Gleichungen der Koordinaten-Transformation
furY =0.5, 1.0, 2.0, 3.0.

Bestimmen sie die Extension, e, und die Orientierung, ¢, der
eingezeichneten Durchmesser (A-A', B-B', etc.) bzw. der Radien (0-
A', 0-B!, etc.) in den 4 Verformungsschritten.

AL=L-Lo
e =AL/Lo
wo Lo = urspringliche Ladnge und L = verformte Lange

Die Radius des urspriinglichen Kreises ist = 1.00. Sie kénnen nun
entweder alle Durchmesser oder Radien messen oder die
Koordinaten der verformten Radiusvektoren berechnen und daraus
die verformte Lange gewinnen. Dazu nehmen Sie am besten an,
dass sich der Koordinatenursprung immer im Mittelpunkt der
Ellipsen befindet.

Welches Vorgehen wéhlen Sie? Beschreiben Sie es.

Stellen Sie die Extension, e, und die Orientierung, ¢, der Linien A-
A', B-B' etc. als Funktion von Y dar (2 separate Diagramme) und
kommentieren Sie. Welche Linien, d.h. welche urspriinglichen
Orientierungen, werden kirzer, welche werden langer ? Wie schnell
rotieren sie?

Finden Sie die mathematische Gleichung, welche die Extension, e,
und die Orientierung, ¢, einer gescherten Geraden in Abhéngigkeit
der Scherung, Y, und der urspriinglichen Orientierung, ¢o, der
Geraden beschreibt.

Zeichnen Sie die lange Achse, a, und die kurze Achse, b, der
Ellipsen ein, messen Sie die Langen a und b, berechnen Sie das
Achsenverhaltnis, Rt (Rf = a/b), und bestimmen Sie die
Orientierung, ¢, der langen Achse.

Tragen Sie die Resultate in den entsprechenden Diagramme der
Aufgabe 4 ein.

Vergleichen Sie die Sie Rotation der langen Ellipsenachse mit der
Rotation der gescherten Durchmesser. Zeichnen Sie die Lagen der
langen und kurzen Achsen auf den Verformungsellipsen im
urspringlichen Einheitskreis ein. Kommentieren sie. Sind
zusammengehdrige Achsen senkrecht aufeinander ? Sind die
Ellipsenachsen Materiallinien ?

&

N

5
A

w

N

Abbildung: Resultat des Scherexperimentes






3 Mohr Coulomb - Reibung - Klufte und Bruche

Elastizitat
Deformationsexperimente
Versagenskriterien

Mohr Coulomb Failure
Bruchbildung und -entwicklung

VL-Themen:

Reibung
e Gleitreibung

o Klufte und Bruche



Elastizitat



Sproddeformation

elasticity brittle failure
Elastizitat Bruchbildung
Versagen

! !

1 1

friction

Reibung

!

1



Elastizitat

Spannung = Materialeigenschaft - Verformung

Oi = Eik - &

Seismische Geschwindigkeiten

. \/ elastic modulus
speed = .
density

]
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p

(

> &€ K+113£
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Sproddeformation

AAO' elastic # brittle
AC .
4 * E plastic
E elastic
\ 4 >
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Experimente
Gesteinsmechanik



Experimentelle Gesteinsverformung

| L
R
Vo P

A. Tension B. Longitudinal C. Extension D. Conjugate
fracture splitting fracture shear fractures

— >




Rock deformation experiments

Blei
Obere
Kupfer-
Alumina- scheibe
Stempel
Graphit- Kochsalz
Heizung
Gesteinsprobe Temperatur
in Gold-h ille Messung
(Pt+Pt-Rh)
Pyrophyllit —1
Réhrchen ]
Untere
Kupfer-
Wolfram scheibe
Carbid
Alumina
Basis Platte

25.4 mm




Rock deformation experiments
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Versagenskriterien
Failure criteria



Versagen

Was ist Versagen:
Bruch ! Kohasionverlust ?
Verformung ?
Verformungrate !

Bei welchem Spannungzustand
tritt Versagen ein:
maximales 0| oder 03 ?
maximales AT (= 0| - 03) ?
maximales 0, oder T!?

Otailure
40
O ~
35 - o _gF @
/@/
809 %
jod
25%

20:li ' ' . ‘
0O 100 200 300 400
Confining pressure, MPa
dry Bera sandstone (Handin 1966)




Versagenskriterien

Coulomb Mohr failure criterion .

T=Totpu-O

To = cohesion
U = internal friction

Charles Augustin de Coulomb  Christian Otto Mohr

*14. Juni 1736 in Angouléme * 8. Oktober 1835 in Wesselbiiren
T 23.August 1806 in Paris 1 2. Oktober 1918 in Dresden Mohr (1900)



Versagenskriterien

van Mises (Critical Distortional Energy)
2 (01 - O2)2 + (02 - O3)2 + (03 - 01)) < T2

T = tensile strength

(maximum octahedral shear stress)

Toct = JZ/B J2

Richard Edler von Mises

* 19 April 1883 in Lwow
T 14 July 1953 in Boston



Versagenskriterien

Tresca (Critical Shear Stress)
'/ (O -03) < S

S = shear strength

0-1 4 \on Mises

Yield Surface e

03

™ m-plane
\ (Deviatoric Plane)

y  o1t+orto3=0 Henri Edouard Tresca

* 12. Oktober 1814 in Dunkirchen
1 21.Juni 1885 in Paris

02



Coulomb Mohr Failure



Theodore von Karman

*11.Mai 1881 in Budapest als Tédor
Karman
1 7.Mai 1963 in Aachen
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Spannungszustand bei Versagen

Fig. 1.

Darstellung der Grenzzustinde nach Mohr.




Versagen

Fiq. T.

Elastizititsgrenze des Marmors in der Mohrschen Darstellung.
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Versagen
Fig. 8.

Plastizitatsgrenze

Kurven gleicher bleibender Dehnung bef Marmor

in der Mohrschen Darstellung.
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JoURNAL oF GEOPHYSICAL RESEARCH VoLr. 74, No. 22, OcToBER 15, 1969

On the Coulomb-Mohr Failure Criterion

JoHN HANDIN

Center for Tectonophysics, Texas A&M University
College Station, Texas 77843

Coulomb’s criterion for the shear fracture of a brittle material is that total shearing resist-
ance is the sum of the cohesive shear strength (independent of direction) and the product
of the effective normal stress and the coefficient of internal friction (a constant independent
of normal stress). Mohr generalized this criterion by extending it to a three-dimensional
state of stress, and by allowing for a variable coefficient. The coefficients of internal and
external (sliding) friction are not the same in general. Both tend to decrease with increasing
normal stress, and their relative magnitudes may determine if failure occurs by new shear
fracturing or by slip on pre-existing cohesionless surfaces like joints in rocks.




Coulomb Mohr Failure Criterion

Coulomb’s [1776] problem was the shear frac- R =)
ture in a prism of isotropic material under

uniaxial compression o, (compressive stresses Inte rnal fl”lCtIOI’] n- O-tlue 2

ression

counted positive). He wrote down the equations T He then added

for the shear stress 7 and normal stress ¢ on ch is now com-
a plane inclined at an angle, say 6, to the SIOPe n = ta‘n(q)) k}tlonal shearing

loading direction. He assumed that ‘la cohésion
se mesure par la résistance que les corps solides
opposent & la désunion directe de leur parties’,
and ‘je suppose ici que I’ adhérence oppose une
egalé résistance, soit que la force soit dirigée -
parallélment ou perpendiculairement au plan de
rupture.’ He then solved for the value of 6 COhESIOh TO ttl; ;E(S;I;Zc; tfate i
for wh™ ' break- :

ing st Tmax at e 45°Fnd he

Br=1+45°F B /2
During the following two centuries, writers of f - i +-

authority have erroneously stated that Coulomb
proceeded no further. For example, in the first

edition of his widely known book on faulting ef angle Of failur'e

Anderson [1942] ascribed the notion of internal

friction to Navier. Jaeger [1962] repeated this (D angle Of intel"nal fl"iCtiOn

mistake. In one edition of his great book, The
Earth, Jeffreys [1952] in turn credits Anderson
witn this concept!




Coulomb Mohr Failure Criterion

T/ 0n = maximum
Coulomb Mohr

AN

O3 O3 O /O1/ O

n




Coulomb Mohr Failure Criterion

T=To+n O
T=To+ tan(P) O

On




On =12 (01 + 03) + /2 (O - 03) cos(20)




maximum stress ratio T/O

O = (01+03) + (01-03) - cos(0)
T = (01-03) -sin(0)
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Coulomb Mohr Failure Criterion

T=To+tn O
T=To+ tan(P) O

o | F

T/ Onh = maximum




Mohr'sche Umhullende

o
: : , Von Mises ductile
Brittle-ductile failure criterion
Yield stress Coiloib - ‘\
l fracture/ \
: criterion
Parabolic ' e D
arabolic | C
fracture B
envelope y B

T,




Bruchbildung



Fracture mode

T

|

mode | mode || mode |l|



Fracture formation

Oy
Failure stress
IV Crack coalescence (f)

Il /' New cracking AVIV




Fracture formation

Microfracturing of sandstone 50 ‘127 mm cylinders Dilatancy of pyrophyllite blocks 3030 :33 mm

B s
At s b itk o W

0%  25%  50%  83% 100%

of maximum stress (vertical, pc=0)

Sangha, C.M,, Talbot, C.J., Dhir, R.K., 1974. Microfracturing
of a sandstone in uniaxial compression. Int. J. Rock Mech.
Min. Sci.,Abstr.Vol. I I, 107-113

Microfracturing of gabbro 50 -100mm cylinders
0% 62% 82%  90% 100% Oultimate

(O

W

Doubly exposed holograms; % of Qultimate (vertical)

2 777

Sobolev G, Spetzler H., Salov,B., 1978.

Precursors to failure in rocks while undergoing anelastic deformation.
JGR 83, 1775-1784

AR

N
A\
N

0 &a & @ |\

0-2 2-3 34 6-12 >I12
Optical reflectivity ratio (= microcrack density)

w/r to average reflectivity (pc = 130 MPa
Chen Rong,Yao Xiao-Xin, Xie Hung-Sen, 1979. Studies of
fracture of gabbro. Int. ). Rock Mech. Min. Sci.,Abstr.Vol. |6,



Bruchentwicklung

| Crack propagation
direction

x>

o
> 3
3

Crack propagation
direction




si=1.37 s3=0.73

Shear Fractures
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separation of regions

pervasive Mohr Coulomb



Riedel Shear Fractures
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Reibung



fracture - friction

Intakter Korper: Bruchbildung
— R -«—

Bruchflache vorhanden: Gleiten auf Bruch

\—’\4—




Friction

Law of Leonardo da Vinci:
Friction is independent of
the area of contact

Leonardo DaVinci (1452-1519)

Leonardo daVinci stated the two basic
laws of friction 200 years before
Newton even defined what force is.

|. the areas in contact have no effect on
friction.

2. if the load of an object is doubled, its
friction will also be doubled.

http://www.nano-world.org/ area.mov



Friction

Law of Euler and Amontons:

the loading force

Friciton is proportional to ‘(c =

l 3 ) RN e

5 A S WI01558

Versuchsaufbau von G.Amontons zur Messung der
kinetischen Reibkraft. Die Reibung zwischen den
Oberflachen A und B wird mittels der Auslenkung
einer Feder D gemessen. Die Feder C dient der
Einstellung der Normalkraft.

CHE NATIONALBANK

CHWEIZERISC

SCH
BANCA

NAZIUNALA SVIZRA

Gui”aume Amontons ( | 663_ | 705) (De la résistance causée dans les machines (1699) in
Leonhard Euler (1701-1783)

Memoires de I'Académie des Sciences.)

Reibung verandert sich mit der Last (Normalkraft) nicht aber mit der Beruhrungsflache der
reibenden Korper.

Die Reibung ist mehr oder weniger dieselbe fur Eisen, Blei, Kupfer und Holz in beliebiger
Kombination, wenn die Flachen mit Schweinefett eingerieben sind.

Die Reibkraft entspricht ungefahr einem Drittel der Last (Normalkraft).

http://www.nano-world.org/ normalforce.mov



Friction

Law of Coulomb:
Friction is independent
of the velocity

-

Essaie sur la théorie du frottement

Holz auf Holz: Reibung nimmt anfanglich zu, erreicht
Maximum, danach ist die Reibkraft proportional zur
Normalkraft.

Holz auf Holz: Reibung proportional zur Normalkraft bei
jeder Geschwindigkeit.

Kinetische Reibung ist einiges geringer als statische
Reibung gemessen nach langer Ruhezeit der Materialien.

Metall auf Metall: Reibung ist proportional zu
Normalkraft

Kein Unterschied zwischen statischer und kinetischer
Reibung.

http://www.nano-world.org/

velocity.mov



sliding friction Gleitreibung

T T=JU- O
A sliding friction
(Amonton)




Byerlee's rule



Sliding friction

T T=HU "0

A sliding friction
(Amonton) _
T=Tot+tnO
internal friction
(Coulomb - Mohr)
To




fracture Bruchbildung

T
' fracture
surface

T=To+nNO




friction

T

sliding
surface

To

Reibung
T=Tot+nNO
n
- O




Byerlee's rule

C=initial friction
D=maximum friction
G= residual friction

FORCE

DISPLACEMENT



Byerlee's rule

7. Conclusions

The experimental results show that at the low stresses encountered in most civil
engineering problems the friction of rock can vary between very wide limits and the
variationis mainly because at these low stresses friction is strongly dependent on surface
roughness. At intermediate pressure such as encountered in mining engineering
problems and at high stresses involved during sliding on faults in the deep crust the
initial surface roughness has little or no effect on friction. At normal stresses up to 2 kb
the shear stress required to cause sliding is given approximately by the equation

7 = 0.850,,.
At normal stresses above 2 kb the friction is given approximately by
| t = 0.5 + 0.60,.

These equations are valid for initially finely ground surfaces, initially totally inter-
locked surfaces or on irregular faults produced in initially intact rocks. Rock types
have little or no effect on friction.

If however, the sliding surfaces are separated by large thicknesses of gouge
composed of minerals such as montmorillonite or vermiculite the friction can be very
low. Since natural faults often contain gouge composed of alteration minerals the
friction of natural faults may be strongly dependent on the composition of the gouge.



Byerlee's rule

MAXIMUM FRIGTION

EXPLANATION
SYMBOL REFERENCE ROCK TYPE
. 2F Granite , fractured
- 26 Gronite , ground surface
. . . v 3 Limestone , Gabbro , Dunite
Statlc frICtlon “roo. 5 Gronite , ground surface
sk ° 6F Weber Sondstone , foulted
— . 6S Weber Sondstone , saw cut
fOI" O-n - . 9 Granodiorite
o 13 Gneiss ond Mylonite
O - 2 GPa il ° 16 Ploster in joinl of Quartz Monzonite
¢ 20 Quoriz Monzonite joints
ob— 25 Westerly Granite , Chlorite , Serpentinite ,
(O - 20 kb) (llite , Kaolinite , Halloysite , <
ol Montmorillonite , Vermiculite .
26 Gronite
gl ° 27 Koolinite , Halloysite  lllite -

Montmorillonite  Vermiculife

~ 80 km

SHEAR STRESS T (BARS x 10%)

[URS RN SR SR NN SR SR S SN N SR S T
t 2 3 4 S 6 1 8 9 10 W 12 13 14

fig. 7 (Byerlee, 1978) NORMAL STRESS , 0, (BARS x 10°)



Klufte und Bruche
joints & fractures



Klufte - Verwerfungen (joints - faults)

Definition Klufte:
- planare Diskontinuitat
ohne Kohasion (Extensionsbruche)
- kein Versatz
- minimale Extension

Unterschied:

joints: faults:

no displacement displacement
static dynamic
elasticity frictional glide

stress indicators displacement indicators



Schichtklufte

O
i l
|12
o m O3 - ¥ « O3
B ;* sehr schwache Schicht \l |
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Spacing between fractures, cm

Twiss & Moores, 2007 jpburg-strukturgeologie-ethz.ch



Kluftsysteme

Interaktion —C

~__ >~

Kluftschar systematisch - unsystematisch

Joints in a
nonsystematic
joint set

systematisch

unsystematisch orthogonal
Twiss & Moores, 2007



Klufte im Aufschluss

Rectangular joints in siltstone and black shale within
the Utica Shale (Ordovician) near Fort Plain, New York.



Entlastungsklufte

/IS

Twiss & Moores, 2007




Abkuhlungsklufte

kleine Saulen

Temperaturgradient (schnelle Abkihlung)

grober Saulengang
(langsame Abkihlung)

Skizzierte Vergroberung eines saulenformigen Kluftmusters
nach Goehring & Morris 2005 Europhys. Lett. 69(5) 739-745

1 1
7~ labnehmende !
| Zugspannung |

N !

Entwicklung eines sechseckigen Kluftmusters
infolge des Dehnungszuges zu den gleichmassig verteilten abgekihlten
oder trockenen Zentralbereichen innerhalb eines homogenen Materiales

jpburg-strukturgeologie-ethz.ch



Kluftsysteme im Appalachian Plateau
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Twiss & Moores, 2007~-



Kluftmuster

g < =
mea = o
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Twiss & Moores, 2007
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Morphologie von Bruchflachen

Fringe face

Abrupt ;
fwist { Fringe
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Bruchflachen im Spannungsfeld

z Principal effective stresses
rotated about z

plane of paren! ot

Plane of kink fracture; also
llel to fringe fractures

Mixed mode | & IlI
forms fringe

Principal effective strgsses
rotated about z

Mode | forms
parent joint

Kink fracture 3

Mixed mode | & ||
forms kink

Twiss & Moores, 2007



Bruchbildung

Propagating fracture tip Propagating fracture tip Propagating fracture tip
A
l/
: A
E %
A. Extension (mode | propagation) B. Shear (mode Il propagation) C. Shear (mode Il propagation)
Extensionsbruch  Scherbruch Scherbruch

Twiss & Moores, 2007



Orientierung von Kluften

All joints

D Dextral faults / I \
A} S

S Sinistral faults

X

Twiss & Moores, 2007



Bruche in Laborexperimenten

Extensionsbruch

O3

t

[

Bruch durch Zug

03<0

03

O1

l

Scherbruch

—

N\ /'
/2

1

01

beim

Kompressionstest

g >03>0

O3

konjugierte Scherbriiche

Extensionsbruch

4

-,

Dehnungsbriche
bei niedrigem
Umgebungsdruck

o3=0

jpburg-strukturgeologie-ethz.ch
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Typen von

Bruchen

Bruch Modus Klasse (o1-03) Offnungswinkel
Dehnungsversagen Extensionsbriiche <4T 0°
Hybride Scherbriiche Scher-Extensionsbriiche 4T — 8T bis 60°
Scherbriiche Kompressionelle Scherbriiche >8T >60°

O
AT=0g 7
Winkel der inneren Reibung"«,‘b

instabiler stabiler

Bereich Bereich
Kohasion
0 = 2T

' ON

T | 2T 4T 8T

Zugfestigkeit

jpburg-strukturgeologie-ethz.ch



Elastizitatsgrenze
Fig. 8.
Kurven gleg: .r?bleibender Dehnung bei Marmor

in dér Mohrschen Darstellung.
Elastizititsgrenze des Marmors in der Mohrschen Darstellung.
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Density E G v k a
kg m™3 10'! Pa 10" Pa W@m~reK™ Jo° oK™
Sedimentary
Shale 2100-2700 0.1-0.3 0.14 1.2-3
Sandstone 2200-2700 0.1-0.6 1.5-4.2 3
Limestone 2200-2800 0.6-0.8 | = - 2-34 24
Dolomite 2200-2800 0.5-0.9 60 80 GPa 3.2-5
Marble 2200-2800 0.3-0.9 0.2-0.35 0.1-0.4 2.5-3
Metamorphic
Gneiss 2,700 0.04-0.7 0.1-0.35  0.04-0.15 2.1-4.2
Amphibole 3,000 0.5-1.0 0.4 2.5-3.8
Igneous
Basalt 2.950 0.6-0.8 0.3 0.25 1.3-2.9
Granite 2,650 0.4-0.7 0.2-0.3 0.1-0.25 2.4-38 2.4
Diabase 2,900 0.8-1.1 0.3-0.45 0.25 1.7-2.5
Gabbro 2,950 0.6-1.0 0.2-0.35 0.15-0.2 1.9-2.3 1.6
Diorite 2,800 0.6-0.8 0.3-0.35 2.8-3.6
Pyroxenite 3,250 4.1-5
Anorthosite 2,750 0.83 0.35 0.25 1.7-2.1
Granidiorite 2,700 2.6-3.5
Mantle
Peridotite 3,250 23-3 | 1400 at
Dunite 3,250 1.4-1.6 0.6-0.7 3.7-4.6
Miscellaneous ~
Halite 0.3 0.15 54-72 | T 1.4 kb
Ice 0.092 0.033 2.2 I 40 MPa
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4 Bruchsysteme - Stereonetz - Verwerfungen

VL-Themen: ® Bruche - Bruchsysteme
e Stereonetz

e Verwerfungen
e fault zones
e assozierte Strukturen (displacement markers)

* Abschiebung (normal faults)
e Auf-/Uberschiebung (reverse faults, thrusts)
e Strike-slip Verwerfungen



Klufte assoziert mit Biegung

Earth's surface is free surface: T =0
01, 02, 03 are parallel and perpendicular
Angle of failure is 30° w/r to 0|

VI \/ V’\V_’Y
-

BN g P

AMARA

point point

<o
Inflection ‘?p : Inflection
= =~

elastische Biegung

M



Klufte assoziert mit Intrusivkorper

= one sheel
N1, IM
e ‘I“'ﬁ&y
>< >< ) radialer Gang ,

|

| . :
\ radiales Spannungsfeldl
Klufte, W
Géange und

Verwerfungen um eine
zentrale Intrusion mit einer Caldera

jpburg-strukturgeologie-ethz.ch



"Antiklufte": Stylolithe

en échelon Oﬁnul",gy;g,a"

Orientierung der Adern
in einem Kompressionsgebiet

pische
rientierung S R
der Adern und Stylolithen ™ -~
in einem Kompressionsgebiet

Orientierung ¥ K
der Stylolithen ~

in ei K ' biet . ,
e bl jpburg-strukturgeologie-ethz.ch



iklufte"

"Ant

fte und
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Leitliche Abfolge

nicht massstabsgetreue N
Kartenansicht

jongste Kiuft

 sttere Kiuft und Offnung

=

Wi e

Stossende Verhaltnisse zwischen Kluftgenerationen
mit Spannungsstérung in der Nahe von bereits existierenden Kliften

jpburg-strukturgeologie-ethz.ch

mole principal
eflective stressax

Twiss & Moores, 2007




ZLeitliche Abfolge

First fracture

Second fracture

Propagation\‘
direction

First- p . Propagation s:lac‘lzeh;;?on P 3
generation ropagation Propagation TN ; ropagation
fracture direction Fracture d;,e&;gn direction points direction

origins

Propagation

Wion

Second- Propagation p .
generation direction dmgitlon

fracture
Twiss & Moores, 2007



ZLeitliche Abfolge in Bruchsystemen




Fiederklufte en echelon

jpburg-strukturgeologie-ethz.ch

Y A

1 Ty

\ \

\ \
\ \
AY \
\
\
\
\
\
. A
\ \
\
\
\
\
\ \
\
\ \
\ \
\ \
\ \
nicht-verformtes Gestein

Staffelférmige (en échelon) Anordnung der Fiederspalten

NRRRRN,
32222

Entwucklung von en échelon Fiederspalten in einer spréden Scherzone
(sofortige Streckungs- und Verkirzungsrichtungen drehen sich nicht wahrend der Scherung)




Klufte assoziert mit Verwerfung

Pinnate
fractures

\ Indicated \ Eault
shear sense

Acute
angles
9 Pinnate
fractures

feather fractures

Twiss & Moores, 2007



Stereonetz



Klufte und Bruche im Stereonetz

01

Fallazimuth / Fallen
051 / 34 (XXX/XX)
Streichen / Fallen
NI4lE/ 34 E




Klufte und Bruche im Stereonetz

Flachenpole







Klufte und Bruche im Stereonetz




Klufte assoziert mit Falten

Diagonalklufte

A
=

Querklifte Langsklufte

Kluftfacher

b = Richtung der Faltenachse Twiss & Moores, 2007



faults



types of faults

Dip- Hanging wall Hanging wall
slip blocls(; ’ block
faults

Footwall

block Footwall

block
A. Normal B. Thrust

Oblique-
slip
faults

E. Sinistral-normal

F. Sinistral-reverse

Verwerfungstypen

Strike-
slip
faults

C. Right-lateral, or dextral D. Left-lateral, or sinistral

Rotational
fault

Hangendes - Liegendes



displacement Versetzung
Versetzungsbetrag

relative displacement defined by slip vector



Bohrung durch Auf-/Abschiebung

Missing Normal
section section

Drill Hanging wall
Drilllhole core block

; :
SR
[

Repeated  Normal
section section

Drill  Hanging wall a 3
Drill hole core block :
N
3 T O O 3 3
2 5 I 2
3 )1
2 1




fault - fault zone - shear zone

S
Y]
A
S e
—— - \7 R AR
s | HE
=y ;ﬂ//“k: =
: SIS —
===
= ==L

Verwerfung - Verwerfungszonezone - Scherzone

high angle fault: > 45 ° inclination
low angle fault: < 45 ° inclination



fault zone Verwerfungszone

undeformed
b& arent rock
(5 —\ parent roc

U%U% (phenocryst

aranite) intaktes Gestein
incohesive —* " — Brekkzie
, : . <\ brittle fault
brittle fault rocks s T fault gouge

cohesive
brittle fault rocks

W;O with cohesive
NN satardAne s
/ & :"UD LclldLlellL
Kataklasite

% o . :
LT 25 brittle fault with Ultrakataklasite
)ng =t P pseudotachylyte
e Pseudotachylite
mylonite narrow ductile .
shear zone with Mylonite
mylonite

Ultramylonite

wide ductile shear Gnei
‘Q zone with striped

gneiss

striped gneiss




fault zone Typische Gesteine

Kohasionsloses Lockermaterial:
Gesteinsmehl (gouge) feinkornige Matrix
Unverfestigte Brekzie erkennbare Klasten
. SNR\ brittle fault
27So 04 With cohesive Festes Gestein (ohne Foliation):
O X NG tARAIA G s
2 25 cataclasite
/ 0 Protokataklasit / Brekzie > 50% erkennbare Klasten
a5 brittle fault with _ o .
$”S‘ = pseud()[uchylylc Katak|aSIt 50'90/0 MatI"IX
ot 0%
Ultrakataklasit > 90% Matrix
narrow ductile
shear zone with
mylonite
Protomylonit < 50% rekristallisiert
Mylonit 50-90% rekristallisiert
Ultramylonit > 90% rekristallisiert

nach: Roland Vinx (2005): Gesteinsbestimmung im Gelande, Elsevier



fault zone

— o°c ..........
Weathering
// - 50°C
Friction melt Diagenesis Fracture
(pseudotachylyte) _ 150°C toughness
dominated
Fault breccia, Zeolite facies
rock flour, ‘
km j gouge TS -300°C
A 0 . .
Greenschist facies
2r § /
- 450°C
4L Foliated cataclasites % ——
y=107-10°s"" _ Amphibolite facies
¢k Mylonites / //
8r // Typical
/. hypocenter
10 | Quartz plasticity onset -+---oeeeeaeee of earthquake (10 km)
X X : .
12
\\
14 . Yield strength dominated
o 10-12.10-7 5 = Feldspar plasticity onset and shear yield strength
Y= - S 16 dominated
18
20




Bruchflache







Brekzie

TItUS Canyon Death Valley (Wlklpedla)



Pseudotachyili

.edu)

y.um.maine

(geolog



slickensides / slickenfibres

Gleitflachen

indicate direction and sense of
movement

constitute a lineation containing the
movement vector

Striemungen - Rutschharnisch




Shear-parallel Slickolites on
fault facets contractional fault facet

weise  slickenfibres

solution-precipitation

MIicrostructures
A.
Shear-parallel
fault facets
Slickolites on
contractional fault facet
Incongruous steps
Slickenfibers on
dilational fault facet . :
\ Point o
Congruous
steps
oo

Slickenfibers
~ Point of = along shear
attachment plane




displacement - micro scale

Incongruous
linear

Planar extension fractures Crescent-shaped extension fractures step
——= Incongruous steps

B. C.

Incongruous Incongruous steps Striated facets of

lunate steps Striated secondary fracture  fracture surface
———

Congruous striated

Unstriated facets
lunate fractures

determination of movement sense from
cracks associated with faults



displacement - micro scale

C.

Congruous
pluck face

r‘ Tool mark
a Plucked
asperity

K\

Congruous
~ pluck face

Ny Tool mark:
. taper closing
- downstream

D.

Tool mark:
taper opening
\  downstream

. Asperity plowed in
\{\ and sheared off

Congruous
pluck face

Concave
~ depression

determination of movement sense from

tool marks



displacement - macro scale

Movement sense from
drag-folds and
roll-over anticlines




displacement - macro scale

Fault scarp Faceted spurs

determination of movement sense from fault scarps, erosional
features, stratigraphic displacement, eroded fault scarps



displacement - macro scale

Movement sense from displaced rivers



displacement - markers

faulted planar features
are non-unique
movement indicators




Verschiebungsvektor

In der Verwerfungsebene
H Horizontale Verschiebungskomponente
(strike-slip component)
A Abschiebungkomponente
(dip slip component)

Im Profil

E Dehnungsbetrag (heave)

S Sprunghohe (throw)
(vertikale Verschiebungs-

komponente)




Verschiebungsvektor

o
O
E Dehnungsbetrag (heave) H o
S Sprunghohe (throw) \'Srg
(vertikale Verschiebungskomponente) |  ° Ak
H Horizontale Verschiebungskomponente | ;. e T
(strike-slip component) Jendeg le\l,y’i”kel der
A Abschiebungkomponente UNgsfisey,
(dip slip component) '
angendes

Bruchflache
Raumlage: (Ein-)Fallen
dip-direction/dip

Linear (Striemung,Versatz, ...)

Raumlage: (Ein-) Tauchen
plunge-direction/plunge

pitch =Winkel (strike-direction, Linear>



Pol Fallen

Azimuth



Section 2

Strike separati

Fault trace, 'Jl' Dip slip
horizontal surface — | | component
Dis LI cement
vecto ’f Strike slip

1|

9p° = - Fault trace,~ Garmpo
< Dlp Sllp faults » dip slip section .‘,/
o el ifione, S /
Section 1 f
—
[@00- P Dominantly ,
| : . =
o dip slip 5
| = Jo Heave
SHE w1 N
=l &= Dominantly © Dip Throw
& ; . = separation
ﬁ = strike slip g -
Oo- o > | .
w 1
l l Horizontal
-« Wrench faults — Section 2 component
30° 60° %
Fault dip

\IVertical component
Displacement
i
S
N:";;'S.:-

http://folk.uib.no/nglhe/Emodules.html
http://folk.uib.no/nglhe/e-modules/Chapter?7%208/08%20Faults.swf

%

N



piercing points

displacement vector
(orientation + length) from
piercing points

(= movement sense +
amount of displacement)

Hinge line

Displacement
or slip vector

Piercing
points



piercing points

Displacement

200 500° 550 600

Example of piercing point

construction using structural
elevations



log displacement [km]

*x O D> + 0+ x O

| |

-

-1 0
log length [km]

~length & displacement

Relationship
between fault
displacement and
fault length:

“Faults do not run
across the earth”



fault termination

Tip line
(mode I
propagation)

Tip line
(mode Il propagation)

special termination line: the tip line
marks the end of displacement

Tip Iies

Branch lines

1"|p lines

,

Branch lines

splay faults branch out from the main
fault along branch lines



fault ramps

Lateral
(oblique)
ramp

Lateral
(sidewall)

B. Extensional ramp or bend C. Contractional ramp or bend

faults step up at ramps



duplex structures

A. Thrust dip-slip B. Normal dip-slip C. Strike-slip dextral

duplexes are bounded by 2 faults



fault steps

( .
NN
T NN T
<—
A. Extension fracture
N
e ___HESHE \\ sagss
" X \ —
: ~
= | B. Pull-apart
89
2
3=

=

C. Rotated block

i 1

— ”
== -

. D. Isolated lens

extension

Contractional steps

A\

/

o AR

f

E. Rotated block

i 1)

. G. Isolated lens

contraction

4



normal faults



Definition Abschiebung

Normal Faults:
dominantly dip-slip faults

accommodate extension



iebung

Absch

normal faults

ey
S
S

R
S




normal fault system

Half-grabens Conjugate Horst

Horst fault orientations
Half-grabens
v
: \\\\ R
Main fault \ A2 N Antithetic \\\
- NSOy faults \
Synthetic '
faults Main fault A 75
Detachment iatri e
e g‘sjtl?c fault Detachment

fault

Horst, Graben, Halbgraben, listrische
Abschiebung, Abscherhorizont

synthetisch - antithetisch
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Schwelle von Arzo




roll-over folds

| € d | L > |

antithetische
Flexur
Detachment fault/
C.
;’\ntlitthetic
antithetische
Bruche

N Detachment fault



normal faults

Ring faults Topographic rim

Lake

associated with salt
dome or intrusive
body:
consequence of
uplift and crustal
extension

e L= 6 o bl T Rl e
e e i e e

——

‘.
e o

HEEEEREEREEEEE




calculating extension

| o . I i )
€ L, P e e L, > g Log——P1."}
[ [ %% .3 | I N | I
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| | : | | | Vool
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I | 3 :

I | I '
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N I

INITIAL
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reverse faults



Definition Auf- / Uberschiebung

reverse or thrust faults:
commonly put older rocks over younger rocks

Reverse faults accommodate crustal shortening
Large areas of thrusted rocks = nappes

reverse fault: > 45 ° inclination
thrust: ~30° (<45 ®) inclination



revers fault / thrust Auf- / Uberschiebung




Verkurzung

< { >

Shortening

| AL |
>

T

. AL=6cosd

determination of shortening in thrust systems



Uberschiebungsgeometrie

Older beds
Normal stratigraphic * thrust over * Normal stratigraphic
sequence younger beds sequence

e % Fault-ramp fold
Thickening 1 Yor fault-bend fold

l:l*c;rmal s \ —

stratigraphic

interval e - 2
3 \Thrust cuts up-section
4 in direction of transport

Section thickened
Thickness normal * by duplication —*—— Thickness normal
of beds




Fenster und Klippe

allochthon - autochthon
XAAOC allos = anders, verschieden
xXUTOC autds = selbst

XOwV chthon = Erde




ramps and
flats

Rampe
| Flachbahn

Oblique Side-wall  Maras | Lewis Thrust

ramp

mamp Pﬁss

‘, v— e p —d v — meMoVnmm Theuss _ - N
y e e‘?é”g i Y
H ~_ i€ Middlesboro Syncline - ronta ram
. /i ~ '
cline & — 3 e Chestrt %
§| _rowwe T N0 N\ g M, Pow %
Chattanooga

Theust 4 Wallen Valey Thrust » -' & Iate ral ram P
I g ipon ‘A
10 20 Mies

= : (side-wall ramp)
0 10 20Kms
JacksHor0 Russel Fork Pine Mountain Thrust
-tear r;_mz toar fault




[l P tear fault
«KREN) : | 1{'-\-%“_‘:;'.";;:}4" - X f

Querverschiebung

= local structure
accommodates
differential
displacement
along fault




hanging wall anticline / syncline

Direction of slip to produce hanging wall anticline (B)

Direction of slip

to produce -
hanging wall /,j///

syncline /
© '/’/ Thrust .—L:r? o Thrust
Lateraly 7= // /// e P e
ramp P4/,
) =
- il
= Thrust [
'/// Hanging wall anticline Anticline due to oblique
slip up lateral ramp
Fault plane Longitudinal section
A. prior to slip B.

Hanging wall syncline Syncline due to oblique
slip down lateral ramp

C.



Upper glide horizon Legend
«wsswnas Future fault
Active fault

- e w |nactive fault

o ’ Roof thrust
Lower glide horizon :

Roof thrust

; 3 Floor thrust : Floor thrust
B. Hinterland-dipping duplex C. Antiformal stack

| - IV:
sequence of
stacking

Floor thrust

D. Foreland-dipping duplex



fold nappe Faltendecke

A.

Unconformity

Tertiary

NwW SE

Cretaceous

U Jurassic
| ~M.Jurassic

L. Jurassic

~ ~ X
+ + + + 4
.§. B3 { + . -
= 4+ 4+ + +
+ + + +T+ + +
+ + 4+ 4 + 4 ¢4
Permo-Carboniferous ‘Crystalline’ basement

Rotan'i,ﬁ Erosion
Conglomerate deposition

—

Morcles nappe,

o+ 4
+ 4+ + + 4+ 4 4 \4 < 4 + + +
SRR e il e S + » o+ : ' .
T*‘4f~'Ls++\»-¢\++¢\+ov++~+~\_r-.-+'*\++e' Wltzeran
f*+*-.~+1‘4‘9~f°‘4-+«r+—\+1i++++f+'v-+.\:'——v'-
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regional thrust fault systems

Western limit

of thrusting } { &4
. /7
. ¢/
Approximate edge < :(// f/ 7 ﬂ- Washington,
of thick salt (>75 m) :/(/9 {/ //’// & 0-7 /
o/ . " :
& Reentrant: S L3 2 \
~’<°“¢> \'./” % ol Chesapea"z' e 3 N\ McConnell
PineMt. A “, 3 R  N N Wiy McConne

Th

Lewis
thrust

Montana
|Wash|ngton. 16 N

120 Idaho
100 0 100 200 300

Kilometers

Vancouver Seattle

oo
0 © 100 200Mi
0 100 200 Km

Appalachians Canadian Rockies



regional thrust fault systems

10 km ) Canadian Rockies

Appalachians Canadian Rockies



regional thrust fault systems

6 g8 10° 12 14°
48 48°
I I I
Dent
Jura Mts.
46°}— 46°
44°— a4




regional thrust fault systems

NW Faltenjura | Molassebecken
Douljbs Les Vo.mirn Le Chruron Trtyzvagm Eaim'ncs




regional thrust fault systems

C
= =h. , Hauptuberschiebungsphase
\ ——
\ e s
d
e .. .. om o
= spate Verkurzung, ev. ,thick-skinned
Sy
\_.'. iy S == 8
€ | T

Freivogel und Huggenberger 2003



strike - slip faults



Definition Blattverschiebung

Approximately vertical faults

with horizontal displacement



strike slip faults

San Andreas|Fault System
Explanation

1980 =] Segments on which slip occurred during
Great Earthquakes of 1857, 1872 and 1906

Segrments on which slip ocurred
during Smaller Earthquakes

SAFZ 1836 Dates of Earthquakes of Magnitudes 7-8

0 Segments on which Fault Creep occurs

. Creeping
. Section

Los Angeles

Map modified from: Sandra S. Schulz and Robert E. Wallace, 1997,
The San Andreas Fault: USGS General Information Product 3
htp://pubs.usgs.gov/gip/earthq3/where. htmi

San Andreas Fault



strike slip faults

TSAIDAM
Kuniun Qilian Suty,

UNLUN SHAN

'&?\_g Sedimente
+1*1 Vulkangestein
r
Tarim Basin

INDIAN PLATE MBT"|

Altyn Tagh Fault

fault style: } normal Nright slip 7 leftslip reverse or thrust




bends in fault surface

Dextral

A

or
restraining

C.

Extensional
or
releasing

Contractional ¢

<

N

7

Left bend

Left stepover

Right bend

Right stepover
N 7

N

Sinistral

B

S Extensional
or
releasing

7

N

D.

\ Contractional
or

restraining




bends in fault surface

N/
X

Top edges of
block shown
inpartC

After
displacement

I Normal or

negative
flower structure

After
displacement

Initial
fault
trace

Top edges of
block shown
inpart C

Reverse or
positive
flower structure




ositive flower structure

WEST EAST

A e

= PLIOCENE - PLEISTOCENE

e P Ml R S :. T T e T r T e
o m}‘f'{ﬁm‘"m T ——— H'L""!Im e S TR AR S i el
——agrend € SR | b AL bbb bbb 3 m{m i r~ i r— 2 - — 1
2 - T e e e e

R T | o 701 e \'“5' . Ul
] el Ve e SIS 1 B
e mw_‘_,-u ’ ,.‘m‘ggml:‘a}t ,%{‘L ¢
e My Gt k"
| R

- i i Rl ]
Al o N |A “" » f"""r".'ilmﬂu
- (%%V g SN N

et

honi

positive
flower structure

TWO-WAY TIME IN SECONDS

i LR, RS -
s g@us—ouaocsusm N
Bf\SEMENTW"

L ~ o™

S e

o R e L )
T e e O T R DRGNS

o S MR T O 2

T o A i

KM N N TR SN e e e e e v 1)

Example:
Andaman Sea (Malaysia - India)



negative flower structure

111° 112° 113

Normal or
negative
flower structure

56" —— &

Example: ,
Angara graben basin, ' T
Siberia




regional tear faults

s

Example:
Jura

- == ===« Strike-slip (tear) faults .

------------- Old normal faults M ountains,

wawawawa Rhine graben .
Switzerland







5 Scherzonen - Foliation - Lineation

VL-Themen: ¢ Scherzonen
e Foliation & Lineation
e Schieferung und Verformung
e Mechanismen der Schieferungsbildung

e Bedeutung der Schieferung beim Kartieren

e Lineation



Scherzonen



Sprode und duktile Scherzonen

Displacement (D) (m)

e Shear zones -
100 000 Fault damage zones D=1000T .& _ e .-
= Fault cores L et e
10 000 .+ D=100T, .D=10T-"
1000 L e W L
O . AP
100 ..l...m""_ . "," “,.
ui e By o 10D=T
"y "0 -8 "
10 :," .'. '-:' & ’
.l: L]
1 "a *4
‘ ,"';é'
0.1 o oV
0.001 ‘I lIIIIIIL‘ 1 llllllll.' 1 llllIIII 1 Illlllll 1 llllllll 1 IIIIllII 1 IlIlIIII 1
0.01 0.1 1 10 100 1000 10000

Deformation zone thickness (T) (m)

40
km

Amph:
facier Dolie

Gran [
fagieg "*eclogiy,

Fossen



Typen

von Scherzonen

Dilation
ZONes

Dilation

Dilational
subsimple
shear zones

Dilational
shear zones

L
Dilational pure
shear zones

I

wSimpIe 5 UDSIMPIE ShEAr ey PUTE |
shear Subsimple shear zones shear:
Simple

shear zones

Compactional
subsimple
shear zones

Compaction

Compactional

simple shear zone pure shear zones

Zones

b

shear zones

Fossen



Scherzonen Klassifikation

100%
Ductile Ductile shear zones
A
A
*h @©
32 <
0o o N i
% 7
g Vg
N QO '
& = i
2| |2 g2 d
© — I N ~
a| | & — £ 3 d
O Semi-ductile shear a:J = Fe
B CIe
£ Zones o
@ P
= ”
& . g .
e Forbidden )
fagg?ibolite
:2‘ g’é@;'"te/edoghe
Non_ ¥ ]
ductile ]
Faults
0%
Brittle » Plastic
(frictional) Plasticity

(Deformation mechanism) Fossen



Riedel Scherzonen

Infinitesimal strain
ellipse for simple
shear showing
predicted fault
orientations
matching the two
Riedel shear sets

http://upload.wikimedia.org/wikipedia/
commons/f/f2/Riedel.jpg
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Spannungen in Riedel Scherzonen
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Riedel and S-C'
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Scherzonentypen
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Scherzonentypen

Type Il

v e Type 111 shear zones initiate with a certain thickness.

/é e This shear zone thickness remains constant, and the
1 entire zone is always active.

e The result is a flat strain profile.
e This type of shear zone involves no pronounced

Type 111

|—Ac‘tive -]

s softening or hardening mechanisms.

y ;z_- ® Some kink-bands may represent shear zones of this
1

"""" type.

o Yy
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http://folk.uib.no/nglhe/e-modules/Chapter%2015/15%20Shear%20zones.swf



Scherzonentypen

Type ll

Type 11

—Active—

e Type Il shear zones expand only for a limited period

e oftime

W%ﬁﬁim e Then the margins are left inactive, and all further
deformation is concentrated in the central part of the
zone.

@ The result is a steep peak in the central part of the
strain profile across the zone.

@ This type of shear zone is normally explained by

strain softening.

Time (1)

Active thickness Total thickness

Time (1)

http://folk.uib.no/nglhe/e-modules/Chapter%2015/15%20Shear%20zones.swf



Scherzonentypen

Type |

4

Time (t)

Active thickness Total thickness

Time (1)

—Active—|

Activel Inact. | Active

Type 1

e Type I shear zones expand into its walls and thus
becomes thicker with increasing offset.

e The central part of the zone is left behind (inactive)
as the walls are being strained.

@ The result is a flat peak in the strain profile in the
central, inactive part of the zone.

® This type of development is normally attributed to
strain hardening.

http://folk.uib.no/nglhe/e-modules/Chapter%2015/15%20Shear%20zones.swf



Scherzonentypen

Type IV
& Type IV
7 7k
U . . .
I e Type 1V shear zones expand continuously during their
T = lifetime.
e The entire zone is always active.
b ud e The result is a steep peak-shaped strain profile

through the zone.

Time (t)

Active thickness Total thickness

Time (t)

http://folk.uib.no/nglhe/e-modules/Chapter%2015/15%20Shear%20zones.swf



Scherzonentypen
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mit Scherzonen
assozilerte
(Mikro-)Strukturen



Scherzonen in 3D
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characteristic features of shear zones
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marker and foliation
deflection

S-C structures:
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S-C and S-C' fabrics
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5-C shear band geometry

Lineation
on C-surfaces

S-surfaces



S-C microstructures
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O- and O- clasts
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Beschreibung von
Foliation & Lineation






recap: System Erde - Metamorphite

Metamorphic assemblages key: green: mafic rocks / brown: metasediments

Diagenesis / sub anchizone [ ] bA
- - zeolite / illite-kaolinite
Metamorphlc faC|es Sub greenschist facies [ 1sGs
Oberhansli et al. (2004) laumontite-prehnite - pumpellyite / illite

Lower greenschist facies [ ]Les
albite-chlorite / pyrophyllite-chlorite + chloritoid

Upper greenschist facies [Jues
actinolite / biotite-chlorite-kyanite + chloritoid
High-pressure greenschist facies Ml vrcs
albite-lawsonite-chloritetcrossite /

lawsonite-chlorite + chloritoid + kyanite

Greenschist-amphibolite transition [ | GAT
albite-epidote-amphibole /
biotite-garnet-chloritoid or phengite-chloritoid-kyanite

" | Amphibolite facies B AM
plagioclase-hornblende- garnet /
biotite-garnet-staurolite-phengitexkyanite

Pressure (GPa)

Blueschist facies BS
glaucophane-lawsonite / carpholite-phengitexpyrophyllite

Upper blueschist facies UBS
glaucophane-epidote-garnet / chloritoid-phengite + garnet

Blueschist-eclogite transition [ BET
glaucophane-zoisite-garnet + clinopyroxene /
garnet-Mg-rich chloritoid-phengite

| Eclogite facies [ ecL
garnet-omphacite-zoisite- quartz + amphibole + phengite /

0 200 400 600 800 garnet-Mg-rich chloritoid-kyanite or garnet-lawsonite
Temperature (oC) Ultrahigh-pressure facies Il uHP

garnet-omphacite-kyanite + phengite /
coesite or Mg-rich chloritoid-talc-phengite

Die Klassifikation der metamorphen Gesteine basiert auf der Zusammensetzung
(mineralogisch oder chemisch) und dem Gefuge

... und umgekehrt



Gesteine

Tonschiefer
(slate)

Kompaktes, sehr
feinkorniges
metamorphes
Gestein mit guter
Spaltbar- keit. Rauhe
(nicht glanzende)
Bruchflachen.

Phyllit

mit Planargefuge

Phyllit

Fein geschiefertes
metamorphes
Gestein mit sehr
feinkornigen
Phyllosilikaten (z.B.
viel Serizit und
Chlorit), die aber mit
blossem Auge nicht
erkennbar sind.
Bruchflachen
erhalten dadurch
einen seidigen Glanz.

Schiefer (schist)

Metamorphes
Gestein mit
deutlicher
Schieferung. Im
Gegensatz zu Ton-
schiefern und
Phylliten sind in
Schiefern die
gefligedefinierenden
Minerale (meist
Glimmer) gut mit
blossem Auge
erkennbar.

Gneis

Metamorphes
Gestein mit schwach
ausgepragter
Schieferung oder
Stoff- banderung im
m- bis cm-Bereich;
meist grobkorniges
Geflige. Spalten im
dm-Bereich.

Mylonit

Extrem stark
durchbewegter,
rekristallisierter
Metamorphit




Planare Gefuge (planar fabric)

a. Stoffbanderung
b. Orientierung tafeliger Minerale

a compositional layering
b preferred orientation of platy minerals

c. Deformierte Minerale
d. Korngrossen-Variation

c preferred orientation of grain shapes
d grain size variations

e. Orientierung tafeliger Minerale in einer Matrix ohne planare Geflige
f. Orientierung linsenformiger Mineral-Aggregate

e platy minerals in isotropic matrix
f lenticular aggregates in isotropic matrix

g. Orientierung von Rissen
h. Kombinationen

g preferred orientation of fractures
h combination a, b, c




Klassifikation von Foliationen

Morphological classification of foliations
(using an optical microscope)

Are microlithons present ?

/ No Yes S Spaced foliation:

Can crenulations be recognised

Continuous foliation Spaced foliation in the microlithons?
: [
If fine gralned: Ix l‘*:u',"-'l': If fine grained: No
continuous a"ill,ll": /I'I‘u| spaced cleavage *
cleavage iy iy
or If coarse grained:
slaty cleavage spaced schistosity
If coarse grained pLLT Cleavage
s aividial diai | domains R L8
Sg ib“lg vt/Jiihgrams , Disjunctive Crenulation
. L Wil foliation/cleavage cleavage
unaided eye): , / =4 4 .
Microlithons & B T
Continuous schistosity ;

fracture cleavage

Penetrative Schieferung  Schieferung (mit Zwischenraum)




spaced foliation

spacing

\l)

rough smooth  wiggly  stylolytic

volume of cleavage domains

1% 20% 70% 100%
(continuous

spaced foliations foliation)

relation between cleavage domains

parallel anastomosing ~ conjugate

transition between
cleavage domains and microlithons

o

DAL

gradational discrete



Spacing generally
millimeter scale

icrolithons

Spacing generally
centimeter scale

cleavage domains & m

D. Moderately
C. Rough e eeme-——-—- E. Smooth
rough

B. Anastomosing

A. Styolitic

<+ Strong -—e—e Complete

Random s Weak



Lineare Gefuge (linear fabrics)

Aggregate lineation
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Lineation (Intersektions-)Lineare

Trace lineation Obiject lineation
Foliation track Lineation track
P
= ==
o
’ &
@o
b
Foliation Lineation

Aggregate lineation

Shear band cleavage

\ Intersection lineation




Nomenklatur

Foliation

Lineation

Spaced

Foliation
and
cleavage

Compositional

Diffuse

Disjunctive

Crenulation

Discrete

Continuous

Fine

Microcrenulation

Microcontinuous

Coarse

Mineral grain

Discrete

Schichtung so
Foliation:

Schieferung: cleavage (Transversalschieferung)

schistosity (Kristallisationsschieferung)

Lineations
in
tectonites
(surficial or
penetrative)

tektonometamorph entstandenes Plangrgefuge

Structural

Discrete

Pebbles

Ooids

Fossils
Alteration spots

Constructed

Intersections
Hinge lines
Boudin lines
Mullions
Structural
slickenlines

Mineral

Polycrystalline

Rods

Mineral clusters

Mineral slickenlines

Nonfibrous
overgrowths

Mineral grain

Acicular habit grains
Elongated grains
Mineral fibers
Fibrous vein filling
Slickenfibers
Fibrous
overgrowths




Beispiele



continuous schistosity

Continuous foliation

e If fine grained: [/ «-,".,',h\
G e ;l“‘,ml :
i - cleavage ‘I'HM

- or —
slaty cleavage

If coarse grained

(individual grains
visible with
unaided eye):

Continuous schistosity




slaty cleavage
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continuous foliation (schistosity)

Continuous foliation

If fine grained:  [/3 7

continuous iy

cleavage iy
or

slaty cleavage

AW If coarse grained

’. ¥ (individual grains
¥ visible with
unaided eye): ‘

S |
«"Continuous schistosity ™
ontinu y )




domainal spaced cleavage

.‘\ i\*_u-
=N spaced cleavage )
o, ‘..'4 —

b

.. 34 |fcoarse grained:
auaed  spaced schistosity

%@;’1‘ ﬂ'f MicrolithonsZ
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disjunctive cleavage

Can crenulations be recognised
in the microlithons?

|
No

gf:g,..; % w;-

e “‘ ‘
Ry Vit y( 5isjunctive ™. Crenulation
s> foliation/cleavage cleavage
' s old term:

fracture cleavage



Spezielle
Schieferungstypen



solution cleavage
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Fossen
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Krenulations- (Runzel-) Schieferung
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Not foliations ...

Fracture "cleavage"” is a term from the past
that reappear from time to time, but most
modern structural geologists avoid using this
term. It is used about densely spaced parallel
fractures may look similar to cleavage, but the
formation and kinematics are very different:

Cleavage involves shortening across the planar
structure.

Fractures involve slip (shear fractures) or
dilation (joints).

Shear bands in plastic shear zones have been
called foliations by some geologists. Most of us
prefer not to, because they do not involve
shortening perpendicular to the bands.

s SRS :

Various structures that are not foliations. Click to explore.

Densely spaced shear bands in granular material
(porous sandstone), known as deformation
bands, may be regularly distributed to form a
penetrative fabric, but do not classify as
foliations. This is partly because they involve
shear and partly because the deformation
mechanism (frictional slip) is different.

Compaction bands, a type of deformation bands
that form in highly porous sandstones, get very
close since they involve compaction across the
bands, but these are quite rare and seldom
spaced densely enough to be confused with
cleavage.

Fossen



Schieferung
und
Verformung



foliation - strain

Undeformed

Flattened

0>

Plane of flattening
Foliation plane

$n>

Plane of flattening

Foliation plane

\an®
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Twiss & Moores

A
Sy Plane of flattening

foliation =
plane of flattening
of the strain ellipsoid

foliation #
plane of flattening



Schieferung: Geometrische Entwicklung
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Schieferung: Geometrische Entwicklung
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cleavage development - Flinn diagram
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pencil cleavage
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Achsenflachen-Schieferung und strain
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Fig. 17.37. Block diagrams of () an undeformed oolitic limestone
sandwiched between beds of different lithologies: (b) appearance of
(a) after 50 per cent deformation and (¢) after 100 per cems
deformation. (¢) The relationship between the deformed oolithks
and the cleavage. The major and intermediate axes of the oolith be
in the cleavage plane and the major axis is parallel to the minerz!
lineation. (After Cloos, 1947.)



Mikrostruktur

a GSPO (grain shape preferred orientation)

< i ’?"’ L PR (layering)
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foliation microstructure
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Mineralregelung

plattig

stengelig



Mechanismen der
Schieferungsbildung



mechanisms for foliation development

passive markers
rotate, bend

monomineralic:
solution-precipiation
crystal plasticity

polymineralic:
foliation formation
growth //(001)

growth // stress field
restricted growth

- foliation

- platy minerals




crenulation cleavage in multilayer
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Schieferungsentwicklung
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Anwendung in der
Strukturgeologie:
Uberpragung
So, S1, S2, etcC.



Beispiel fur Schieferungsentwicklung

Deformationsphase | Deformationsphase 2 Deformationsphase 3

S92 5

1_mm
D3 folds

So Ablagerung
D, Isolklinalfalten: Schieferung S,

D, Krenulationsschieferung S;
D3 Offene Falten: S3
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diagenetic (bedding parallel) foliation




secondary foliation
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Bedeutung der
Schieferung beim
Kartieren



Achsenflachen-Schieferung

normale Lagerung
st steiler als ss

inverse Lagerung
st flacher als s
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” Cleavage (Sy)
Sy i

g

(b)

Sy

T~
N,
i - ’\\ \
it
. \
So v

—
F— surfaces {



Schieferungsuberpragung

Cleavage (S;)
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Fossen



Schieferungsbrechung

Schie

| Schiefer
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S Schichtung
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Axial plane
foliation

g /117
o]

Pattern of
foliation
refraction
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Mechanische Bedeutung




Schieferung-Schichtung b -0 - 11

TT = Pol zum T1T-Kreis
b = Linear = Faltenachse

O = Linear = Intersektion (Achsenflachenschieferung / Schichtung)



Lineare Gefuge



Lineation

penetrative

geometric
(virtual)

surface

stretching
mineral
rodding

fold axes

Apparent
lineations

\ ™ True
lineation

Apparent
lineation

True
lineation

Foliation
plane

True
lineation
orientation

intersection lienation

mullions

slickenfibres

striations, corrugations



penetrative lineation

stretching lineation
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geometric (virtual) lineations

Intersektionslineare
Faltenachsen



boudinage

Boudinaged

s Thickened

- hinge




surface lineations

Lneato

Competent

mullions



surfac
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lineations

Groove lineation
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Fiber lineation
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gefaltete Lineare

tion
ements

Fold hinge
measurements







Datum Thema Ubungen abgeben
26. Feb. | | [Druck, Spannung, Mohr Kreis, Spannungsfeld

4.Marz | 2 |Deformation, Strainellipse, strain marker, Strainmessung

| 1. Marz fallt aus (Tromsg workshop)

|8. Marz fallt aus (Tromsga workshop) | Stress 29 3
25.Marz| [fallt aus (Ostern) 2 Strain 29.3
|.April | 3 [Mohr-Coulomb, Reibung, Klifte und Briiche -

8.April | 4 |Bruchsysteme, Stereonetz Verwerfungen 3 | Mohr-Coulomb |3. 4.
| 5.April | 5 [Scherzonen, Foliation, Lineation 4 | Kliifte Monthal 27. 4.
22.April| |fallt aus (EGU) 5(6) [Inv. SURFOR, Fry| 27.4.
29.April | 6 [Falten, Geometrie, Faltenbildung . .

- Trajektorien |'1.5.

6. Mai fallt aus (Himmelfahrt)

| 3. Mai | 7 |Mikrostrukturen, Deformationsmechanismen, Rheologie Def.Mech. |8. 5.
20. Mai | 8 |Subduktion, Gebirgsbildung, Transformstorungen 9 Critical taper 25.5.
27.Mai | 9 |Extensionstektonik, rifting, MOR, MCC, LANF

3.Juni |10|Test




6 Falten - Geometrie - Faltenbildung

VL-Themen:

Fa
su

Fa

tengeometrie
perposed folding

ten im Stereonetz

Strain in Falten
Falten in tektonischen Strukturen

Faltung (Mechanik)
buckling - bending - passive



Haakon Fossen

UNIVERSITY OF BERGEN, NORWAY

http://folk.uib.no/nglhe/e-modules/Chapter7%201 /1 1%20Folding.swf



fold
geometry



Falten = 3D Obijekte

[ |
i

| SRR LSOV TR D




Falte als Welle

/'« symmetrische, periodische und aufrechte Falten

) Scharnier

?Amplitude

Medianflache ‘Wendepunkt R
‘ Breite der Falte
Héhe!
der Falte:

B o o~ . . e s - G el = e e T g e Y~ i R = 2 e e &) ,/ 7
# S Wellenlange 7 / Sokaiial
P \ 7 L y ’ cheile
) — Offnungswinkel- \ ,/’ ;
,' N\ Vorderschenkel Amplitudge,"/
_ Medianfiéche i o Nellenlange o il
Wendepunkt
; Scharnier & Trog
P N /
.7 N\ ’
Offnungswinke\l\ + asymmetrische, periodische und geneigte Falten
'\\ 4 im Uhrzeigersinn orientierte Vergenz, auch Z-Falten
Burg ETH Zurich N

http://e-collection.library.ethz.ch/eserv/eth:24456/eth- 24456 Ol.pdf



Falten: Terminologie

Crest

Inflection Hinge

Inflection

Hinge
Inflection

Trough

Scheitel

einfache
Falten

Y Scharnier

Wendepunkt Schenkel

Wendepunkt

Scharnier() |
Wendepunkt

Trog



Offnungswinkel

isoklinal
(<5-0°)

offen offen geschlossen eng
stumpfwinklig(180-120°) spitzwinklig (120-70°) (70-30°) (30-<5°)
Offaungswinkel Klassen englische Bezeichnung
180 bis ca. 120° offen stumpfwinklig gentle
120 -- 70° offen spitzwinklig open
70 -- 30° geschlossen close
kleiner als 30° eng tight
0°, d.h. parallele Schenkel isoklinal isoclinal
Isoclinal
- _00
N Tight
Open - 70-30°
120-70°

Burg ETH Zirich
Fossen Structural Geology

Gentle
180—120°



zylindrisch - nichtzylindrisch

zylindrische Falten

Burg ETH Zurich

Crest-line
depression

Hinge
lines

L

nichtzylindrische Falten Sl

culmination depression _

) ==
(i‘%’/j}” T




Vergenz

/’—-'
¢ a\\enachsenﬂaChe

- -

- -

- \,

Uberkippte FaI{e

aufrechte

geneigte, ”
Falte

Falte -

allgemeine Vergenz

aufrechte

Falte

geneigte
Falte 4 uberknppte Falte Iiegende isoklinale
Falte

| /

Faltenachsenfladche

Tauchfalte -

Facing (= wahre Vergenz):
younging direction along the fold axial surface

Profildarstellung
der Orientierung
von Achsenflachen

N ¢ Tauchfalte

Burg ETH Zurich



Falten hoherer Ordnung

Faltenspiegel

~~~-Medianflache

. parasitare Falten dritter Ordnung

im Uhrzeigersinn orientierte lokale Vergenz,

- =————>Z-Falten

-~

e M-Falten $

S-Falten

im Gegenuhrzeigersinn orientierte lokaleVergenz

yie % 1
Falten zweiter Ordnung

& N ’
- :-‘?’O" ) 3
gff P

Burg ETH Ziirich



pezialfall: Futteralfalte (sheath fold)

b/ & e ey

”/Z:’/' O Y oy B hr &

LT,
0 Ay &Y S

Wi

17T

Twiss & Moores



armonie - Disharmonie

harmony ratio
D/S = 2D/A\

I
I

D = Ausdehnung der Falte // Achsenflache

A =Wellenlange
S = AN/ 2 = Schenkel

H=D/S =12



fold
Klassifikationen



Klassifikation: Faltenachse / Achsenflache

Moderately inclined

horizontal Recumbent

Upright  Steeply inclined  Moderalely inctined Genlly tnciined  Recumbent
80 80 60 30 10 0

[0 0 Einfallen der
) Sub-horszontal .
< i Achsenflache
(qv]
Gentt
GC) plunging
s
; Pos -

Upright moderately plunging L
LG
Q Moderatety
O rlunging
c
v All folds below this
-S i ¥ tine are ‘rectined
)
8 ﬁ:::,:’;ap Reclined
‘E
L 80

Sty Wrticol folds Twiss & Moores

Vertical 80



Isogonen

& = Winkel zwischen Schicht
und Normale auf Faltenachsenflache

Tangents to
surfaces of

T = Dicke der Schicht 777 folded layer

parallel zur Achsenflache

Dip
isogon

Axial trace
thickness

o)

ta = cos(X) *Tq s

surface
Orthogonal tra;ce
thickness

t = Dicke der Schicht
senkrecht zur Schichtflache



Ramsay's classification of folds

AR AR

Typ 1A Typ IB parallele Falte ~ Typ IC

Isogonen sind im...

Typ | - konvergent

Typ 2 - parallel

Typ 3 - divergent\

... bezliglich des Faltenkerns  Typ 2 kongruente Falte ~ Typ 3




Schichtdicke nimmt zu

1

Schichtdicke konstant

¥

Schichtdicke nimmt ab

(0.4

Winkel zwischen Schicht
und Normale auf
Faltenachsenflache

Einfallswinkel der
Schicht, wenn
Achesnflache senkrecht

t.=t,/t

Fossen

Fir

1.0

0.5 +

0.0

Class 1A

A2,

AW
%% Class 1C
@
Class 3
| | | | I | | |
0° 45°

Lokales Einfallen der Schicht (&)

90°



Class 1A

Twiss & Moores

Class 1B: Parallel fold Class 1C

Class 2: Similar fold Class 3

oberes Ende:
Mitte:
unteres Ende:

Class |
Class 2
Class 3

Class 1

Class 2

Class 3

Axial surface
trace

/

Inflection
surface traces

|

Cmadennennsesieanamen

censananskdsean

° o
'. 'v" N
Heesmnahoesnadescandanaccdn
L4
4 °




Class 1B
Class 3

Class 1B
Class 3

St
L]
]
'

. : Class 1B
Twiss & Moores

Verschieden Schichten:

Grau: Class IB
(konstante Schichtdicke)
Weiss: Class 3

(divergente Isogonen)

Class 1B: Parallel fold

Class 2: Similar fold

Class 1C

Class 3



Class 1A Class 1B: Parallel fold Class 1C

Class 2: Similar fold Class 3

Knickfalten im Jura und
Chaines Subalpines:
Konstante Schichtdicke




Klassifikation sind ...

.. gut,
wenn sie beschreibend

geometrisch
(beobachtbar)

... schlecht,

wenn sie genetisch,
interpretierend
prozess-abhangig
(nicht beobachtbar)

SIn d ‘ “Now! ... That should clear up
a few things around here!”




superposed folding



Superposed folding

Twiss & Moores

—_—

Synformal _ -~ =g

N N 7%
~ anticline .

- $ Antiformal ~

syncline = Vg o

-

N -

several phases of folding; Overturned beds
requires geometric analysis;

most important: fold axial surfaces (S = plane), fold axis (F = direction)
fold axis = axis of rotation



Superposition

SiLS
FilF
Fi# S

SiLS,
FilF
FI#H# S

SiLS
Fi /| F2
Fi /l S

” (1o
o A y
T ’ i 0 l,l

University College Dublin http://www.fault-analysis-group.ucd.ie/

Faltenachsenflache (S), Faltenachse (F)

SiLS
FlF
Fi // Sz

SiLS,
FlF
Fi /l Sz

Si /| $2
Fi /| R
Fi /l S



FALIL Y ALIAL SIS SR

Qr paper model superposed folding '

IAYErTULESSIIIUriace e L00g ApS ! Y
Hlagrrivlessingriace tra wrnu DouLunvenw v Al S b d INEWS L¥

Superposition of folding can lead to very complex layer geometries, which when observed in 2D (e.g.
outcrop) are called interference patterns. Commonly used names for the different patterns are 'crescent,
'mushroom’, 'hook’, 'bird’'s head', dog's tooth' and 'S-Z-W-M' shapes. Many Structural Geology textbooks
illustrate idealised patterns either as 2D sections or as block diagrams. Computer programs and
animations are also available that provide 2D and 3D visualisation of refoided folds. However, students
(and teachers, including myself) often find it difficult to visualise these complex geometries in 3D. Here
we provide a range of papermodels of superposed folds that hopefully will heip students to improve their
ability to infer the 3D geometry from 2D sections. Because drawing interference patterns is by no means
trivial I have written a Matlab script which can be downloaded for free and with which users can create
their own papermodels.










Falten im
Stereonetz



Flachen, Lineare im Stereonetz

Messung
von Linearen

Flache 140/60 oder 050/60 SE
Lineation rake 40° NE oder 073/34

Flache:

Fallazimuth  dip direction

Fallen dip

Streichen strike (direction)
Lineare:

Azimuth plunge direction
(Ab-)Tauchwinkel plunge

Winkel mit Streichen rake, pitch



Achsenebene, Scharnier im Stereonetz

N Streichen
Fallegny /"

v

N
035°
— " Abtauchen
Abtauchazimuth "~ 30°NE
Q\o
7§
Vo
.".'b
/ 1
/
/
/
/
/
/
/
/
/



Konstruktion der Faltenachse

Pole N Spuren

7 i
15/106

Faltenachse (TT) = Faltenachse (B) =
Pol zur Flache durch Flachenpole Schnittpunkt der Flachenspuren



zylindrische - konische Falten

Hinge line
Axial plane

Attitudes of the N

N Great circle
90" to B

Normals to ~ 5 Profile

@ B = Cylindrical
fold axis

zylindrisch

Normals to
bedding
A

Conical

Bedding fogj axis
surface

65° small

» fold axis

konisch

Twiss & Moores



sheat folds (Zungenfalten)

ik ‘, - Bewegungsrichtung

. |

-1 Winkel
I ohne
I

,Messung __ _

o=

/B+95/13
Pol zur 45/20= |
Achsenebene ‘
lokale { ¢ 115/07
Vergenz
A
(135/00
untere 3
Hemisphare —

Lokale Vergenz berucksichtigen
Burg ETH Ziich ) dextral (C, D) [~ sinistral (A, B)



folds and structures



Schleppfalten

\{ Abschiebung \Uberschiebu ng

... an Verwerfungsflachen

© 2,(7)@@/;«}/1&\/\/%}:\,!ou IESE ] ALE ¢ & VT CORNNY RN R Burg ETH Ziirich
157 TN AA 4 RS BN A #

Vi



Falten an Abschiebungen

drape Falte ~~- _
im Hangenden ey
einer tiefen Abschiebung

Burg ETH Ziirich




Kollapsfalten

Kollaps Strukturen an den Schenkeln einer grossen Antiklinale
nach Harrison & Falcon 1934 Geol. Mag. 71, 529-539

Kollaps
flap und /"—-~“\x
/

Kollapsfalte o -

Burg ETH Ziirich



Falten an Blattverschiebungen

en echelon

Burg ETH Ziirich
strike slip regime



Rampenfalten FBF uberschiebungsbezogen
fault bend fold

kompressives regime

Transportrichtung >

feste Achsenebene
. des oberen Rampenendes

feste Achsenebene o
des Rampenbodens Rampenantiklinale
Rickschenkel /\Vorderschenkel : A
e ; Synklinale « L \B'

Uberschiebungsweite AA' = Uberschiebungsweite BB'
A' = Hangendabriss

Burg ETH Ziirich



Rampenfalten FPF uberschiebungsbezogen
fault propagation fold

bewegte . Abscherantiklinale
Linie . A fixierte Linie
Verschiebung — \ RN/ |
Flachenuberschuss |

frontale Knickfalte

bewegte

Linie - i Deckenstirn
T : ‘ ;
I
Verschiebung — | =
|[ ..........................................
' —a '.' ..........................................
:_f_é_f_}ﬁ{:'}f}f}E}?}fffff}f}fffff}f}ﬁ}f}f{fff{f}i}f}f}EEfff}f}:;:;:;:;:;:;:;:::;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:g
n
hinteres fixierte Linie
Ende

Burg ETH Ziirich



Ram penfalten abschiebungsbezogen

extensives regime

Transportrichtun
- P g
Rollover
bewegte Antiklinale listrische
Lm;e /Abschiebung

I
Verschiebung j=—

. ‘ 4 .

' .
|

1

L
hinteres fixierte
Ende Linie

T
[

[

=3
[

I

1

i

Abschiebungsbezogene antithetische-Flexur

Burg ETH Ziirich



folding



Faltung als Versagen (failure)

Sprodbruch

Kompression

Faltung

homogene duktile
Verformung



Faltung

Kompression - Faltung  Extension - Boudinage




Faltungsmechanismus

Buckling >

— I «— Stauchung R,
Stauchfaltung _2

P

c

l Bending l -8
I Biegung 3
T Biegefaltung €

— Passive folding _LCJ

7y

Scherung f=

S

Scherfaltung 5

)

£

Fossen

passiv



aktiv - passiv

mechanisch ...

aktiv. Kompetenzkontrast
Biegefaltung
(flexural folding)

Kartenstapel

passiv kein Kompetenzkontrast
Passive Faltung
(passive folding)

farbige Plastilin-Schichten




Randbedingungen

flexure of a plate by

bending

Biegefaltung

flexure of a plate by
buckling

A. No forces applied

— e

B. Stable compression

RN

C. Buckling instability

W o

D. Localized buckling instability

Stauchfaltung



Biegung nach Euler (1757)

elastische Schicht (im freien Raum)

: I@z\L\Q @%@

_ 4TE
crit —
L2 1
: I__\/41'[2EI - E I
tw — — T
| = F !
|2
L = Lange F = Kraft Lange Wellenlange,
w = Breite E = E-modul (Pa) wenn F klein, E gross

t = Dicke




Biegung nach Biot (1961)

elastische Schicht in viskoser Matrix

A

L E
L hangt nur von den
mechanische Eigenschaften E
der elastischen Schicht ab L= »
(I-v5) o

Lange Wellenlange,
wenn O klein, E gross



Biot (1957) - Ramberg (1961)

viskose Schicht in viskoser Matrix

t I L i
; .
3 | L. 21T \/ n
L =21t \/ il t on;
6N2
Wellenlange:Dicke ist Funktion
L = Linge des Viskositatsverhaltnisses
t = Dicke Ni: N2 klein = 'dicke' Falten
N = Viskositatskoeffizient (Pas) Ni: N2 gross — 'schlanke' Falten




Biot (1957) - Ramberg (1961)

viskoser Schichtstapel in viskoser Matrix

kein Scherwiderstand
zwischen Schichten

A
\ 4

3
| Lmulti
3 = N2
N - .
La = 27T t\/ dl Lsingte b

6N2

Wellenlange eines
Ls = dominante Linge Schichtstapels ist grosser als
N = Anzahl Schichten einer einzelnen Schicht
N = Viskositatskoeffizient (Pas)



single layer - multilayer folding

Ly=5mm 12 mm 6.3 mm Ly=13 mm

t
'




Parasitarfalten

Fossen




folds and strain



Faltung (Boudinage) und Verformung

Field of

b b & ¢
finite
extension

Shortening

V{

boudin

A\




Passive Faltung

einfache Scherung reine Scherung
(simple shear) (pure shear)
y=0 RN 0% shortening
—— e ——
¢ ®
SO%A
1= e - =

y=10 e 80%
= —

Fossen



Passive Faltu ng passive shear folding

Scherfaltung

Fll!lllll]lllllllll ENRRRNANNEY STRRRRRRRRENRNRTINTRARERRLERALY]

heterogene
einfache Scherung
\.P‘”..,.,_ quer zum
‘ ‘4 Lagenbau

A
a {

e
V‘-j!nr «é"L’ Lﬁqb‘h[ I |
T g AR T,

M |
{ |
W™

a1 i .
Imluﬁﬂﬂ%.-" Achsenebene ‘Ui

Ghmmerscliler
ghmmerreicher Gness
grobkbrniger Gness ? 10cm

http:/lwww.geodz.com/deu/d/Scherfalte




Verformung bei Stauchfaltung

Einzelschicht mit Schichtméachtigkeits-Markerlinien

stabile Kompression - homogene Verkirzung / Verdickung

4 L5
00 auf der au536,
i D R i O . A Y £

lokalisierte Stauchungsinstabilitat

........

Amplifizierung
Burg ETH Ziirich



Verformung bei Biegefaltung

<+

\

flexural shear
(flexural flow)

Neutral
surface

orthogonal flexure

Fossen Biegegleitung Biegescherung

diskrete Gleitflachen Scherdeformation im Korngréssenbereich

% %é é § §§ §» Scherverschiebungen ﬁ

Burg ETH Ziirich

Schichtdicke bleibt erhalten



Verformung bei Biegefaltung

orthogonal flexure

I Extension ! Contraction ! 1 cm

Fossen



Verformung bei Biegefaltung

. Extension
Strain pattermn veins
\ 2
Cleavage, Shear R

dissolution features fractures

Fossen



Verformungsmessung in passiver Falte

Voraussetzungen:

Start = bestehende Falte vom Typ IB (konzentrisch & parallel)
Nach der Faltenbildung homogene Verformung (passive Faltung)
progressive Plattung der ganzen Falte

Schenkel verdunnt

Scharnier verdickt

I~
o
S
G

nach Lisle (1992)
Geology 14, 369-371

Vorgehen:

|. orthogonale Machtigkeit, t,
senkrecht zur Tangente
messen

2. inverse Machtigkeit, /¢,
parallel zu Tangente um
Nullpunkt eintragen




Knickfalten



nickfalten

Kink band
\
a>X o
i
‘.\/\
\‘. \\é\\//\\
' X
[ gt
3 i
— \"\
Trace of 2 Axial
bisecting surface trace

Chevron folds




Knickfalten

shear kinkband rotation kinkband

Twiss & Moores

Panozzo PhD TAMU




kinkband development

rotation kinkband

/

Vil

[/
[ ]
[/

Axial surface
traces

y & Kink band
\ boundaries

Undeformed

shear kinkband

i

[/
[/
f J
/

/

Panozzo PhD TAMU

locking angle

Twiss & Moores



volume change in kinkbands

shear kinkband rotation kinkband
7 N |
a1}/ VAN I | N
| g
\\i 1 | Ax AVA

}‘ ) | v AVA Vo
TN ah
| { 1.0 - .50
| |
, J a
l Tl o 90 p(°)

SKB RKB

no volume change volume change

no locking angle locking angle

Panozzo PhD TAMU






7 Mikrostrukturen - Deformationsmechanismen

VL-Themen:

Mikrostrukturen statische-dynamische
Versetzungen Dislokationen
Rekristallisation und recovery

Deformationsmechanismen
mikromechanische Modelle
Fliessgesetze

deformation mechanism maps

Gleitsysteme
Kristallographische Einregelung CPO



microstructures
dynamic
static



dynamic recrystallization

Grain Boundary Migration (GBM)

A O Yy high T
| /dcf'ormalion
/ Subgrain Rotation (SGR) e
e : =57 :it' . : ¢ ‘,'/‘/ . > \.
deformation )
\ Bulging (BLG)
o /-7 A-'—A'\.
BLG-recrystallisation SGR-recrystallisation | GBM-recrystallisation e [\
kY - P e, x\?r ‘\ ' /
: — % F % W
» / \ 2 e .p‘;‘_“,’w < idh o ‘\\»‘ »A/,,/
)X ' ‘I < \l s low T
bulging  !wm subgrain &
/gf? boundary
time A o= time
) NS CAS
! W || v
U\g <
WL S

\ N 5
)\@g 10 um \Q\

grain boundary ~



dynamic recrystallization

M. Stipp et al. / Journal of Structural Geology 24 (2002) 18611884

Fig. |. Characteristic microstructures of the three dynamic
recrystallization mechanisms of quartz shown at the same
relative scale.

(2) Bulging recrystalliza- tion (low T): bulges and recrystallized
grains are present along grain boundaries and to a lesser
extent along microcracks.

(b) Subgrain rotation recrystallization (intermediate T): core
and mantle structures of porphyroclastic ribbon grains and
recrystallized subgrains. Polygonization by progressive
subgrain rotation can completely consume the ribbon grains.

(c¢) Grain boundary migration recrystallization (high T):
irregular grain shapes and grain sizes; grain boundaries consist
of interfingering sutures.



Bulging Recrystallization in Quartz




Rotation Recrystallization in Quartz




Grain Boundary Migration Recrystallization




static recrystallization - annealing

static recrystallisation

Reduction of grain boundary area



Example of grain growth due to annealing

—
[ ’ .
- » ‘& - » .‘ ~




Versetzungen
Burgers vector
edge dislocations
screw dislocations



Diskontinua

Kristalle # Kontinuumsmechanik




volume diffusion

diffusion

RS

dgeeiiiie

By IR

grain boundary diffusion

wie verformt man Kristalle ?

i
feceoecses

o 00 000 0 00

o 00 000 0 00

® 90 000 0 00

® 90009 000

00000 000

o 00 000 0 00
o ¢

0000

dislocation glide




Gleitsysteme

{111}-Gleitebene in einem Quarz
kubisch- flachenzentrierten
Gitter

Kristallstruktur Gleitebene Gleitrichtung

kfz 111} <110>
{110}-Gleitebene in einem | |
kubisch- raumzentrierten krz | {110} | <111>
Gitter {112} <111>
{123} <111>
hex {0001} <1120> basal <a>

{1010} <1120> prism <a>
{1011} <1120> rhomb <a>
{1010} <0001> prism <c>




Gleitsysteme

1600 -
a)
Ty T
b=[001]
1400 }—
e Q
1 1 6 ® Green and Radcliffe(i971,1972a,b,c )
r'ﬂ=g=[1 DD] a - @ Boland et al (1972)
8 (010) [lOO] O Phokey et al (1972)
b) o (@) A Blacic and Christie (1972)
w 1200 [] Kohlstedt and Goetze (1974)
- @ I~
g=h=[001] 3
f_.
g
o L
w
. o,
010) > A
| B o e {ok0}[100]
C) z

800

¥=L —
WP (110} [oo1]
600 - a
W ulff net
lower hemisphere 1 1 1
3 4 5 6

-LOG STRAIN-RATE

Green 1974



Versetzungen - dislocations

Atzgrube = Dislokation

-_1_1_?_11%_1.4.1.%311 Lol 1
100 500 1000

shear wave velocity

L o

| [Yieid siress |
C.RS.S.

stress (MPa)



'dislocations are imperfections whose motion causes
deformation’

- A
s 49 \’\.,“‘ ,
- ” ’ 4
"/( y T-
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* Erzeugung von Dislokationen
« Dislokationen behindern sich

- geschwindigkeitbestimmend werden
Diffusionsprozesse



Stufenversetzungen - edge dislocations
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Schraubenversetzungen - screw

dislocations
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dislocation loop
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gemischte Versetzungen



Frank-Reed

SOurces
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A D Non-basal dislocation

~ Slip plane




Undulatory extinction in quartz - evidence for
dislocation glide

.




Versetzungen - dislocations

oy

dislocation tangles:
aus glissil wird sessil

Diffusionsprozesse werden
geschwindigkeitbestimmend




(sub)grain boundaries
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grain boundaries

Grain Boundary Dislocation
]

Korngrenzen
eine 'zusatzliche Phase'
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reccrystallization
&
recovery



dislocation climb

138 2iis oif

Q) (b) (C)

FicuregE 3-10. Dislocation climb.

Weertman &Weertman 1992



recovery

tilt boundaries
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Grain boundary migration causes recrystallization




Palao-Piezometer

\| /Twiss 1977

Recrystallized grain size (D) (um)
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deformation
mechanisms



microstructures

intracrystalline plasticity

dislocation glide

| aes

{ { i
AN A AN
dislocation

glide on

intersecting

Stavel quartzite ¥



microstructures

bulging
recrystallization

dislocation creep

Stavel quartzite




subgrain rotation

tructures

MICrosS

recrystallization

dislocation creep
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microstructures

grain boundary migration
recrystallization

dislocation creep

Stavel quartzite



microstructures

grain boundary sliding
bulk diffusion

boundary diffusion

diffusion creep
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microstructures

rolling
fracturing

granular flow
(diffusion creep)
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microstructures
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Oolithic limestone

solution - diffusion -
precipitation

pressure solution

(diffusion¢creep)




micromechanical
models
intracrystalline plasticity
grain boundary sliding
Nabarro Herring /Coble
cataclastic flow



micromechanical models

intracrystalline plasticity granular flow
dislocation glide grain boundary sliding
(facilitated by:) pressure solution

dislocation creep diffusion creep

neighbor switching



g1 b e >
* Nabarro-Herring

J Creep
e
g < . e -~ o |2 S
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L JA Coble Creep
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- Grain-scale diffusive mass transfer
- Grain-scale pressure solution



£ = Ag—exp _L
d’ RT

€ = strain rate

A = constant

O = differential stress

n = stress exponent

d = grain size

P = grain size exponent
Q = activation energy
T = temperature

R = gas constant

Dislocation Creep:

—> grain size insensitive !

Diffusion Creep:

n=1-2
p=2-3

—> grain size sensitive !



Dislocation Creep:
(Crystal Plastic Deformation)

Strain rate = A g" e - (QRT)
n=3-5
grain size insensitive !

dislocation creep

strain rate

"diffuésion creep

stress

Diffusion Creep:
(Granular Flow, Grain boundary Sliding)

Strain rate = A g" - dP e - (Q/RT)
n=1-2

p=2-3

grain size sensitive !



from flow laws to
deformation
mechanism maps



dynamic recrystallization OCP




static recrystallization OCP
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dynamic recryst. in polycrystalline ice
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grain boundary migration, kinking



Deformation Mechanism Map

TO’

Differential Stress ———

Fracture and
Cataclasis

and Mechanical
Twinning

Dissolution Creep

Dislocation Creep

™

Grain-boundary
Diffusion Creep

i

\_d‘

Volume-
diffusion
Creep

Coble creep

Davis and Reynolds, Structural
Geology of Rocks and Regions, 1996.

Temperature —> \

Ec=4
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Nabarro-Herring creep

Do




deformation mechanism maps - flow laws
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NORMALIZED SHEAR STRESS (t/u)

deformation mechanism maps - rheologies
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NORMALIZED SHEAR STRESS (t/u)

deformation mechanism maps - regimes
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deformation mechanism maps - grain size

stress [MPa]
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deformation mechanism map
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deformation mechanism map
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crystallographic preferred
orientation (CPO)
characteristic pole figures



pole figure development

Dlslocatlon creep regime 3

circular
polarization




comparison nature - experiment

shear direction

@ foliation

Cap de Creus CPO = 1(Yy)
(Garcia Celma, 1982)
(Carreras & Garcia Celma, 1982)



use texture to quantify dislocation creep

rotational com ponent o f strain path increasing
’ k=0
or: increasing strain in simple shear Y

coaxial - shear prolate - oblate




use texture to quantify dislocation creep
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8 Subduktion - Kollision - Transformstorungen

VL-Themen: e Subduktion

® accreationary wedges - orogenic wedges
e subduction channel
e Orogene

e Strikeslip - Transformstorungen
e Geometrie und Kinematik

* Transform Systeme

e Aktive Verwerfungen



Konvergente Plattengrenzen
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geometry & morphology
of contraction



Verkurzung

(b) Dilation (volume loss)

Décollement i St 1 YRR A

(c) Pure shear
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Décollement

(d)

Décollement

(e) Imbrication, thrusting

Décollement

s

in sequence thrusting

First horse

Future ramps

Floor thrust

IMBRICATION
on floor thrust, fault blocks (horses)

DUPLEX
between floor and roof thrust




ramps + flats

[ ] ] stiff, competent layers
- Soft, incompetent layer



thrusting
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Decken- und Faltengebirge
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Profil
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lateral escape

Beispiel: Alpen
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Fold-Thrust Belt
Terminology

allochthon
autochthon

basale Abscherung
décollement
detachment
fold-thrust belt

Allochthon

Allochthonous

Autochthonous

Backarc

Backstop

Backthrust

Basal detachment

Blind thrust

Branch line

Break-forward
sequence

Break-thrust fold
Cutoff (cutoff line)
Décollement
Detachment

Detachment fold

Duplex

Fault-bend fold
Fault-propagation fold
Floor thrust

Fold nappe

Fold-thrust belt

Footwall block
Footwall cutoff
Footwall flat

Footwall ramp

A mass of rock, comprising a thrust sheet (i.e., a hanging-wall block), that has been displaced by
movement on a thrust fault; commonly, use of the term implies that the mass has moved a
considerable distance on a detachment from its point of origin.

Adjective describing “out-of-place” rocks that have moved a large distance from their point of
origin.

Adjective describing rocks that are still at the site where they originally formed and have not been
displaced by movement on a thrust fault or detachment.

The region that lies behind the volcanic arc along a convergent plate boundary; the backarc and the
trench are on opposite sides of the volcanic arc.

A representation of the boundary load in the hinterland of a fold-thrust belt. The backstop
generates horizontal compressional stress, which contributes to driving fold-thrust belt
development. The backstop represents rock of the hinterland that is moving toward the foreland.
As such, a backstop is like a snowplow pushing snow toward the foreland.

A thrust on which the transport direction is opposite to the regional transport direction.

The lowest detachment of a thrust system; the regional basal detachment in a fold-thrust belt
separates shortened crust above from unshortened crust below. In the foreland part of a fold-thrust
belt, it typically lies at or near the basement-cover contact (also called a basal décollement).

A thrust that, while it is active, terminates in the subsurface.

The line of intersection between two fault surfaces, e.g., where a ramp branches [splays] off of a
detachment, or where one ramp splays off another.

A sequence of thrusting during which younger thrusts initiate to the foreland of older thrusts (also
called a foreland-breaking sequence).

A fold that initiates prior to thrusting, but later ruptures so that a thrust cuts through its forelimb.
The line of intersection between a fault and a bedding plane.

A subhorizontal fault (also called a detachment)

A subhorizontal fault (also called a décollement)

A fold that forms in response to slip above a subhorizontal fault, much like fold in a rug that
wrinkles above a slick floor.

A type of thrust system where a series of thrusts branch from a lower detachment to an upper
detachment.

A fold that forms in response to movement over bends in a fault surface.

A fold that forms immediately in advance of a propagating fault tip (also called a tip fold).
The lower detachment of a duplex; it forms the base of the duplex.

A thrust sheet that contains a regional-scale recumbent fold.

A geologic terrane in which upper-crustal shortening is accommodated by development of a
system of thrust faults and related folds.

The body of rock beneath the fault.
The intersection between bedding planes of footwall strata and a fault surface.
The portion of the footwall where bedding surfaces parallel the fault.

The portion of the footwall where bedding surfaces truncate against the fault i.e., the portion of
the footwall along which there are footwall cutoffs].



foreland

hinterland

inversion tectonics
mechanical stratigraphy
tear fault

Forearc

Foreland

Foreland basin

Forethrust

Frontal ramp
Hanging-wall block
Hanging-wall cutoff
Hanging-wall flat

Hanging-wall ramp

Hinterland

Horse

Imbricate fan

Inversion tectonics

Klippe

Lateral ramp

Mechanical
stratigraphy

Oblique ramp

Out-of-sequence
thrust

Out-of-plane strain

Regional transport
direction

Roof thrust

Stair-step geometry

Tear fault

The region to the trench side of the volcanic arc of a convergent plate boundary. The forearc is not
the same as the foreland. The forearc lies on the ocean side of a continental volcanic arc.

The part of the undeformed craton adjacent to an orogenic belt; some authors have used the term
in a more general sense to include the portion of an orogenic belt closer to the undeformed
continental interior.

A sedimentary basin formed on the continent side of a fold-thrust belt that forms because the
weight of the stack of thrust sheets in the belt depresses the lithosphere.

A thrust on which the transport direction is the same as the regional transport direction for the
whole fold-thrust belt.

Aramp that strikes perpendicular to transport direction.

The rock mass that has been transported above a fault surface.

The intersection between bedding planes of hanging-wall strata and the fault surface.
The portion of the hanging wall where bedding surfaces parallel the fault.

The portion of the hanging wall where bedding surfaces truncate against the fault i.e., the portion
of the hanging wall where there are hanging-wall cutoffs).

The region closer to the high-grade core of an orogen; as a directional reference, it is the direction
opposite to the foreland direction.

A body of rock in a duplex that is completely enveloped by faults.

Atype of thrust system where a series of thrusts branch from a lower detachment without merging
into an upper detachment horizon.

The process by which a site of extension (e.g., a rift or passive margin basin) transforms into a site
of shortening. During inversion, faults that had initiated as normal faults reactivate as thrust faults,
and the sedimentary fill of the rift or passive-margin basin is shoved up and over the margins of the
basin.

An erosional outlier of a thrust sheet that is completely surrounded by footwall rocks; it is an
isolated remnant of the hanging-wall block above a thrust.

Aramp that strikes parallel to transport direction.

The succession of rock types comprising the stratigraphy of a region, defined in terms of their
relative strength.

A ramp that strikes oblique to transport direction.

Athrust that initiates to the hinterland of preexisting thrusts.

The strain due to movement outside the plane of cross section.

The dominant direction in which thrust sheets of a thrust belt moved during faulting. Some authors
use the term regional vergence direction as a synonym.

The upper detachment of a duplex.

The geometry of a thrust that cuts upsection via a series of flats and ramps. The shape of the fault
resembles a staircase in cross section. Typically, the ramps form in stronger units, and the flats in
weaker units.

A nearly vertically dipping fault in a thrust sheet that that is parallel or subparallel to the regional
transport direction. Motion on a tear fault is dominantly strike-slip and may accommodate
differential displacement of one part of a thrust sheet relative to another (i.e., a tear fault is a
nearly vertically dipping oblique ramp or lateral ramp).



tectonic inversion
thick-skinned tectonics
thin-skinned tectonics
thrsut

thrust sheet

Tectonic inversion

Thick-skinned tectonics

Thin-skinned tectonics

Thrust fault (thrust)

Thrust sheet

Thrust system

Tip line

Triangle zone

Window (fenster]

The reactivation of preexisting faults by a reversal of slip direction on the faults.

The process of deformation that involves slip on basement-penetrating reverse faults; this
movement uplifts basement and causes monoclinal forced-folds (“drape folds") to develop in the
overlying cover.

The process of deformation in which folding and faulting are restricted to rock above a detachment.
Some authors restrict the term to situations in which the detachment lies at or above the
basement-cover contact. Others use the term even when basement occurs in thrust sheets, to
imply that the basement has been transported or detached.

A shallowly to moderately dipping [< 30°) contractional fault with dip-slip reverse movement; in
detail, thrusts may include several ramps and flats, and thus on a regional scale, do not
necessarily have a uniform dip.

The hanging-wall block, above a thrust surface, that has been transported as a consequence of slip
on the thrust (also called a thrust slice)

An array of related thrusts that connect at depth; a regional-scale thrust system may represent
shortening above a specific regional detachment.

The line along which displacement on the thrust becomes zero.

Aregion in which a wedge of rock is bounded below by a forethrust and is bounded above by a
backthrust.

An erosional hole through a thrust sheet that exposes the footwall (i.e., an exposure of the footwall
completely surrounded by hanging wall rocks).



nappe complex

Hinterland Foreland

Allochthon
-50 asement

| Nappe complex | Foreland:

} } e thin-skinned contractional tectonics
e basement undefromed

¢ J|ocalized deformation

e formation of nappe systems

* sediments form eroding hinterland

Hinterland:
* thick-skinned deformation
wedge accretion: * basement and cover (wedge) deformed
* folds * underplating
* duplexes * penetrative deformation
* imbrications * formation of metamorphic nappes

* extenisve internal nappe folding



Subduktionszonen



terminology

Subduction zones

... are the three-dimensional manifestation of convective downwelling.
Subduction zones are defined by the inclined array of earthquakes known as
the “Wadati-Benioff Zone” after the two scientists who first identified it.

Convergent plate margins
... are the surficial manifestations of downwelling

Arcs

... (better referred to as arc-trench complexes) are surficial and crustal
manifestations of a subduction zone that is operating beneath it.

Slabs

Subducted sediments, crust, and mantle lithosphere may be described
separately or in combination and may be called “subducted slab” or just “slab.”



geometry

Moores & Twiss (1995)

Subduktionssystem sind
conkav gegen oben

young thin hot — shallow

Backarc
compression 3

Shallow trench

Young, thin, hot
buoyant lithosphere

Chilean type

(Arc under compression)

= old thick cold — steep
Backarc ?

extension Deep trench
-~ —_

Old, thick, cold and dense
lithosphere

/)

No great
compressional
earthquakes

Steep dip of
Wadati — Benioff zone

Mariana type

(Arc under extension)

Kearey et al. 2009

Tiefe des Grabens (Subduktions-
winkel) hangt vor allem von Alter
der abtauchendn Lithosphare ab



outer swell

Bending of the lithosphere gives rise to the

topographic bulge (outer swell).

Generally located 100-200 km from the trench axis.

Bending model, using elastic behavior

Sealevel

Kearey et al. 2009

Mariana profile

Tonga profile

r— Elastic-plastic
1 1 L )

Lt
-100 0 100 200 300 km




morphology of arc systems

100
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Back-arc basin Magmatic arc Forearc Trench
Spreading axis Magmatic Forearc Accretionary Outer
front basin prism trench
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‘Arc crust
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Kearey et al. 2009



physical structure

 Primorys Seo of Japan NE Honshu Bachilc Example Japan:
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-200%

Low heat flow at trench (here, Pacific Ocean)
e high heat flow continentward of the volcanic front
including backarc (here, Japan Sea)
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Uyeda, 1984, Geojournal




earth quakes in bending slab
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Asthenosphere

Depth of earthquakes and focal mechanism at downgoing slab

o n o

Extensional setting in bending slab

Frictional region in lithosphere

Internal deformation of slab below lithosphere depth
Deep earthquakes due to phase transformations



a. Extensional setting in bending slab

Focal solutions for Aleutian trench

+ + + + 54°
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, Kearey et al. 2009
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b. Frictional region in lithosphere

Large, shallow earthquakes in
subduction zones contribute 90% of the

total seismic moment released
worldwide [Pacheco and Sykes, 1992].

These earthquakes have focal
mechanisms indicating thrust faulting
along the subduction interface by
friction.

Only 2-5% of the total downdip length
of the Wadati-Benioff Zone generates
this kind of earthquake, and this
segment is known as the main
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c. Internal deformation of slab

Different zones of earthquake Upper zone:

sources in slab Astenosphere too weak to cause earthquakes
= — eclogite formation !

different mechanisms for

earthquakes Lower zone:
— serpentinite dehydration ?

Depth (km)

2

H
HtH
.........................
e o

Asthenosphere

100 A

200 - 200

300 +

400 4 250 l

140°E 142°E 144°E

Kearey et al. 2009
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200

300 +

400 +

500

d. Phase transformations

Phase transformations and
seismic velocities fit very
well in PT-diagrams

Asthenosphere
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Akkretionskeil
Orogenkeil



accretionary wedge

Accretionary forearc

V = fluid vents

agmatic front

Active
arc

M

Subduction channel

10 30 50 Lithosphere

" Arc massif

=K

Non-accretionary forearc

L
Exposed basement Serpentinite £ £ | Active
Seamount \ mud volcanoes Thin forearc basin 2| arc

// * 5 \\ | b /

/ =
> OCeq Ve Cm, o ifier : 2 ﬁ
20 Subducted seamount % : SRS o g
101 g
r - T l' &

km 10 30 50 Lithosphere

Partially serpentinized mantle

Lithospheric mantle

Basaltic forearc crust

Gabbroic forearc crust

Undeformed sediments

Deformed sediments

Landward thickening wedge-
shaped body of marine sediments
scraped off from the downgoing
slab and accreted onto the non-
subducting plate.

Material = marine sediments, may
include erosional products of
volcanic island arcs formed on the
overriding plate.

Thickness, t, of incoming sediment
layers determines whether there
is accretion or not

— t > 400-1000m needed to
accrete

Kearey et al. 2009



accretionary wedge - orogenic wedge

L "f." 120°
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" EURASIAN PLATE

TAIWAN

kontinuierlicher raumlicher Ubergang:
Akkretionskeil = Orogenkeil

Orogenkeil = Keil, der sich uber eine
subduzierende Platte bildet

Material = hauptsachlich aus der
unteren Platte.
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accretionary non-accretionary

21000 km non-accretionary margin
(100% underthrusted)

OCEAN FLOOR
SEDIMENT

v v vV v v v

—  IGNEOUS OCEAN CRUST

6000 km semi-accretionary margin
(80% underthrusted)

OCEAN FLOOR
SEDIMENT

v Vv v v v v v

v
— IGNEOUS OCEAN crUsT. ¥ z

7000 km typical accretionary margin
(70% underthrusted)

v v

IGNEOUS OCEAN

Vo ov
CRUST v oo

Non-accretionary wedges:

larger slope angles ()

rougher surface of subducting plate
high convergence rates

* almost no trench sediments

Typical Accretionary wedges:

* small slope angles (&)

* smooth surfaces of subducting plate
* low convergence rates

* thick trench sediments

Lallemand et al., 1994, |. Geophys. Res.



modes of accretion

In-sequence

In-sequence +
decollement rotation

Out-of-sequence

In-sequence
+ rotation

b4

In-sequence
+ out-of-sequence

7

Out-of-sequence

Q -

Frontal accretion
Underplating &
telescoping

2

Rotation of older thrusts
in frontal part only




wedge



Hafner (1951)

Stress distribution in block
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Hubbert & Rubey (1959)

Pore fluid pressure

BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA
VoL. 70, PP. 116-188, 32 FIGS. FEBRUARY 1052

ROLE OF FLUID PRESSURE IN MECHANICS OF OVERTHRUST FAULTING

I. MEecHANICS 0F Frum-FiuLEp Porous Sonips AND ITS APPLICATION To OVER-
THRUST FAULTING

By M. Kinc HusperT aAnD Witrniam W. RUBEY

According to the Mohr-Coulomb law, slippage along any internal plane in the rock
should occur when the shear stress along that plane reaches the critical value

Torit = 70 + o tan ¢; (3)

where ¢ is the normal stress across the plane of slippage, 7y the shear strength of the
material when o is zero, and ¢ the angle of internal friction. However, once a fracture is
started 7¢ is eliminated, and further slippage results when

Tert = o lan ¢ = (§ — p) tan ¢. (4)
This can be further simplified by expressing p in terms of S by means of the equation
b= A3, (5)

which, when introduced into equation (4), gives
Terit = o tan ¢ = (1 — \)S tan ¢. (6)

From equations (4) and (6) it follows that, without changing the coefficient of friction
tan ¢, the critical value of the shearing stress can be made arbitrarily small simply by
increasing the fluid pressure p. In a horizontal block the total weight per unit area §.. is
jointly supported by the fluid pressure p and the residual solid stressez; as p is increased,
s 15 correspondingly diminished until, as p approaches the limit S.., or A approaches
1, 0.2 approaches 0.



Chapple (1978)

Wedge model

Mechanics of thin-skinned fold-and-thrust belts

WILLIAM M. CHAPPLE Department of Geological Sciences, Brown University, Providence, Rhode Islana

The essential characteristics of thin-skinned fold-and-thrust belts
include the following: a wedge-shaped deforming region, thicker at
the back end from which the thrusts come; a weak layer at the base
of the wedge; and large amounts of shortening and thickening
within the wedge. All these characteristics are incorporated into an
analytical model of a perfectly plastic wedge, underlain by a weak
basal layer and yielding in compressive flow.



Davis et al. (1983)

Critical taper

Mechanics of Fold-and-Thrust Belts and Accretionary Wedges

DaAN Davis

Department of Earth and Planetary Sciences, Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

JouN SuppPE AND F. A. DAHLEN

The overall mechanics of fold-and-thrust belts and accretionary wedges along compressive plate
boundaries is considered to be analogous to that of a wedge of soil or snow in front of a moving
bulldozer. The material within the wedge deforms until a critical taper is attained, after which it slides
stably, continuing to grow at constant taper as additional material is encountered at the toe. The
critical taper is the shape for which the wedge is on the verge of failure under horizontal compression
everywhere, including the basal decollement. A wedge of less than critical taper will not slide when
pushed but will deform internally, steepening its surface slope until the critical taper is attained.
Common silicate sediments and rocks in the upper 10-15 km of the crust have pressure-dependent
brittle compressive strengths which can be approximately represented by the empirical Coulomb
failure criterion, modified to account for the weakening effects of pore fluid pressure. A simple



bulldozer model

"Orogenic” wedge
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deformation of orogenic wedge

Gliding model

Extrusion

Spreading model



gravitationally driven thrust sheets




tapered thrust sheets
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pore pressure effect

(a)
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subduction channel



subduction channel
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| - definition

Thin layer (less than | to several km) of poorly consolidated sediment
dragged by the descending plate beneath the overriding one.

<~—TRENCHWAR D ARCWAR D —
__Deformation sk SEALEVEL -
front "L """" = call

Accretionary prism rysialline

J ZONE OF (if present) R
COMPRESSION plate

Cloos and Shreeve, 1988, Pageoph



2- seismic evidence
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3- mass balance

Potential frontal mass (in 2D) :h -v_ -t Observed mass (in 2D):
where  h = incoming sediment thickness Surface of accreted
V. = convergence rate sediment interpreted from
t = time seismic sections

h = lkm; v. = 10 km/Ma (lcm/a); t = 60 Ma

Expected cross section of prism: 600 km?
For v. = 100 km/Ma (10cm/a); 6000 km?
u. r:iocenéupwelling subaerial erosion 679
W 0 /’MOO /my e
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Von Huene and Lallemand, 1990, Geol. Soc. America, Bull



4- truncation

of seismic reflector
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5- lithology
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strike slip
geometry
kinematics



konservative Plattengrenze

Transform-Bruche: Transform Plattengrenzen:
Segmente von Platten-grenzen an Beispiel Kalifornien
mittelozeanischen Rucken




Intrakontinentale Blattverschiebungen

BAIKAL-
RIFT ~

A

Fossen 2010

1000 km Eisbacher (1996) after Tapponnier et al. (1986)



Transformsysteme

nehmen laterale Bewegungen parallel zu den Plattengrenzen auf

an Transformstorungen (transform faults)
an Blattverschiebungen (strike-slip faults, transcurrent faults)

+
Verkurzung

verbinden Verkurzungs- und Dehnungsbereiche

4

Dehnung

Dehnung »

+
Verkurzung



strike-slip & contaction / extension

Strike-slip
(Simple shear)
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Contraction Extension

Fossen 2010



connecting strike-slip

(@) E——

Reverse

Fossen 2010



strike-slip & folding

If deformation occurs by non-brittle mechanisms, folding may
accompany strike slip faulting

Oblique
folds

Strain partitioning can lead to fold patterns which are not
oblique to simple shear zone boundaries

Fold /‘
/ ——

o

N2 Lz HZE
——
—>—
—

Pure shear dominated
Fault

Fossen 2010



transfer system geometry
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Geomorphologie von strike-slip

local topogrophic scarp

deflected river chonnels

Pacifie Sy

Bl

What 2 geologist sees




transform systems



Transformsysteme

Spreading Spreading
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Transformsysteme
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transform

trench-trench



Transformsysteme
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Typen von Transformsystemen

PLATE BOUNDARY PLATE - BOUNDARY INTRAPLATE
RELATED
TRANS - LITHOSPHERIC INTRA - LITHOSPHERIC
MAJOR PLATES ONE OR BOTH TRANS - CRUSTAL INTRA - CRUSTAL INTRA - CRUSTAL
/ \ MINOR PLATES

INTRA PLATE
STRIKE - SLIP FAULTS

RIDGE BOUNDARY S OR INDENT LINKED TEAR AND TRANSFER
TRANSFORMS TRANSFORMS STRIKE A smn«-: SUP FAULTS | | STRIKE - SLIP FAULTS
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examples



Alpine Fault, New Zealand
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Alpine Fault, New Zealand
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Alpine Fault, New Zealand
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Dead Sea Transform

35°30'

(b) e L N
| .—.— 1967 Dead Sea [\ »
Shoreline Yy

(@)
Dead Sea Transform, stED SN g
produces large T s
depression v f
(= Dead Sea) as a
pull-apart-basin

Area of stum

NS




Rhein - Bressegraben Transferzone

)
c
O
N
|
D
7y
C
(4]
L
)




Jura

>

Rheingraben

Gt .u,g{u s Banes, Farc |, Pascha tin,

: AR | ‘//} costr-worve
= 4

Jums Famie ot AN Jeansetle Jon

e

rosse (h«tw.v

CARTE TECTONIQUE DU JURA

4

h - par Amold Bersier
1932
‘| J fchelle 1: ra23cac
\ s
\.._"_P-.\.// i — M SN

LECENDE
e i
——— Lpaes X S3iCcaiions Failies, Detochements
——— Fre Bailler
i wyvwen  Dhpeaschemasts of fracer S plars e
o~ chmasctement oy Jore septeninonal




active faults



active faults
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fault architecture & spatial localization
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seismic fault model
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San Andreas Fault




San Andreas Fault
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San Andreas Fault

Heat flow
- +a-| =z
STHa
sk |-< CALIFORNIA COAST RANGES a-l §I - i .
| | ] ] ] 1 l§| |
fa 1 1 1+ 2 3 1 4 ) 5 8 1 81 7 |
- | u ] + | ' |§| ' "
g & i o, 5 ¢ 5 £
§ zoL— 4+ W + <+ & 484 5
4 a Al a + E
§ #* b+ a + + + §
+ 4 s +#
| + a % -
+ast & a A -
+ + +
&4 + 4 + +
of L * a 2
-~
+ A < 10 km from fault .
=+ >10 km from fault
o 6 2 1 2 2 s:n i ! 2 & 1;m o
Drstance, km

Fig. 12. Heat flow, projected on to the main trace of the San Andreas fault, as a function of distance from Cape Mend-
ocino (CM, Figure 8). Regions are as defined in Figure 8. Points in Great Valley (stippled, Figure 8) were excluded.

Lachenbruch & Sass 1980



San Andreas Fault

Heat flow
|
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Fig. 11. Heat flow as a function of the distance from the main fault trace for 81 points of Figure 9. Pattern of curves is
reference anomaly from Figure 2a (see (11) and (12)).

Lachenbruch & Sass 1980



San Andreas Fault

Seismic Velocities:

e Show weak crust on top

e Moho offset of several kms-
e Fault reaches into mantle

San Santa
Clemente Catalina coast/
Island Island PVF NIF SMFSG
SSW fault fault l l l SGV i
v¢ LAB
0 RS 7 Soe———= e
S g Sy - T A = L_:

Depth (km)

fault
l /L

fault NNE

¢ Mojave Desert

\&‘~ -

Keary et al. 2009



San Andreas Fault

Geologic
interpretation:

e Decollement on the
basis of weak crust
constraints and
seismic reflectors

e Deformation -
mechanisms must <=
change with depth

e Earthquakes in
upper part above
decollement

SW

Depth (km)

Fluid-filled
cracks

Keary et al. 2009






9 Extensionstektonik - rifting - MCCs - LANFs

VL-Themen: Extensionsregimes

Extensionsgeometrie
Morphologie
Krustenextension

Ozeanische Rucken

Graben Grabenbildung (rift - rifting)
metamorphic core complexes MCC
low angle normal faults LANF



extensional tectonics

Kurile Juan de Fuca
Trench Plate

Japan San Andreas fault
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extensional settings

(a) Island-arc splitting, subduction and sea-floor spreading
Pre-collisional

(b) Unstable orogenic wedge
Syn-collisional (syn-orogenic)
Unstable wedge

Foreland

Basal detachment:
foreland-directed shear

Detached

Hakon Fossen, 201 £



extensional settings

(c) Channel flow

Foreland Extension fault.. -~ \‘.

~

= Foreland

Foreland-directed shear

(d) Plateau collapse
Foreland

. Isostatic uplift and/or
Hakon Fossen, 2012 thermal weakening



extensional settings

(e) Simple shear
Post-collisional (post-orogenic)

Qrogenic root collapse

Hakon Fossen, 2012



extensional settings

Orogenic wedges

e

. Crust

mantle

Lithospheric

Hakon Fossen, 2012

Hot

Uplift and collapse

Nappe movement

Delamination



geometry of extension



geometry of extension

to initial crustal thickness

N\ \Y s s

4.\

S

l

Cc present crustal thickness

DS \"«I\\ oy EE / \'

- |

s=1/lo=(l +e)=

stretching = extension




extensional faults

Hakon Fossen, 2012



pure shear - simple shear extension

Domino fault system

-

/, ,q

Hakon Fossen, 2012



Beispiel: Gullfaks Field, North Sea

Accommodation

Domino fault system zone Horst complex
- > = > = >

2 km — \V /
3 km o
4 km 3 \

= ? s 9

i ? '
5 km — ?

Domino faults on the Gullfaks Field, northern North Sea, based on seismic interpretation.

W Domino system Horst complex E
e - e b
- Brent Grp. |
ol T
1Punlin Grp=17"
- T Upper Jurassic
m —
{Statfjord Fm. ‘5
-4 “—_—'/
4 km—
[Hiessic Triassic and
1 older 1 km
5 km

Hakon Fossen, 2012



strain during rifting

Increasing pure shear strain toward rift center
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Hakon Fossen, 2012, e-module 17



extensional faults

Extensional faults are faults that accommodate

extension. Tectonic extension, which is mainly ‘\ \

horizontal, is accommodated primarily by

normal faults. Reverse faults may also

accommodate extension, not horizontally, but \\

for instance parallel to tilted beds, as illustrated Local

below. layer-parallel
Reverse faults that extension

accommodate /
local layer- parallel \

extension XV
Normal

fault

\ \' stiff bed

Horizontal
extension

— / —
| / ; ductile bed

Reverse faults
accommodate stiff bed
shortening in the

horizontal direction

Hakon Fossen, 2012



fractal aspects

Hakon Fossen, 2012, e-module 17



morphology of extension



Hafner: extension




crustal extension

o Transferbruche

Upper plate

> Transfer fault
/ 1y

Lower plate

Haif-graben (Grabenbruche

tilted east

" " Half-graben, -
4 tited west -

% ""'ALo_’wer plate -

lower plate
footwall

upper plate
hanging wall

Twiss & Moores, 2007



ramp-flat-ramp faults

Imbrication fan

Upper ramp |

I
I
I
I
I
I
I
Lower ramp

Roof fault

/ orses
P

Sole or / Basal
floor fault | fault

[
[
l
I
|
I
I
I
l
l

Hikon Fossen. 2012 Extensional duplex



ramp-flat-ramp fault evolution

(a) B=1.08

i

) Plastor SN

Rigid basement SRR

S e N i

Hakon Fossen, 2012




crustal extension models



symmetry of extension

Brittie-ductile [
transitjon

(a)

Pure shear

boundary

Upwelling
asthenosphere

\
Dikes

Lithosphere-asthenosphere
boundary

Brittle-ductile
transition

Haif-gn;aben complex

Crust-mantle
boundary

Detachment fault ‘ \\
Upweliing o
asthenosphere f

Lithosphere-asthenosphere . .
boundary Twiss & Moores Hakon Fossen, 2012




symmetry (?) of extension

Shetland  Stat- Gull- Viking
Platform  fjord faks Graben Horda Platform

seismic data

interpretation |
asymmetric
(c) )
i
interpretation 2 e e © o T iy e S
symmetric 1T~ e e |



models for stretched lithosphere

Pure-shear model

— —
—

B, T 0 A ORRERID 45~ A TSN

— e — e, p— —— ——

_Wernicke model

<>

Brittle upper crust

Ductile crust

Lithosphere

Upper mantle

- Asthenosphere

‘v Magma

.20ka

20 km 16/01/3

* symmetric extension and graben

* listric normal faults

* detachment between upper and lower
crust

* brittle extension (upper part)

* ductile extension (lower part)

* asymmetric extension (also in graben)
* low-angle listric detachment cutting
into the astenosphere

* Low-angle detachment that flattens in
different crustal levels
* regional flat-ramp geometry



mid ocean ridges

(Beilagen z.T. modifiziert nach Claudio Rosenberg)



extensional regimes

Upwarping

Rift valley

Linear sea

==
B T -




heat flow and gravity at ridges

* High heat flow under ridge

s 300- .
2L 200 * no free air anomaly
g3 100- Heat flow * partial melt under ridge
< €
0 (anomalous
500+ : mantle)supports elevation
5 . Free airanomaly
5 T S Ad »A-—‘-Cn‘v\/v\/ e cooling leads to sinking of
—500 -

crust away from ridge

Layer 2

Layer 3

Moho
Mantle

Depth (km)

Anomalous
mantle




fast- and slow-spreading ridges

Extent of active faulting

| |

' FAST
WMMS)
|
L_!" | zone of fissuring
B FVE YT e IN'(I'ERMEDIATE

o Ao A L EPR2IN)

VE ~ 4x

I i 1 L | 1 ) 1 | ! l
20 10 O KM ICc 20 30

EPR East Pacific Rise
MAR mid Atlantic ridge

Real topography of ridges:

Fast Ridges not much relief at ridge

Slow Ridges 30-50 km wide, much deeper
V = Neovolcanic activity, F = fissures, P = zone of active faulting



fast - slow ridges topography

depth (m)

depth (m)

depth (m)

depth (m)

depth (m)
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Profile senkrecht zum Rucken
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slow l
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Inte rmed late l EPR 19°30'S (162 mm/yr)
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| | | - 1 |
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Figure 1. Cross-axis bathymetric profiles of selected mid-ocean ridges with different spreading rates. Profiles across
fast-spreading (Southern East Pacific Rise) and slow-spreading (Northern Mid-Atlantic Ridge) ridges show the
morphologic contrast between an axial high and a rift valley whereas intermediate spreading rate ridges (Juan de Fuca
Ridge) have transitional features. Profiles are modified from Macdonald [1986].

MacDonald, 1982, Annual Review of Earth and Planetary Sciences



fast- and slow-spreading ridges

60°[~ Eurasian plate 1.3 L ;
o g Eurasian

a8
P cp 1.9 plate
e

North
<20  American

African p
plate .~

Australian
plate

\ 3 S -
Antarctic 1.5 A Antarctic a s 1-\; cfr L ) >
plate A plate 15 S

oL
% y J .
v )
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90° 135° 180° -135° -90° 45
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EAST PACIFIC RISE, fast spreading

* presence of axial topographic high of up to 400 m height and 1-2 km width

* within this high, small graben < 100m wide and 10 m deep. High may result from
buoyancy of hot rocks at shallow depth.

* faulting is more prevalent than on SSR and it accounts for the vast majority of relief

* low seismic velocities in a 4-8 km wide region in the lower crust, |-2 km below
sea-floor, interpreted as the top of magma chamber

MID-ATLANTIC RIDGE, slow spreading

* median valley, 30-50 km width and 500 to 2500 m depth.

* Inner valley bounded by normal fault scarps, ca. |00 m height

* Axial topographic high, 1-5 km width with 100°s m relief, extending only for 10°s of
km along axis. Formed by the coalescence of volcanoes.

* low seismic velocities the lower crust, but no convincing evidence for magma
chambers => probably magma chambers are transient below SSR



fast- and slow-spreading ridges

Perspective view looking north along Mid-Atlantic Ridge axis near 29°N,
the East Pacific Rise at 9° to | 1°. illuminated from the NWV.
Prominent (dark blue = deeper) S som
transform fault running to the east. _ : wm e o
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- Sempéré et al., 1993, Marine
Geophysical Researches



magma chambers

< 8 km ——
ASC

........

........

\\ ” b N
5km |7 .
= )

vvvvvvv

Pillow Ridges
=

Transition

Distance (km)

Gabbro

Y

axial magma chamber
beneath fast-spreading ridge
After Perfit et al. (1994) Geology, 22, 375-379.

After Sinton and Detrick (1992) J. Geophys. Res.,
97,197-216.

axial magma chamber

beneath slow-spreading
ridge



profiles along ridges

Segment center

: T A

.5 5 km

54 Moho faSt
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Fast-spreading ridge
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[T oikes Lowercrust | [ Onysal mush zone is controlled b?' balance
[ ] Gabbro ] jenstonade between heat input and
- Ultramafic/peridotite heat removal

Magmatic segment center Transform fault Magmatic segment center

- .__-—“.
AW ™3 1

N\, thhosphere > ‘

/ |

Asthenosphere

Slow-spreading ridge Keary et al. 2009



ridge morphology

Two processes control ridge morphology:

|. Stretching of mechanically strong lithosphere makes median valley at

spreading center
2. Thickness of lithosphere is controlled by balance between heat input

and heat removal

= Ridge morphology is a consequence of thermal structure

Thermal structure is determined by two factors:

|. Rate and geometry of magma supply
2. Efficiency of heat removal by hydrothermal circulation (cracking /
normal faulting at T < 600°C).

Magma ascent by buoyancy — stopped by freezing at top of magma
chamber (solidus at 1200°C)



low angles faults at ridges

Area of Detail Asymmetric ridges because
ki seawater infiltrating through basalt Of IOW angle normal faults
zone of blackwa i i . .
PRl undergoing greenscist alteration d enu dlng mantl e atri CI ges

| hydrothermal fluids in contact
with evolved basalic melt

* low angle normal faults at
ocean ridges
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rifts

(Beilagen z.T. modifiziert nach Claudio Rosenberg)



distribution of rifts worldwide

Il Rifting, World distribution
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distribution of rifts worldwide
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rifting
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rifts - definition

RIFT: region where the crust has split apart.
GRABEN:  depression or trough, which is much longer than it is wide.

"Rift" comes from the root "reve", meaning to tear apart, or to pull

asunder.

"Graben" is purely descriptive, rift is genetic (extensional rupture).

(A.M. Sengor, 1995) - B A

Commonly, if the stretching factor B exceeds 3, sea-floor i

spreading starts, opening an ocean and destroying the rift. | g

B = toltc to: initial crustal thickness =T sl
tc: present crustal thickness P

15F As 4=

Rifts, which do not attain the oceanic stage are termed . =

“failed rifts". This term should better be replaced with e e —

"fossil rifts", because these structures are not failed rifts, Strain rate (s)

but rather fa_”ed oceans. + Rift b.asins of the Atlantic

margins

- sedimentary basins



common chracteristics of rifts

|. A rift or Graben structure with a rift valley flanked by normal

faults

View of the Dabbahu rift, Afar region of Ethiopia.
Recent lava flows are cut by subvertical normal
faults.
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common chracteristics of rifts

2. Negative Bouguer gravity anomalies (mass deficit)
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S 108 110°

213 -196 -179 -162 -145 -128 -111 94 77 -60 -43
Bouguer Anomaly (mGal).



common chracteristics of rifts

3. Upli

N N

10°S +r

14°S -

32°E 34°E 36°E

fted rift shoulders

Rift flank uplifts are permanent
structures. In SE-Brazil and S-
Africa extension terminated in
the Late Jurassic/early
Cretaceous. Therefore, thermal
support should have ended
long time ago.

These structures can be
explained by mechanical
unloading during extension and
consequent isostatic rebound,
provided the lithosphere
retains flexural rigidity, i.e. no
local, but flexural (regional)
isostatic response takes place.

Lake Malawi
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common chracteristics of rifts

4. Higher than normal surface heat flow
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Kusznir and Park, Geological Society of London, Special Publication, 28.



common chracteristics

5. Shallow, tensional seismicity
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common chracteristics of rifts

6. Differential motion of both rift flanks during activity
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common chracteristics of rifts

/. Thinning of the crust beneath the rift valley

AMERICA

i
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L —
| !

White and McKenzie, 1989, J. Geophys. Res
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Fig. 12. Cross sections showing deep structure of the Biscay margin, the Westem Approaches margin and New-
foundland margins. For locations see Figure 13. Biscay margin (profile 3) is redrawn from Ginzburg et al. [1985].
Western Approaches-Flemish Cap composite line (profile 4) is redrawn from Keen et al. [1989] Newfoundland
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Figure 9.



rifting

(Beilagen z.T. modifiziert nach Claudio Rosenberg)



narrow rifts

ROCKALL PLATEAU ‘ 7 IRELAND
0

FLEMISH CAP GOBAN SPUR

Brun and Beslier, 1996, Tectonophysics

NW Vosges Rhine Graben Black forest SE
0 -
m
\ y Tertiary graben fill
" Upper crust ’ ‘ i
NN Triassic-Jurassic
= ~
Layered lower crust e )
30- by
Km MOHO Mantle
0 20 Km shear zone

DECORP-ECORS deep seismic profile
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Die Verformung (gelbe Flache)
ist stark lokalisiert und reicht bis
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Buck, 1991, ]. Geophys. Res.



Red Sea Lake Baika
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wider rifts

Wide Rift Mode
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U
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Die Verformung (gelbe Flache)
ist ,,delokalisiert” (homogen
verteilt) und reicht bis in den
Mantel hinein

Buck, 1991, J. Geophys. Res.



Flachliegende Moho

unterhalb der Basin and Range

o 1
Sierra Nevada IA BASIN AND RANGE ~! L
Montana
8 California | Nevada Nevada Utah o
Numerous basins and ranges at the surface Dommamly
relatively few shaliow reflections /
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o Reflection Moho
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Allmendinger, 1987 "
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Gilbert and Shehaan, 2004, . Geophys. Res.



metamorphic core
complexes (MCC)

(Beilagen z.T. modifiziert nach Claudio Rosenberg)
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Geschichte und Definition

/ Northern B&R
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MajorBalhoIiih

/, P2
§ L
g7 g
LUre ‘-,'.--g\i;}
Ariz. I NM, c

4
{ Laramide Thrust Faults
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7 Strontium 87/86 706 Line N

Davis and Coney, 1979, Geology

Mitte des 20. Jahrhunderts wurden hochmetamorphe
Gebiete westlich der N-Amerikanische Kordillere, mit
Durchmesser von bis > 100 km auskartiert.

Typisch:

* Domartige Aufwolbung der Hochmet. Einheit

* Scharfe Grenze zur daruberliegende unmet. Einheit

* Grenze fallt zusammen mit flachliegende
Storung(Detachment, Décollment)

— Allgemeiner Begriff: Metamorphic Core Complex.

* von Canada bis Mexico, westlich der Vorlands-
uberschiebungen der Laramiden/Sevier Orogenese

e tiefste strukturelle Niveaus sind in der Axialzone
aufgeschlossen, manchmal als Gneissdome

Frage: MCC Gurtel = Axialzone des Laramiden/Sevier
Orogens !

— man versuchte EIN tektonisches Bild zu enwerfen
der die Core Complexes UND die
Vorlanduberschiebungen miteinschliesst



Mesozoic sedimentary and volcanic rocks,

A BT ynknown thickness
g  mecw on Paleorowc limestone, dolomite, and shale
S Ende der "70er Jahre konnten
SR Entwicklungsmodelle gezeichnet
2 e o werden, die sich kaum von den

heutigen unterscheiden.

Die obere Einheit wird durch
Abschiebungen progressiv
ausgedunnt.

Dabei findet die Hebung und
Exhumation der unteren, hoch
metamorphen Einheit statt.

E

Unmetomorphosed bu! deformed cover ~— Tertiary gravel

Metomorphic caropace

™ e '4//,' Zi

'..:'ﬂ{i\;w“\,f‘fr': NS

-~ N
%"If: f”

ai’ A

Ductile growth foult
Lineoted, folioted biotite quortz
monzonitic COOrse ougen gneiss

Pra - or syntectonic quortz
monzomt¢ 10 qram!c intryson

Undeformed Dosement

Davis and Coney, 1979, Geology



Geometrie, Struktur, Metamorphose

Asymmetrischer Dom der
hochmetamorphen unteren Einheit.

Ein Schenkel ist flacher und langer.
Dieser ist vom Detachment uberpragt.

Der zweite Schenkel ist kurzer, steiler,
nicht vom Detachment uberpragt.

Northern " fl -
Snake Range ;J?r; g;r:n
Schell Creek Snake Range '
c Fault décollement\® I -

10 Miller et al., 1999, GSA Bull




Geometrie, Struktur, Metamorphose

DETACHMENT FAULT s -UPPER-PLATE FAULT BLOCKS

v et LY
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South Mountain,Arizona, US.A., Reynolds and Lister, 1990, Geology

SwW NE

Upper Plate Cataclasite

(P€, Paleozoic, Tertiary)

A
\
\
\
\
x

- x
—x Protolith 5 *
(Mainly Granite?
x x

Some Ultramylonite
Subdetachment Fault

Protomylonite 0 50

x

Detachment Fault

Davies et al. 2004, GSA Bull.

Wenn beide Seiten des Doms durch
Scherzonen begrenzt sind kann die eine
Seite eine scheinbare Uberschiebung
darstellen.

— ursprungliche Abschiebung wurde
wahrend der Hebung der unteren Einheit
verfaltet

— scheinbare Uberschiebung

Detachment

Zunahme der Verformungsintensitat
- Kaum verformter Granitoid
- Mylonite
- Ultramylonite

Sprod-duktiler Ubergang
- Mylonite
- Kataklasite



Beispiel Nordamerikanische Kordilliere

Shuswap Metamorphic
Core Complex

w Intermontane

Selkirk fan Foreland fold and thrust belt Albertabasin B
superterrane S

ca. 500 km

Fraser River
dextral fault
@]O] Okanagan

detachment

S0 N

Columbia R Purcell
trench q

+ »
.t ¢ ‘Basement

“

0 o S0km

Hanging wall of major detachments Shuswap Metamorphic Magmatic rocks

Allochthonous North American sequences Core Complex

o Selkl‘rk ]Fmﬁ,Jllaa§sif'CfCli'CC"“5 [‘”"I ‘] Metamorphic rocks v,¥ v Eocene volcanic and

allochthon orelancse "m"‘? .2} and granitic network L sedimentary rocks
\ Intermontane 7727 Proterozoic-Jurassic = o
2| superterrane ¢ * cover sequences 70+ 0| Migmatites L + 4+ Paleogene leucogranites

+ . +| Proterozoic z ;:] Fowen e
S 2 basement P g RIS

Verformung ist stark lokalisiert, reicht aber nicht
bis in den Mantel

die entstehenden Machtigkeitsunterschiede der
oberen Kruste werden durch das Fliessen der
unteren Kruste komplett ausgeglichen

Exhumed metamorphic and igneous belts Sediments derived from M O H O ISt flac h
belt of peraluminous leucogranites - the Cordillera
metamorphic core complexes El foreland and foredeep basins I:

fault-bounded basins D
Vanderhaeghe et al., 1999, J. Geol. Soc. Spec. Publ.



Beispiel Agais

. _? % R f[(( ,)\;v“
. rt e (s V2R
T RV
» %

46°

42" -

Ausgedunnte
kontinentaleo
Kruste
38"
Ozeanisché® 8 » k. X S
Kruste : N ey g% 0 Ry, AR _Z‘-_A'lf:;@liNl’ik‘

Mediterranean Sea

5 ¢ ‘_ /i )
. J4s - , &u i Y.,‘
34 1 < A \
- o
\ o o
’ q
{ i W ;
.

32" - = o '. 7]

AFRICAN PLATE

-6000-5000-4000-3000-2500-2000-1500-1000 -500 0 250 500 750 1000 1500 2000 2500 3000 4000 5000 6000

McClusky et al., 2000.JGR



Beispiel Tinos

32°N
18°E 20°E 22°E 24°E 26°E 28°E 30

Jolivet et al., 2004, GSA Spec. Paper

Planitis island

sampling sites for AMS

reddish tale-bearing breccla
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Die Brekzien und die Mylonite zeigen den selben Schersinn:

— EINE Deformationsgeschichte, die sowohl im duktilen
als auch im sproden Bereich der Kruste aktiv ist

NE TINOS: Isternia Pass SW

Panormos

Ormos

metapelites Isternia
metabasites /

Upper plate
metabasites e
serpentinites
i limestone =5
/

e =

Planitis
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Entstehung eines MCC

= . -
Qs = 60 mW/m?

AT ' Rift \ ie
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Gradient: die Festigkeit der
Kruste dominiert uber die

gravitativen Gradienten

— narrow rift
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sl " ' v die Gradienten der gravitativen
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.1 bleiben, wihrend die untere
Kruste homogen ausgediinnt
wird
— core complex
Buck, 1991, J. Geophys. Res.
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(@)

development of MCC e

Lower plate -

(b) AR ’Moh(>)‘

erosion and
exposure of
core complex

—————— " ~<—

upper crust

detachment

lower crust l ' ‘

moho ' = ’ exhumation

FRahiE of moho

Fault younging direction
_— >

Erosion
level
g3

(h)
) Metamorphic
Basin core complex

Hakon Fossen, 2012



development of MCC

Unterhalb der sprod-duktilen Grenze bilden sich Mylonite. Ein Teil dieser
Mylonite wird mit der unteren Platte exhumiert und kataklastisch ubepragt.

-------- R A A L A R R S S
**'\‘\‘.‘i“"*\‘f\*\ S TRE N MR e
2 \\\\\»extensional fault system to be developed
Ccrustal level above which Mesazoic_or Cenozoic mylonitization cannot occur
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Davis et al. 1986, Geology



development of MCC

(a) UNDEFORMED

o

Future upper plate
of core complex

o
¥

depth, km

Future lower
plate exposed in
core complex

N
o
T

M—15 km—3

(b)“SEVIER DESERT” STAGE

——— 25 km —

Imbricately
extended
range

-3

(c) “ELDORADO”
STAGE

Future “core-complex”’
upper plate

(d)“RAFT RIVER” STAGE

*Breakaway’
range

“Core-Complex”
range

............................
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_____

20|
Depth=25km

Denudation =20km (ca. 8 kbar)

Die Materialpunkte, die an der Oberflache
am nachsten zur Abschiebungsflache
liegen, sind diejenigen die

|. zuletzt exhumiert worden sind
2. aus dem tiefsten Strukturniveau
stammen (roter Punkt)

Diese Interpretation lasst sich anhand von
Abkuhlungsalter erharten

f———— 32 km ——j|

Large fault-block ranges

A’ / Basin \‘

Wernicke, 1985



low angle detachment
faults (LANF)



ow angle detachment faults

Whipple detachment
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low angle detachment faults

Example: Western Chemihuevi Mountains




low angle detachment faults

<«— Extension >

Volcanic rocks or sediments

R S & ) 7 &&= :
Brittle zone
W : 15-20
Ductile zone km
T — — = —

i Mylonite

A. | | Isostatic uplift during
extensional thinning

Extreme rotation and extension

---'.A

N
"W Gneiss/granite

B. | | Continued
isostatic uplift

Extreme rotation Exposed mylonite

Domical uplift-gneiss/granite

may unroof metamorphic
core complexes

due to isostatic uplift

R

cataclasites and mylonites
may form



low angle detachment faults

Footwall block Breakaway

Hangingwall block
d
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= Mantle
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