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Source deformation

- dilatation first motion
+ compression ;/ toward focus
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J V. first motion
_ \:L\ away from focus

_|_
Wavetype: P-waves (+ and - first motion)

On nodal planes sign reversal — no displacement

P-wave motion equal for 2 conjugate faults (fault plane
and auxiliary plane) 3



Influence of shear on an
infinitesimal volume

A
A 5 Shear T B’
Volume parallel to P
element sides BD,
AC C
C D

A'D' is extended b
B'C' is compressed

Equal value of relative change in length
but different signs



Radiation from Double couple
horizontal or vertical shear source

P waves: S waves:
4 lobes, 2 nodal planes 2 nodal lines

\ \\\‘\V{\

fffﬁ” .. \
NRRS

Z

=%, '
/// 7’?\“\\\‘\}!
i
290,

-0.5

;»?N Particle'motion due tb the wave *
—p  Rupture: displacement across the fault s



Radiation from Double couple

horizontal or vertical shear source
P waves: S waves:
4 lobes, 2 nodal planes 2 nodal lines
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Symmes;tNric radiation from source: cannot |
distuingish fault plane and auxiliary plane



Fault-Plane solutions
HFL mit Markierung der Achsen und Dislokationsvektoren P- and T_axes

P: 290.172 -18.3255 - direCtionS Of

T: 176.697 -50.2583 maXimaI COmpreS-
sion/extension Iin
radiation pattern

Generally P, T NOT

: equal tectonic stress
axes, only under 45°
- hypothesis

e.g. San-Andreas
| fault: max. principal
FP: 160. 40. 30. StreSS 4 faUIt

AP: 46.1413 71.2528 126.005
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Point source - shear dislocation
Definition of strike, dip, slip
(Streichen, Fallen, Neigung)

North

0<dP<360°
0<0<90°
—180°< A <£180°

Strike direction
-

Rupture surface A,



Meaning of Gij:

43 O. . = force in j direction on
an area whose normal
points to | direction
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11
i/ => Stress vector on each area with
: normal I:

T = (T, 15°,15”) = (0,,, 0., 0y)
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Shear stress 1 on arbitray plane?

17

S

_ / Shear Stress t
_ on this plane?

™ .~  Angle 6 of rupture?

U,
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Rupture plane and Mohr circle

Real materials do not rupture under 45° to o,!
0 depends on y, normally 8=30°
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Fault types &
stress regimes

Y

N
N

SVx=>SH=Sh T

|
|

NF: Normal faulting

P -

4

SN
N

- 81=8H

SH>Sh=SV

TF: Thrust faulting

$1=8H

SH>3V=>Sh

SS: Strike-slip faulting (includes minor
normal or thrust component)

:

TS: Predominately thrust with
strike-slip component

~

&
<

]

NS: Predominately normal with
strike-slip component

If Coulomb criterium applies: first estimate stress field from
fault-plane solution dependent on coefficient of internal frictitn.
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Global results, first order effects

*|n brittle crust almost everywhere consistent
stress field

* Intraplate areas: horizontal o, => strike slip,
thrust

* Extension often in areas of high topography

« Stress provinces with consistent o, o;
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Generalized stress map
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Forces acting on a plate

| Transform
Continental plate  Qceanic plate fault
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First order

global
stress
patterns

TABLE 4. First-Order Global Stress Patterns

¥ tmax OF

Stress

Regime®

Primary Source of Stress
and Commenis

References

State of Stress

Stress Modeling

,*H hmin
Region Orientation™

Midplate region ENE
Western Cordillcra,

Central America,

and Alaska
Continental E
High Andes N
Western Europe W
China/eastern Asia NwE
Tibetan Plateau WINW
East African rift NW
Midplate (western and E

southern Africa)
Morth Africa N to NW
India N to NE

Central Indian Ocean N to NW

T/55

T/58

NF

55

55

MF

NF

55

TIS%

TS5

TISS

MNerth American Plate

primarily ridge push, latcral
stress variations predicted
for basal drag not
ohserved, regionally
extensive (~2 x 107 ;““2]

complex stress patlerns
beyvond scope of
discussion, largely related
to superposition of
buovancy forces and
distributed shear related o
Pacific=MNorth American
relative motion

Sowith American Plate
primarily ridge push, torgue
analysis suggests driving

drag possibly major force
[Meijer amd Woriel, this
1ssue]

trench suction or buoyvancy
due to thick crust andfor
thinned lithesphere

Eurasiun Plate

combined effects of ridge
push and continental
collision with Africa
dominate, absolute
velocity = 0; thus
resistive or driving basal
drag probably nat
important; lateral
variations in lithospherie
structure may locally
influence stress field

continental collision force
domimates, indentor
geometry extremely
important

Buoyancy (due to thick crust

and/or thinned upper
mantle) overcomes
compression due to
continental collision force

African Plate
Buovancy force overcomes
ridge push compression

ridge push dominates
absolute velocity = (;
thus drag probably not
important

continental collision with
Europe dominatcs

Indian Aastralian Plate
continental collsion

complex interaction collision
and trench forces, long-
wavelength basement
undulations due to stress-
induced flexure?

Adams and Bell [1991] and
Foback and Zoback
(1989, 1991]

many references, see
summaries by Zoback
and Zoback [1989,
1991, Surer [1991].
Suter ef al. [this issue],
and Estabrook and
Jacah [1991]

Asswmpcas [this issue]

Froidevaur and Isacks
[1984] and Mercier et al.
[this issue]

Klein and Barr [1987),
CGregersen |this issue],
Granthal and Siromeyver
[this issuel, and Milier
ef al. [this issue], and
Rebai et al. [1992]

Molnar and Tapponnaier
[1975], Malnar and
Deng [1984], and Xu ef
el [this issue]

Maolnar and Tapponnier
[1978], Mercier et al,
[1987h], and Burchfie!
and Rovden [19D85]

Boswarth et al. [this issue]

this paper, using data of
Boswarth et al. [this
issue], Swleiman i al.
[1985], and . 1. Doser
{writien communication,
19940}

Rebui et al. [1991] and
Kamowun and Hfaiedh
[1985]

Crowd et al, [this issue]

Bergman [1986], C. Stein
et al. [198%], and Petroy
and Wiens [1989]

Richardson and Reding
[1991)

Stefanick and Jurdy [this
issue] and Meijer and
Waorte! [this issue]

Whittaker et al, [this
issue] and Stefanick
arnd Jurdy [this issuef

Brudy [1990] and
Giiinthal and
Strameyer [this issue]

England and Howseman
[1989], Tapponnier
and Molnar [1976],
and Vilotte ef al.
(1984, 1986]

England and Houseman
[1989] and Vilorte et
al. [1966]

Cloetingh and Worrel
[1985, 1986]

Cloretingh and Worrel
[1985, 1986] and Goever
et al. [this issue]



TABLE 4.

(continued)

Stress

Regime”

Primary Source of Stress
and Comments

References

State of Stress

Stress Modeling

First order
global
stress
patterns (2)

S fmax OF
. <Y imin
Region Orientation®
West Indian Ocean N to NW
Central Australia and N to NE
northwest shelf
Southern coastal E
Australia
Young (<70} crust NE
Older crust {(=70) NW?
Midplate ?
Midplate ?
West Antarctic rift E to NE

NF

TF

TF

55

T/SS

NF

Indian Austratian Plate (continued)

high level of intraplate
seismicity with § 0
parallel to nearby mid-
ocean ridges, due to

thermoelastic stresses or

comple geometry of
plate-driving forces?

much scatter in stress
orientations; however,
best data suggest
consistent north to
NNE § g directions

source of E-W stress
unknown

FPacific Plate
ridge push, slab pull, drag
all give same orientation

driving drag would predict
extension, not observed
compression; extension
predicted due to mantle
upwelling central Pacific
also not observed

Nazea Plate
anly one earthquake focal
mechanism available

Antarctic Plate

expected stress state is
radial compression
(surrounded by ridges),
one focal mechanism
available, seismicity
suppressed by ice
sheet?

Cenozoic rift system with
basalts as young as
Holocene; buoyancy
forces dominate
midplate compression

Bergman el al. [1984],
Wiens and Siein [1984],
and Stein et al. [1987]

this paper

Okal et al. [1980] and
Wiens and Srein [1984]

Wiens and Stein [1985]
and Zoback et al. [1989]

Johnston [1987)

Behrendr er al. [1991] and
Behrendr and Cooper
[1991]

Cloetingh and Wortel
[1985,1986], Brait et al.
[1985], and Gover et al.
[this issue]

Cloctingh and Wortel
[1985, 1986]

Richardson et al. [1979],
Bai et al. [this issue],
Wortel et al. [1991], and
Gover et al., [this issue]

Richardson et af. [1979],
Bai et al. [this issue],
Wortel et al. [1991], and
Gover et al. [this issue]

Wortel and Cloetingh
[1985] and Richardson
and Cox [1984]

:Sﬁmu urientz_uicr_l given for thrust or strike-slip faulting stress regimes: S, given for normal faulting stress regimes.
.NF' normal faulting stress regime: S8, strike-slip faulting stress regime: TF, thrust fauting stress regime; T/SS, combined thrust and
strike-slip regimes (see text for definitions of stress regimes).



Interpretation of first order stress
patterns

1. Compression within plates due to
compressive forces acting on plate margins
(ridge push, continental collision)

2. Buoyancy in regions of high elevation
(Tibet) can locally compensate intra plate
compression

3. Basal drag difficult to estimate

19



Higher order stress patterns

Variety of effects:

* Deflection due to load (ice, sediments, sea
mounts), at subduction zones (outer arc
bulge)

* Lateral density contrasts (intrusions,
isostatically uncompensated orogens)

*Lithosphere thinning (East African Rift) =>
intra plate extension

*Lithosphere thickening (Colorado Plateau,
Western Alps) => rotation of o,

20



Tectonics at active plate margins:
3 types: constructive, destructive, conservative

Die Erde im Schnitt

Mittelatlantischer Rucken

 Atlantik —% —
e

P olc

AuBerer Kern

/Sﬂd

Tiefsee- £ amerika
grabe

2900 5100 6371 km

@o; Normal faults




Global earthquake
distribution
1995 - 2006
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Active plate margins:

|. Spreading centers:
 Constructive & conservative faults

» Seismicity bound to narrow,
flat (< 10 km) regions

» Active ridges: new oceanic crust
generated, consequence: extension

23



Fault plane solutions at an ocean
ridge — transform fault system

Apparent
sinistral
offset of ridge

relative --------
motion

Dextral sense
of motion at e e sone
transform fault

Drift oblique
to ridge

MOR segments connected by transform
faults
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Fault plane

solutions along

-Atlantic
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Fault plane solutions for earthquakes on
the St. Paul, Romanche, Chain transform
faults, central Atlantic Ocean

o 1 1 ] 1 | 1 1 1 I 1 L 1 I 1 1
N } = /I ] N

y )II
] motion of

1 American plate




. Destructive plate boundaries
a) Subduction zone 1

:::f;. Gulf of Mexico
American Plate

28

Fa MEXICO oo
B
18°- | am1am 71 S g eSO
= . A e S N L
g ..........
2]
Pacific E . .
Ocean a TN
16°F ‘m A v (YR g [ N e

TIUN 82
Cocos Plate TIUN&

2ZAUGHR

1 L 1 L | 1 1 e
N ° 104° 102° 100° 98° 94°W

FPS for shallow earthquakes along Mexico’s west coast

Fault plane roughly parallel to plate margin #



Different kinematics in depth:

 Near surface: normal faults

* Moderate depth: stress by direct
contact causing low angle thrust

* Deeper: plates decoupled, slab pull
dominates causing normal fault

*Very deep: down dip compression

28



. Destructive plate boundaries
a) Subduction zone 2

*Fault plane
roughly parallel
to plate margin

*Strike-Slip faults
due to slip
partitioning

95°E 100°E 105°E 29



Sunda subduction zone

shallow events
near accretion

outer  and volcanoes

& O

Benjoff
| A zone - B

deep
events E%

85" 100 105 110° 115



Depth (km)

Chiloe (S Chile), subduction

* subduction of Pacific plate
underneath S-America

-7

* (1) outer rise earthquakes

* (2) aseismic zone

* (3), (4) Wadati Benioff
Zone, thrust events

* (9) strike-slip events near
volcanoes

« Strike-Slip faults due to
slip partitioning

“15 Dietich Lange, 2008, .
»] Dissertation, Uni Potsdam-. [
I : I I , 2|25 ZFI)O

31
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Pucific Ocean

Honshu, Japan

«— Honshy —

Japan Sea W

T Jadeite lawsonite blueschist {5.4)

q '-X ) 3
100 quale-chlorite “ ",._.,'_ ( )
dunite (2.0) : L, s , ’
sespecctiniie (19) ?LJ:‘F"‘ : " laswsonite amphibole eclogite (3.0}
o serpentinized e
chlorite N
Hy0 (wi%ey | dunite (6.2) eclogite (0.1)
o chlorite harzburgite (1.4}
200 <
X spinel‘garnet harzburgite (0)
15 phase A-chlorite phase relauions
serpentinite (12) poorly known
300 T ¥ T = ]
a LO0 200 km 300 400 500

* subduction of Pacific
plate underneath Japan

* (1) thrust + reverse
faulting - slab push

* (2) normal faulting -
slab pull

* (3) Wadati zone as
double-seismic zone
marks top and bottom
of slab
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Deep earthquakes

1004 = 100
+ 50
E L
L4 L —
= E 1007
gl i
\C 10} +10 =
- £
5 £
9 8 15071
E
]
= 1 1
: _ 200;
World Without L
Tonga-Kermadec T

g .5!9.‘?.*.‘"0!"?:

Brittle Fracture

T
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S
9
Pressure {10 Pa)

T
(o))

—
-]

100 200 300 400 500 600
Depth (km)

"T400 600 800

Temperature (Ko)

1000

1200

« above 300 km: exponential decrease of earthquakes

with depth

* below 300 km: increased seismicity down to 700 km

(subduction) contradicts rheology

33



b) Continent-continent collision: Himalaya

- Normal
= faulting

09©®@ QOQ @©@® Low-anale)
thrust faults

ITS = Indus-Tsangpo Suture
MCT = Main Central Thrust

MET = Main Bﬁ“n'jf'r}’ Thrust é extensional directions on normal fault
13 = 13,000 ft elevation contour

$ slip direction on low-angle thrust fault
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Intraplate seismicity
and stress field

Europe / Germany
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European

stress map
SHmax

 No direct
correlation
between S,,.x and

topography

80" 1

* Apennin, W-AIps:
NF-regime
correlates with
topography,
extension normal
to mountain range

B

o" R

World Stress Map Rel. 1957-1 Projactton: N cator
Haldalba g Ao adkemmy of e Humant oz and Sdences
Urkarsty o Karlsnhe ' ntanatonal Lihoaphers Frogram



European
stress map

W- and NW Europe:

* Mainly Strike-Slip
Regime (SS)
NW-NNW compression
NE-ENE extension

Extensional areas (NF):

* Aegean sea

* Western Anatolia

* Lower Rhine

* Graben -

* W-Apennin <Ry

- Parts of France i

80" 1

World Stress Map Rel. 1957-1 Projactton: N cator
Haldalba g Ao adkemmy of e Humant oz and Sdences
Urkarsty o Karlsnhe ' ntanatonal Lihoaphers Frogram



The Northern European stress province

| «>55°N

* Lithosphere thickness
110 - 170 km

* Heat flow < 50 m\W/m?

* [sostatic uplift -
postglacial rebound

/| *Large scatter of stress
orientation

Symax Orientations &
uplift rates 38




The Northern European stress province

1| e 8% man s % Q8T e

*M4.9 (GEOFON)
~on 16.12.2008
* strike-slip with
reverse component

~eresult of post-
glacial rebound?
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The Alps

_>O<_

Horizontal
components
of maximum
compression
axes

46°N -

Mainly strike slip with max. principal
stress perpendicular to the Alps’s strike
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Seismically active reg

ions in D

” A — Swabian Jura
b ‘|- Rhinegraben
ggﬁg -~ Vogtland
Q?<M<3'i;§'? ‘:_ AlpS

— Franconian
50° - Jura
— Saxonia (Gera-
Jachimov)
Erdbeben 1000-1294

45" -



Swabian Jura earthquakes

. 16.11.1911 Ms ~ 5.6 MWA ~ 6.1 z 10 [km]
. 28.05.1943 Ms ~ 5.5 MWA ~ 5.5 z 8 [km]
. 03.09.1978 Ms ~ 5.1 MWA ~ 5.7 z 6.5 [km]
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Fig. 7. Comparison between historical and present day seismic ac-
tivity. squares: historical (mainly macroseismic)
(1000-1970);  circles: instrumentally
(1971- 1980)

epicentres
determined  epicentres
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Fault mechanisms
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Aftershock distribution

3495 3500 I 3505 3510 3515
S360 : . - 5360
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Fig. 7. A. Epicenters of aftershocks (main shock illustrated by circle). B. Hypocenters 45

of aftershocks in N—S cross-section (main shock illustrated by circle). C. Hypocenters of
aftershocks in E—W section (main shock illustrated by circle).



Composite focal mechanism

a dilatation 46

Fig. 8. Composite fault-plane solution of aftershocks (WULFF net, upper focal hemi-
sphere),



Lower and upper
Rhine Graben | e @ |

1 47
L
Fig. 11. Fault-plane solutions (Wulff projection) in the Upper
Rhinegraben area. (References: [1. 5. 6. 8. 9, 21, 23. 24, 27]=
Ahorner et al.. 1983: [3]= Neugebauer and Tobias. 1977: [4]=
Baiter and Wernig, 1983: [22] = Turnovskyv. 1981: [31. 35] = Mayer-
Rosa and Pavoni. 1977: [2. 7. 10-20. 25, 26. 28-30. 32]=this
paper). Bluck quadrants: compression. White quadrants - dilatation.
Black dots: P-axes. White dors: T-axes




Depth distribution
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Lower Rhine Embayment and Roermond
earthquake (13.04.1992 M ~ 6.0)

- S -
- -
"I e eTa
:
B
-
.

DUSSELDORF
B [I

T,

e __-““.-
DL ’ I |Q§3

L.Ahorner 1992 |1 [I™

Fig. 1. Sketch map of the Lower Rhine Embayment with the epicenters of damaging earthquakes (filled circles) since 1750. For larger events
with local magnitudes My, > 5.0 (big circles) the year of occurrence is denoted. Active normal faults are drawn with barbs on the downthrown
side (after Ahorner 1962). Permanent seismic stations are displayed by triangles. The cross-section is shown in Fig. 4.
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ROER VALLEY GRABEN PEEL HORST NE

S
ROERMOND
|
05 == &UATERNART ",;; P S R —— 0
e o o o (S R R Y =
.| CRETACEOUS TER”AR* _.-:z;; "
: S
mmssawmmﬁ 15
mv- D I3 L 2M
g 0 10 20KM
PALEOZOIC & l 1 |
BASEMENT
e v -
10- 10
<t == TENSIONAL STRESS
Z0KM- HYPOCENTER ~ 20KM

L. Ahorner 1992

Fig. 4. Simplified geological cross-section through the Roer Valley Graben near Roermond (for location see Fig. 1). The hypocenter of the
Roermond mainshock is located on the depth continuation of the Peel Boundary Fault which forms the eastern border of the Roer Valley Graben
50



Roermond 13.4.1992 01020MUTC My =5.9

TFlw
LES
OKRF ‘BEE
\oiiG SNE

T NZ2ILeF 2306w @ COMPRESSION
N 34%F B7°hE O DILATATION
B NI1249F [°SE @ NODAL

Fig. 5. Fault-plane solution for the Roermond mainshock based on
P-wave first motions from local and regional records identified by
station code (after Ahorner 1992). Equal-area projection of the lower
hemisphere. Take-off angles of the ray paths were calculated using
the crustal velocity model of Table 3. P, T and B denote Pressure,
Tension and Neutral axis, respectively.
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Seismotectonics - Saxony

from: Erdbebenbeobachtung in Sachsen, Dreijahresbericht 2004- 2006 Landesamtf Umwelt und Geologie

12.00°0 12.50°0 13.00°0
e o ) Jahr
/ @ ‘ Y [E ® 2001
— - K @ 2002
51.50°N ‘_ bl © 2008
, 2004

51.00°N

———1}
|Chemnitz

50.50°N > = § R A

40 km
J

50.00°N

Abb. 14: Verteilung der seismischen Ereignisse in Sachsen und angrenzenden Gebieten im Zeitraum
2007 — 2006 und bedeutende Storungszonen
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Abb. 21: Epizentren und Herdflachenlésungen fur 31 Beben (2002 - 2006)
6 — 36, ausgewahlte Erdbeben vgl. Tab. 5
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Fig. 3. Principal tectonic and geological units. [ = focal zone of the 1985, 86 swarm, /J = Tertiarv basins, /// = Teruary volcanites. /
—svnclinal zone of Vogtland and Central Saxony. /a— Vogtland svnclinorium. /p—central Saxoman synclinonum. 2 —anuclinal
zone of Fichtelgebirge and Erzgebirge. Ja— Fichtelgebirge anticlinonum. b —transverse zone of southern Vogtland and western
Erzgebirge. Jc— Erzgebirge anticlinorium. (/a and 2b—Vogtlandian slate moumiains). 3—Tertiary Cheb Basin.
4— Tachov-Domailice Graben, 5— Doupovské vrchy, 6—Ceské stiedohofi. "—Sokolov Basin. §—Most Basin. g—Central
b— Elbe lincament, ¢—Gera Jaichvmov fault zone. {:Man.‘mske’ Lazné fault zone. e — Franconian fault zone.

Saxonian lineament,
. /- Litoméfice deep fault, g— Erzgebirge fault.
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August — December 2000:
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August — December 2000: Fault-plane solutions
(Roessler, 2006)
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August — December 2000: P-, B-, T-axes

(Roessler, 2006)
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P-Axes:
depth  strike plunge

<84km 130° 50°
-94km 120° 39°
>94km 126° 26°
T-Axes:

depth  strike plunge
<8,4km 226° 8°
-94km 228° 21°
>94km 228° 23°
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Summary

« Stress field in Germany is dominated by
NNW-SSE direction of maxmimum
compression

* stress field due to Alpine orogenesis

» extension (Lower Rhine Graben) along pre-
existing faults
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