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GPS, Continentél Dynamics, and Earthquakes: Some
Thoughts from the Arabia-Africa-Eurasia Plate System
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Outline

(® Introduction: Personal Thoughts from 25 Years of International
Collaborations

(® GPS Geodesy for Crustal Deformation

(® Active Tectonics of the AF-AR-EU Plate System

(® Evidence for Plate/Block-Like Behavior

(® Elastic Strain Accumulation on Faults

(® Earthquake Deformation Cycle
1999, M,,7.4/7.2, |lzmit/Duzce, NAF Earthquakes

* Inter-Seismic
* Pre-Seismic (Bouchon et al., 2011; Seismology)
* Co-Seismic
» Post-Seismic
* Induced, Long-Duration Fault Creep??



Geodesy

Geodesy 1s a scientific discipline that deals with the time
varying measurement and representation of the Earth,
including 1t’s gravity field, in a 3D space using terrestrial
and space borne (GPS, InSAR, GRACE) techniques.

Tectonic plate motion ¢/ ¢ L
Earthquake deformation ¢/
Earth rotation

Tidal motion and deformation
Mass transport and deformation
Atmospheric properties
Anthropogenic effects




physical
models and
parameter
estimation
strategies

3D GPS satellite position uncertainty
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Tectonic Overview

Plate 1.
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Mediterranean & Middle East Tectonic
Overview




Active Tectonics of AF-AR-EU Plate System




Plate & Block models? (linking regional tectonics
to faultlng and earthquakes)

The Assumption:

Crust can be described
as discrete blocks or
plates whose motion can
be modeled as coherent
rotations about euler
poles? (classic plate
tectonic assumption)

(eq cycle time scale?)

Alternative:

The crust is a continuum
and can be modeled as a
t NG O |  thin viscous / plastic
PRSI .  LACDOG e T/ shell?

| p..;nl:‘?;‘;;;- } S A A‘ RS | (Geologic time scale?)
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Anatolian “Plate”
(from McClusky et al., 2010)




Coherent present-day motion of Aegean

A s

Eurasia-fixed Aegean-fixed

Pre-NAF Aegean extension/post-NAF coherent translation toward trench
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Along Prof (mmyn)

Cross Prof (mmvyr)

Plate Boundary Deformatlon (NAF)
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Plate Boundaw Deformatlon (EAF)
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Plate Boundary Deformation (DSF)
(from Alchalbi et al., 2010)
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Block Model Schematic

(from Meade et al., 2003)
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Building Block Model Boundaries
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Building Block Model Boundarles

-
=

w
oo

w
»




BUIIdlng Block Model Boundarles
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BUIIdlng Block Model Boundarles
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Building Block Model Boundaries
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Building Block Model Boundaries
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Estimate Sllp Rates

46§ _,,—__ 4_

" : (3.0) -25
Critical assumptions: .

1- No internal deformation
of blocks.
2- No missing blocks.
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GPS and Geologic Plate Motions and Deformation
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Geodetic vs. Geologic and Plate Tectonic Rates

" O e R g . B ™7
26 |- NAF // i
I R R T ey e, #r § // |
_“lAgree t0 10-15% 7
* ;% :: ﬁ;S.RedSea |
* f’- 12: Corinth G. v z . § W.G.Aden :
25° [O) 12: ’_é'/_zéap‘ :
- 6 DSE N. Red Sea :
ronays, |
15° o éG. Sue MREF (Zagros) |
EULER VECTORS
Lat (°N) Long. (°E) Rate (°/Ma ccw)Ref
31.7+£0.2 246 £0.3 0.37 £ 0.01 JGR 06
328+ 1.2 23.8+2.7 0.39 £ 0.05 DeMets et al. (2010)



GPS and NU/AR-EU Plate Motions

Positions and Velocities wrt. Eurasia
Location 38N, 48E
Position of Arabia m
Position of Africa ¢

1600
_ Opening of
1400/ | Red Sea

12001
1000/
800 1
600 1

400

distance traveled since 59 Ma, in km

200 1

Modified from McQuarrie et.al., 2003

0 10 20 30 40 50 60 70
time in Ma

AR-EU no significant change since at least 20 Ma and NU-EU since 11 Ma



Surface vs. Slip at Depth

North Anatolian Fault “keirogen”,

Sengor et al. (2004)

lzmit EQ slip,
Feigl et al.
(2002)
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Geology fault slip rate
estimated using surface
offsets and dates:

~20 = 5 mml/yr

Kozaci et al. (2007)

Geodetic fault slip rate from

elastic block model :

~ 24 * 2 mmlyr
DIFFERENT?
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Northern Dead Sea Fault

rotated block

North




Al Harif aqueduct - Faulting episodes
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This seems a bit fast?

Note: Displacement for 1,000-1400 BC event is assumed
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* GPS slip-rate and
along-strike change
in velocities?!
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Strain Accumulation on the Hellenic Arc
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Aegean/SW Turkey Block Model

(from Vernant et al., 2013)
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SW Anatolia Motion Towards Cyprus Arc

Eurasia-fixed Anatolia-fixed

26E 27E 28E 29E 30E O1'E E O33E o4 2BE 27E 2fE 209F 30E 3E E IVE UE
As the Aegean, SW Turkey is moving (extending) towards the offshore trench system

(from Tiryakioglu et al., 2013)



Block Model for Isparta Angle

38°'N

26'E 28'E 30°E 32°E 34'E
(from Tiryakioglu et al., 2013)



W. Mediterranean
GPS Velocities wrt Eurasia GPS Velocities wrt Africa

(from Koulali et al., 2011)



GPS Kinematics of W Mediterranean

Block model
residuals;

West translation
and clockwise
rotation

(from Koulai et al., 2011)




Sinai “Block”
(from Mahmoud et al., 2005)
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Part |l: Earthquake Cycle



20" Century NAF Earthquakes

What can we learn about the seismic cycle?
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NAF: 1300 km long, ~10 M,,7 EQ’s in the 20 century, ~15M people live within 50
km of the fault trace.



lIzmit/Duzce EQ Sequence

@ |zmit M,,7.6 Aug 17" 1999 @ ~ 03:00 local
(® Rupture length 150 km
(® Hypo-central depth ~17 km
(® Damage ~$10B US
(® Segmented vertical fault plane
(® Up to 5 m right lateral strike slip motion
® Killed ~30,000

(® Duzce M,,7.2 Nov 12t 1999 @ ~19:00 local
(® Rupture length 80 km
(® Hypo-central depth ~15 km
(® Segmented south dipping fault plane
® Killed ~1000




Inter-Seismic Strain Accumulation
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lzmit EQ Co-Seismic Displacements
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lzmit EQ Coseismic Fault Slip Distribution
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(Reilinger, et al., 2000 Science).



North Position {mem) East Position (mm) North Position (mm)

East Position (mm)

lzmit/Duzce EQ Postselsmlc Deformation
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Fault Plane Afterslip (a) or
Viscoelastic Relaxation (b)?
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Unifying Inter-Seismic and Post-Seismic deformation
models: Fitting the Entire Seismic Cycle (from E. Hetland)
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After-Slip to Fault Creep?
(from Cakir et al., 2012)




Post-Seismic Trans-NAF Profile

(from Cakir et al., 2012)
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Coseismic

Creep

Locking
depth (km) rate (cmiy) glip (m)

LOS change
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Near-Field GPS Network
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Precursory Fault Slip

The Izmit Rupture and the Closest Stations to the Epicenter
(courtesy, Michel Bouchon, 2013)

2000 2% 3000 30730 Kyl N30



18 Pre-Earthquake Shocks in 40 Minutes Before EQ

(Bouchon et al., 2011)
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lzmit Nucleation

(courtesy, Michel Bouchon, 2013)

Observation: During the 44 minutes that precede the
earthquake, the hypocentral area emits an unsual
signal, never seen before: a seismic vibration which
repeats itself over and over sometimes only a few
seconds apart. These bursts become more frequent
as the time of the earthquake approaches. They are

accompanied by a continuous low-frequency seismic
noise.

Interpretation: A patch of the fault located at the bottom
of the brittle crust has begun to slip slowly 44 minutes
before the earthquake. This phase of slow slip
accelerates in time...



Creep on the Main Marmara Fault?
(from Meade et al., 2003)
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Main Marmara Fault Locking Depth

(from Meade et al., 2003)
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Parameters:
-with same geometry

-by fixing the depth

with 3 kms
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(from S. Ergintav and R. Cakmak)
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Fully Locked or Creeping?

(courtesy, Semih Ergintav)
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MMF Long-term seismicity
(from Utkucu et al., 2008)
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Prince’s Islands Fault Strain Accumulation

(courtesy, Semih Ergintav)
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Caucasus/E Turkey Deformation and
Earthquake Hazards
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The Arabia collision zone

opley and Jackson (2006
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1991, M=7.0 Racha, Georgia EQ

(from Podgorski et al., 2007)

EURASIAN PLATE

(o
’i‘;

1ILF- WLATE

42 N




Racha Post-seismic motions (1991-1994)
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Modeled post-seismic fault slip
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The Caucasus

(from Kadirov et al., 2012)
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The Caucasus

(from Kadirov et al., 2012)
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Updated and expanded GPS
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An lllustrative Model
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An lllustrative Model
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Projection to surface

41°'N l MCTF
5 5 km
?
?
40'N =
S=0 A ASTA GURK
]t\\ 14 ARBI (ZYUS\I\.\RI)' : BILE S;\l.\‘l\'llll)' SHIK 3 BAKI ﬁI\'II.\ SILH
/ y . iob% % $ o
/ > 10}
/ g 8f
/ € 6f
/ = g ;
39'N f // ~ ot
f/ -2t : i i g i e
f // f 0 40 80 120 160 200 240 280 320
/ A Distance / km A'
4 WRMS(N = 12) = 2.0 mm/yr




An IIIustratlve Model
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Baku Earthquake Hazards Caveats/Conclusions

A large N-S strain rate exists along the Caspian Sea coast in
Azerbaijan

— ~ 10 mm/yr over 150 km (~ 67 nanostrain/yr)

Evidence of large, shallow, earthquakes nearby but
accommodation of strain near Baku (population and industry)
remains unclear

Elastic dislocation models of proposed faults in the area can fit
the data BUT...

— Itis likely too simplistic given decoupling and anelastic
deformation

— Full block model approach for better determination of
boundaries

Concern for energy industry and large population centers not

necessarily aware of or prepared for a potentially destructive
earthquake





