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Sedimentary record of erosion and deformation rates in the northern Tianshan 
as constrained from magnetostratigraphic sections in the Junggar basin, western China

J. Charreau1,  J.P Avouac2, Y. Chen1, K.A. Farley2, S. Domingez3,  S. Gilder4
1. Institut des Sciences de la Terre d'Orléans, France; 2. California Institute of Technology, USA; 3. Université de Montpellier II, France; 4. Institut de 

The Junggar  flexural basin which flank the Tianshan range to the north, has recorded the history of erosion and overthrusting of the range. We combine detailed magnetostratigraphic section from the fold-and-thrust piemont belts, 
seismic data on subsurface structures and cooling ages from detrital minerals. These data indicate that the flux of sediment eroded from the Tianshan has increased first about 15 ago and again around 11Myr ago to reach a plateau of ~50  km3/Myr (with 
correction for sediment compaction). Given the area of the Tianshan presently drained by this basins, the sedimentary flux imply erosion rates of the order of 0.3-0.5 mm/yr over the last 10Myr. The uppermost formation in both forelands, the Xiyu 
formation, consist of a dark coarse gravel often thought to mark the beginning of the Pliocene. This formation is shown to be highly diachronous: the gravel sheet has prograded over the understhrusting forelands at rates of  2.5mm/yr in the north, 
suggesting a shortening rate across the Central Tianshan (at  83ºE) of at most 2.5mm/yr, comparable to the present 3mm/yr shortening rate. Our study shows that the shortening rate across the central Tianshan probably didn't change much over the last 
8Myr and that the present tectonic regime was established between about 10 and 12Ma. There is no indication of an increase in sedimentary flux at 4-2Myr, as proposed in some earlier studies and taken to reflect enhanced erosion rates driven by a global 
climate change. We conclude that the Tianshan may have been reactivated by about 20-24Ma. The sedimentary flux increased by about 15Ma and again by 11Myr, probably reflecting a coeval increase of tectonic rates which lead to the creation of the 
topography of the modern Tianshan. The 10Myr time lag between the earliest deformation of the range and the increase in sedimentary flux might reflect the time needed to create sufficient topography to enhance surface processes and for the 
development of the drainage

Abstract

(2) Geological setting 
and magnetostratigrahy
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(6) Preliminary results of U-Th/He thermochronology

Fig. 2 : (a) geological map of the northern piedmont with localisation of the Kuitun He and the Jingou He section; (b) 
schematic cross section of the northern piedmont at the Jingou He longitude.
Fig. 3: magnetostratigraphic column of the Jingou He and the Kuitun He section and their correlation to the reference scale.
Fig. 4: Compacted sedimentation rates in the Jingou He and the Kuitun He section deduced from the magnetostratigraphic 
correlation, 1  uncertaintie in white.
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Fig. 1

Fig. 6: (a) line drawing of a seismic line ran arcoss the Anjihai anticline and localisation of the 
15 horizons used to calculate the Excess area; (b) original seismic line (from Dengfa et al., 
2005); (c) Excess area agianst thikcness of the 15 horizons; (d) sedimentation rates agianst 
thickness deduced from the magnetostratigraphic correlation; (e) Shortenning across the 
Anjihai antcline with respect to time, 1  uncertaintie in white

Introduction

(1) Kinematic framework

The growth of a mountain range results primarily from crustal thickening driven by horizontal 
shortening. As mountain grows surface processes become more active and operate mass transfer from the uplifted zone to 
the flanking lowlands. This transfer depends on climate and topography. Mountain building is therefore a complex process 
resulting from coupling between tectonic deformation, surface processes and climate. The redistribution of mass at the 
surface are key factors determining tectonic deformation. In Central Asia  the high Tianshan mountains are flanked by the 
Tarim and the Junggar that are two large closed intracontinental basins where eroded material is shed from the Tianshan. 
Folding and thrusting along both the northern and southern piedmont have exposed sections of the sediment fill. This setting 
is particularly appropriate to quantify sediment flux into the basins and analyze the sedimentary record of thrusting. 

The Tianshan is a 2500-km-long range with an average altitude of 2500 m with summit up to 7000 m high. The range was 
originally built during Devonian to Carboniferous. During Oligocene to late Miocene ancient structures were reactivated by 
the India-Asia collision giving most of the living topography. The main northern Tianshan piedmont is about ~240 km-long 
from the Urumqi province capital to the Dushanzi city (Fig. 2a). It is constituted by three main rows of thrust fault and fold 
belt. Folds are mainly fold-bend fault and detachment fold. Folded and faulted sediments in the foreland present a large age 
span from Permien to Quaternary time and are well exposed along several north-south flowing rivers. But because sediments 
are mainly continental in origin their ages are poorly constrained. We thus carried out two magnetostratigraphic sections in 
Neogene sediments in order to better contsraint the sedimentary history related to the reactivation of the range.

To describe the evolution of the 
Tianshan range we used the 
kinematic frame work of Figure 1.
We thus combine (1) structural 
model of the piedmont and the 
foreland basin, (2) chronological 
constraints on the stratigraphy 
derived from magnetostratigraphic 
sections of Neogene sediments and 
(3) thermochronologicals and 
cosmonucleid dating respectively 
of detrital grains and actual river 
sand, to determine:
   - sediment flux history Fe
   - timing and rate of deformation 
Vi of the piedmont thrust fault

- erosion rates
   - sediment propagation rates Vpr

Fig. 1: schematic sketch defining the kinematic framework used in this study; 
V1 is the underthrusting velocity of the foreland; Vi are the shortenning 
rates of the various thrust that composed the piedmont and the range; Vpr is 
the sediment propagation rate in the foreland, Fe is the eroded material flux. 

Assuming that the relative thickness is uniform throughout the basins the volume Vi above a i layer in the whole basin may be 
expressed as follow: vi=v0.(zi/z0).
Where zi is the true depth of the i layer at a given vertical profile, z0 is the depth of basin basement at the same profile  and 
V0 is the total volume of the basin. Yet, horizontal section along river in the piedmont may be considered as vertical profiles as 
drill hole. We thus reconstruct the sediment flux accumulation in the Junggar  basin based on the stratigraphy constrained by 
our magnetostratigraphic dating along the two Kuitun and Jingou He sections (Fig. 6c).
We calculated V0 of both the Junggar and the Kuche basin by digitalizing isopachs map of the basement (Fig. 6a) and found a 
total volume of ~430.103 km3. Zi is obtained from the magnetostratigraphic thickness (giving the depth of the top of the 
section) and the necessary compaction correction. z0 must be estimated giving the initial position of the sedimentary column 
before shortening and incorporation within the piedmont (Fig. 6b).

Fig. 5: (a) topographic and isopachs maps of the 
junggar basin; (b) longitudinal profiles of the Junggar 
basin at both the Kuitun and the Jingou He longitudes; 
(c) sedimentary flux evolution reconstructed from our 
magnetostratigraphic sections and the chinese 
stratigraphy, 1  uncertaintie in white.

Considering a given 
deformed horizon  of a 
detachement fold such as 
the Anjihai anticline (Fig. 
6a), one can calculate the 
'excess area' (Fig. 6g). 
between the deformed 
horizon and its initial 
geometry obtained by 
interpolating the horizon 
linearly across he fold.
Across such detachment 
fold, in the hypotheses that 
no bed parallel shear occur, 
pregrowth strata should be 
characterized by a linear 
relationship between excess 
area and thickness while 
growth strata should 
present a non-linear 
relationship (Fig. 6d). 
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The Cenozoic stratigraphy is characterized by a 
gradual coarsening upward with the dark 
conglomerate Xiyu formation at the top underlying 
the Dushanzi formation. The Xiyu formation is widely 
distributed along the margin of the Tianshan and 
have been assigned to be Plio-Pleistocene in age.  
From our magnetostratigraphic study we found that 
the basal age of the Xiyu formation at the Jingou He 
section is ~8.3 Ma in age while at the Kuitun section 
it is ~4.8 Ma in age. From these basal ages and satelit 
images analyses, we calculated a propagation rate of 
sediments Vpr of ~2.5 mm/yr, providing the initial 
position of the section before shortenning.
We carried out a similar analyses in the south 
Tianshan that give a propagation rate Vpr of ~6 
mm/yr.

From the sediment flux reconstruction we believe that, by ~15 Ma and by ~11 Ma, the Tianshan range 
may have underwent rapid uplift acceleration with a rising topography that is rapidly stabilized as compensated by heightened 
erosion rates that give higher sediment fluxes delivered to the basin. These ages are consistent with other previous studies 
carried out in the Tianshan.
Giving the constant sedimentary flux of ~50.103 km3 during the last ~10 Ma, the geometry of the range probably did not 
significantly change with an equilibrium between erosion and uplift. Thus the area of the Tianshan presently drained by the 
Junggar basin remains probably the same over the last 10 Myr giving an average erosion rates of ~0.3-0.4 mm/yr. Moreover as 
the geometry of the range may have been constant, according to our kinematic model the total shortenning accross the range 
(V1) was of ~2.5 mm/yr during the last ~8 Myr which is consitent with the present day rates of ~3 mm/yr. This  reinforces 
the idea that that the present tectonic regime was established between about 10 and 12Ma.
Some authors have interpreted the Xiyu formation as reflecting directly tectonic uplift (e.g., Zheng et al, 2000) while others 
assign it to a global effect of climate change on erosion rates (Peizhen et al, 2001). Our interpretation is that this gravel 
sheet was prograded over the foreland as it was underthrusting beneath the orogenic wedge. We reject the common 
assumption that these conglomerates would reflect climate change or a particular episode of thrusting and uplift of the Tian 
Shan.

Fig. 7: (a) landsat image of the Dushanzi area with localisation of the Kuitun He and the Jingou He section and the 
limit between the Dushanzi and the Xiyu formation; (b) plot of the basal ages of the Xiyu formation versus the 
distance from the 44°30'N parallel
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In order to decipher the late exhumation history of the Tianshan mountains, we carried out U-Th/He dating on both apatite 
and zircon detrital grains collected in the Kuitun section. Results are summuraized on Figure Xa. From the youngest apatite 
ages providing the sediment depositional age from our magnetostratigraphic study, we also calculated the erosion rates using 
the lag-time concept. We found an average rates of ~0.1 mm/yr average

Fig. 8: (a) plot of U-Th/He of detrital grains ages versus depositional ages ; (b) Evolution of the erosion rates deduced from 
the Lag-time concept with respect to time, yellow circle represent erosion rates calculated from cosmonucleid dating of actual 
river sand of the Kuitun He river
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C os eis mic S lip and A fters lip of the G reat (Mw9.15)
S umatra-A ndaman E arthquake of 2004.

Mohamed C hlieh1, J ean-P hilippe A vouac 1, V ala Hjorleifs dottir1, T eh-R u A lex S ong1, C hen J i1,2, K erry S ieh1,

A nthony S laden3, Helene Hebert3, L inette P rawirodirdjo4, Y ehuda B oc k4, and J ohn G aletzka1

1.T ec tonic s Obs ervatory, Divis ion of G eologic al and P lanetary S c ienc es , C alifornia Ins titute of T ec hnology, P as adena, C A 91125, US A .

2.L aboratoire de Déetec tion et de G eophys ique, C E A , B ruyère-leC hatel, F ranc e

3.C ec il H. and Ida M. G reen Ins titute of G eophys ic s and P lanetary P hys ic s , S c ripps Ins titution of Oc eanography,

Univers ity of C alifornia S an Diego, L a J olla, C A 92093, US A .

W e deter mine coseismic and the fir st-month postseismic defor mation associated with the Sumatr a-A ndaman ear thquake of
December 26, 2004 fr om near -field G lobal Positioning System (G PS) sur veys in nor thwester n Sumatr a and along the
Nicobar -A ndaman islands, continuous and campaign G PS measur ements fr om T hailand and M alaysia, and in-situ and
r emotely sensed obser vations of the ver tical motion of cor al r eefs. T he coseismic model shows that the Sunda subduction
megathr ust r uptur ed over a distance of about 1500 km and a width of less than 150 km, r eleasing a total moment of 6.7-7.0
1022 Nm, equivalent to a magnitude M w~9.15. T he latitudinal distr ibution of r eleased moment in our model has thr ee
distinct peaks ar ound 4°N, 7° and 9°N, which compar es well to the latitudinal var iations seen in the seismic inver sion and
of the analysis of r adiated T -waves. Our coseismic model is also consistent with inter pr etation of nor mal modes and with
the amplitude of ver y long per iod sur face waves. T he tsunami pr edicted fr om this model fits r elatively well the altimetr ic
measur ements made by the J A SON and T OPE X satellites. Neither slow nor delayed slip is needed to explain the nor mal
modes and the tsunami wave. T he near -field geodetic data that encompass both coseismic defor mation and up to 40 days of
postseismic defor mation r equir e that slip must have continued on the plate inter face after the 500s long seismic r uptur e.
T he postseismic geodetic moment of about 2.5 1022 Nm (M w~8.8) is equal to about 30±5% of the coseismic moment
r elease. E volution of postseismic defor mation is consistent with r ate-str engthening fr ictional after slip.

T he model that fits best the geodetic measurements recorded within the first day of the 2004 earthquake is M9.15 . T his model is consistent with seismological, tsunami and T -waves observations. We deduce that the seismic rupture must have

propagated as far as 15ºN. T he latitudinal distribution of moment in the model has three distinct peaks. T his pattern is consistent with latitudinal variations in energy released by T -waves and high-frequency diffracted seismic waves . T he general

pattern in the model is a gradual northward decrease in slip. T he fact that this mimics the northward decrease of the convergence rate across the plate boundary suggests that this pattern might be a characteristic feature of the large ruptures along this

stretch of the megathrust.

Although our data place only low constraints on slip near the trench it seems that the coseismic rupture didn't reach to the trench everywhere. T his inference is based on the slip distribution obtained from the inversion of the geodetic data and the

consistency of that model with the amplitude of the deep-sea tsunami wave. Possibly that would reflect the effect of the poorly lithified sediments at the toe of the accretionary prism on the rheology of the plate interface, which would have inhibited the

propagation of the seismic rupture due to a rate-strengthening friction mechanism [B yrne et al. 1988; Scholz 1998]. I f this is so, one would expect afterslip on the megathrust proximal to the trench in response to stresses induced by the coseismic

rupture [Marone et al. 1991].A model of frictional afterslip explains to first order the evolution of postseismic deformation. Within 60 days of the earthquake, post-seismic moment release equaled about 35% of the coseismic moment, the equivalent of

an Mw 8.82 earthquake. T he ratio of coseismic to postseismic slip is higher than this average north of 11ºN. I n fact, afterslip in this portion of the megathrust in the month following the earthquake was larger than the coseismic slip . Perhaps this is

evidence that the rheology of the megathrust there is strongly influenced by subduction of the exceptionally thick sedimentary sequence of the B engal fan. Although its spatial distribution is poorly resolved, afterslip seems to have occurred over about

the same width of the megathrust as coseismic slip.
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F igure 1: Neotectonic s etting of the great S umatra-Andaman earthquake.
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S unda were computed from the regional kinematic model of B ock et al.
[2003] and S ocquet et al. [2003]. Age of the s ea floor [C ande and K ent
1995; G rads tein et al. 1994] increas es northwards from about 50 Ma in the
epicentral area to 90Ma near Andaman Is lands . T he red s tar indicates the
epicenter of the 26 December, 2004 S umatra-Andaman Mw9.15 earthquake
and the green s tar the epicenter of the 28 March, 2005 Nias Mw8.7
earthquake. C MT as s ociated to the afters hocks of the 2004 S umatra-
Andaman earthquake and in red and to the afters hocks of the 2005 Nias
earthquake in green.

E s timated ruptured area of the major interplate earthquakes along the
S umatra s ubduction zone between 1833 and 2004 (Newcomb and
McC ann, 1987; Zacharias en et al, 1999; Natawidjaja et al, 2004). T he
background s hows the s ediments thicknes s from s ea floor to accous tic
bas ement. Ins ets s how cros s s ections with Model's geometries ,
relocated seismicity and C MT solutions of aftershocks .
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C MT Normals Modes V ery F ar-F ield T s unami

C ons is tenc ies of the C os eis mic S lip model with:

L atitudinal variations of s calar moments as determined from s eis mic
model Ammon-III [Ammon et al. 2005] and from the geodetic cos eis mic
s lip model Mw9.15. B oth our model and model derived from the latitudinal
variation of radiated energy by T -waves [G uilbert et al. 2005] s how three
dis tinct regions of energy releas e. T he s ize of hexagonale s ymbols
corres ponds to the relative amplitude releas ed s ince the earthquake as
recorded by hydrophone sensors at Diego G arcia is lands .

S lip dis tribution and predicted G P S dis placements (black vectors ) of the
cos eis mic s lip model (Mw9.15). F a r-field cos eis mic dis pla cements a re
repres entative to the dis placements meas ured the day after the earthquake
[V igny et al. 2005]. Near-field dis placements include cos eis mic and between 20
to 40 days of post-seismic deformation. Note the change of scale between arrows
to the wes t (Andaman-Nicobar-Aceh) and arrows to the eas t (T hailand, Malays ia
and S AMP ).

S ummary of s lip characteris tics on the megathrus t during the 2004
earthquake for the C os eis mic S lip Model M9.15. S lip contours are each
5-m increments . Mos t of the 2004 cos eis mic s lip occurred trenchward of
prior seismicity (circles from [E ngdhal et al. 1998]). B lack beach balls are
bes t-fitting double-couple mechanis m for five regions of the rupture for
the model. T hes e are quite s imilar to the beach balls given by T s ai et al.
[2005], bas ed upon centroid-moment-tens or (C MT ) analys is of the
earthquake. T he upper ins et s how the azimuth of s lip on the megathrus t
(s mall arrows ) which is primarily down dip s outh of 12N but s trike-s lip
farther north. B ars are the s lip vector azimuths of s hallow dipping
foreshocks and aftershocks from the Harvard C MT catalogue.

C omparison between normal modes data (thick line) and geodetic model M9.15 synthetics at four stations :
OB N (Obninsk, R uss ia), MAJ O (Matsushiro, J apan), NNA (Nana, P eru), C AN (C anberra, Australia).

P ostseismic s lip distribution (s lip contours are each 2-m)
Invers ion of 1-month cumulative pos ts eis mic dis placements recorded at permanent G P S
s tations of S AMP , UML H, L E W K , P huket, B angkok and S ingapore and the near-field
res iduals of the cos eis mic s lip model M9w.15 covering 20 to 40 days of pos ts eis mic
displacements (Model Mw~8.82).

C omparis on of the very far-field G P S [V igny et al. 2005] and predicted dis placements of
model M9.15 computed by S E M between 2000 and 4000 s econds . T his model accounts
for 3D s tructure (model C rus t 2.0, [B as s in et al. 2000]), ellipticity, gravity, rotation,
topography and ocean load.

S ea s urface heights obs erved by the J AS O N and T O P E X -P os eidon s atellites compared to
numerical s imulations of the tsunami based on the coseismic model M9.15 (dotted lines).

C ontinuous G P S time s eries and bes t-fitting analytical function corresponding to
frictional afters lip [P erfettini and Avouac 2004a]. T he relaxation time was
determined from the bes t fit to S ampali (S AMP ) and P huket (P HK T ) time s eries
and applied to fit the Ujung Muloh (UMLH) and Lewak (LE WK ) time series .
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MASE:  Shallow Subduction in Central Mexico
Robert W. Clayton, Xyoli Pérez-Campos, Paul Davis, Arturo Iglesias, YoungHee Kim, Ting Chen, Alan Husker, Fernando Greene,

Lizbeth Espejo, Luca Ferrari, Dante Moran, John Eiler, Mike Gurnis, Vlad Manea, Carlos Valdez, Joann Stock, Vladimir Kostroglodov

RECEIVER FUNCTION STUDYRECEIVER FUNCTION STUDYCURRENT MASE SEISMIC ARRAYCURRENT MASE SEISMIC ARRAY

ATTENUATION STUDYATTENUATION STUDY

The objective of the MASE (Middle America Subduction Experiment) is to construct a geodynamical model of the subduction
process. The Middle America Trench was chosen as the first example because of the relatively simple plate geometry (a
linear margin with near normal subduction) and a significant along-strike slab-dip variation. The initial deployment along the
Acapulco to Tampico transect in central Mexico is designed to investigate the case of shallow subduction.

The main results to date are:
The discovery that the slab underplates the continental crust to a distance of 200 km from the trench. This result is
interesting because there is no geologic or geodetic indication of coupling in this zone – the coupling that is measured
geodetically is confined to the initial 75 km near the coast where the slab is dipping down. There is also no fluid signature
in the magnetotelluric (MT) data of the flat-slab portion of the line.
The relative attenuation in the mantle under the Mexican Volcanic Belt (presumed location of the mantle wedge) is a
factor of 2 higher than the surrounding mantle.
Modeling studies indicates that a shrinking low-viscosity mantle wedge can lead to flat-slab subduction as observed.
A slow earthquake appears to be in progress on the southern 200 km of the MASE line. The last slow event occurred in
2002. This one started in March, 2006.

�

�

�
�

MAGNETOTELLURICS STUDYMAGNETOTELLURICS STUDY

�

�

�

�

[Jodicke H., Jording A., Ferrari L., Arzate J., Mezger K., Rupke L., 2006. Fluids release from the subducted Cocos plate and

partial melting of the crust deduced fro magnetotelluric studies in Soutern Mexico: Implications for the generation of

volcanism and subduction dynamics. Journal of Geophysical Research, v. 111, B08102, doi:10.1029/2005JB003739. ]

SURFACE WAVE STUDYSURFACE WAVE STUDY GPS STUDYGPS STUDY

GEODYNAMICAL MODELINGGEODYNAMICAL MODELING FUTURE MASE SEISMIC ARRAYFUTURE MASE SEISMIC ARRAY OUTREACHOUTREACH

The pictures show engineering students from UNAM making
presentations on earth science and earthquake hazard at a school
that is hosting a MASE student

Proposed Oaxaca Line

Current Acapulco – Tampico Line

Next Oaxaca – Veracruz Line

Current Acapulco – Tampico Line

Next Oaxaca – Veracruz LineTemperature

Simulation of Flat Slab Subduction

Viscosity

Current Acapulco – Tampico LineCurrent Acapulco – Tampico Line

Electrical Resistance

Attenuation Model

� Attenuation measurements
determined from local earthquakes

�Inferred model with
a low-Q wedge

Velocity Model from Surface Waves

Shear wave velocity model derived
�from Rayleigh waves

Serpentinization of the incoming slab

Dehydration from the slab

Previous episodes of dehydration

GPS Transient

Apparent slow earthquake starting in March of 2006

1st panel: Stacked receiver function from 0 to 90 km including Moho and slab
2nd panel: Depth-expanded view with predicted multiples superimposed
3rd panel: Migrated section from 350 to 750 depth including 410, 520,

and 660 km discontinuities

El descubrimiento de que la placa se encuentra en contacto con la corteza continental hasta una distancia de 200 km de la trinchera.
Este resultado es interesante dado que no se ha encontrado indicación geológica o geodésica de que exista acoplamiento en esta zona
– el acoplamiento medido en forma geodésica esta confinado a los primeros 75 km cercanos a la costa, donde la placa se encuentra
buzando. En la porción del transecto que pasa por la zona de subducción sub-horizontal, los datos magnetotelúricos (MT) no indican la
presencia de fluidos.
Bajo el cinturón volcánico Mexicano (donde se piensa que esta ubicada la cuña del manto) el manto tiene una atenuación relativa con
el doble del valor de la del manto circundante.
Estudios a través de modelos numéricos, indican que la existencia de una cuña de baja viscosidad en el manto puede ser la causa de
la presencia de zonas de subducción sub-horizontal como la que se observa en este experimento.
A partir de Marzo de 2006, se observa que un terremoto lento se esta desarrollando en los 200 km ubicados en la zona sur del
transecto de MASE. El último evento de este tipo ocurrió el año 2002.

El objetivo del proyecto MASE (Middle America Subduction Experiment) es construir un modelo geodinámico que represente un proceso
de subducción. Se ha escogido como primer ejemplo la Trinchera de América Central debido a que presenta una geometría relativamente
simple (un margen con geometría lineal y con una dirección de convergencia cercana a la normal) y una variación significante del manteo
de la placa a lo largo del rumbo. La fase inicial de este proyecto, que consiste en un experimento a lo largo de un transecto localizado en la
región central de México entre Acapulco y Tampico, se ha diseñado para investigar este tipo de subducción sub-horizontal. Los principales
resultados obtenidos hasta el momento son:

Image by back-projection and migration of receiver function. Top panel is
the image and the bottom panel is current interpretation.

[From Kostroglodov’s group]

13/40



14
/4
0



O
V

ER
V

IE
W

A
 s

m
al

l 6
-s

ta
ti

o
n

 s
ei

sm
ic

 a
rr

ay
w

as
 in

st
al

le
d

 in
 S

u
m

at
ra

 b
y

C
al

te
ch

's
Te

ct
o

n
ic

 O
b

se
rv

at
o

ry
(T

O
) i

n
 M

ay
 2

00
5.

  E
ac

h
 s

it
e,

 c
o

-
lo

ca
te

d
 w

it
h

 a
 G

PS
 s

ta
ti

o
n

, h
as

 
an

 L
4 

1-
H

z 
ve

rt
ic

le
se

is
m

o
m

et
er

 re
co

rd
ed

 b
y 

a 
N

an
o

m
et

ri
cs

Ta
u

ru
s 

24
-b

it
 lo

g
g

er
.T

h
e 

d
at

a 
ar

e
co

n
ti

n
u

o
u

sl
y 

re
co

rd
ed

 o
n

 s
it

e 
an

d
 a

re
 re

tr
ie

ve
d

 e
ve

ry
 3

 
to

 5
 m

o
n

th
s. 

 E
ve

n
ts

 a
re

 lo
ca

te
d

 u
si

n
g

 S
EI

SA
N

.T
o

 d
at

e,
10

94
 e

ar
th

q
u

ak
es

 h
av

e 
b

ee
n

 lo
ca

te
d

 fo
r t

h
e 

p
er

io
d

fr
o

m
 M

ay
 1

9t
h

 - 
A

u
g

u
st

 4
th

 2
00

5.
  I

n
 g

en
er

al
, f

o
r t

h
e 

en
ti

re
 s

tu
d

y 
re

g
io

n
 (4

N
 - 

4S
, 9

4E
 - 

10
2E

) o
n

ly
 a

b
o

u
t 

20
%

 
o

f t
h

e 
lo

ca
te

d
 e

ar
th

q
u

ak
es

 h
av

e 
al

so
 b

ee
n

 lo
ca

te
d

 b
y

th
e 

N
at

io
n

al
 E

ar
th

q
u

ak
e 

In
fo

rm
at

io
n

 C
en

te
r (

N
EI

C
),

su
g

g
es

ti
n

g
 t

h
at

 b
ac

kg
ro

u
n

d
 s

ei
sm

ic
it

y 
is

 fa
r g

re
at

er
th

an
 p

re
vi

o
u

sl
y 

es
ti

m
at

ed
.  

In
 t

h
e 

re
g

io
n

 n
ea

r N
ya

n
g

N
ya

n
g

 is
la

n
d,

th
e 

N
EI

C
 re

p
o

rt
s 

al
m

o
st

 n
o

 e
ve

n
ts

, b
u

t 
th

e 
TO

 s
ta

ti
o

n
s 

p
ic

k 
u

p
 c

o
n

si
d

er
ab

le
 a

ct
iv

it
y.

  M
o

st
 o

f t
h

e 
lo

ca
te

d
 e

ar
th

q
u

ak
es

 a
p

p
ea

r t
o

 b
e 

M
4 

- M
5.

A
) E

xa
m

p
le

 o
f e

ve
n

t 
w

it
h

 h
ig

h
-

q
u

al
it

y 
si

g
n

al
.T

h
e 

N
EI

C
 re

p
o

rt
s 

th
is

 
ea

rt
h

q
u

ak
e 

as
 h

av
in

g
 a

 m
ag

n
it

u
d

e 
o

f 5
.8

; t
h

e 
ep

ic
en

te
r w

e 
o

b
ta

in
ed

 
fo

r t
h

is
 e

ve
n

t 
is

 1
.5

79
 N

, 9
6.

84
5 

E 
w

it
h

 a
 d

ep
th

 o
f 1

9.
3 

km
 (t

h
e 

N
EI

C
 

re
p

o
rt

s 
lo

ca
ti

o
n

 /
 d

ep
th

 o
f 1

.4
6 

N
,

97
.1

5 
E,

 2
4 

km
). 

N
o

te
 t

h
e 

re
g

u
la

r
sp

ik
es

 a
t 

st
at

io
n

 N
G

N
G

 
co

rr
es

p
o

n
d

in
g

 to
 t

h
e 

su
rf

.
B

) E
xa

m
p

le
 o

f t
yp

ic
al

 d
at

a.
Th

is
ev

en
t 

w
as

 n
o

t 
lo

ca
te

d
 a

s 
le

ss
 t

h
an

 4
 

st
at

io
n

s 
re

co
rd

ed
 a

 s
ig

n
al

.  
N

o
te

 t
h

e 
n

o
is

e 
at

 s
ta

ti
o

n
 L

H
W

A
,

th
e 

ex
tr

em
e 

n
o

is
e 

at
st

at
io

n
 S

LB
U

 (t
h

is
 is

 w
h

at
m

o
st

 o
f t

h
e 

d
at

a 
fr

o
m

st
at

io
n

 S
LB

U
 lo

o
ks

 li
ke

),
an

d
 t

h
e 

re
g

u
la

r s
p

ik
es

 a
t

st
at

io
n

 N
G

N
G

 
co

rr
es

p
o

n
d

in
g

 to
 t

h
e 

su
rf

.

A
)

   
B

)

SA
M

PL
E

W
A

V
EF

O
RM

 D
AT

A

W
h

it
e 

in
d

ic
at

es
 t

h
er

e 
is

 n
o

 d
at

a
av

ai
la

b
le

 e
it

h
er

 b
ec

au
se

in
st

ru
m

en
ta

ti
o

n
 w

as
 n

o
t 

ye
t 

se
t 

u
p

 o
r 

b
ec

au
se

 d
at

a 
h

as
 y

et
 to

 b
e 

re
tr

ie
ve

d,
g

re
en

 in
d

ic
at

es
 t

h
at

 t
h

er
e 

is
 d

at
a,

 a
n

d
 

re
d

 in
d

ic
at

es
 t

h
at

 t
h

e 
in

st
ru

m
en

t 
w

as
n

o
t 

re
co

rd
in

g.

A
VA

IL
A

B
LE

 D
AT

A
 F

O
R 

20
05

D
AT

A
 Q

U
A

LI
TY

Th
e 

tw
o

 la
n

d
-b

as
ed

 s
ta

ti
o

n
s 

(A
B

G
S 

an
d

 P
SK

I) 
h

av
e 

th
e 

cl
ea

re
st

si
g

n
al

. P
ro

xi
m

it
y 

o
f a

n
 e

ar
th

q
u

ak
e 

al
so

 s
tr

o
n

g
ly

 in
flu

en
ce

s 
cl

ar
it

y
o

f s
ig

n
al

 a
t 

a 
g

iv
en

 s
ta

ti
o

n
.  

St
at

io
n

 P
B

A
I h

as
 t

h
e 

cl
ea

re
st

 is
la

n
d

-
b

as
ed

 s
ig

n
al

.  
St

at
io

n
 L

H
W

A
 h

as
 a

 re
la

ti
ve

ly
 g

o
o

d
 s

ig
n

al
, a

n
d

 
re

co
rd

s 
n

u
m

er
o

u
s 

ev
en

ts
, p

re
su

m
ab

ly
 to

 t
h

e 
n

o
rt

h
 o

f t
h

e 
ar

ra
y,

th
at

 a
re

 n
o

t 
re

co
re

d
 b

y 
an

y 
o

th
er

 s
ta

io
n

s. 
 S

ta
ti

o
n

 N
G

N
G

 re
co

rd
s

th
e 

su
rf

 a
t 

a 
n

ea
rb

y 
b

ea
ch

, w
h

ile
 s

ta
ti

o
n

 S
LB

U
 is

 e
xc

ee
d

in
g

ly
 n

o
is

y.

D
O

U
B

LE
 D

IF
FE

RE
N

C
E 

RE
LO

C
AT

IO
N

A
)

B
)

   
 C

)

A
) E

ar
th

q
u

ak
es

 s
el

ec
te

d
 fo

r t
h

e 
d

o
u

b
le

 d
iff

er
en

ce
 re

lo
ca

ti
o

n
st

u
d

y.
  B

lu
e 

ci
rc

le
s 

co
rr

es
p

o
n

d
 to

 t
h

e 
o

ri
g

in
al

 S
EI

SA
N

-b
as

ed
 T

O
lo

ca
ti

o
n

, a
n

d
 t

h
e 

g
re

en
 c

ir
cl

es
 c

o
rr

es
p

o
n

d
 to

 t
h

e 
re

-l
o

ca
te

d
ep

ic
en

te
r.

TO
 s

ta
ti

o
n

s 
ar

e 
ye

llo
w

 t
ri

an
g

le
s, 

an
d

 t
h

e 
cr

o
ss

-s
ec

ti
o

n
p

ro
fil

e 
is

 in
d

ic
at

ed
.

B
) S

EI
SA

N
-b

as
ed

 lo
ca

ti
o

n
 c

ro
ss

-s
ec

ti
o

n
.T

h
e 

th
re

e 
d

ee
p

er
ea

rt
h

q
u

ak
es

 a
re

 t
h

e 
th

re
e 

ea
rt

h
q

u
ak

es
 o

u
ts

id
e 

o
f t

h
e 

m
ai

n
 

cl
u

st
er

 o
n

 t
h

e 
lo

ca
ti

o
n

 m
ap

.
C

) R
e-

lo
ca

te
d

 e
ve

n
ts

.  
N

o
te

 t
h

e 
st

ro
n

g
 li

n
ea

r f
ea

tu
re

;  
al

th
o

u
g

h
 

w
e 

d
o

 n
o

t 
ye

t 
h

av
e 

fo
ca

l m
ec

h
an

is
m

, t
h

is
 fe

at
u

re
 s

u
g

g
es

ts
 

st
ri

ke
-s

lip
 m

o
ti

o
n

.  
If 

th
is

 a
ct

iv
it

y 
is

 in
d

ee
d

 s
tr

ik
e 

sl
ip

 m
o

ti
o

n
, t

h
is

 
w

o
u

ld
 im

p
ly

 t
h

at
 t

h
e 

G
re

at
 S

u
m

at
ra

n
 F

au
lt

 d
o

es
 n

o
t 

ta
ke

 u
p

 a
ll 

th
e 

st
ri

ke
-s

lip
 m

o
ti

o
n

 a
lo

n
g

 t
h

e 
Su

n
d

a 
ar

c;
 t

h
er

e 
is

 a
 c

o
m

p
o

n
en

t
ta

ke
n

 o
ff

 s
h

o
re

 c
lo

se
r t

o
 t

h
e 

tr
en

ch
.

FU
TU

RE
W

O
RK

In
 t

h
e 

fu
tu

re
, w

e 
p

la
n

 to
 :

1)
 U

p
d

at
e 

th
e 

cu
rr

en
t 

1D
 v

el
o

ci
ty

 m
o

d
el

, w
it

h
 t

h
e 

ai
m

 o
f e

ve
n

tu
al

ly
 d

ev
el

o
p

in
g

 a
 3

D
 v

el
o

ci
ty

 m
o

d
el

2)
 C

al
ib

ra
te

 t
h

e 
am

p
lit

u
d

e 
fr

o
m

 t
h

e 
st

at
io

n
s 

to
 b

e
ab

le
 to

 d
et

er
m

in
e 

ea
rt

h
q

u
ak

e 
m

ag
n

it
u

d
e.

FU
TU

RE
W

O
RK

In
 t

h
e 

fu
tu

re
,w,

e 
p

la
n

 to
 :

1)
 U

p
d

at
e 

th
e 

cu
rr

en
t 

1D
 v

el
o

ci
ty

 m
o

d
el

,w
it

h
 t

h
e 

,
ai

m
 o

f e
ve

n
tu

al
ly

 d
ev

el
o

p
in

g
 a

 3
D

 v
el

o
ci

ty
 m

o
d

el
2)

 C
al

ib
ra

te
 t

h
e 

am
p

lit
u

d
e 

fr
o

m
 t

h
e 

st
at

io
n

s 
to

 b
e

ab
le

 to
 d

et
er

m
in

e 
ea

rt
h

q
u

ak
e 

m
ag

n
it

u
d

e.

Se
is

m
ic

it
y 

in
 t

h
e 

M
en

ta
w

ai
 R

eg
io

n
 o

f S
u

m
at

ra
 U

si
n

g
 t

h
e 

C
al

te
ch

Te
ct

o
n

ic
 O

b
se

rv
at

o
ry

's
 L

o
ca

l S
h

o
rt

-P
er

io
d

 S
ei

sm
ic

 N
et

w
o

rk
N

at
al

ia
 I 

D
el

ig
n

e,
 R

o
b

er
tW

 C
la

yt
o

n
, E

ri
k 

H
au

ks
so

n
Se

is
m

o
lo

g
ic

al
 L

ab
o

ra
to

ry
, C

al
ifo

rn
ia

 In
st

it
u

te
 o

f T
ec

h
n

o
lo

g
y

A
) A

ll 
lo

ca
te

d
 e

ar
th

q
u

ak
es

 in
 t

h
e 

st
u

d
y 

re
g

io
n

 (4
N

 - 
4S

, 9
4E

 - 
10

2E
) f

o
r t

h
e 

p
er

io
d

 fr
o

m
 M

ay
 1

9t
h

 - 
A

u
g

u
st

 4
th

 2
00

5,
 w

it
h

 t
h

e 
lo

ca
ti

o
n

s 
fo

r c
ro

ss
se

ct
io

n
s 

fo
r

fig
u

re
 p

ar
ts

 B
, C

, a
n

d
 D

 in
d

ic
at

ed
.T

O
 s

ta
ti

o
n

s 
ar

e 
sh

o
w

n
 a

s 
ye

llo
w

 t
ri

an
g

le
s.

Ev
en

ts
 w

er
e 

lo
ca

te
d

 fr
o

m
TO

 w
av

ef
o

rm
s 

u
si

n
g

 S
EI

SA
N

, a
n

d
 a

 m
in

im
u

m
 o

f f
o

u
r

st
at

io
n

s 
h

ad
 a

 s
ig

n
al

 fo
r a

n
 e

ve
n

t 
to

 b
e 

lo
ca

te
d

.  
Ev

en
ts

 in
 b

lu
e 

ar
e 

o
n

ly
 lo

ca
te

d
b

y 
th

e 
TO

, g
re

en
 e

ve
n

ts
 a

re
 lo

ca
te

d
 b

y 
b

o
th

 t
h

e 
TO

 a
n

d
 t

h
e 

N
EI

C
, w

h
ile

 re
d

 a
n

d
 

o
ra

n
g

e 
ev

en
ts

 h
av

e 
o

n
ly

 b
ee

n
 lo

ca
te

d
 b

y 
th

e 
N

EI
C

.  
Fo

r m
o

st
 s

u
ch

 e
ve

n
ts

,
h

o
w

ev
er

, a
t 

le
as

t 
o

n
e 

o
r t

w
o

TO
 s

ta
ti

o
n

s 
p

ic
ke

d
 u

p
 t

h
e 

si
g

n
al

.  
Sl

ab
 c

o
n

to
u

rs
 a

re
b

as
ed

 o
n

 g
lo

b
al

 s
ei

sm
ic

it
y 

(G
u

d
m

u
n

d
ss

o
n

 a
n

d
 S

am
b

ri
d

g
e,

 1
99

8)
.

B
) C

ro
ss

-s
ec

ti
o

n
 a

cr
o

ss
 t

h
e 

n
o

rt
h

er
n

 p
o

rt
io

n
 o

f t
h

e 
st

u
d

y 
re

g
io

n
.  

Fo
r t

h
is

 a
n

d
 

th
e 

o
th

er
 c

ro
ss

-s
ec

ti
o

n
s, 

o
n

ly
 T

O
-l

o
ca

te
d

 e
ar

th
q

u
ak

es
 a

re
 s

h
o

w
n

 (i
.e

. b
lu

e 
an

d
 

g
re

en
 e

ve
n

ts
 o

n
 lo

ca
ti

o
n

 m
ap

).
C

) C
ro

ss
-s

ec
ti

o
n

 a
cr

o
ss

 t
h

e 
ce

n
tr

al
 re

g
io

n
.  

N
o

te
 t

h
e 

lin
ea

r f
ea

tu
re

 o
cc

u
ri

n
g

ab
o

u
t 

20
0 

km
 fr

o
m

 t
h

e 
tr

en
ch

, g
o

in
g

 to
 a

 d
ep

th
 o

f 5
0 

km
.  

A
lt

h
o

u
g

h
 fo

ca
l

m
ec

h
an

is
m

 h
av

e 
n

o
t 

ye
t 

b
e 

d
o

n
e,

 s
u

ch
 a

 li
n

ea
r f

ea
tu

re
 s

u
g

g
es

ts
 s

tr
ik

e 
sl

ip
 

m
o

ti
o

n
.  

 E
ar

th
q

u
ak

es
 n

o
t 

al
o

n
g

 t
h

is
 fe

at
u

re
 s

ee
m

 to
 m

at
ch

 t
h

e 
su

g
g

es
te

d
 s

la
b

 
lo

ca
ti

o
n

 p
re

tt
y 

w
el

l.
D

) C
ro

ss
-s

ec
ti

o
n

 a
cr

o
ss

 t
h

e 
so

u
th

er
n

 p
o

rt
io

n
 o

f t
h

e 
st

u
d

y 
re

g
io

n
.T

h
er

e 
is

 a
 lo

t 
o

f a
ct

iv
it

y 
at

 s
h

al
lo

w
 d

ep
th

 a
b

ov
e 

th
e 

p
re

su
m

ed
 s

la
b

 lo
ca

ti
o

n
.T

h
is

 re
g

io
n

 w
as

se
le

ct
ed

 fo
 t

h
e 

d
o

u
b

le
 d

iff
er

en
ce

 re
lo

ca
ti

o
n

 s
tu

d
y 

(s
ee

 b
el

o
w

)

SE
IS

M
IC

IT
Y

 L
O

C
AT

IO
N

A
)

   
B

)

   
C

)

   
D

)

15
/4
0



St
ra

ti
g

ra
p

h
ic

 S
ec

ti
o

n

16
/4
0



   
   

   
   

   
   

   
   

 G
PS

 a
t 

C
TO

:  
 G

eo
d

et
ic

 A
rr

ay
s 

an
d

 D
at

a 
Pr

o
ce

ss
in

g

Je
ff

 G
en

ri
ch

, J
o

h
n

 G
al

et
zk

a,
 J

ea
n

-P
h

ili
p

p
e 

A
vo

u
ac

, K
er

ry
 S

ie
h

, M
ar

k 
Si

m
o

n
s, 

an
d

 B
ri

an
 W

er
n

ic
ke

N

S
u
m
a
tr
a
n

F
a
u
lt

S
u
m
a
tr
a
n

F
a
u
lt

96
E

98
E

94
E

10
0E

10
2E

10
4E

10
6E

6N

4N Eq
ua
tor

2S

4S

6S

8S

2N

Se
p

te
m

b
er

 2
9,

 2
00

6

N
on

-S
uG

A
r c

G
PS

 s
ta

ti
on

s 
(4

) 
ca

nd
id

at
es

,p
os

t-
20

07
 (1

3)
 2

00
7 

(7
)

C
U

T
H

IN
A

KO

L 
BA

JA
U

JU
JU

AT
PI

TO
G

AT

PE
KA

N
BA

RU

M
EG

A

M
ar

 2
00

6 
(3

)
A

ug
 2

00
5 

 (6
)

Fe
b

 2
00

5 
(4

) 
A

ug
 2

00
4 

(8
) 

Se
p

t 2
00

2 
 (6

) 
cG

PS
st

at
io

ns
 (w

it
h

in
st

al
la

ti
on

d
at

es
)

In
tr

o
d

u
ct

io
n

 a
n

d
 C

u
rr

en
t 

St
at

u
s

C
TO

 o
p

er
at

es
 4

 m
ed

iu
m

 s
iz

e 
G

PS
 g

eo
d

et
ic

 a
rr

ay
s 

at
 o

r n
ea

r p
la

te
 b

o
u

n
d

ar
ie

s. 
Tw

o
 a

rr
ay

s 
ar

e 
lo

ca
te

d
 n

ea
r p

ro
m

in
en

t 
su

b
d

u
ct

io
n

 z
o

n
es

, a
 t

h
ir

d
 m

o
n

it
o

rs
 d

ef
o

r-
m

at
io

n
 in

 a
 c

o
n

ti
n

en
t-

co
n

ti
n

en
t 

co
lli

si
o

n
 s

et
ti

n
g,

 a
n

d
 a

 fo
rt

h
 m

ea
su

re
s 

d
is

p
la

ce
-

m
en

t 
in

 a
n

 e
xt

en
ti

o
n

al
 e

nv
ir

o
n

m
en

t. 
Es

ta
b

lis
h

ed
 in

 2
00

2,
 t

h
e 

27
-s

ta
ti

o
n

 S
u

m
at

ra
 

G
PS

 A
rr

ay
 (S

u
G

A
r)

 o
cc

u
p

ie
s 

th
e 

Su
m

at
ra

n
 fo

re
ar

c 
fr

o
m

 E
n

g
g

an
o

 in
 t

h
e 

So
u

th
 to

 
sm

al
l i

sl
an

d
s 

n
o

rt
h

 o
f S

im
eu

lu
e 

(F
ig

u
re

 1
). 

W
it

h
 m

ea
su

re
m

en
ts

 s
ta

rt
in

g
 in

 2
00

5,
 

11
 s

ta
ti

o
n

s 
o

f t
h

e 
C

en
tr

al
 A

n
d

ea
n

 G
PS

 A
rr

ay
 (C

A
G

A
) s

p
an

 n
o

rt
h

er
n

 C
h

ile
 fr

o
m

 t
h

e 
Pe

ru
vi

an
 b

o
rd

er
 to

 A
n

to
fa

g
as

ta
 (F

ig
u

re
 2

). 
Si

n
ce

 2
00

4,
 d

at
a 

fr
o

m
 9

 C
TO

 s
ta

ti
o

n
s 

in
 

N
ep

al
 (F

ig
u

re
 3

)  
ad

d
 s

u
b

st
an

ti
al

ly
 in

cr
ea

se
d

 s
p

at
ia

l r
es

o
lu

ti
o

n
 to

 m
ea

su
re

m
en

ts
 

fr
o

m
 3

 p
re

-e
xi

st
in

g
 p

er
m

an
en

t 
si

te
s 

in
 t

h
e 

ar
ea

. T
h

e 
71

-s
it

e 
B

as
in

 a
n

d
 R

an
g

e 
G

eo
-

d
et

ic
 N

et
w

o
rk

 (B
A

RG
EN

) h
as

 b
ee

n
 a

 c
o

lla
b

o
ra

ti
ve

 p
ro

je
ct

 b
et

w
ee

n
 C

al
te

ch
 a

n
d

 
H

ar
va

rd
 s

in
ce

 1
99

6.
 R

ec
en

t 
C

TO
 e

ff
o

rt
s 

fo
cu

s 
o

n
 a

 3
1-

st
at

io
n

 s
u

b
se

t 
o

f B
A

RG
EN

 
(F

ig
u

re
 4

). 
 C

TO
 a

ls
o

 c
o

n
tr

ib
u

te
d

 3
 s

ta
ti

o
n

s 
in

 te
ct

o
n

ic
al

ly
 im

p
o

rt
an

t, 
h

ar
d

-t
o

-
ac

ce
ss

 lo
ca

ti
o

n
s 

o
f t

h
e 

C
en

tr
al

 R
an

g
e 

to
 t

h
e 

Ta
iw

an
 G

PS
 N

et
w

o
rk

.

St
at

io
n

 D
es

ig
n

B
as

ic
 s

ta
ti

o
n

 d
es

ig
n

 is
 s

im
ila

r f
o

r a
ll 

n
et

w
o

rk
s 

(F
ig

u
re

s 
5 

an
d

 6
). 

A
 t

ri
p

o
d,

 fo
rm

ed
 

b
y 

w
el

d
ed

 s
ta

in
le

ss
 s

te
el

 t
u

b
in

g
 re

st
in

g
 in

 d
ri

ll 
h

o
le

s, 
is

 a
n

ch
o

re
d

 to
 t

h
e 

su
b

su
r-

fa
ce

 b
y 

ep
ox

y 
an

d
 s

u
p

p
o

rt
s 

th
e 

ra
d

o
m

e 
eq

u
ip

p
ed

 G
PS

 c
h

o
ke

-r
in

g
 a

n
te

n
n

a.
 A

 3
0 

m
 c

o
ax

ia
l c

ab
le

 c
ar

ri
es

 t
h

e 
L-

b
an

d
 s

at
el

lit
e 

si
g

n
al

s 
fr

o
m

 t
h

e 
p

re
am

p
lif

ie
r (

lo
ca

te
d

 
at

 t
h

e 
b

as
e 

o
f t

h
e 

an
te

n
n

a)
 to

 t
h

e 
G

PS
 re

ce
iv

er
. T

h
e 

re
ce

iv
er

 is
 h

o
u

se
d

 in
 a

 s
te

el
 

eq
u

ip
m

en
t 

b
ox

 to
g

et
h

er
 w

it
h

 a
n

ci
lla

ry
 e

le
ct

ro
n

ic
 a

n
d

 e
le

ct
ri

ca
l e

q
u

ip
m

en
t 

(F
ig

u
re

 7
). 

Th
e 

st
at

io
n

 is
 p

o
w

er
ed

 b
y 

2 
50

-8
0 

W
-r

at
ed

 s
o

la
r p

an
el

s 
th

at
 c

h
ar

g
e 

2 
d

ee
p

 c
yc

le
, 7

0-
10

0 
A

h
-r

at
ed

 g
el

 c
el

ls
. W

h
er

e 
fe

as
ib

le
, c

o
m

m
u

n
ic

at
io

n
s 

w
it

h
 t

h
e 

re
ce

iv
er

 is
 fa

ci
lit

at
ed

 b
y 

ra
d

io
 li

n
ks

. 

D
at

a 
Re

tr
ie

va
l

D
at

a 
fr

o
m

 S
u

G
A

r s
it

es
 a

re
 d

o
w

n
lo

ad
ed

 in
 d

ai
ly

 b
at

ch
es

 to
 a

 c
en

tr
al

 in
te

rn
et

 h
u

b
 

in
 B

at
am

, I
n

d
o

n
es

ia
, t

h
ro

u
g

h
 lo

w
 b

an
d

w
id

th
 s

er
ia

l p
o

rt
 m

o
d

em
s 

o
f a

 re
g

io
n

al
 

co
m

m
u

n
ic

at
io

n
s 

sa
te

lli
te

. S
ev

er
al

 C
A

G
A

 s
it

es
 h

av
e 

in
te

rn
et

 li
n

ks
 b

y 
lo

n
g

 ra
n

g
e 

Et
h

er
n

et
 ra

d
io

 b
ri

d
g

es
 te

rm
in

at
in

g
 a

t 
in

te
rn

et
 h

u
b

s 
o

f l
o

ca
l u

n
iv

er
si

ti
es

 (A
ri

ca
 

an
d

 A
n

to
fa

g
as

ta
) o

r o
f m

u
n

ic
ip

al
 a

d
m

in
is

tr
at

io
n

s 
(P

u
tr

e)
. T

h
e 

N
ep

al
 n

et
w

o
rk

, 
lo

ca
te

d
 in

 a
 c

h
al

le
n

g
in

g
 e

nv
ir

o
n

m
en

t, 
cu

rr
en

tl
y 

re
lie

s 
ex

cl
u

si
ve

ly
 o

n
 p

er
io

d
ic

 o
n

-
si

te
 m

an
u

al
 d

o
w

n
lo

ad
s.

Fi
g

u
re

 1
.  

M
ap

 lo
ca

ti
o

n
 o

f e
xi

st
in

g
 a

n
d

 fu
tu

re
 S

u
G

A
r s

it
es

 in
 S

u
m

at
ra

.

Fu
tu

re
 D

ev
el

o
p

m
en

t

Si
te

 A
u

g
m

en
ta

ti
o

n
A

 m
aj

o
r a

d
d

it
io

n
 o

f s
it

es
 is

 s
ch

ed
u

le
d

 fo
r a

ll 
C

TO
-r

u
n

 n
et

w
o

rk
s. 

 F
o

r S
u

G
A

r, 
a 

d
en

-
si

fic
at

io
n

 in
 c

er
ta

in
 k

ey
 a

re
as

 (F
ig

u
re

 1
) w

ill
 h

el
p

 to
 a

cc
o

u
n

t 
fo

r r
es

ea
rc

h
 a

ct
iv

it
ie

s 
re

la
te

d
 to

 t
h

e 
d

iff
er

en
t 

st
ag

es
 o

f t
h

e 
se

is
m

ic
 c

yc
le

 fo
r d

iff
er

en
t 

p
ar

ts
 o

f t
h

e 
n

et
-

w
o

rk
. F

o
r C

A
G

A
, t

ar
g

et
ed

 n
ew

 s
it

es
 n

ea
r t

h
e 

co
as

t 
an

d
 t

h
e 

A
n

d
ea

n
 fo

o
th

ill
s 

w
ill

 
n

ar
ro

w
 t

h
e 

w
id

e 
sp

ac
in

g
 o

f t
h

e 
ex

is
ti

n
g

 a
rr

ay
, w

h
ile

 e
xp

an
si

o
n

 in
to

 s
o

u
th

er
n

 P
er

u
 

an
d

 w
es

te
rn

 B
o

liv
ia

 a
n

d
 A

rg
en

ti
n

a 
w

ill
 c

ap
tu

re
 a

 m
u

ch
 la

rg
er

 a
re

a 
o

f t
h

e 
p

la
te

 
m

ar
g

in
.  

N
ea

r-
fu

tu
re

 d
ev

el
o

p
m

en
ts

 o
f t

h
e 

N
ep

al
 a

rr
ay

 c
al

l f
o

r a
 m

aj
o

r d
ep

lo
ym

en
t 

o
f n

ew
 s

it
es

 in
 t

h
e 

w
es

te
rn

 h
al

f o
f t

h
e 

co
u

n
tr

y.
 A

 t
ra

n
s-

H
im

al
ay

an
 e

xp
an

si
o

n
 is

 
cu

rr
en

tl
y 

u
n

d
er

w
ay

 w
it

h
 s

ev
er

al
 s

it
es

 in
 T

ib
et

.

Re
al

 t
im

e 
D

at
a 

St
re

am
in

g
If 

si
te

 m
ea

su
re

m
en

ts
 c

an
 b

e 
tr

an
sm

it
te

d
 in

 n
ea

r r
ea

l t
im

e 
to

 c
en

tr
al

 p
ro

ce
ss

in
g

 
fa

ci
lit

ie
s, 

G
PS

 g
eo

d
et

ic
 n

et
w

o
rk

s 
lo

ca
te

d
 n

ea
r p

la
te

 b
o

u
n

d
ar

ie
s 

w
ill

 p
o

te
n

ti
al

ly
 

yi
el

d
 im

p
o

rt
an

t 
co

n
tr

ib
u

ti
o

n
s 

to
 n

at
u

ra
l h

az
ar

d
s 

ea
rl

y 
w

ar
n

in
g

 s
ys

te
m

s, 
Th

re
e 

C
A

G
A

 s
it

es
 (A

TJ
N

, P
C

C
L,

 P
TR

E)
 c

u
rr

en
tl

y 
h

av
e 

in
te

rn
et

 li
n

ks
. L

in
ks

 to
 t

w
o

 a
d

d
i-

ti
o

n
al

 s
it

es
 (J

RG
N

, M
C

LA
) h

av
e 

b
ee

n
 te

st
ed

 s
u

cc
es

sf
u

lly
. N

ea
r r

ea
l t

im
e 

d
at

a 
lin

ks
 

fo
r S

u
G

A
r h

av
e 

b
ee

n
 e

xp
lo

re
d

 e
ar

lie
r t

h
is

 y
ea

r a
t 

th
e 

ce
n

tr
al

 fa
ci

lit
y 

o
f t

h
e 

sa
te

lli
te

 
co

m
m

u
n

ic
at

io
n

s 
p

ro
vi

d
er

 (A
C

eS
) i

n
 B

at
am

. U
si

n
g

 e
xi

st
in

g
 (l

o
w

 b
an

d
w

id
th

) 
m

o
d

em
s, 

d
at

a 
st

re
am

 w
it

h
 a

 s
am

p
lin

g
 in

te
rv

al
 o

f a
b

o
u

t 
5 

se
c.

 w
er

e 
fo

rw
ar

d
ed

 to
 

C
TO

 w
it

h
 a

 la
te

n
cy

 o
f s

ev
er

al
 s

ec
o

n
d

s. 
Em

p
lo

yi
n

g
 a

 h
ig

h
er

 b
an

d
w

id
th

 s
at

el
lit

e 
Et

h
er

n
et

 ra
d

io
 b

ri
d

g
e 

yi
el

d
ed

 s
u

b
se

co
n

d
 la

te
n

ci
es

 fo
r d

at
a 

st
re

am
s 

o
f 1

 o
r 2

 H
z.

 
Ef

fo
rt

s 
to

 e
xp

an
d

 re
al

-t
im

e 
co

n
n

ec
ti

vi
ty

 a
re

 u
n

d
er

w
ay

 fo
r a

ll 
C

TO
 n

et
w

o
rk

s.

D
at

a 
Pr

o
ce

ss
in

g
Th

e 
d

is
p

la
ye

d
 t

im
e 

se
ri

es
 o

f s
ta

ti
o

n
 p

o
si

ti
o

n
s 

(F
ig

u
re

s 
8 

an
d

 9
) s

h
o

w
  a

 lo
n

g
 te

rm
, 

ap
p

ro
xi

m
at

el
y 

lin
ea

r t
re

n
d

 t
h

at
 re

fle
ct

s 
cr

u
st

al
 m

o
ti

o
n

. T
h

is
 te

ct
o

n
ic

 s
ig

n
al

 is
 s

u
-

p
er

im
p

o
se

d
 b

y 
n

o
is

e 
fr

o
m

 a
 v

ar
ie

ty
 o

f s
o

u
rc

es
. D

ep
en

d
in

g
 o

n
 t

h
ei

r o
ri

g
in

, t
h

er
e 

ar
e 

te
m

p
o

ra
lly

 c
o

rr
el

at
ed

 a
p

er
io

d
ic

 a
n

d
 p

er
io

d
ic

 c
o

m
p

o
n

en
ts

 w
it

h
 a

n
n

u
al

, s
em

i-
an

n
u

al
, o

r d
iu

rn
al

 c
o

n
tr

ib
u

ti
o

n
s. 

Lo
ca

l-
 (m

u
lt

ip
at

h
in

g
), 

re
g

io
n

al
-, 

an
d

 re
fe

re
n

ce
 

fr
am

e-
in

d
u

ce
d

 e
rr

o
rs

 p
ro

d
u

ce
 a

d
d

it
io

n
al

, s
p

at
ia

lly
 c

o
rr

el
at

ed
 n

o
is

e.
 E

lim
in

at
in

g
 o

r 
re

d
u

ci
n

g
 t

h
es

e 
co

n
tr

ib
u

ti
o

n
s 

w
it

h
 t

h
e 

h
el

p
 o

f s
u

it
ab

le
 m

o
d

el
s 

an
d

 fi
lt

er
s 

w
ill

 b
e 

a 
si

g
n

ifi
ca

n
t 

p
ar

t 
o

f f
u

tu
re

 w
o

rk
. 

W
it

h
 a

n
 in

cr
ea

si
n

g
 n

u
m

b
er

 o
f o

n
-l

in
e 

d
at

a 
st

re
am

s, 
it

 w
ill

 a
ls

o
 b

ec
o

m
e 

n
ec

es
sa

ry
 

to
 d

ev
el

o
p

 p
ro

p
er

 to
o

ls
 fo

r n
ea

r r
ea

l t
im

e 
d

at
a 

p
ro

ce
ss

in
g

 a
n

d
 a

n
al

ys
is

. 

Fi
g

u
re

 2
. M

ap
 lo

ca
ti

o
n

 o
f e

xi
st

in
g

 a
n

d
 fu

tu
re

 C
A

G
A

 s
it

es
 in

 n
o

rt
h

er
n

 C
h

ile
Fi

g
u

re
 5

. C
A

G
A

 s
ta

ti
o

n
 A

TJ
N

 in
 n

o
rt

h
er

n
 C

h
ile

.  
 E

q
u

ip
m

en
t 

b
ox

, s
o

la
r p

an
el

s, 
an

d
 e

th
er

n
et

 li
n

k 
ra

d
io

 a
n

te
n

n
a 

in
 t

h
e 

fo
re

g
ro

u
n

d,
 G

PS
 t

ri
p

o
d

 a
n

d
 a

n
te

n
n

a 
in

 t
h

e 
b

ac
kg

ro
u

n
d

.
Fi

g
u

re
 6

.  
C

A
G

A
 s

ta
ti

o
n

 P
TR

E.

Fi
g

u
re

 4
.  

  M
ap

 lo
ca

ti
o

n
 o

f C
TO

 s
u

b
n

et
w

o
rk

 o
f B

A
RG

EN
.

Fi
g

u
re

 7
. I

n
te

ri
o

r o
f e

q
u

ip
m

en
t 

b
ox

 fo
r s

ta
ti

o
n

 P
C

C
L.

  
So

la
r p

an
el

 c
o

n
tr

o
l u

n
it

 a
n

d
 e

th
er

n
et

 ra
d

io
 lo

ca
te

d
 

ab
ov

e 
b

at
te

ri
es

, G
PS

 re
ce

iv
er

 b
el

o
w

.

Fi
g

u
re

 3
. N

ep
al

 G
PS

 n
et

w
o

rk
.  

M
ap

 lo
ca

ti
o

n
 o

f e
xi

st
in

g
 a

n
d

 fu
tu

re
 s

it
es

.

F
ig

u
re

 8
.  

E
a

st
-, 

n
o

rt
h

-, 
a

n
d

 u
p

 c
o

m
p

o
n

e
n

ts
 o

f 
d

a
il

y
 p

o
si

ti
o

n
s 

fo
r 

S
u

G
A

r 
si

te
 L

E
W

K
 i

n
 I

T
R

F
2

0
0

0
.

Fi
g

u
re

 9
.  

Ea
st

-, 
n

o
rt

h
-, 

an
d

 u
p

- 
co

m
p

o
n

en
ts

 o
f d

ai
ly

 p
o

si
ti

o
n

s
fo

r 
N

ep
al

 s
it

e 
K

LD
N

 (b
lu

e)
 a

n
d

 g
lo

b
al

 r
ef

er
en

ce
 s

it
e 

LH
A

S 
(g

re
en

)
in

 IT
R

F2
0

0
0

.

D
at

a 
Pr

o
ce

ss
in

g
Fo

r e
ac

h
 2

4 
h

o
u

r t
im

e 
p

er
io

d,
 a

ll 
av

ai
la

b
le

 ra
w

 re
ce

iv
er

 im
ag

e 
fil

es
 a

re
 c

o
nv

er
te

d
 to

 A
sc

ii 
R

in
ex

 fo
rm

at
. U

si
n

g
 t

h
e 

G
A

M
IT

 s
o

ft
w

ar
e 

p
ac

ka
g

e,
 

lo
ca

l R
in

ex
 fi

le
s 

ar
e 

p
ro

ce
ss

ed
 w

it
h

 c
o

rr
es

p
o

n
d

in
g

 p
h

as
e 

o
b

se
rv

at
io

n
s 

fr
o

m
 n

ea
rb

y 
g

lo
b

al
 re

fe
re

n
ce

 s
ta

ti
o

n
s 

to
 y

ie
ld

 d
ai

ly
 s

ta
ti

o
n

 p
o

si
ti

o
n

s 
w

it
h

 
re

sp
ec

t 
to

 a
 lo

o
se

ly
 c

o
n

st
ra

in
ed

 g
lo

b
al

 re
fe

re
n

ce
 s

ys
te

m
. R

ef
in

ed
 IT

RF
 2

00
0 

d
ai

ly
 p

o
si

ti
o

n
s 

ar
e 

th
en

 c
o

m
p

u
te

d
 b

y 
a 

K
al

m
an

 F
ilt

er
 (G

LO
B

K
) w

it
h

 t
h

e 
h

el
p

 
o

f s
o

lu
ti

o
n

s 
fr

o
m

 s
ev

er
al

 g
lo

b
al

 (I
G

S)
 n

et
w

o
rk

s. 
N

o
rt

h
-, 

ea
st

- a
n

d
 u

p
-

co
m

p
o

n
en

ts
 o

f t
h

e 
d

ai
ly

 s
ta

ti
o

n
 p

o
si

ti
o

n
s 

ar
e 

d
is

p
la

ye
d

 o
n

 n
et

w
o

rk
 s

p
ec

ifi
c 

w
eb

 p
ag

es
 (F

ig
u

re
s 

8 
an

d
 9

).

17
/4
0



18
/4
0



19
/4
0



S
pe
ct
ra
le
le
m
en
tm
od
el
in
g
of
ea
rt
hq
ua
ke
nu
cl
ea
tio
n
an
d

sp
on
ta
ne
ou
s
ru
pt
ur
e
on
ra
te
an
d
st
at
e
fa
ul
ts

Yo
sh
ih
iro
Ka
ne
ko

1 ,
Na
di
a
La
pu
st
a1

,2
,J
ea
n
Pa
ul
Am
pu
er
o3

1.
Di
vis
io
n
of
G
eo
lo
gi
ca
l&
Pl
an
et
ar
y
Sc
ie
nc
es
,C
al
te
ch
,P
as
ad
en
a,
CA

2.
Di
vis
io
n
of
En
gi
ne
er
in
g
&
Ap
pl
ie
d
Sc
ie
nc
e,
Ca
lte
ch
,P
as
ad
en
a,
CA

3.
In
st
itu
te
of
G
eo
ph
ys
ics
,S
ei
sm
ol
og
y
&
G
eo
dy
na
m
ics
,E
TH
,Z
ür
ich

E-
m
ai
l:
yk
an
ek
o@
gp
s.
ca
lte
ch
.e
du

1
In
tr
o
d
u
ct
io
n

Nu
cle
at
io
n
an
d
sp
on
ta
ne
ou
s
dy
na
m
ic
pr
op
ag
at
io
n
of
ea
rth
qu
ak
es
on
ra
te
an
d
st
at
e

fa
ul
ts
ha
ve
be
en
su
cc
es
sf
ul
ly
m
od
el
ed
in
th
e
fra
m
ew
or
k
of
bo
un
da
ry
in
te
gr
al
m
et
h-

od
s
(B
IM
)
(R
ic
e
an
d
B
en
-Z
io
n,
19
96
;
La
pu
st
a
et
al
.,
20
00
).
Ho
we
ve
r,
th
es
e
st
ud
ie
s

ha
ve
be
en
m
os
tly
re
st
ric
te
d
to
pl
an
ar
fa
ul
ts
em
be
dd
ed
in
to
a
un
ifo
rm
el
as
tic
sp
ac
e
or

ha
lf-
sp
ac
e,
du
e
to
th
e
na
tu
re
of
BI
M
.A
tt
he
sa
m
e
tim
e,
ob
se
rv
at
io
ns
sh
ow
co
m
pl
ica
te
d

cr
us
ta
ls
tru
ct
ur
es
(s
uc
h
as
la
ye
rin
g
an
d
fa
ul
td
am
ag
e
zo
ne
s)
an
d
no
n-
pl
an
ar
fa
ul
tg
e-

om
et
rie
s.
It
is
im
po
rta
nt
to
in
clu
de
th
os
e
fa
ct
or
s
in
to
ea
rth
qu
ak
e
m
od
el
s,
co
m
bi
ni
ng

th
em
wi
th
la
bo
ra
to
ry
-d
er
ive
d
co
ns
tit
ut
ive
fa
ul
tr
el
at
io
ns
su
ch
as
ra
te
an
d
st
at
e
fri
ct
io
n.
In

th
is
wo
rk
,w
e
us
e
3-
D
sp
ec
tra
le
le
m
en
tm
et
ho
d
(S
EM
)t
o
m
od
el
ea
rth
qu
ak
e
nu
cle
at
io
n

an
d
pr
op
ag
at
io
n
of
sp
on
ta
ne
ou
s
ru
pt
ur
e
on
a
ve
rti
ca
ls
tri
ke
-s
lip
fa
ul
tg
ov
er
ne
d
by
ra
te

an
d
st
at
e
fri
ct
io
n.
O
ur
ul
tim
at
e
go
al
is
to
de
ve
lo
p
a
SE
M
fra
m
ew
or
k
fo
rs
im
ul
at
in
g
lo
ng
-

te
rm
de
fo
rm
at
io
n
hi
st
or
ie
s,
in
te
rm
s
of
se
qu
en
ce
s
of
ea
rth
qu
ak
es
an
d
co
m
bi
na
tio
n
of

se
ism
ic
an
d
as
ei
sm
ic
sli
di
ng
.

2
S
p
ec
tr
al
el
em
en
t
m
et
h
o
d
(S
E
M
)

•
Fl
ex
ib
ilit
y
of
a
fin
ite
el
em
en
tm
et
ho
d
an
d
ac
cu
ra
cy
of
a
ps
eu
do
-s
pe
ct
ra
lm
et
ho
d

•
Su
cc
es
sf
ul
ly
ap
pl
ie
d
in
co
m
pu
ta
tio
na
lfl
ui
d
dy
na
m
ics
an
d
se
ism
ic
wa
ve
pr
op
ag
at
io
n

•
Di
ag
on
al
m
as
s
m
at
rix
an
d
ex
pl
ici
tt
im
e
sc
he
m
e

3
B
o
u
n
d
ar
y
in
te
g
ra
lm
et
h
o
d
(B
IM
)

•
O
nl
y
th
e
bo
un
da
ry
(o
n
th
e
fa
ul
t)
is
di
sc
re
tiz
ed

•
W
av
e
pr
op
ag
at
io
n
is
ac
co
un
te
d
fo
ra
na
lyt
ica
lly
th
ro
ug
h
th
eo
re
tic
al
ly
de
riv
ed
ke
rn
el
s

•
Ac
cu
ra
te
an
d
ef
fic
ie
nt
bu
tr
el
at
ive
ly
lim
ite
d
in
te
rm
s
of
ge
om
et
ry
an
d
bu
lk
pr
op
er
tie
s

4
R
at
e
an
d
st
at
e
d
ep
en
d
en
t
fr
ic
ti
o
n

In
th
e
st
an
da
rd
fo
rm
ul
at
io
n
wi
th
co
ns
ta
nt
ef
fe
ct
ive
no
rm
al
st
re
ss

σ̄
,t
he
sh
ea
rs
tre
ng
th

τ
ca
n
be
ex
pr
es
se
d
as
: τ

=
σ̄
μ

=
σ̄

[μ
0

+
a

ln
(V

/V
0)

+
b
ln

(V
0θ

/L
)]

d
θ/

d
t

=
1
−

V
θ/

L
(a

gi
n
g

la
w

)

d
θ/

d
t

=
(V

θ/
L

)
ln

(V
θ/

L
)

(s
lip

la
w

)

•
Fo
rm
ul
at
ed
ba
se
d
on
la
b
ex
pe
rim
en
ts

•
Di
re
ct
ef
fe
ct
ca
n
be
de
riv
ed
fro
m
a
m
od
el
of
vis
co
el
as
tic
cr
ee
p

•
Ca
pa
bl
e
of
re
pr
es
en
tin
g
st
ab
le
an
d
un
st
ab
le
sli
di
ng

–P
ot
en
tia
lly
,u
ns
ta
bl
e
sli
di
ng
wh
en

a
<

b

–S
ta
bl
e
sli
di
ng
wh
en

a
>

b

5
A
n
ti
-p
la
n
e
te
st
p
ro
b
le
m
to
co
m
p
ar
e
S
E
M
an
d
B
IM

2
D

 S
E

M

fa
u

lt
 b

o
u

n
d

a
ry

periodic boundary

periodic boundary

a
b

so
rb

in
g

 b
o

u
n

d
a

ry

2
D

 B
IM

fa
u

lt
 b

o
u

n
d

a
ry

in
fi

n
it

e
 d

im
e

n
si

o
n

a
cc

o
u

n
te

d
 f

o
r 

a
n

a
ly

ti
ca

lly

4
5

 k
m

30 km

p
e

ri
o

d
ic

a
lly

 r
e

p
e

a
te

d
n

u
cl

e
a

ti
o

n
 p

a
tc

h

co
m

p
a

ri
so

n

lo
ca

ti
o

n

O
ur
co
m
pa
ris
on
s
ar
e
sim
ila
rt
o
th
e
SC
EC
co
de
va
lid
at
io
n
(H
ar
ris
et
al
.,
20
04
),
an
d
we

co
ns
id
er
th
e
fo
llo
wi
ng
qu
es
tio
ns
:

•
th
e
ac
cu
ra
cy
of
SE
M
so
lu
tio
ns
wi
th
re
sp
ec
tt
o
BI
M

•
ap
pr
op
ria
te
m
ea
su
re
s
of
er
ro
rs

•
ab
ru
pt
vs
.s
m
oo
th
in
itia
lc
on
di
tio
ns

•
th
e
st
at
e-
va
ria
bl
e
up
da
te
s,
in
te
gr
at
io
n
or
di
re
ct
us
e
of
ev
ol
ut
io
n
la
w

•
sim
ul
at
io
ns
wi
th
ag
in
g
la
w
vs
.s
lip
la
w

6
S
C
E
C
3D
co
d
e
co
m
p
ar
is
o
n

A
st
ud
y
of
Da
y
et
al
.,
20
05
,s
im
ila
rt
o
ou
rc
om
pa
ris
on
,

is
ba
se
d
on
:

•
lin
ea
rs
lip
-w
ea
ke
ni
ng
fri
ct
io
n

•
no
n-
sm
oo
th
in
itia
lc
on
di
tio
ns
(b
ot
h
in
tim
e
an
d
sp
ac
e)

•
th
e
er
ro
rs
ar
e
re
pr
es
en
te
d
as
ru
pt
ur
e
ar
riv
al
tim
e

(s
lip
ra
te
s
at
1
m
m
/s
ec
)

(D
a

y
 e

t 
a

l.
, 2

0
0

5
)

S
im

il
a

r 

co
n

v
e

rg
e

n
ce

ra
te

s

B
IM

 h
a

s 
sm

a
ll

e
r 

e
rr

o
rs

st
a

g
g

e
re

d
 g

ri
d

 f
in

it
e

 d
if

fe
re

n
ce

 

7
In
it
ia
lc
o
n
d
it
io
n
s
fo
r
o
u
r
te
st
ca
se
s

0
0

.4
1

.0
0

.5

0
.5

5

0
.6

0
.6

5

0
.7

S
lip

 o
n

 f
a

u
lt

 (
m

)

Friction

2
0

1
0

0
1

0
2

0
02
0

4
0

6
0

8
0

1
0

0

1
2

0

Initial shear stress (MPa)

D
is

ta
n

ce
 a

lo
n

g
 s

tr
ik

e
 (

km
)

2
D

 S
E

M

fa
u

lt
 b

o
u

n
d

a
ry

periodic boundary

periodic boundary

a
b

so
rb

in
g

 b
o

u
n

d
a

ry

30 km

n
u

cl
e

a
ti

o
n

 p
a

tc
h

co
m

p
a

ri
so

n

lo
ca

ti
o

n

W
it

h
in

 t
h

e
 r

u
p

tu
re

 d
o

m
a

in
,

V
 in

cr
e

a
se

s 
a

b
ru

p
tl

y 
in

 t
h

e
 n

u
cl

e
a

ti
o

n

p
a

tc
h

 (
 "

a
b

ru
p

t"
 in

it
ia

l c
o

n
d

it
io

n
 )

 

τ
st

re
n

g
th

s
t
r
e

s
s

ru
p

tu
re

d
o

m
a

in

τ

R
e

su
lt

in
g

 s
lip

 d
e

p
e

n
d

e
n

ce
 o

f 
fr

ic
ti

o
n

 

 

0
.2

0
.6

0
.8

R
a

te
 a

n
d

 s
ta

te
 f

ri
ct

io
n

O
u

r 
ra

te
-s

ta
te

 s
im

u
la

ti
o

n

S
lip

-w
e

a
ke

n
in

g
 a

s 
in

 S
C

E
C

To
ha
ve
sim
ila
re
ffe
ct
ive
sli
p
we
ak
en
in
g
of
fri
ct
io
n
at
th
e
co
m
pa
ris
on
lo
ca
tio
n,
we
ch
oo
se

a
=

0.
01

3,
b

=
0.

01
8,
an
d

L
=

0.
03

8
m
.H
en
ce
,o
ur
in
itia
lc
on
di
tio
ns
ar
e
sim
ila
rt
o
th
e
in
itia
l

co
nd
itio
ns
of
th
e
SC
EC
co
m
pa
ris
on
pr
ob
le
m
.

8
2D
S
E
M
si
m
u
la
ti
o
n
s
u
si
n
g
ra
te
-s
ta
te
(a
g
in
g
la
w
)
fr
ic
ti
o
n

0
1

2
3

4
5

024681
0

1
2

T
im

e
 (

se
c)

Slip rates (m/sec)

ti
m

e
 =

 0
.8

 s
e

c

ti
m

e
 =

 2
.4

 s
e

c

ti
m

e
 =

 3
.2

 s
e

c

O
u

r 
S

E
M

 "
b

e
st

 r
u

n
":

#
 o

f 
e

le
m

e
n

ts
 a

lo
n

g
 X

 =
 1

2
1

5

#
 o

f 
e

le
m

e
n

ts
 a

lo
n

g
 Y

 =
 4

0
5

#
 o

f 
G

L
L

 n
o

d
e

s 
p

e
r 

e
le

m
e

n
t 

=
 5

A
v

e
ra

g
e

 n
o

d
e

 s
p

a
ci

n
g

 =
 9

.2
 m

Δ
t
 =

 0
.8

9
 m

s
e

c

 

 

B
IM

S
E

M

2
.8

4
2

.8
5

2
.8

6
2

.8
7

1
1

.8

1
2

.0

1
2

.2

1
2

.4

1
.4

 p
e

rc
e

n
t

d
if

fe
re

n
ce

Y (km) Y (km) Y (km) 

0
1

0
-1

0
-2

0
2

0
0

1
50

1
50

1
5

0
1

0
-1

0
-2

0
2

0

0
1

0
-1

0
-2

0
2

0

1
.0

0
2

.0

X
 (

km
)

P
a

rt
ic

le
 v

e
lo

ci
ty

 (
m

/s
e

c)

Th
e
ru
pt
ur
e
nu
cle
at
es
at
th
e
ce
nt
er
of
th
e
fa
ul
t,
an
d
SH
wa
ve
pr
op
ag
at
es
in
th
e
m
ed
iu
m
.

Th
e
st
ar
in
di
ca
te
s
ou
rc
om
pa
ris
on
lo
ca
tio
n.
Th
e
rig
ht
fig
ur
e
re
pr
es
en
ts
th
e
SE
M
an
d

BI
M
sli
p
ra
te
s
as
a
fu
nc
tio
n
of
tim
e
at
th
e
co
m
pa
ris
on
lo
ca
tio
n
fo
rt
he
be
st
-re
so
lu
tio
n

ru
ns
.

9
M
ea
su
re
s
o
f
er
ro
rs
:
ru
p
tu
re
ar
ri
va
lt
im
e
vs
.
cr
o
ss
-c
o
rr
el
at
io
n

Tw
o
di
ffe
re
nt
m
ea
su
re
s
of
er
ro
rs

1.
Ru
pt
ur
e
ar
riv
al
tim
e
di
ffe
re
nc
e

Ru
pt
ur
e
ar
riv
al
tim
e
≡
tim
e
at
a
pe
ak

of
sli
p
ra
te
s
(o
ur
cu
rre
nt
de
fin
itio
n)

2.
Cr
os
s-
co
rre
la
tio
n
tim
e
di
ffe
re
nc
e

2
.7

2
.9

3
.1

3
.3

3
.5

0369

1
2

T
im

e
 (

se
c)

Slip rates (m/sec)

2
.7

2
.9

3
.1

3
.3

3
.5

0369

1
2

T
im

e
 (

se
c)

Slip rates (m/sec)

 
fi

n
e

st
 s

p
a

ci
n

g

co
a

rs
e

 s
p

a
ci

n
g

2
.8

2
2

.8
6

2
.9

0
681
0

1
2

1
4

Δ
t

 

 
fi

n
e

st
 s

p
a

ci
n

g

co
a

rs
e

 s
p

a
ci

n
g

 a
ft

e
r 

x-
co

rr

co
a

rs
e

 s
p

a
ci

n
g

 -
 r

a
w

 d
a

ta

2
.8

2
2

.8
6

2
.9

0
681
0

1
2

1
4

ti
m

e
 s

h
if

t 
   

 Δ
t

1
2

10
C
o
nv
er
g
en
ce
ra
te
s:
ru
p
tu
re
ar
ri
va
lt
im
e
vs
.
cr
o
ss
-c
o
rr
el
at
io
n

O
n
th
e
ve
rti
ca
l
ax
is,
th
e
ru
pt
ur
e
ar
-

riv
al
tim
e
di
ffe
re
nc
e
or
th
e
cr
os
s-

co
rre
la
tio
n
tim
e
di
ffe
re
nc
e
be
tw
ee
n

th
e
hi
gh
es
t-r
es
ol
ut
io
n
ru
n
an
d
lo
we
r-

re
so
lu
tio
n
ru
ns
is
sh
ow
n.
In
ge
ne
ra
l,

BI
M
an
d
SE
M
gi
ve
sim
ila
rc
on
ve
rg
en
ce

ra
te
si
n
te
rm
s
of
th
e
ru
pt
ur
e
ar
riv
al
tim
e

di
ffe
re
nc
e.
W
he
n
th
e
cr
os
s-
co
rre
la
tio
n

tim
e
di
ffe
re
nc
e
is
us
ed
,
SE
M
sh
ow
s

sm
al
le
r
er
ro
rs
th
an
th
os
e
of
BI
M
.F
or

on
e
of
su
ch
ca
se
s,
th
e
sli
p
ra
te
s
fo
r

bo
th
BI
M
an
d
SE
M
ar
e
sh
ow
n
on
th
e

bo
tto
m
pa
ne
ls.

1
0

-2
1

0
-1

1
0

0
1

0 -4

1
0 -2

1
0

0

A
v

e
ra

g
e

 n
o

d
e

 s
p

a
ci

n
g

 (
k

m
)

Rupture time difference (sec)

 

1 2

d
t

B
IM

S
E

M

1
0

-2
1

0-1
1

0
0

1
0 -4

1
0 -2

1
0

0

A
v

e
ra

g
e

 n
o

d
e

 s
p

a
ci

n
g

 (
k

m
)

Cross-correlation time difference (sec)

 

1 2

d
t

B
IM

S
E

M

024681
0

1
2

ti
m

e
 (

se
c)

Slip rates (m/sec)

 

 
1

/8
1

1
/1

5

2
.8

3
.0

3
.2

3
.4

3
.6

024681
0

1
2

ti
m

e
 (

se
c)

Slip rates (m/sec)

 

 
1

/1
0

8

1
/1

2

2
.8

3
.0

3
.2

3
.4

3
.6

2
.8

0
2

.8
4

2
.8

8
024681
0

1
2

2
.8

0
2

.8
4

2
.8

8
024681
0

1
2

S
E

M
B

IM

11
G
eo
m
et
ry
o
f
3D
si
m
u
la
ti
o
n

F
a

u
lt

  p
la

n
e

 w
it

h
 f

ri
ct

io
n

x

y
z

3
D

 m
o

d
e

l g
e

o
m

e
tr

y

6
0

 k
m

 a
lo

n
g

 s
tr

ik
e

 d
is

ta
n

ce

3
0

 k
m

 d
e

p
th

12
N
u
cl
ea
ti
o
n
an
d
su
p
er
-s
h
ea
r
tr
an
si
ti
o
n
o
f
sp
o
n
ta
n
eo
u
s
ru
p
tu
re

W
e
ha
ve
in
co
rp
or
at
ed
ra
te
an
d
st
at
e
fri
ct
io
n
in
to
3D
SE
M
dy
na
m
ic
ru
pt
ur
e
co
de
(A
m
-

pu
er
o,
20
04
).
Th
e
sn
ap
sh
ot
s
of
th
e
sli
p
ra
te
s
on
th
e
fa
ul
ta
re
sh
ow
n
ab
ov
e.
Th
e
in
itia
l

co
nd
itio
ns
us
ed
fo
rt
hi
s
sim
ul
at
io
n
ar
e
sim
ila
rt
o
th
e
sm
oo
th
ca
se
in
2D
,w
he
re
th
e
nu
cle
-

at
io
n
pr
oc
ee
ds
gr
ad
ua
lly
.T
he
ru
pt
ur
e
sp
ee
d
tra
ns
itio
ns
fro
m
su
b-
sh
ea
rt
o
su
pe
r-s
he
ar
in

th
e
in
-p
la
ne
di
re
ct
io
n,
co
ns
ist
en
tly
wi
th
da
ug
ht
er
cr
ac
k
m
ec
ha
ni
sm
of
Bu
rri
dg
e-
An
dr
ew
s

fo
rs
lip
we
ak
en
in
g
fri
ct
io
n
(A
nd
re
ws
,1
97
6)
.N
ot
e
th
at
th
e
tra
ns
itio
n
is
ob
se
rv
ed
he
re
fo
r

ra
te
an
d
st
at
e
fri
ct
io
n
la
ws
.

13
D
yn
am
ic
ru
p
tu
re
si
m
u
la
ti
o
n
in
h
o
m
o
g
en
eo
u
s
m
ed
ia

14
D
yn
am
ic
ru
p
tu
re
si
m
u
la
ti
o
n
in
h
o
m
o
g
en
eo
u
s
m
ed
ia
(c
o
n
ti
n
u
ed
)

Sn
ap
sh
ot
so
fh
or
izo
nt
al
sli
p
ra
te
(m
/s
)o
n
th
e
fa
ul
tin
th
e
in
te
rv
al
of
on
e
se
co
nd
.H
om
og
e-

ne
ou
sp
ro
pe
rty
(V
s=
34
64
m
/s
,V
p
=
60
00
m
/s
)i
si
m
po
se
d.
Th
e
qu
an
tit
y(

a
−

b)
=
−

0.
00

5
in
th
e
ve
l-w
ea
ke
ni
ng
re
gi
on
,0

.0
05
in
th
e
ve
l-s
tre
ng
th
en
in
g
re
gi
on
.E
ffe
ct
ive
no
rm
al
st
re
ss

is
12
0
M
Pa
,a
nd
in
itia
ls
he
ar
st
re
ss
is
70
M
Pa
ex
ce
pt
at
”n
uc
le
at
io
n
re
gi
on
”(
81
.6
M
Pa
).

Th
e
ru
pt
ur
e
sp
ee
d
be
co
m
es
su
pe
r-s
he
ar
ne
ar
th
e
fre
e
su
rfa
ce
.

0
2

4
6

8
10

12
0123

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

E−
W

, (
x,

 y
, z

) =
 (4

.0
, 0

.0
, 0

.0
) k

m

ve
lo

cit
y

di
sp

0
2

4
6

8
10

12
0123

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

N−
S,

 (x
, y

, z
) =

 (4
.0

, 0
.0

, 0
.0

) k
m

0
2

4
6

8
10

12
0123

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

E−
W

, (
x,

 y
, z

) =
 (4

.0
, 0

.5
, 0

.0
) k

m

0
2

4
6

8
10

12
0123

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

N−
S,

 (x
, y

, z
) =

 (4
.0

, 0
.5

, 0
.0

) k
m

0
2

4
6

8
10

12
0123

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

E−
W

, (
x,

 y
, z

) =
 (4

.0
, 1

.0
, 0

.0
) k

m

0
2

4
6

8
10

12
0123

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

N−
S,

 (x
, y

, z
) =

 (4
.0

, 1
.0

, 0
.0

) k
m

0
2

4
6

8
10

12

0

0.
51

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

E−
W

, (
x,

 y
, z

) =
 (4

.0
, 0

.0
, 0

.0
) k

m

ve
lo

cit
y

di
sp

0
2

4
6

8
10

12

0

0.
51

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

N−
S,

 (x
, y

, z
) =

 (4
.0

, 0
.0

, 0
.0

) k
m

0
2

4
6

8
10

12

0

0.
51

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

E−
W

, (
x,

 y
, z

) =
 (4

.0
, 0

.5
, 0

.0
) k

m

0
2

4
6

8
10

12

0

0.
51

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

N−
S,

 (x
, y

, z
) =

 (4
.0

, 0
.5

, 0
.0

) k
m

0
2

4
6

8
10

12

0

0.
51

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

E−
W

, (
x,

 y
, z

) =
 (4

.0
, 1

.0
, 0

.0
) k

m

0
2

4
6

8
10

12

0

0.
51

tim
e 

(s
ec

)

particle velocity (m/s)
or displ (m)

N−
S,

 (x
, y

, z
) =

 (4
.0

, 1
.0

, 0
.0

) k
m

Di
sp
la
ce
m
en
ta
nd
ve
lo
cit
y
se
ism
og
ra
m
s
at
4-
km
ho
riz
on
ta
ld
ist
an
ce
(1
4
km
aw
ay
fro
m

th
e
ce
nt
er
of
nu
cle
at
io
n)
.R
ig
ht
an
d
le
ft
in
se
ts
co
rre
sp
on
d
to
th
e
sim
ul
at
io
ns
ab
ov
e
an
d

be
lo
w
re
sp
ec
tiv
el
y.
Th
e
to
p,
m
id
dl
e,
an
d
bo
tto
m
pa
ne
ls
co
rre
sp
on
d
to
di
ffe
re
nt
of
f-f
au
lt

lo
ca
tio
ns
(o
n
th
e
fa
ul
t,
0.
5
km
aw
ay
,a
nd
1.
0
km
aw
ay
fro
m
th
e
fa
ul
t).

Sa
m
e
as
ab
ov
e
ex
ce
pt
th
at
th
e
ef
fe
ct
ive
no
rm
al
st
re
ss
gr
ad
ua
lly
in
cr
ea
se
s
wi
th
de
pt
h

an
d
co
ns
ta
nt
(1
20
M
Pa
)b
el
ow
6-
km
de
pt
h.
Th
e
tra
ns
itio
n
fro
m
ve
lo
cit
y-
we
ak
en
in
g
to

ve
lo
cit
y-
st
re
ng
th
en
in
g
is
sm
oo
th
an
d
oc
cu
rre
d
at
2-
km
de
pt
h.

15
D
yn
am
ic
ru
p
tu
re
si
m
u
la
ti
o
n
in
a
la
ye
re
d
st
ru
ct
u
re

Sn
ap
sh
ot
s
of
ho
riz
on
ta
ls
lip
ra
te
(m
/s
ec
)o
n
th
e
fa
ul
ta
re
sh
ow
n
in
th
e
in
te
rv
al
of
on
e

se
co
nd
.L
ay
er
ed
ve
lo
cit
y
m
od
el
is
us
ed
(V
s
=
21
36
m
/s
an
d
Vp
=
37
00
m
/s
fo
r0
-4
km

de
pt
h,
Vs
=
28
87
m
/s
an
d
Vp
=
50
00
m
/s
fo
r4
km
-1
0
km
de
pt
h,
Vs
=
34
64
m
/s
Vp
=

60
00
m
/s
fo
r1
0-
30
km
de
pt
h)
.

16
C
o
n
cl
u
si
o
n
s

•
W
e
ha
ve
in
co
rp
or
at
ed
ra
te
an
d
st
at
e
fri
ct
io
n
in
to
2D
an
d
3D
SE
M
dy
na
m
ic
ru
pt
ur
e

co
de
fo
rs
im
ul
at
in
g
a
sin
gl
e
ea
rth
qu
ak
e.

•
SE
M
an
d
BI
M
gi
ve
vir
tu
al
ly
in
di
st
in
gu
ish
ab
le
so
lu
tio
ns
to
th
e
te
st
pr
ob
le
m
wi
th
th
e

nu
cle
at
io
n
an
d
sp
on
ta
ne
ou
s
ru
pt
ur
e
pr
op
ag
at
io
n
wh
en
th
e
no
de
sp
ac
in
g
is
sm
al
l

en
ou
gh
.

17
F
u
tu
re
w
o
rk

•
Un
de
rs
ta
nd
ho
w
m
uc
h
ca
n
be
le
ar
ne
d
fro
m
th
e
ne
ar
-fi
el
d
se
ism
ic
re
co
rd
s
in
te
rm
s
of

th
e
hi
st
or
y
of
sli
p
or
sli
p
ra
te
on
th
e
fa
ul
tw
ith
di
ffe
re
nt
we
ak
en
in
g
m
ec
ha
ni
sm
s.

•
De
ve
lo
p
SE
M
to
in
clu
de
va
ria
bl
e
tim
e
st
ep
s
to
sim
ul
at
e
lo
ng
-te
rm
de
fo
rm
at
io
n
hi
st
or
y

of
a
fa
ul
t.

20
/4
0



1
C

al
ifo

rn
ia

 In
st

it
u

te
 o

f T
ec

h
n

o
lo

g
y

2 U
n

iv
er

si
ty

 o
f A

ri
zo

n
a

S
i e

r r
a

N
e

v
a

d
a

B
a

t h
o

l i
t h

M
 o

 j 
a 

v 
e

D
 e

 s
 e

 r 
t

S
a

l i
n

i a
n

B
l o

c
k

GarlockFault

S
a

n
A

n
d

r
e

a
s

F
a

u
lt

N
A

re
a 

sh
ow

n
in

 F
ig

ur
e 

2
0

50
10

0

km
P

ac
ifi

c 
O

ce
an

Fr
an

ci
sc

an
 R

oc
ks

G
r e

a
t

V
a 

l l
e

y

L
oc

at
io

n 
of

 F
ig

ur
e

N
ev

ad
a 

bo
rd

er

P
el

on
a 

S
ch

is
t

P
e

n
i n

s
u

l a
r

R
a

n
g

e
s

B
a

t h
o

l i
t h

S
ch

is
t o

f 
S

ie
rr

a
de

 S
al

in
as

A
Z

S
O

B
C

C
A

A
Z

C
A

S
O

Pr
e-

Sa
n

A
nd

re
as

 lo
ca

tio
n 

of
Si

er
ra

 d
e 

Sa
lin

as

Fi
gu

re
 1

. M
ap

 o
f p

ar
ts

 o
f C

al
ifo

rn
ia

, A
riz

on
a,

 S
on

or
a,

 a
nd

 B
aj

a 
Ca

lif
or

ni
a

sh
ow

in
g 

so
m

e 
ge

ol
og

ic
 fe

at
ur

es
.T

he
 P

O
R 

sc
hi

st
s 

ar
e 

sh
ow

n 
in

 b
lu

e.
M

es
oz

oi
c 

gr
an

iti
c 

an
d 

re
la

te
d 

m
et

am
or

ph
ic

 ro
ck

s 
ar

e 
sh

ad
ed

 li
gh

tly
. F

in
e-

gr
id

de
d 

ar
ea

s 
ar

e 
m

ai
nl

y 
Fr

an
ci

sc
an

 fo
rm

at
io

n.
 P

re
-S

an
 A

nd
re

as
 lo

ca
tio

n 
of

 
Si

er
ra

 d
e 

Sa
lin

as
 fr

om
 P

ow
el

l (
19

93
).

Se
n

se
 o

f s
h

ea
r a

n
d

 t
h

er
m

al
 e

vo
lu

ti
o

n
 o

f t
h

e 
sc

h
is

t 
o

f S
ie

rr
a 

d
e 

Sa
lin

as
, C

al
ifo

rn
ia

St
ev

en
 K

id
d

er
1

, J
as

o
n

 S
al

ee
b

y1 , 
Fr

éd
ér

ic
 H

er
m

an
1 , 

M
ih

ai
 D

u
ce

a2

Fi
g

u
re

 5
. C

ar
to

o
n

s 
d

ep
ic

ti
n

g
 in

it
ia

l c
o

n
d

it
io

n
s 

an
d

 t
w

o
 p

o
ss

ib
le

 s
ce

n
ar

io
s

fo
r s

ch
is

t 
em

p
la

ce
m

en
t 

d
u

ri
n

g
 t

h
e 

La
te

 C
re

ta
ce

o
u

s 
d

em
is

e 
o

f t
h

e 
Sa

lin
ia

-
M

o
ja

ve
 c

o
n

ti
n

en
ta

l a
rc

. S
ch

is
t 

sh
o

w
n

 in
 b

lu
e.

 N
o

 v
er

ti
ca

l e
xa

g
g

er
at

io
n

. (
a)

 
In

it
ia

l c
o

n
d

it
io

n
s 

o
f a

rc
 ju

st
 p

ri
o

r t
o

 c
o

lli
si

o
n

 w
it

h
 o

ve
rt

h
ic

ke
n

ed
 o

ce
an

ic
cr

u
st

 (e
.g

. S
al

ee
b

y,
 2

00
3)

.T
h

e 
d

as
h

ed
 li

n
e 

in
 p

an
el

 a
 d

ep
ic

ts
 t

h
e 

fu
tu

re
lo

ca
ti

o
n

 o
f t

h
e 

m
eg

at
h

ru
st

. (
b

) F
la

t 
sl

ab
 h

yp
o

th
es

is
 fo

r h
ea

ti
n

g
 t

h
e 

sc
h

is
t 

(a
ft

er
 K

id
d

er
 &

 D
u

ce
a,

 2
00

6)
. A

s 
lo

w
er

 p
o

rt
io

n
s 

o
f t

h
e 

ar
c 

w
er

e 
sh

ea
re

d
 o

ff
,

th
e 

le
ad

in
g

 e
d

g
e 

o
f t

h
e 

sc
h

is
t 

w
as

 c
ar

ri
ed

 b
en

ea
th

 t
h

e 
n

o
w

-e
xt

in
ct

vo
lc

an
ic

 a
rc

 h
ea

ti
n

g
 t

h
e 

sc
h

is
t 

to
 o

ve
r 7

00
º.

Th
is

 h
yp

o
th

es
is

 p
re

d
ic

ts
 to

p
-t

o
-

so
u

th
w

es
t 

sh
ea

r. 
(c

) A
lt

er
n

at
iv

e 
h

yp
o

th
es

is
 fo

r h
ea

ti
n

g
 t

h
e 

sc
h

is
t 

(a
ft

er
Sa

le
eb

y,
 2

00
3)

. S
ch

is
t 

is
 h

ea
te

d
 a

t 
d

ep
th

 a
n

d
 re

tu
rn

ed
 to

 s
h

al
lo

w
er

 le
ve

ls
 b

y
so

m
e 

ex
h

u
m

at
io

n
 p

ro
ce

ss
, p

o
ss

ib
ly

 re
tu

rn
 fl

o
w

.T
h

is
 p

ro
ce

ss
 o

ve
rp

ri
n

ts
st

ru
ct

u
re

s 
th

at
 m

ay
 h

av
e 

d
ev

el
o

p
ed

 in
 a

n
 e

ar
lie

r d
ef

o
rm

at
io

n
 p

h
as

e 
o

f t
o

p
-

to
-s

o
u

th
w

es
t 

sh
ea

r (
e.

g.
 p

an
el

 b
).

Th
is

 h
yp

o
th

es
is

 is
 m

o
re

 c
o

n
si

st
en

t 
w

it
h

 
re

su
lt

s 
o

f 2
D

 m
o

d
el

in
g

 a
n

d
 p

re
lim

in
ar

y 
ev

id
en

ce
 o

f t
o

p
-t

o
-n

o
rt

h
ea

st
 s

en
se

 
o

f s
h

ea
r o

b
se

rv
ed

 in
 t

h
e 

sc
h

is
t 

o
f S

ie
rr

a 
d

e 
Sa

lin
as

.

Sur-N
acim

iento fa
ult

Palo Colora
do

fa
ul

t

Coast Ridge fa
ult

Reliz
-R

inconada fault

N

G
RE

AT
VA

LL
EY

 S
EQ

U
EN

C
E

&
 F

RA
N

C
IS

C
A

N
 A

SS
EM

BL
A

G
E

(u
nd

iv
id

ed
)

15
 k

m

San Andreas Fault

Se
di

m
en

ta
ry

 r
oc

ks
(M

io
ce

ne
 a

nd
 y

ou
ng

er
)

Sc
hi

st
 o

f S
ie

rr
a 

de
 S

al
in

as
(l

at
e 

C
re

ta
ce

ou
s)

U
nd

if
fe

re
nt

ia
te

d 
gr

an
it

ic
ro

ck
s 

(C
re

ta
ce

ou
s)

Q
ua

rt
zo

fe
ld

sp
at

hi
c 

ro
ck

s
(C

re
ta

ce
ou

s 
an

d 
ol

de
r)

Se
di

m
en

ts
 (Q

ua
te

rn
ar

y)

Se
di

m
en

ta
ry

 r
oc

ks
(l

at
e 

C
re

ta
ce

ou
s,

 ~
68

-6
5 

M
a)

F
ra

nc
is

ca
n 

A
ss

em
bl

ag
e

B
t s

am
pl

e

K
fs

 s
am

pl
e

H
bl

 s
am

pl
e

M
s 

sa
m

pl
e

75
.2

80
78

79
8283

78

75
.5

76

70

70
68

74

G
ab

ila
n 

Ra
ng

e

Sa
nt

a 
Lu

ci
a 

Ra
ng

e

Pa
ci

fic
O

ce
an

Fi
g

u
re

 3
. G

eo
lo

g
ic

 m
ap

 o
f t

h
e 

Sa
lin

ia
n

 c
en

tr
al

 b
lo

ck
 (a

ft
er

B
ar

b
ea

u
 e

t 
al

, 2
00

5)
 s

h
o

w
in

g
 s

am
p

le
 lo

ca
ti

o
n

s 
fo

r4
0 A

r/
39

A
r

d
at

in
g

 a
n

d
 s

en
se

-o
f-

sh
ea

r d
et

er
m

in
at

io
n

s. 
 B

ox
ed

 a
g

es
 m

ar
k

lo
ca

ti
o

n
s 

o
f s

am
p

le
s 

p
re

vi
o

u
sl

y 
d

at
ed

 b
y 

B
ar

th
 e

t 
al

. (
20

03
) a

n
d

 
K

is
tl

er
 a

n
d

 C
h

am
p

io
n

 (2
00

1)
.  

A
r-

w
o

rk
 is

 in
 p

ro
g

re
ss

. S
ee

 fi
g

u
re

 1
 

fo
r l

o
ca

ti
o

n
. R

ed
 a

rr
o

w
s 

in
d

ic
at

e 
lo

ca
ti

o
n

s 
w

h
er

e 
a 

p
re

lim
in

ar
y

se
n

se
 o

f s
h

ea
r i

s 
d

et
er

m
in

ed
. A

rr
o

w
s 

in
d

ic
at

e 
m

o
ti

o
n

 d
ir

ec
ti

o
n

 o
f 

u
p

p
er

 p
la

te
.

in
iti

al
co

nd
iti

on
s

scale(°C)

80
0

60
0

70
0

50
0

40
0

20
0

30
0

10
0

12
00

10
00

11
00 90

0

0 30 50

Depth (km)

0 30 50

Depth (km)

10
0

km

af
te

r
10

0
km

fla
ts

he
ar

V
el

oc
ity

=1
00

m
m

/y
r

Fi
g

u
re

 4
.T

h
er

m
al

 m
ec

h
an

ic
al

 m
o

d
el

in
g

 c
an

 te
st

 t
h

e 
fla

t 
sl

ab
 

h
yp

o
th

es
is

 (f
ro

m
 E

as
t 

o
r W

es
t; 

e.
g.

 K
id

d
er

 e
t 

al
, 2

00
5;

 G
ro

ve
 e

t 
al

,
20

05
).

Th
e 

ke
y 

fie
ld

 o
b

se
rv

at
io

n
 is

 a
 c

o
nv

er
g

en
ce

 in
 u

p
p

er
 a

n
d

 
lo

w
er

 p
la

te
 te

m
p

er
at

u
re

s 
at

 in
it

ia
l u

p
p

er
 p

la
te

 c
o

n
d

it
io

n
s.

Pr
el

im
in

ar
y 

re
su

lt
s 

sh
o

w
n

 a
b

ov
e 

su
g

g
es

t 
in

su
ff

ic
ie

n
t 

h
ea

t 
is

 
av

ai
la

b
le

 w
it

h
 a

 fl
at

 s
la

b
 s

ce
n

ar
io

 to
 re

ac
h

 o
b

se
rv

ed
 te

m
p

er
at

u
re

s
in

 t
h

e 
sc

h
is

t.

A
b

st
ra

ct
Im

p
ro

ve
d

 k
n

o
w

le
d

g
e 

o
f k

in
em

at
ic

 a
n

d
 g

eo
ch

ro
n

o
lo

g
ic

 re
la

ti
o

n
sh

ip
s 

is
 im

p
o

rt
an

t
fo

r u
n

d
er

st
an

d
in

g
 t

h
e 

la
te

 C
re

ta
ce

o
u

s 
d

em
is

e 
o

f t
h

e 
Sa

lin
ia

-M
o

ja
ve

 c
o

n
ti

n
en

ta
l

ar
c,

 it
s 

ef
fe

ct
 o

n
 c

ru
st

al
 c

o
m

p
o

si
ti

o
n

, a
n

d
 t

h
e 

p
ro

ce
ss

es
 o

f s
ed

im
en

t 
su

b
d

u
ct

io
n

,
te

ct
o

n
ic

 e
ro

si
o

n
, r

id
g

e 
co

lli
si

o
n

 a
n

d
 e

xh
u

m
at

io
n

.T
h

e 
d

em
is

e 
o

f t
h

e 
ar

c 
co

in
ci

d
ed

w
it

h
 s

tr
u

ct
u

ra
l j

u
xt

ap
o

si
ti

o
n

 o
f f

o
re

ar
c-

ty
p

e 
as

se
m

b
la

g
es

 (t
h

e 
PO

R 
sc

h
is

ts
) a

n
d

 
Ea

st
er

n
-z

o
n

e 
p

lu
to

n
ic

 ro
ck

s 
al

o
n

g
 t

h
e 

Sa
lin

as
 s

h
ea

r z
o

n
e.

W
e 

in
ve

st
ig

at
e 

th
is

 la
te

C
re

ta
ce

o
u

s 
ep

is
o

d
e 

u
si

n
g

 m
ic

ro
st

ru
ct

u
ra

l t
ec

h
n

iq
u

es
, 2

D
 m

o
d

el
in

g
 a

n
d

 A
r-

A
r

d
at

in
g.

 P
re

lim
in

ar
y 

m
ic

ro
st

ru
ct

u
ra

l w
o

rk
 in

d
ic

at
es

 to
p

-t
o

-n
o

rt
h

ea
st

 d
u

ct
ile

 s
h

ea
r,

si
m

ila
r t

o
 t

h
e 

se
n

se
 o

f s
h

ea
r i

n
 lo

w
er

-g
ra

d
e 

ea
rl

y
Te

rt
ia

ry
 s

ch
is

ts
 to

 t
h

e 
SE

.
Pr

el
im

in
ar

y 
2D

 m
o

d
el

in
g

 s
u

g
g

es
ts

 t
h

at
 fl

at
 s

u
b

d
u

ct
io

n
 m

ay
 n

o
t 

b
e 

a 
fe

as
ib

le
m

ec
h

an
is

m
 fo

r s
ch

is
t 

em
p

la
ce

m
en

t 
as

 h
as

 p
re

vi
o

u
sl

y 
b

ee
n

 s
u

g
g

es
te

d
.

FO
V:

 1
m

m
FO

V:
 1

cm

C
'

S

SW
N

E
SW

N
E

Fi
g

u
re

 2
. M

ic
ro

g
ra

p
h

s 
o

f s
ch

is
t 

o
f S

ie
rr

a 
d

e 
Sa

lin
as

 s
h

o
w

in
g

 c
ri

te
ri

a 
u

se
d

 to
d

et
er

m
in

e 
se

n
se

 o
f s

h
ea

r.
Th

e 
im

ag
e 

at
 le

ft
  s

h
o

w
s 

ty
p

ic
al

 C
' f

ab
ri

c.
Th

e 
im

ag
e 

at
 ri

g
h

t 
sh

o
w

s 
tw

o
 b

io
ti

te
 "

fis
h

."

Fo
re

ar
c 

B
as

in
Su

bd
uc

tio
n 

C
om

pl
ex

L
ea

di
ng

 e
dg

e 
of

 s
ch

is
t h

ea
te

d 
to

 7
15

 d
eg

re
es

?

Fu
tu

re
 S

ub
du

ct
io

n
M

eg
at

hr
us

t

a) b)

as
th

en
os

ph
er

e 
?

N
E

N
E

N
E

N
E

SW c)

~5
0 

km

SC
L

M

he
at

in
g 

an
d 

re
tu

rn
 f

lo
w

 o
f 

sc
hi

st
s?

21
/4
0



22
/4
0



T
he

 R
up

tu
re

 C
ha

ra
ct

er
is

tic
s 

of
 th

e 
19

99
 I

zm
it 

E
ar

th
qu

ak
e 

Se
qu

en
ce

 U
si

ng
 G

eo
de

tic
 a

nd
 S

ei
sm

ic
 D

at
a

A
. O

zg
un

 K
on

ca
1
,  

D
on

 H
el

m
be

rg
er

1 ,
Se

ba
st

ie
n 

L
ep

ri
nc

e1
, J

ea
n-

Ph
ili

pp
e 

A
vo

ua
c1

1 T
ec

to
ni

c 
O

bs
er

va
to

ry
, C

al
if

or
ni

a 
In

st
itu

te
 o

f 
Te

ch
no

lo
gy

  e
-m

ai
l: 

oz
gu

n@
gp

s.
ca

lte
ch

.e
du

In
tr

od
uc

tio
n

[T
he

19
99

M
w

7.
5

Iz
m

it
an

d
M

w
7.

1
D

uz
ce

ea
rt

hq
ua

ke
s

pr
ov

id
e

un
iq

ue
op

po
rt

un
iti

es
to

st
ud

y
so

ur
ce

ca
ha

ra
ct

er
is

tic
s

us
in

g
m

ul
tip

le
da

ta
se

ts
in

cl
ud

in
g

te
le

se
is

m
ic

an
d

st
ro

ng
-

m
ot

io
n,

S
P

O
T

G
P

S
an

d
fi

el
d

m
ea

su
re

m
en

ts
.

T
hi

s
st

ud
y

fo
cu

se
s

on
us

in
g

va
ri

ou
s

co
m

bi
na

ti
on

s
of

da
ta

se
ts

to
un

de
rs

ta
nd

th
e

ki
ne

m
at

ic
s

of
th

es
e

ea
rt

hq
ua

ke
s.

T
he

pr
ox

im
ity

of
th

es
e

ev
en

ts
ar

e
al

so
ve

ry
us

ef
ul

si
nc

e
th

ey
ca

n
be

us
ed

fo
r

pa
th

ca
lib

ra
tio

ns
of

 te
le

se
is

m
ic

 b
od

y 
w

av
es

.

T
he

 c
on

ve
nt

io
na

l m
et

ho
d 

of
 d

oi
ng

 s
ou

rc
e 

in
ve

rs
io

n 
in

vo
lv

es
 "

ha
nd

pi
ck

in
g"

 o
f 

th
e 

ar
ri

va
l t

im
es

 o
f 

P 
an

d 
SH

 
w

av
es

.
T

he
 v

ar
ia

tio
ns

 o
f 

ha
nd

pi
ck

ed
 a

rr
iv

al
 ti

m
es

 f
ro

m
 a

 r
ef

er
en

ce
 o

ne
 d

im
en

si
on

al
 m

od
el

 a
re

 in
te

rp
re

te
d 

as
 a

 c
on

se
qu

en
ce

 o
f 

ve
lo

ci
ty

 v
ar

ia
tio

ns
. I

f 
th

at
 is

 th
e 

ca
se

, t
he

n 
tw

o 
cl

os
e 

ev
en

ts
 a

re
 p

re
di

ct
ed

 to
 h

av
e 

th
e 

sa
m

e 
pa

th
 c

or
re

ct
io

ns
.

T
he

 D
uz

ce
 a

nd
 I

zm
it 

ea
rt

hq
ua

ke
s 

ar
e 

cl
os

e 
en

ou
gh

, t
ha

t t
he

ir
 te

le
se

is
m

ic
 a

rr
iv

al
 ti

m
es

 w
ou

ld
 b

e 
si

m
ila

r 
re

la
tiv

e 
to

 a
 1

-D
 r

ef
er

en
ce

 m
od

el
. H

ow
ev

er
, a

s 
ca

n 
be

 s
ee

n 
in

 F
ig

ur
e 

2,
 th

e 
va

ri
at

io
ns

 o
f 

ha
nd

pi
ck

ed
 a

rr
iv

al
tim

es
 f

ro
m

 I
A

SP
 9

0 
m

od
el

, d
if

fe
r 

si
gn

if
ic

an
tly

 d
es

pi
te

 th
e 

pr
ox

im
ity

 o
f 

th
e 

tw
o 

ev
en

ts
. E

sp
ec

ia
lly

, t
he

 
in

co
m

pa
tib

ili
ty

 o
f 

th
e 

SH
 w

av
e 

ar
ri

va
l p

ic
ks

 is
 s

ig
ni

fi
ca

nt
. I

n 
m

os
t s

ta
tio

ns
, I

zm
it 

SH
 h

an
dp

ic
ks

 a
re

 e
ar

lie
r 

co
m

pa
re

d 
to

 D
uz

ce
 p

ic
ks

.

E
sp

ec
ia

lly
fo

r
S

w
av

es
,t

he
pr

oc
es

s
of

pi
ck

in
g

ar
ri

va
lt

im
es

tu
rn

s
ou

tt
o

be
ha

rd
er

fo
r

la
rg

e
ev

en
ts

be
ca

us
e

of
th

e
pr

es
en

ce
of

PS
-c

od
a

ar
ri

vi
ng

on
to

p
of

th
e

in
iti

al
S

on
se

t.
Si

nc
e

S
w

av
es

ha
ve

a
sl

ow
er

ap
pa

re
nt

ve
lo

ci
ty

,
th

ey
 a

re
 m

or
e 

se
ns

iti
ve

 to
 th

e 
ru

pt
ur

e 
de

ta
ils

. H
en

ce
 p

ic
ki

ng
 th

ei
r 

ri
gh

t a
rr

iv
al

 ti
m

es
 is

 o
f 

cr
iti

ca
l i

m
po

rt
an

ce
.

Fi
gu

re
3,

4:
W

av
ef

or
m

fi
ts

an
d

sp
at

ia
ld

is
tr

ib
ut

io
n

of
sl

ip
fo

r
N

ov
12

,1
99

9,
M

w
7.

2
D

uz
ce

E
ve

nt
us

in
g

th
e

in
ve

rs
io

n
m

et
ho

d
by

Ji
,

et
al

,
20

02
.

N
ot

e
th

at
th

e
sl

ip
is

co
nc

en
tr

at
ed

ar
ou

nd
th

e
hy

po
ce

nt
er

.
W

e
us

ed
th

e
K

O
E

R
I

(T
ur

ke
y)

lo
ca

tio
n

fo
r

in
ve

rs
io

n.
A

si
ng

le
pl

an
e

di
pp

in
g

54
o ,

fr
om

In
SA

R
an

d 
G

PS
 s

tu
di

es
 o

f 
B

ur
gm

an
n,

 e
t a

l, 
20

02
 w

as
 u

se
d 

fo
r 

th
e 

so
ur

ce
 in

ve
rs

io
n.

In
ve

rs
io

n
w

as
do

ne
in

tw
o

st
ep

s.
Fi

rs
tw

e
pe

rf
or

m
an

in
ve

rs
io

n
w

ith
on

ly
ha

nd
pi

ck
ed

P
w

av
es

to
ge

t
a

pr
el

im
in

ar
y

di
st

ri
bu

te
d

sl
ip

.W
e

us
e

th
is

pr
el

im
in

ar
y

m
od

el
to

fo
rw

ar
d

ca
lc

ul
at

e
sy

nt
he

tic
se

is
m

og
ra

m
s

an
d

cr
os

s-
co

rr
el

at
e

th
em

w
ith

al
l

th
e

re
co

rd
s

th
at

w
ill

be
us

ed
in

in
ve

rs
io

n.
T

he
tim

e
sh

if
ts

ob
ta

in
ed

in
th

is
pr

oc
es

s
ar

e
us

ed
to

pe
rf

or
m

a
se

co
nd

in
ve

rs
io

n
w

ith
bo

th
P

an
d

SH
w

av
ef

or
m

s.
O

ur
in

ve
rs

io
n

fi
ts

th
e

te
le

se
is

m
ic

bo
dy

w
av

es
ve

ry
w

el
l.

T
hi

s
in

ve
rs

io
n

is
al

so
co

ns
is

te
nt

w
ith

th
e

re
su

lt 
of

 jo
in

t I
nS

A
R

 a
nd

 G
PS

 in
ve

rs
io

n 
of

 B
ur

gm
an

n,
 e

t a
l, 

20
02

.

Fi
gu

re
 2

: C
om

pa
ri

so
n 

of
 v

ar
ia

tio
ns

 in
 h

an
dp

ic
ke

d 
ar

ri
va

l t
im

es
 

fr
om

 th
e 

ar
ri

va
l t

im
es

 c
al

cu
la

te
d 

w
ith

 I
A

SP
 9

0 
m

od
el

. 

3
0

o
3

0
3

0
0

5
0

0

1
0

0
0

1
5

0
0

2
0

0
0

2
5

0
0

3
0

0
0

3
5

0
0

E
le

va
tio

n
(m

)

3
1

.5
o

2
9

o

4
1

o

4
0

.5
o

3
1

o

R
es

ul
ts

 f
or

 1
7 

A
ug

, 1
99

9,
 I

zm
it 

E
ar

th
qu

ak
e

Fi
gu

re
 6

: I
zm

it 
E

ar
th

qu
ak

e 
is

 m
od

el
le

d 
w

ith
 f

ou
r 

se
gm

en
ts

 b
as

ed
 o

n 
th

e 
su

rf
ac

e 
ru

pt
ur

e 
ob

se
rv

at
io

ns
 (

D
el

ou
is

et
 a

l, 
20

02
).

T
he

 d
ip

 o
f 

ea
ch

 s
eg

m
en

t i
s 

m
od

if
ie

d 
fr

om
 a

 m
od

el
 b

y 
W

ri
gh

te
t a

l;,
20

01
,

ba
se

d 
on

 in
ve

rs
io

n 
of

 I
nS

A
R

 d
at

a 
fo

r 
si

x 
se

gm
en

ts
.

A
 o

ne
 d

im
en

si
on

al
 v

el
oc

ity
 m

od
el

 f
or

 W
es

te
rn

T
ur

ke
y 

is
 u

se
d 

fr
om

 S
ek

ig
uc

hi
 

et
 a

l, 
20

02
. 

Fi
gu

re
 7

: W
av

ef
or

m
 f

its
, R

up
tu

re
 P

at
te

rn
 , 

St
at

ic
 F

ie
ld

 a
nd

 G
PS

 p
re

di
ct

io
ns

 
fo

r 
th

e 
in

ve
rs

io
n 

w
ith

 th
e 

C
al

ib
ra

te
d 

A
rr

iv
al

T
im

es

Fi
gu

re
 8

: W
av

ef
or

m
 f

its
, R

up
tu

re
 P

at
te

rn
, S

ta
tic

 F
ie

ld
 a

nd
 G

PS
 p

re
di

ct
io

ns
 f

or
th

e 
in

ve
rs

io
n 

w
ith

 th
e 

H
an

dp
ic

ke
d

A
rr

iv
al

T
im

es
.

R
es

ul
ts

U
si

ng
 c

al
ib

ra
te

d 
ar

ri
va

l t
im

es
 r

ed
uc

es
 th

e 
ov

er
al

l w
av

ef
or

m
 m

is
m

at
ch

 o
f 

th
e 

te
le

se
is

m
ic

 d
at

a 
(~

0.
20

 v
s.

 0
.2

5)
.

T
he

sl
ip

di
st

ri
bu

tio
n

fo
r

th
e

tw
o

in
ve

rs
io

ns
di

ff
er

co
ns

id
er

ab
ly

.F
or

th
e

ca
lib

ra
te

d
in

ve
rs

io
n,

th
e

m
ax

im
um

di
sp

la
ce

m
en

ti
s

to
th

e
ea

st
of

th
e

hy
po

ce
nt

er
,w

hi
le

it
is

w
es

t
in

th
e

ha
nd

pi
ck

ed
in

ve
rs

io
n.

T
he

as
pe

ri
ty

to
th

e
w

es
t

is
de

ep
er

in
ca

lib
ra

te
d

in
ve

rs
io

n.
T

hi
s

ef
fe

ct
is

cl
ea

rl
y

re
vc

ea
le

d
in

th
e

es
tim

at
ed

st
at

ic
fi

el
d

pl
ot

s.
T

he
SP

O
T

da
ta

is
m

or
e

co
ns

is
te

nt
w

ith
th

e
ca

lib
ra

te
d

ar
ri

va
lt

im
e

in
ve

rs
io

n.
T

he
m

ax
im

um
sl

ip
in

ea
st

-w
es

td
ir

ec
tio

n
is

on
th

e
ea

st
er

n
en

d
of

L
ak

e
Sa

pa
nc

a
as

 it
 is

 r
ev

ea
le

d 
in

 s
po

t d
at

a.
T

he
G

PS
pr

ed
ic

te
d

fr
om

ha
nd

pi
ck

ed
in

ve
rs

io
n

fi
ts

th
e

da
ta

be
tte

r
th

an
ca

lib
ra

te
d

in
ve

rs
io

n.
R

el
at

iv
el

y
po

or
fi

to
f

th
e

ca
lib

ra
te

d
in

ve
rs

io
n

is
du

e
to

no
rt

h
so

ut
h

co
m

po
ne

nt
of

th
e

sl
ip

.T
he

re
as

on
fo

r
th

is
co

ul
d

be
th

e
co

m
pl

ex
iti

es
of

th
e

fa
ul

t
ge

om
et

ry
as

w
el

l
as

th
e

sl
ip

di
st

ri
bu

tio
n.

H
ow

ev
er

,u
nd

er
st

an
di

ng
th

e
ac

tu
al

re
as

on
 f

or
 th

is
 in

co
ns

is
te

nc
y 

(f
itt

in
g 

SP
O

T
 d

at
a 

be
tte

r, 
bu

t f
itt

in
g 

G
PS

 p
oo

re
r)

 r
em

ai
ns

 a
s 

a 
fu

tu
re

 w
or

k 
fo

r 
us

.

Su
m

m
ar

y 
an

d 
Fu

tu
re

 W
or

k
T

hi
s

st
ud

y
ai

m
s

to
st

ud
y

Iz
m

it
an

d
D

uz
ce

ea
rt

hq
ua

ke
s

us
in

g
co

ns
is

te
nt

tr
av

el
tim

es
fo

r
bo

th
ev

en
ts

an
d

al
l

av
ai

la
bl

e
da

ta
se

ts
to

re
so

lv
e

th
e

de
ta

ils
of

ru
pt

ur
e

ve
lo

ci
ty

an
d

sl
ip

di
st

ri
bu

tio
n.

A
s

a
st

ar
t,

w
e

ha
ve

us
ed

th
e

ca
lib

ra
tio

n
of

tr
av

el
tim

es
to

se
e

w
ha

t
di

ff
er

en
ce

it
m

ak
es

in
te

le
se

is
m

ic
in

ve
rs

io
ns

.W
e

ha
ve

al
so

m
od

el
ed

D
uz

ce
ea

rt
hq

ua
ke

us
in

g
ge

od
et

ic
ad

te
le

se
is

m
ic

da
ta

.W
e

w
ill

al
so

im
pl

em
en

t
st

ro
ng

-m
ot

io
n

an
d

su
rf

ac
e

of
fs

et
s

us
in

g
SP

O
T

im
ag

es
in

fu
tu

re
.I

t
is

of
gr

ea
t i

nt
er

es
t t

o 
m

od
el

 s
tr

on
g-

m
ot

io
n 

da
ta

 to
ge

th
er

 w
ith

 g
eo

de
tic

 d
at

a 
to

 te
st

 w
he

th
er

 th
e 

ob
se

rv
ed

 w
av

ef
or

m
s 

ar
e 

du
e 

to
 a

 s
up

er
sh

ea
r 

ru
pt

ur
e 

or
 n

ot
.

O
nc

e
go

od
sl

ip
di

st
ri

bu
tio

ns
ar

e
ac

hi
ev

ed
fo

r
th

es
e

tw
o

ev
en

ts
,w

e
ca

n
le

ar
n

ab
ou

t
th

e
in

te
ra

ct
io

ns
an

d
ho

w
st

re
ss

ch
an

ge
of

Iz
m

it
ea

rt
hq

ua
ke

ha
s

ef
fe

ct
ed

th
e

D
uz

ce
 e

ar
th

qu
ak

e.
M

or
eo

ve
r,

w
e

ca
n

us
e

th
es

e
ca

lib
ra

tio
n

ev
en

ts
to

re
ex

am
in

e
hi

st
or

ic
al

ev
en

ts
of

th
e

20
th

ce
nt

ur
y

us
in

g
ex

is
tin

g
te

le
se

is
m

ic
re

co
rd

in
gs

by
m

et
ho

ds
si

m
ila

r
to

pr
ev

io
us

 s
tu

di
es

 o
f 

th
e 

19
06

 S
an

 F
ra

nc
is

co
 e

ar
th

qu
ak

e

-1
0

0
1

0
2

0
3

0
4

0
5

0
s

B
IL

L
P

2
6

.2
1

6

6
6

M
A

2
P

2
8

.1
2

8

6
8

Y
A

K
P

3
4

.4
3

3

5
8

Y
S

S
P

3
1

.3
4

1

7
3

M
A

J
O

P
2

8
.5

5
1

7
7

W
M

Q
P

6
5

.2
6

6

4
1

L
S

A
P

5
3

.2
8

3

4
9

C
H

T
O

P
3

9
.4

8
9

6
1

P
S

I
P

2
5

.0
1

0
2

7
1

M
S

E
Y

P
2

5
.2

1
4

7

5
0

F
U

R
I

P
1

2
.5

1
6

6

3
2

T
S

U
M

P
2

1
.6

1
9

4

6
1

-1
0

0
1

0
2

0
3

0
4

0
5

0
s

B
G

C
A

P
3

4
.7

2
0

1

3
7

A
S

C
N

P
3

7
.7

2
3

1

6
4

R
C

B
R

P
2

5
.3

2
5

0

7
6

S
JGP

1
8

.5
2

8
8

8
3

S
S

PA
P

1
8

.8
3

1
2

7
6

F
F

C
P

1
2

.0
3

3
4

7
6

K
B

S
P

9
.8

3
5

4

3
8

M
A

2
S

H
1

3
1

.1
2

8

6
8

Y
A

K
S

H
9

5
.1

3
3

5
8

Y
S

S
S

H
1

0
2

.8
4

1

7
3

M
A

J
O

S
H

1
0

7
.3

5
1

7
7

W
M

Q
S

H
2

4
8

.1
6

6

4
1

-1
0

0
1

0
2

0
3

0
4

0
5

0
s

T
A

T
O

S
H

1
8

7
.1

7
0

7
4

L
S

A
S

H
2

0
8

.9
8

3

4
9

C
H

T
O

S
H

2
4

4
.7

8
9

6
1

F
U

R
I

S
H

2
8

8
.9

1
6

6

3
2

L
B

T
B

S
H

1
9

8
.4

1
8

5

6
5

T
S

U
M

S
H

1
7

5
.7

1
9

4

6
1

S
JG

S
H

1
0

3
.8

2
8

8

8
3

S
S

PA
S

H
1

0
0

.3
3

1
2

7
6

F
F

C
S

H
1

5
2

.0
3

3
4

7
6

A
L

E
S

H
2

8
3

.0
3

5
0

5
0

0 1
0

2
0

Depthkm

-2
0

0
2

0

km

10

10

10

10

10

10

10
10

10

10

10

1010

10

0 1
0

2
0

Depthkm

-2
0

0
2

0

km

0 1
0

2
0

Depthkm

-2
0

0
2

0

km

0 1
0

2
0

Depthkm

-2
0

0
2

0

km

0
1

2
3

4
5

6

m

FU
RI

A
LE

KB
S

M
SE

Y

TS
U

M

C
H

TO

BI
LL

M
A

2

BG
C

A

LS
A

M
A

JO

FF
C

W
M

Q

YA
K

A
SC

N

YS
S

SS
PA

TA
TO

TA
TO

SJ
G

RC
BR

PS
I

LB
TB

S
ta

ti
on

s
u

se
d

in
Iz

m
it

E
ar

th
q

u
ak

e
S

eq
u

en
ce

-1
0

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0
s

B
IL

L
P

4
0

.4
1

6

6
6

M
A

2
P

5
7

.2
2

7

6
8

Y
A

K
P

8
0

.8
3

2

5
9

Y
S

S
P

6
4

.7
4

1

7
4

M
A

J
O

P
5

8
.4

5
1

7
8

W
M

Q
P

1
3

4
.8

6
5

4
2

L
S

A
P

6
9

.0
8

2

5
0

C
H

T
O

P
3

8
.5

8
8

6
2

P
S

I
P

2
8

.1
1

0
1

7
2

M
S

E
Y

P
8

5
.1

1
4

6

5
0

F
U

R
I

P
8

6
.9

1
6

3

3
2

T
S

U
M

P
3

5
.1

1
9

3

6
0

-1
0

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0
s

B
G

C
A

P
6

9
.8

1
9

9

3
6

A
S

C
N

P
5

4
.2

2
3

0

6
3

R
C

B
R

P
2

1
.7

2
4

9

7
5

S
JGP

2
1

.6
2

8
7

8
2

S
S

PA
P

3
8

.7
3

1
1

7
5

F
F

C
P

3
3

.7
3

3
3

7
6

K
B

S
P

2
0

.8
3

5
4

3
8

M
A

2
S

H
2

9
2

.9
2

7

6
8

Y
A

K
S

H
2

3
0

.7
3

2

5
9

Y
S

S
S

H
1

0
9

.1
4

1

7
4

M
A

J
O

S
H

2
1

3
.6

5
1

7
8

W
M

Q
S

H
5

9
9

.9
6

5

4
2

-1
0

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0
s

T
A

T
O

S
H

4
9

5
.4

6
9

7
5

L
S

A
S

H
5

4
4

.4
8

2

5
0

C
H

T
O

S
H

6
2

9
.0

8
8

6
2

F
U

R
I

S
H

9
1

6
.1

1
6

3

3
2

L
B

T
B

S
H

5
2

3
.4

1
8

4

6
5

T
S

U
M

S
H

5
1

9
.6

1
9

3

6
0

S
JG

S
H

3
0

5
.0

2
8

7

8
2

S
S

PA
S

H
1

5
2

.2
3

1
1

7
5

F
F

C
S

H
3

1
3

.7
3

3
3

7
6

A
L

E
S

H
7

5
1

.9
3

5
0

5
0

0 1
0

2
0

Depthkm

0 1
0

2
0

Depthkm

-5
0

0
5

0

Iz
m

it,
ca

lib
ra

te
d

w
ith

d
u

zc
e

,
h

yp
o

ce
n

te
r

d
e

p
th

1
3

.
3

10

10

10

10

20

20

20

20

0 1
0

2
0

Depthkm

0 1
0

2
0

Depthkm

1
0

0

Iz
m

it
E

a
st

e
rn

P
a

rt
(k

m
)

20

30 30

0
1

0
0

2
0

0
3

0
0

4
0

0
5

0
0

6
0

0
cm

-1
0

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0
s

B
IL

L
P

4
0

.4
1

6

6
6

M
A

2
P

5
7

.2
2

7

6
8

Y
A

K
P

8
0

.7
3

2

5
9

Y
S

S
P

6
4

.6
4

1

7
4

M
A

J
O

P
5

8
.5

5
1

7
8

W
M

Q
P

1
3

4
.7

6
5

4
2

L
S

A
P

6
9

.0
8

2

5
0

C
H

T
O

P
3

8
.6

8
8

6
2

P
S

I
P

2
8

.2
1

0
1

7
2

M
S

E
Y

P
8

5
.2

1
4

6

5
0

F
U

R
I

P
8

6
.8

1
6

3

3
2

T
S

U
M

P
3

5
.1

1
9

3

6
0

-1
0

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0
s

B
G

C
A

P
6

9
.8

1
9

9

3
6

A
S

C
N

P
5

4
.2

2
3

0

6
3

R
C

B
R

P
2

1
.8

2
4

9

7
5

S
JGP

2
1

.6
2

8
7

8
2

S
S

PA
P

3
8

.7
3

1
1

7
5

F
F

C
P

3
3

.7
3

3
3

7
6

K
B

S
P

2
0

.9
3

5
4

3
8

M
A

2
S

H
3

0
2

.0
2

7

6
8

Y
A

K
S

H
2

1
1

.5
3

2

5
9

Y
S

S
S

H
1

1
0

.9
4

1

7
4

M
A

J
O

S
H

2
1

4
.2

5
1

7
8

W
M

Q
S

H
6

1
8

.3
6

5

4
2

-1
0

0
1

0
2

0
3

0
4

0
5

0
6

0
7

0
s

T
A

T
O

S
H

4
9

5
.9

6
9

7
5

L
S

A
S

H
5

5
5

.8
8

2

5
0

C
H

T
O

S
H

6
5

7
.8

8
8

6
2

F
U

R
I

S
H

9
2

4
.2

1
6

3

3
2

L
B

T
B

S
H

5
2

2
.6

1
8

4

6
5

T
S

U
M

S
H

5
2

1
.6

1
9

3

6
0

S
JG

S
H

3
0

7
.2

2
8

7

8
2

S
S

PA
S

H
2

0
9

.7
3

1
1

7
5

F
F

C
S

H
3

1
2

.4
3

3
3

7
6

A
L

E
S

H
7

4
9

.3
3

5
0

5
0

0 1
0

2
0

Depthkm

0 1
0

2
0

Depthkm

-5
0

0
5

0

Iz
m

it,
h

a
n

d
p

ic
ke

d
,

h
yp

o
ce

n
te

r
d

e
p

th
1

3
.

3

10

10

10

10
10

20

20
20 0 1

0

2
0

Depthkm

0 1
0

2
0

Depthkm

1
0

0

Iz
m

it
E

a
st

e
rn

P
a

rt
(k

m
)

202020

30 30

30

0
1

0
0

2
0

0
3

0
0

4
0

0
5

0
0

6
0

0
cm

2
9

0
0

2
9

3
0

3
0

0
0

3
0

3
0

3
1

0
0

3
1

3
0

4
0

3
0

4
1

0
0

7
.5

Iz
m

it
E

a
rt

h
q

u
a

ke
7

.1
D

u
zc

e
E

a
rt

h
q

u
a

ke

2
9

0
0

2
9

3
0

3
0

0
0

3
0

3
0

3
1

0
0

3
1

3
0

4
0

3
0

4
1

0
0

-3
0

0
-2

0
0

-1
0

00
1

0
0

2
0

0
3

0
0

d
is

p
l.

e
a

st
(c

m
)

2
8

û
2

9
û

3
0

û
3

1
û

3
2

û
3

3
û

4
0

û

4
1

û 2
8

û
2

9
û

3
0

û
3

1
û

3
2

û
3

3
û

4
0

û

4
1

û

A
N

K
R

D
E

V
R K

IB
R

S
IV

R

A
R

D
C

N
A

L
L

Y
IG

I

A
L

A
P

A
K

K
O

C
M

L
N

D
K

M
N

K
D

E
R

T
E

B
4

A
G

O
K

A
G

U
Z

K
T

O
P

P
IR

E M
H

G
Z

S
E

Y
H

K
A

N
R

S
M

A
S

S
IS

L

M
E

K
E

A
K

C
O IU

C
K

IG
A

Z

K
P

K
L

G
L

C
K

D
E

R
B

Y
U

H
E

S
IL

E O
L

U
4

A
H

M
T H

M
Z

A

T
U

B
I

D
U

M
T

K
R

D
M K

U
T

E

C
IN

A

B
A

D
A

K
IL

Y

K
A

N
T

M
U

D
A

F
IS

4

A
V

C
I

L
T

F
Y

Y
E

N
I

Y
E

N
I

S
E

L
P

Y
A

L
I

5
0

c
m

1
7

A
u

g
,

1
9

9
9

,
Iz

m
it

G
P

S
,

s
y

n
th

e
ti

c
s

c
a

li
b

ra
te

d

2
8

û
2

9
û

3
0

û
3

1
û

3
2

û
3

3
û

4
0

û

4
1

û

0

5
0

0

1
0

0
0

1
5

0
0

2
0

0
0

2
5

0
0

3
0

0
0

3
5

0
0

E
le

v
a

ti
o

n
(m

)

2
8

û
2

9
û

3
0

û
3

1
û

3
2

û
3

3
û

4
0

û

4
1

û 2
8

û
2

9
û

3
0

û
3

1
û

3
2

û
3

3
û

4
0

û

4
1

û

A
N

K
R

D
E

V
R K

IB
R

S
IV

R

A
R

D
C

N
A

L
L

Y
IG

I

A
L

A
P

A
K

K
O

C
M

L
N

D
K

M
N

K
D

E
R

T
E

B
4

A
G

O
K

A
G

U
Z

K
T

O
P

P
IR

E

M
H

G
Z

S
E

Y
H

K
A

N
R

S
M

A
S

S
IS

L

M
E

K
E

A
K

C
O IU

C
K

IG
A

Z

K
P

K
L

G
L

C
K

D
E

R
B

Y
U

H
E

S
IL

E O
L

U
4

A
H

M
T H

M
Z

A

T
U

B
I

D
U

M
T

K
R

D
M K

U
T

E

C
IN

A

B
A

D
A

K
IL

Y

K
A

N
T

M
U

D
A

F
IS

4

A
V

C
I

L
T

F
Y

Y
E

N
I

Y
E

N
I

S
E

L
P

Y
A

L
I

5
0

c
m

1
7

A
u

g
,

1
9

9
9

,
Iz

m
it

G
P

S
,

s
y

n
th

e
ti

c
s

w
h

a
n

d
p

ic
k

e
d

in
v

e
rs

io
n

2
8

û
2

9
û

3
0

û
3

1
û

3
2

û
3

3
û

4
0

û

4
1

û

0

5
0

0

1
0

0
0

1
5

0
0

2
0

0
0

2
5

0
0

3
0

0
0

3
5

0
0

E
le

v
a

ti
o

n
(m

)

1.
 P

at
h 

C
al

ib
ra

tio
n 

fo
r 

te
le

se
is

m
ic

in
ve

rs
io

ns

F
ig

u
re

 1
: 

 L
o
ca

l 
n
et

w
o
rk

 (
K

an
d
il

li
) 

lo
ca

ti
o
n
s 

an
d
 H

ar
va

rd
 C

M
T

 s
o
lu

ti
o
n
s 

o
f 

th
e 

ev
en

ts
 u

se
d
 i

n
 t

h
is

 s
tu

d
y

2
8

o
2

9
o

3
0

o
3

1
o

3
2

o
3

3
o

3
9

o

4
0

o

4
1

o

4
2

o

M
w

 7
.5

 I
zm

it
 E

Q

M
w

 7
.2

 D
uz

ce
 E

Q

0
2

4
6

01234567

A
S

C
N

B
G

C
A

B
IL

L

C
H

T
O

F
F

C

F
U

R
I

K
B

S

LS
A

M
A

2
M

A
JO

M
S

E
Y

P
S

I

R
C

B
R

S
JG

S
S

P
A

T
S

U
M

W
M

Q

Y
A

K

Y
S

S du
zc

eP
ha

nd
pi

ck
P

ca
lc

izmitPhandpickPcalc

P

5
0

5
10

15

5051015

A
LE

C
H

T
O

F
F

C

F
U

R
I

LB
T

B

LS
AM

A
2

M
A

JO

S
JG T

A
T

O

T
S

U
M

W
M

Q

Y
A

K

Y
S

S

du
zc

eS
ha

nd
pi

ck
S

ca
lc

izmitShandpickScalc

S

2.
 J

oi
nt

 I
nv

er
si

on
 o

f 
D

uz
ce

 E
ar

th
qu

ak
e

30
.8

31
31

.2
31

.4
31

.5
40

.7

40
.8

40
.9

41

0 5 10 15 20

12345

Depth(km)

M
w

7.
1 

D
uz

ce
 e

ar
th

qu
ak

e 
is

  a
 s

ig
ni

fi
ca

nt
 e

ar
th

qu
ak

e 
to

 s
tu

dy
.

T
he

re
 is

 a
 w

ea
lth

 o
f 

te
le

se
is

m
ic

, s
tr

on
g-

m
ot

io
n,

 g
eo

de
tic

 a
nd

 g
eo

lo
gi

ca
l d

at
a 

av
ai

la
bl

e.
T

he
re

 h
as

 n
ot

 b
ee

n 
a 

st
ud

y 
ye

t t
ha

t u
se

d 
al

l 
av

ai
la

bl
e 

da
ta

. T
he

 g
oa

l h
er

e 
is

 to
 u

se
 a

ll 
da

ta
 a

va
ila

bl
e.

T
he

 r
es

ul
ts

 s
ho

w
n 

he
re

 a
re

  s
ho

w
n 

he
re

 d
o 

 n
ot

 in
cl

ud
e 

th
e 

st
ro

ng
-m

ot
io

n 
da

ta
 y

et
.

T
he

 m
od

el
 s

ho
w

n 
in

 F
ig

ur
e 

9 
is

 q
ui

te
 c

on
si

st
en

t w
ith

 g
eo

de
tic

 in
ve

rs
io

n 
(B

ur
gm

an
n 

et
 a

l, 
20

02
),

 a
nd

 G
PS

 a
nd

 s
tr

on
g-

m
ot

io
n 

in
ve

rs
on

(B
ou

in
 e

t a
l.,

 2
00

4)
. 

A
no

th
er

 ta
rg

et
 o

f 
th

is
 s

tu
dy

 is
 to

 u
nd

er
st

an
d 

w
he

th
er

 s
up

er
sh

ea
r 

ru
pt

ur
e 

sp
ee

d 
pr

op
os

ed
 to

 e
xp

la
in

 s
tr

on
g-

m
ot

io
n 

da
ta

 is
 c

on
si

st
en

t w
ith

 
ot

he
r 

da
ta

se
ts

. T
he

 g
eo

de
tic

 d
at

a 
an

d 
su

rf
ac

e 
of

fs
et

 m
ea

su
re

m
en

ts
 c

on
st

ra
in

 th
e 

sl
ip

 d
is

tr
ib

ut
io

n 
si

gn
if

ic
an

tly
.T

he
re

fo
re

, t
he

 r
is

e 
tim

e 
an

d 
ru

pt
ur

e 
ve

lo
ci

ty
 a

re
 th

e 
tw

o 
pa

ra
m

et
er

s 
to

 p
la

y 
w

ith
, i

n 
or

de
r 

to
 f

it 
bo

th
 te

le
se

is
m

ic
 a

nd
 s

tr
on

g-
m

ot
io

n 
da

ta
.

Fi
gu

re
 9

: S
lip

 m
od

el
 f

or
 jo

in
t (

te
le

se
is

m
ic

, G
PS

 a
nd

 I
nS

A
R

 in
ve

rs
io

n 
of

 D
uz

ce
 e

ar
th

qu
ak

e.
 R

is
e 

tim
e 

is
 

be
tw

ee
n 

1-
5 

s.

-1
0

0
1

0
2

0
3

0

B
IL

L
P

2
6

.3
1

6

6
6

M
A

2
P

2
8

.2
2

8

6
8

Y
A

K
P

3
4

.4
3

3

5
8

Y
S

S
P

3
1

.3
4

1

7
3

M
A

JO
P

2
8

.5
5

1

7
7

W
M

Q
P

6
5

.0
6

6

4
1

L
S

A
P

5
3

.5
8

3

4
9

C
H

T
O

P
3

9
.5

8
9

6
1

P
S

I
P

2
5

.1
1

0
2

7
1

M
S

E
Y

P
2

5
.3

1
4

7

5
0

F
U

R
I

P
1

2
.6

1
6

6

3
2

T
S

U
M

P
2

1
.6

1
9

4

6
1

-1
0

0
1

0
2

0
3

0

B
G

C
A

P
3

4
.4

2
0

1

3
7

A
S

C
N

P
3

7
.7

2
3

1

6
4

R
C

B
R

P
2

5
.3

2
5

0

7
6

S
JGP

1
8

.4
2

8
8

8
3

S
S

P
A

P
1

8
.8

3
1

2

7
6

F
F

C
P

1
2

.1
3

3
4

7
6

K
B

S
P

9
.6

3
5

4

3
8

M
A

2
S

H
1

2
9

.4
2

8

6
8

Y
A

K
S

H
9

4
.0

3
3

5
8

Y
S

S
S

H
1

0
2

.8
4

1

7
3

M
A

JO
S

H
1

0
7

.3
5

1

7
7

W
M

Q
S

H
2

4
4

.7
6

6

4
1

-1
0

0
1

0
2

0
3

0

T
A

TO
S

H
1

8
6

.6
7

0

7
4

L
S

A
S

H
2

0
9

.1
8

3

4
9

C
H

T
O

S
H

2
4

3
.4

8
9

6
1

F
U

R
I

S
H

2
8

6
.1

1
6

6

3
2

L
B

T
B

S
H

1
9

7
.1

1
8

5

6
5

T
S

U
M

S
H

1
7

5
.3

1
9

4

6
1

S
JGS
H

1
0

1
.4

2
8

8

8
3

S
S

P
A

S
H

1
0

0
.1

3
1

2

7
6

F
F

C
S

H
1

5
1

.0
3

3
4

7
6

A
LES
H

2
8

7
.6

3
5

0

5
0

3
0

.5
3

1
3

1
.5

3
2

4
0

4
0

.5

4
1

-0
.2

5ra
n

g
e

ch
a

n
g

e
(m

)

D
u

zc
e

A
ky

a
zi

B
o

lu 0
0.

25
0.

5
0.

75
1

4
1

.5

3
0

.2
5

3
0

.5
0

3
0

.7
5

3
1

3
1

.2
5

3
1

.5
0

3
1

.7
5

3
2

4
0

.5
0

4
0

.7
5

D
u

zc
e

,
7

.1

B
L

A
C

KS
E

A

4
1

B
O

L

D
Z

C

G
O

L
S

K
R

1
m

Fi
gu

re
 1

2:
Fi

ts
 to

 I
nS

A
R

 d
at

a.
 E

ac
h 

ci
rc

le
 is

 a
 d

at
ap

oi
nt

, w
he

re
 th

e 
sm

al
le

r 
ci

rc
le

 in
si

de
 is

 th
e 

sy
nt

he
tic

 a
nd

 o
ut

er
 

ci
rc

le
 is

 th
e 

da
ta

. T
w

o 
fa

ul
t p

la
ne

s 
ar

e 
al

so
 s

ho
w

n.

Fi
gu

re
 1

1:
Fi

ts
 to

 G
PS

 d
at

a.
 D

at
a 

is
 in

 b
la

ck
 a

nd
 s

yn
th

et
ic

s 
ar

e 
in

 r
ed

. S
tr

on
g-

m
ot

io
n 

st
at

io
ns

 th
at

 a
re

 g
oi

ng
 to

 b
e 

us
ed

 a
re

 s
ho

w
n

w
ith

 g
re

en
 tr

ia
ng

le
s.

Si
m

ila
r 

to
 I

zm
it 

E
ar

th
qu

ak
e,

 s
up

er
sh

ea
r 

ru
pt

ur
e 

ve
lo

ci
ty

 (
~4

.5
 k

m
/s

) 
to

 th
e 

ea
st

  i
s 

es
tim

at
ed

 f
ro

m
 

st
ro

ng
-m

ot
io

n 
da

ta
 f

or
 D

uz
ce

 e
ar

th
qu

ak
e 

w
hi

le
 r

up
tu

re
 to

 th
e 

w
es

t i
s 

ab
ou

t 3
 k

m
/s

. H
er

e 
w

e 
te

st
 

tw
o 

sc
en

ar
io

s 
(a

) 
fa

st
 r

up
tu

re
 s

pe
ed

 (
3.

8-
4.

8 
km

/s
) 

to
 th

e 
ea

st
 a

nd
 s

lo
w

 (
2.

5-
3.

5k
m

/s
) 

to
 th

e 
w

es
t 

(b
) 

sl
ow

 r
up

tu
re

 s
pe

ed
 (

2.
5-

3.
5k

m
/s

) 
 to

 th
e 

ea
st

 to
 th

e 
ea

st
 a

nd
 s

lo
w

 (
3.

8-
4.

8 
km

/s
) 

 to
 th

e 
w

es
t. 

T
he

 g
oa

l o
f 

th
is

 c
om

pa
ri

so
n 

is
 to

 te
st

 w
he

th
er

 te
le

se
is

m
ic

 d
at

a 
to

ge
th

er
 w

ith
 n

ea
r-

fi
el

d 
ge

od
es

y 
ha

s 
an

y 
si

gn
if

ic
an

t s
en

si
tiv

ity
 to

 r
up

tu
re

 v
el

oc
ity

 o
r 

no
t.

0

10
0

20
0

30
0

40
0

50
0

60
0

0
5

10
15

20
25

30
35

40

D
is

ta
nc

e 
(k

m
)

Offset (cm)

de
xt

ra
l d

is
pl

ac
em

en
t

ve
rt

ic
al

 s
ep

ar
at

io
n

45

1
0

Depthkm

0
1

0
2

0

1
0

Depthkm

0
1

0
2

0

1
0

Depthkm

0
1

0
2

0

1
0

Depthkm

0
1

0
2

0
-3

0
-2

0
-1

0

5

5

-3
0

-2
0

-1
0

-3
0

-2
0

-1
0

st
ri

ke
2

7
7

st
ri

ke
2

5
7

5
s

5
s

1
0

s

0
1

2
3

4
5

6
7
m

Depth(km) 1
05

0

10
0

20
0

30
0

40
0

50
0

60
0

0
5

10
15

20
25

30
35

40

D
is

ta
nc

e 
(k

m
)

Offset (cm)

de
xt

ra
l d

is
pl

ac
em

en
t

ve
rt

ic
al

 s
ep

ar
at

io
n

45

1
0

Depthkm

0
1

0
2

0

1
0

Depthkm

0
1

0
2

0

1
0

Depthkm

0
1

0
2

0

1
0

-3
0

-2
0

-1
0

-3
0

-2
0

-1
0

Depth(km)

-3
0

-2
0

-1
0

0
1

2
3

4
5

6
7
m

5

5
s

st
ri

ke
2

7
7

st
ri

ke
2

5
7

5
s

D
u

zc
e

,
7

.1

B
L

A
C

KS
E

A

B
O

L

D
Z

C

G
O

L
S

K
R

1
m

4
0

.5
0

4
0

.7
5

4
1

3
0

.2
5

3
0

.5
0

3
0

.7
5

3
1

3
1

.2
5

3
1

.5
0

3
1

.7
5

3
2

(a
) 

fa
st

 t
o 

th
e 

ea
st

(b
) 

fa
st

 t
o 

th
e 

w
es

t

3
0

.7
3

0
.8

3
0

.9
3

1
3

1
.1

3
1

.2
3

1
.3

3
1

.4
4

0
.7

4
0

.7
5

4
0

.8

4
0

.8
5

4
0

.9

4
0

.9
5

4
1

0 5 1
0

1
5

2
0

123456

-1
0

0
1

0
2

0
3

0

B
IL

L
P

2
6

.3
1

6

6
6

M
A

2
P

2
8

.2
2

8

6
8

Y
A

K
P

3
4

.4
3

3

5
8

Y
S

S
P

3
1

.3
4

1

7
3

M
A

JOP
2

8
.5

5
1

7
7

W
M

Q
P

6
5

.0
6

6

4
1

L
S

A
P

5
3

.5
8

3

4
9

C
H

T
O

P
3

9
.5

8
9

6
1

P
S

I
P

2
5

.1
1

0
2

7
1

M
S

E
Y

P
2

5
.3

1
4

7

5
0

F
U

R
I

P
1

2
.6

1
6

6

3
2

T
S

U
M

P
2

1
.6

1
9

4

6
1

-1
0

0
1

0
2

0
3

0

B
G

C
A

P
3

4
.4

2
0

1

3
7

A
S

C
N

P
3

7
.7

2
3

1

6
4

R
C

B
R

P
2

5
.3

2
5

0

7
6

S
JGP

1
8

.4
2

8
8

8
3

S
S

P
A

P
1

8
.8

3
1

2

7
6

F
F

C
P

1
2

.1
3

3
4

7
6

K
B

S
P

9
.6

3
5

4

3
8

M
A

2
S

H
1

2
9

.4
2

8

6
8

Y
A

K
S

H
9

4
.0

3
3

5
8

Y
S

S
S

H
1

0
2

.8
4

1

7
3

M
A

JO
S

H
1

0
7

.3
5

1

7
7

W
M

Q
S

H
2

4
4

.7
6

6

4
1

-1
0

0
1

0
2

0
3

0

T
A

T
O

S
H

1
8

6
.6

7
0

7
4

L
S

A
S

H
2

0
9

.1
8

3

4
9

C
H

T
O

S
H

2
4

3
.4

8
9

6
1

F
U

R
I

S
H

2
8

6
.1

1
6

6

3
2

L
B

T
B

S
H

1
9

7
.1

1
8

5

6
5

T
S

U
M

S
H

1
7

5
.3

1
9

4

6
1

S
JGS
H

1
0

1
.4

2
8

8

8
3

S
S

P
A

S
H

1
0

0
.1

3
1

2

7
6

F
F

C
S

H
1

5
1

.0
3

3
4

7
6

A
L

E
S

H
2

8
7

.6
3

5
0

5
0

Fi
gu

re
 9

: F
its

 to
 th

e 
te

le
se

is
m

ic
 P

 a
nd

 S
 w

av
es

(a
) 

fa
st

 t
o 

th
e 

ea
st

(b
) 

fa
st

 t
o 

th
e 

w
es

t

D
u

zc
e

,
7

.1

D
u

zc
e

A
ky

a
zi

B
o

lu

4
0

4
0

.5

4
14
1

.5

3
0

.5
3

1
3

1
.5

3
2

-0
.2

5ra
n

g
e

ch
a

n
g

e
(m

)

0
0.

25
0.

5
0.

75
1

T
he

se
 r

es
ul

ts
 s

ho
w

 th
at

 th
e 

co
m

bi
na

tio
n 

of
 f

ar
 f

ie
ld

 s
ei

sm
ic

 d
at

a 
an

d 
ne

ar
-f

ie
ld

 g
eo

de
tic

 d
at

a 
is

 n
ot

 s
uf

fi
ci

en
t t

o 
re

so
lv

e 
th

e 
de

ta
ils

 o
f 

th
e 

ru
pt

ur
e 

ve
lo

ci
ty

.T
he

 m
is

fi
ts

 to
 th

e 
da

ta
se

ts
 f

or
 th

e 
tw

o 
sc

en
ar

io
s 

ar
e 

si
m

ila
r.

23
/4
0



R
ef

er
en

ce
s:

Sp
ec

ia
l 

th
a

n
k
s 

to
 t

h
e 

SU
R

F 
pr

o
g

ra
m

, 
th

e 
T
ec

to
n

ic
s 

 O
b
se

rv
a

to
ry

, 
a

n
d

 t
h

e
G

eo
rg

e 
W

. 
H

o
u

sn
er

 S
tu

d
en

t 
D

is
co

ve
ry

 F
u

n
d

 f
o
r 

su
pp

o
rt

in
g

 t
h

is
 p

ro
je

ct
.

[2
]

H
su

,Y
a-

Ju
,

et
.

al
.,

20
06

.
F

ri
ct

io
n

al
af

te
rs

lip
fo

ll
ow

in
g

th
e

M
w

8.
7,

20
05

N
ia

s
ea

rt
h

q
u

ak
e,

Su
m

at
ra

,
p

re
pa

re
d.

[3
]

M
a

ro
n

e,
C

.
(1

99
8)

,
La

b
o

ra
to

ry
-d

er
iv

ed
fr

ic
ti

o
n

la
w

s
an

d
th

ei
r

ap
p

li
ca

ti
o

n
to

se
is

m
ic

fa
u

lt
in

g
,

A
n

n
u

.
R

ev
.

Ea
th

Pl
an

et
.

Sc
i.

,
26

,
64

3-
69

6.

[4
]

M
c

G
u

ir
e,

Je
re

y
J.

an
d

Se
g

al
l,

P
au

l,
20

03
.

Im
a

g
in

g
o

f
as

ei
sm

ic
fa

u
lt

sl
ip

tr
an

si
en

ts
re

co
rd

ed
b

y
d

en
se

g
eo

d
et

ic
n

et
w

o
rk

s,
G

e
o

ph
ys

.
J.

In
t.

15
5:

3
77

8.

[5
]

N
at

a
w

id
ja

ja
,

D
.

H
.,

K
.

Si
eh

,
S.

N
.

W
ar

d
,

H
.

C
h

en
g

,
R.

L.
E

d
w

ar
d

s,
J.

G
al

et
zk

a,
an

d
B

.
W

.
Su

w
ar

g
ad

i,
20

04
.

P
al

eo
g

eo
d

et
ic

re
co

rd
s

of
se

is
m

ic
an

d
as

ei
sm

ic
su

b
d

u
ct

io
n

fr
o

m
ce

nt
ra

l
Su

m
at

ra
n

m
ic

ro
at

o
lls

,
In

d
o

n
es

ia
,

J.
G

e
o

ph
ys

.
R

es
.,

10
9,

B
04

30
6,

d
o

i:1
0

.1
02

9/
2

00
3J

B
00

23
98

.

[6
]

O
k

ad
a,

Y
a,

19
92

,
In

te
rn

al
d

ef
o

rm
at

io
n

d
u

e
to

sh
ea

r
an

d
te

n
si

le
fa

u
lt

s
in

a
h

al
f-

sp
ac

e:
B

u
ll

et
in

O
f

th
e

S
ei

sm
o

lo
gi

ca
l

S
oc

ie
ty

O
f

A
m

er
ic

a,
v

.
82

,
n

o
.

2,
p

.
10

18
-1

04
0.

[7
]

P
er

fe
tt

in
i,

H
.,

an
d

J.
-P

.
A

v
o

u
ac

,
20

04
,

P
o

st
se

is
m

ic
re

la
x

at
io

n
d

ri
ve

n
b

y
b

ri
tt

le
cr

ee
p

:
A

p
os

si
b

le
m

ec
h

an
is

m
to

re
co

n
ci

le
g

eo
d

et
ic

m
ea

su
re

m
en

ts
an

d
th

e
d

ec
ay

ra
te

of
af

te
rs

h
o

ck
s,

ap
p

li
ca

ti
o

n
to

th
e

C
h

i-
C

h
i

ea
rt

h
q

u
ak

e,
T

ai
w

an
,

J.
G

e
o

ph
ys

.
R

es
.,

10
9,

B
02

30
4,

d
o

i:1
0

.1
02

9/
20

03
JB

00
24

88
.

[8
]

P
er

fe
tt

in
i,

H
.,

J.
-

P
.

A
vo

u
ac

,
an

d
J.

-C
.

R
u

eg
g

,2
00

5,
G

eo
d

et
ic

d
is

p
la

ce
m

en
ts

an
d

af
te

rs
h

o
ck

s
fo

ll
ow

-
in

g
th

e
20

01
M

w
=

8.
4

P
er

u
ea

rt
h

q
u

ak
e:

Im
p

li
ca

ti
o

n
s

fo
r

th
e

m
ec

h
an

ic
s

o
f

th
e

ea
rt

h
q

u
ak

e
cy

cl
e

al
o

n
g

su
b

d
u

ct
io

n
zo

n
es

,
J.

G
e

o
ph

ys
.

R
es

.,
11

0,
B

09
40

4,
d

o
i:1

0.
10

29
/

20
04

JB
00

35
22

.

[9
]

Sa
va

g
e,

J.
C

.,
an

d
J.

L.
Sv

ar
c,

19
97

.
P

o
st

se
is

m
ic

d
ef

o
rm

at
io

n
as

so
ci

a
te

d
w

it
h

th
e

19
92

M
w

=
7.

3
La

n
d

er
s

ea
rt

h
q

u
ak

e,
So

u
th

er
n

C
al

ifo
rn

ia
,

J.
G

e
o

ph
ys

.
R

es
.,

10
2,

75
65

-7
57

7.

[1
0]

Se
ga

ll
,

P
au

l
an

d
M

at
th

ew
s,

M
ar

k
,

19
97

.
Ti

m
e

d
ep

en
d

en
t

in
ve

rs
io

n
o

f
g

eo
d

et
ic

d
at

a,
J.

g
eo

ph
ys

.
R

es
.,

10
2,

22
39

1-
22

40
0.

b
ib

it
em

C
ru

s
ta

l
D

e
fo

rm
at

io
n

A
ss

o
ci

at
ed

w
it

h
T

w
o

-D
im

en
si

o
n

al
Th

ru
s

t
F

au
lt

in
g

Sa
rv

a
Ji

t
Si

n
g

h
*

an
d

Su
n

it
a

Ra
n

i
D

ep
ar

tm
en

t
o

f
M

at
h

em
at

ic
s,

M
ah

ar
sh

i
D

a
ya

n
an

d
U

n
iv

er
si

ty
,

Ro
h

ta
k-

12
40

0
1,

In
d

ia
.

[1
] 

A
o

k
i,

Y.
, a

n
d

 C
. H

. S
ch

o
lz

,V
e

rt
ic

a
l d

e
fo

rm
a

ti
o

n
 o

f 
th

e
 J

a
p

a
n

e
se

 is
la

n
d

s,
 1

9
9

6
 -

 1
9

9
9

, J
. G

e
o

p
h

ys
.

R
e

s.
, 1

0
8

(B
5

), 
2

2
5

7
, d

o
i:1

0
.1

0
2

9
/2

0
0

2
JB

0
0

2
1

2
9

, 2
0

0
3

.

9
5

û

9
5

û

9
7

û

9
7

û

9
9

û

9
9

û

1
0

1
û

1
0

1
û

1
0

3
û

1
0

3
û

1
0

5
û

-8
û

-8
û

-6
-6

û

û

-4
û

-4
û

-2
û

-2
û

û0
û

0
û

2
û

2
û

4
û

4
û

6
û

6
û

û
ûû

ûû
û

û
û

û û
ûû

ûû
û

û
û

û û
ûû

û

û

û
û

û û
ûû

û

û

û
û

û

M
A

LA
YS

IA

SU
M

A
TR

A

A
U
ST
R
A
LI
A

60
 m

m
/y

r

SU
N
D
A

B
LO
C
K

Sumatra
n Fault Z

one

50
km

20
0k

m

10
0k

m

N
IA

S

SI
B

ER
U

T

PA
G

A
I

is
la

nd
s

B
A

TU
is

la
nd

s

Sunda T
ren

ch

SI
PO

R
A

18
33

(M
w

~8
.6

-8
.9

)

17
97

(M
w

~8
.5

-8
.7

)

20
04

(M
w

9.
1)

20
05

(M
w

8.
7)

20
00

(M
w

7.
9)

0
1

0
0

2
0

0

km

56
 m

m
/y

r

MENTAWAI    
  Is

lands

LLoo
ccaa

ttee
dd  

iinn
  SS

oouu
tthh

eeaa
sstt

  AA
ssii

aa,,
  tt

hhee
  SS

uunn
ddaa

  ss
uubb

dduu
cctt

iioo
nn  

zzoo
nnee

lliiee
ss  

aatt
  tt

hhee
  iinn

ttee
rrff

aacc
ee  

bbee
ttww

eeee
nn  

tthh
ee  

SSuu
nndd

aa  
bbll

oocc
kk

aann
dd  

tthh
ee  

AA
uuss

ttrr
aall

iiaa
nn  

ppll
aatt

ee..

OO
vvee

rr  
tthh

ee  
llaa

sstt
  22

0000
  yy

eeaa
rrss

,,  tt
hhee

rree
  hh

aavv
ee  

bbee
eenn

  aa
tt  

llee
aass

tt  
ffii

vvee
ggii

aann
tt  

eeaa
rrtt

hhqq
uuaa

kkee
ss,,

  iinn
ccll

uudd
iinn

gg  
tthh

ee  
DD

eecc
eemm

bbee
rr  

2266
,,  22

0000
44

eeaa
rrtt

hhqq
uuaa

kkee
  ww

hhii
cchh

  cc
aauu

ssee
dd  

aa  
ttss

uunn
aamm

ii  tt
hhaa

tt  
kkii

llllee
dd

aapp
pprr

ooxx
iimm

aatt
eell

yy  
1100

00,,
0000

00  
ppee

oopp
llee

..  AA
ss  

ssuu
cchh

,,  aa
  dd

eett
aaii

llee
dd

uunn
ddee

rrss
ttaa

nndd
iinn

gg  
hhoo

ww
  tt

hhee
  tt

ww
oo  

ppll
aatt

eess
  aa

rree
  ss

lliipp
ppii

nngg
  pp

aass
tt

eeaa
cchh

  oo
tthh

eerr
  cc

aann
  hh

eell
pp  

uuss
  uu

nndd
eerr

sstt
aann

dd  
ww

hhee
rree

  aa
nndd

  ww
hhee

nn
tthh

ee  
nnee

xxtt
  gg

iiaa
nntt

  ee
aarr

tthh
qquu

aakk
ee  

nnee
aarr

  tt
hhee

  SS
uunn

ddaa
  ss

uubb
dduu

cctt
iioo

nn
zzoo

nnee
  iiss

  llii
kkee

llyy
  tt

oo  
oocc

ccuu
rr..

(L
ef

t)
Th

e 
tw

o 
pr

im
ar

y 
m

et
ho

ds
 u

se
d 

to
 m

ea
su

re
 s

ur
fa

ce
di

sp
la

ce
m

en
t 

at
 t

hi
s 

pa
rt

ic
ul

ar
 s

it
e 

 a
re

 G
PS

, w
hi

ch
 d

ir
ec

tl
y

m
ea

su
re

s 
di

sp
la

ce
m

en
t 

in
 e

ve
ry

 d
ir

ec
ti

on
, a

nd
 c

or
al

 g
ro

w
th

re
co

rd
s,

 w
hi

ch
 is

 a
 p

ro
xy

 f
or

 v
er

ti
ca

l d
is

pl
ac

em
en

t. 
W

hi
le

 G
PS

bo
th

 is
 m

or
e 

pr
ec

is
e 

an
d 

pr
ov

id
es

 d
at

a 
 in

 t
hr

ee
 d

ir
ec

ti
on

s
ra

th
er

 t
ha

n 
ju

st
 o

ne
, w

e 
ca

n 
on

ly
 f

in
d 

da
ta

 f
or

 t
im

e 
pe

ri
od

s
du

ri
ng

 w
hi

ch
 a

 G
PS

 s
ta

ti
on

 w
as

 f
un

ct
io

ni
ng

 a
nd

 in
 p

la
ce

. 
C

or
al

 d
ie

s 
w

he
n 

it
 is

 e
xp

os
ed

 t
o 

ai
r.

 T
hu

s 
an

y 
ch

an
ge

s 
in

 t
he

lo
w

es
t 

lo
w

 t
id

e 
of

 t
he

 y
ea

r,
  f

or
 e

xa
m

pl
e 

du
e 

to
 t

ec
to

ni
c 

up
lif

t,
m

ay
 b

e 
re

fl
ec

te
d 

in
 h

ow
 t

he
 c

or
al

 g
ro

w
s 

fr
om

 y
ea

r-
to

-y
ea

r.
Be

ca
us

e 
co

ra
l o

cc
ur

s 
na

tu
ra

lly
, c

or
al

 g
ro

w
th

 r
ec

or
ds

 c
an

pr
ov

id
e 

ov
er

 a
 h

un
dr

ed
 y

ea
rs

 o
f 

di
sp

la
ce

m
en

t 
da

ta
 [5

].

(R
ig

ht
)

A
ft

er
 t

ak
in

g 
in

to
 a

cc
ou

nt
 f

ac
to

rs
 s

uc
h 

as
 c

ha
ng

es
 in

 s
ea

 le
ve

l
ov

er
 t

im
e 

an
d 

id
io

sy
nc

ra
si

es
 r

el
at

ed
 t

o 
w

or
ki

ng
 w

it
h 

a
bi

ol
og

ic
al

 p
ro

xy
,  

th
e 

po
si

ti
on

 o
f 

th
e 

ye
ar

ly
 g

ro
w

th
 r

in
gs

fo
rm

ed
 b

y 
co

ra
l c

an
 b

e 
co

un
te

d 
to

 d
et

er
m

in
e 

th
e 

se
a 

le
ve

l
re

la
ti

ve
 t

o 
so

m
e 

pa
rt

 o
f 

th
e 

co
ra

l t
ha

t 
ca

n 
be

 d
at

ed
 u

si
ng

ra
di

oa
ct

iv
e 

is
ot

op
es

.  
W

ha
t 

re
su

lt
s 

ar
e 

ti
m

e 
se

ri
es

 t
ha

t 
pr

ov
id

e
a 

re
as

on
ab

ly
 d

et
ai

le
d 

re
co

rd
 o

f 
ve

rt
ic

al
 d

ef
or

m
at

io
n 

ov
er

 t
he

la
st

 4
0 

to
 1

50
 y

ea
rs

.

1
8

8
0

1
9

0
0

1
9

2
0

1
9

4
0

1
9

6
0

1
9

8
0

2
0

0
0

-1
5

-1
0-505

1
0

1
5

2
0

2
5

3
0

Y
e

a
r

CumulativeUplift(cm)

O
ri

g
in

a
lt

im
e

se
ri

e
s

fo
r

B
a

ro
g

a
n

g

C
o

ra
lu

p
lif

t
d

a
ta

E
st

im
a

te
d

1
σ

e
rr

o
r

b
a

r

1
8

5
0

1
9

0
0

1
9

5
0

2
0

0
0

-5
0

-4
0

-3
0

-2
0

-1
00

1
0

2
0

3
0

4
0

Y
e

a
r

CumulativeUplift(cm)

O
ri

g
in

a
lt

im
e

se
ri

e
s

fo
r

B
a

d
g

u
g

u
W

e
st

C
o

ra
lu

p
lif

t
d

a
ta

E
st

im
a

te
d

1
σ

e
rr

o
r

b
a

r

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-202468

1
0

1
2

1
4

Y
e

a
r

CumulativeUplift(cm)

O
ri

g
in

a
lt

im
e

se
ri

e
s

fo
r

A
n

tin
a

n
g

C
o

ra
lu

p
lif

t
d

a
ta

E
st

im
a

te
d

1
σ

e
rr

o
r

b
a

r

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-1
0-505

Y
e

a
r

CumulativeUplift(cm)

O
ri

g
in

a
lt

im
e

se
ri

e
s

fo
r

T
o

fa

C
o

ra
lu

p
lif

t
d

a
ta

E
st

im
a

te
d

1
σ

e
rr

o
r

b
a

r

 P
ho

to
s 

co
ur

te
sy

 o
f t

he
 T

ec
to

ni
cs

 O
bs

er
va

to
ry

.

Th
e 

ea
rt

hq
ua

ke
 c

yc
le

 f
or

 tw
o 

pl
at

es
 o

n 
th

e 
se

du
ct

io
ns

 o
n 

co
ns

is
ts

pr
im

ar
ily

 o
f 

th
re

e 
ph

as
es

:

1.
 In

te
r-

se
is

m
ic

 L
oa

di
ng

- A
s 

th
e 

su
bd

uc
tin

g 
pl

at
e 

an
d 

th
e 

ov
er

ri
di

ng
 p

la
te

 c
on

ve
rg

e,
  a

 s
ec

tio
n 

of
 th

e 
in

te
rf

ac
e 

be
tw

ee
n 

th
e 

tw
o 

pl
at

es
 lo

ck
s

  a
nd

 s
tr

es
s 

bu
ild

s 
ov

er
 ti

m
e.

2.
 C

o-
se

is
m

ic
 E

ve
nt

s
- T

he
 s

tr
es

s 
ev

en
tu

al
ly

 b
ec

om
es

 to
o 

m
uc

h 
fo

r 
th

e 
pl

at
es

 to
 b

ea
r

   
a 

su
dd

en
 a

nd
 v

io
le

nt
 s

lip
pi

ng
 b

et
w

ee
n 

th
e 

tw
o 

pl
at

es
 (i

.e
. a

n
   

ea
rt

hq
ua

ke
) o

cc
ur

s,
 r

el
ea

si
ng

 th
e 

st
re

ss
 th

at
 h

as
 b

ui
lt

 u
p.

3.
 P

os
t-

se
is

m
ic

 R
el

ax
at

io
n

- A
ft

er
 th

e 
ea

rt
hq

ua
ke

 th
e 

pl
at

es
 g

ra
du

al
ly

 r
et

ur
n 

to
 a

  t
em

po
ra

ry
 s

ta
te

 o
f 

eq
ui

lib
ri

um
, o

ft
en

 a
cc

om
pa

ni
ed

 b
y

  g
ra

du
al

ly
 d

ec
re

as
in

g 
tim

e-
de

pe
nd

en
t s

lip
.

A
 c

ar
to

on
 r

ep
re

se
nt

at
io

n 
of

 th
is

 p
ro

ce
ss

 a
nd

 th
e 

re
su

lt
in

g
su

rf
ac

e 
de

fo
rm

at
io

n 
ar

e 
lo

ca
te

d 
in

 th
e 

fi
gu

re
 o

n 
th

e 
ri

gh
t. 

Th
is

 in
fo

rm
at

io
n 

im
pl

ie
s 

th
at

 if
 w

e 
ar

e 
ab

le
 to

 f
ig

ur
e 

ou
t w

ha
t t

he
 

di
sp

la
ce

m
en

t a
t t

he
 s

ur
fa

ce
 h

as
 b

ee
n 

w
e 

m
ay

 b
e 

ab
le

 to
 s

ol
ve

 f
or

w
ha

t i
s 

ha
pp

en
in

g 
at

 d
ep

th
.

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-1
0-505

Y
e

a
r

CumulativeUplift(cm)

O
ri

g
in

a
l

ti
m

e
s

e
ri

e
s

fo
r

T
o

fa

L
in

e
a

r
M

o
d

e
l

C
o

ra
l

u
p

lif
t

d
a

ta
w

it
h

1
σ

e
rr

o
r

b
a

r

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-202468

1
0

1
2

1
4

Y
e

a
r

CumulativeUplift(cm)

O
ri

g
in

a
lt

im
e

se
ri

e
s

fo
r

A
n

tin
a

n
g

L
in

e
a

r
M

o
d

e
l

C
o

ra
lu

p
lif

t
d

a
ta

w
ith

1
σ

e
rr

o
r

b
a

r

0
5

1
0

1
5

2
0

2
5

3
0

0

1
0

2
0

3
0

4
0

Y
e

a
rs

a
ft

e
r

m
a

in
sh

o
ck

(1
9

3
5

)

Du(cm)

P
o

st
-S

e
is

m
ic

re
la

xa
tio

n
cu

rv
e

s
a

ft
e

r
1

9
3

5
(i

sh
)

S
e

is
m

ic
E

ve
n

 t
A

n
tin

a
n

g
3

.t
xt

E
xp

L
o

g
M

o
d

e
l

O
b

se
rv

a
tio

n
s

w
ith

E
rr

o
r

B
a

rs

0
5

1
0

1
5

2
0

2
5

3
0

-1

-0
.50

0
.5

Y
e

a
rs

a
ft

e
r

m
a

in
sh

o
ck

(1
9

3
5

)

Res=y-y(hat)(cm)

P
o

st
-S

e
is

m
ic

re
la

xa
tio

n
cu

rv
e

re
si

d
u

a
ls

a
ft

e
r

1
9

3
5

(i
sh

)
S

e
i s

m
ic

E
ve

n
t

R
e

si
d

u
a

ls

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-202468

1
0

1
2

1
4

1
6

Y
e

a
r

CumulativeUplift(cm)

A
n

ti
n

a
n

g

O
ri

g
in

a
l

d
a

ta
in

te
rp

o
la

te
d

/e
x

tr
a

p
o

la
te

d

19
40

19
50

19
60

19
70

19
80

19
90

20
00

-2
5

-2
0

-1
5

-1
0-50510

Y
ea

r

Displacementincm

To
fa

nu
m

be
ro

fc
om

po
ne

nt
s=

6,
γ=

1.
5

1
P

rin
ci

pa
lC

om
po

ne
nt

2
P

rin
ci

pa
lC

om
po

ne
nt

s

3
P

rin
ci

pa
lC

om
po

ne
nt

s

4
P

rin
ci

pa
lC

om
po

ne
nt

s

5
P

rin
ci

pa
lC

om
po

ne
nt

s

6
P

rin
ci

pa
lC

om
po

ne
nt

s

In
te

rp
ol

at
ed

D
at

a

O
rig

in
al

D
at

a

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-4-202468

1
0

1
2

1
4

1
6

Y
e

a
r

Displacementincm

A
n

tin
a

n
g

n
u

m
b

e
r

o
f

co
m

p
o

n
e

n
ts

=
6

,
γ=

1
.5

1
P

ri
n

ci
p

a
lC

o
m

p
o

n
e

n
t

2
P

ri
n

ci
p

a
lC

o
m

p
o

n
e

n
ts

3
P

ri
n

ci
p

a
lC

o
m

p
o

n
e

n
ts

4
P

ri
n

ci
p

a
lC

o
m

p
o

n
e

n
ts

5
P

ri
n

ci
p

a
lC

o
m

p
o

n
e

n
ts

6
P

ri
n

ci
p

a
lC

o
m

p
o

n
e

n
ts

In
te

rp
o

la
te

d
D

a
ta

O
ri

g
in

a
lD

a
ta

-1
0

0

-5
00

5
0

1
0

0

km
fr

o
m

fa
u

lt

kmalongstrike

1

-1
0

0
-5

0
0

5
0

1
0

0

p
ri

n
ci

p
a

lc
o

m
p

o
n

e
n

t
1

B
a

d
g

u
g

u
W

e
s

t

L
a

g
o

P
o

n
o

B
a

d
g

u
g

u
E

s
t

B
e

n
d

e
ra

T
jA

n
ji

n
g

A
n

ti
n

a
n

g B
a

iL
a

m
b

a
k

M
a

s
in

P
e

n
a

n
g

T
e

lu
r

T
o

fa

00
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

ee
lllluuu

r
eeeee

lluuu
r

BBBB
eee

nnnnnn
d

nnnn
dd B

o
n

oo
AAAAAA

nnn
tti oottii

n
PPPP

ooo
n

A

L
aa

mmmm
bbb

aa
L

mm
bbbb

aa
k

MM
a

ii

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-0
.2

-0
.1

5

-0
.1

-0
.0

50
N

o
rm

a
liz

e
d

P
ri

n
c

ip
a

l
C

o
m

p
o

n
e

n
t

1

Y
e

a
r

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-0
.2

-0
.10

0
.1

0
.2

0
.3

N
o

rm
a

liz
e

d
P

ri
n

c
ip

a
l

C
o

m
p

o
n

e
n

t
2

Y
e

a
r

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-0
.4

-0
.20

0
.2

0
.4

N
o

rm
a

liz
e

d
P

ri
n

c
ip

a
l

C
o

m
p

o
n

e
n

t
3

Y
e

a
r

0
5

1
0

1
5

2
0

2
5

3
0

-3
0

-2
0

-1
00

1
0

Y
e

a
rs

a
ft

e
r

m
a

in
sh

o
ck

(1
9

3
5

)

Du(cm)

P
o

st
-S

e
is

m
ic

re
la

xa
tio

n
c

u
rv

e
s

a
ft

e
r

1
9

3
5

(i
sh

)
S

e
is

m
ic

E
ve

n
 t

T
o

fa
3

.t
xt

E
xp

L
o

g
M

o
d

e
l

O
b

se
rv

a
tio

n
s

w
ith

E
rr

o
r

B
a

rs

0
5

1
0

1
5

2
0

2
5

3
0

-2024

Y
e

a
rs

a
ft

e
r

m
a

in
sh

o
ck

(1
9

3
5

)

Res=y-y(hat)(cm)

P
o

st
-S

e
is

m
ic

re
la

xa
tio

n
cu

rv
e

re
si

d
u

a
ls

a
ft

e
r

1
9

3
5

(i
sh

)
S

e
i s

m
ic

E
ve

n
t

R
e

si
d

u
a

ls

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-1
2

-1
0-8-6-4-20246

Y
e

a
r

CumulativeUplift(cm)

T
o

fa

O
ri

g
in

a
l

d
a

ta
in

te
rp

o
la

te
d

/e
x

tr
a

p
o

la
te

d

-1
0

0
-5

0
0

5
0

1
0

0

-1
0

0

-5
00

5
0

1
0

0

p
ri

n
c

ip
a

l
c

o
m

p
o

n
e

n
t

2

k
m

fr
o

m
fa

u
lt

kmalongstrike

B
a

d
g

u
g

u
W

e
s

t

L
a

g
o

P
o

n
o

B
a

d
g

u
g

u
E

s
t

B
e

n
d

e
ra

T
jA

n
ji

n
g

A
n

ti
n

a
n

g B
a

iL
a

m
b

a
k

M
a

s
in

P
e

n
a

n
g

T
e

lu
r

T
o

fa

00
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

1

ee
llluuu

r
TT

ee
lllluuu

r

BBB
eee

nnnnnnnnnn
dd

oo
n

oo
AAAAA

nnnn
tt oottii

PPPP
oooo

a
m

MM

mm
bbb

aa

MM
aa

ss
iin

T
he

 m
os

t 
st

ra
ig

ht
fo

rw
ar

d 
m

od
el

 is
 o

ne
 t

ha
t 

is
 li

ne
ar

 w
it

h

ti
m

e.
  T

ha
t 

is
, t

he
 r

at
e 

of
 d

is
pl

ac
em

en
t 

(v
er

ti
ca

l d
is

pl
ac

em
en

t

in
 t

hi
s 

ca
se

) a
t 

th
e 

su
rf

ac
e 

is
 c

on
st

an
t.

  T
hi

s 
al

lo
w

s 
us

 t
o

ex
pl

ai
n 

m
os

t 
of

 t
he

 f
ir

st
-o

rd
er

 f
ea

tu
re

s 
of

 t
he

 d
at

a 
(n

o 
pu

n

in
te

nd
ed

.) 
H

ow
ev

er
, i

t 
is

 c
le

ar
 t

ha
t 

th
er

e 
is

 s
om

e 
un

ex
pl

ai
ne

d

va
ri

ab
ili

ty
 in

 t
he

 d
at

a.

T
he

 f
ir

st
 s

te
p 

in
 in

ve
st

ig
at

in
g 

th
is

 v
ar

ia
bi

lit
y 

is
 t

o 
fi

t 
th

e 
da

ta

us
in

g 
an

 a
ss

um
ed

 p
hy

si
ca

l m
od

el
, i

n 
th

is
 c

as
e 

th
e 

sp
ri

ng

sl
id

er
 m

od
el

 f
ro

m
 [8

].

T
he

 p
hy

si
ca

l m
od

el
 a

llo
w

s 
us

 t
o 

in
te

rp
ol

at
e 

an
d 

ex
tr

ap
ol

at
ed

 d
at

a

so
 e

ac
h 

of
 o

ur
 d

at
as

et
s 

ha
s 

th
e 

sa
m

e 
di

st
ri

bu
ti

on
 o

f

"m
ea

su
re

m
en

ts
" 

in
 t

im
e.

 In
 t

he
 c

as
e 

of
 t

he
 c

or
al

 d
at

a,
 w

e 
m

ak
e 

th
is

an
 e

ve
n 

di
st

ri
bu

ti
on

 w
it

h 
on

e 
da

ta
 p

oi
nt

 p
er

 y
ea

r.

W
e 

th
en

 d
ec

om
po

se
 a

ll 
of

 o
ur

 t
im

e 
se

ri
es

 u
si

ng
 a

 s
ta

ti
st

ic
al

te
ch

ni
qu

e 
ca

lle
d 

pr
in

ci
pa

l c
om

po
ne

nt
 a

na
ly

si
s 

(P
C

A
). 

 T
he

 s
o-

ca
lle

d

pr
in

ci
pa

l c
om

po
ne

nt
 v

ec
to

rs
 a

re
 c

ho
se

n 
an

d 
or

de
re

d 
su

ch
 t

ha
t 

th
e 

fi
rs

t 
pr

in
ci

pa
l c

om
po

ne
nt

 v
ec

to
r 

ex
pl

ai
ns

 a
s 

m
uc

h 
va

ri
ab

ili
ty

 o
f 

th
e 

da
ta

 a
s 

po
ss

ib
le

, t
he

 s
ec

on
d 

pr
in

ci
pa

l c
om

po
ne

nt
 v

ec
to

r 
ex

pl
ai

ns
 a

s

m
uc

h 
va

ri
ab

ili
ty

 o
f 

th
e 

da
ta

 a
s 

po
ss

ib
le

 g
iv

en
 t

ha
t 

th
e 

va
ri

ab
ili

ty
 

as
so

ci
at

ed
 w

it
h 

th
e 

fi
rs

t 
co

m
po

ne
nt

 h
as

 b
ee

n 
re

m
ov

ed
, a

nd
 s

o 
on

.

T
hi

s 
al

lo
w

s 
us

 t
o 

fi
nd

 t
he

 c
om

m
on

 p
at

te
rn

s

am
on

gs
t 

th
e 

da
ta

 (i
n 

ot
he

r 
w

or
ds

, c
om

po
ne

nt
s 

no
t

co
ns

is
ti

ng
 o

f 
un

co
rr

el
at

ed
  n

oi
se

 o
r 

si
gn

al
,) 

 a
nd

th
us

 f
ai

th
fu

lly
 r

ep
re

se
nt

 e
ac

h 
ti

m
e 

se
ri

es
 a

s 
th

e

su
m

 o
f 

th
e 

fi
rs

t 
se

ve
ra

l p
en

ce
 w

ill
 c

om
po

ne
nt

s.
  I

n

th
is

 p
ar

ti
cu

la
r 

ca
se

, t
he

re
 a

re
 1

4 
pr

in
ci

pa
l

co
m

po
ne

nt
 v

ec
to

rs
 t

ot
al

 a
nd

 t
he

 e
ve

n 
th

e 
m

os
t

tr
ou

bl
es

om
e 

st
at

io
ns

 (e
.g

. A
nt

in
an

g)
 a

re

w
el

l-r
ep

re
se

nt
ed

 w
it

h 
th

e 
fi

rs
t 

si
x 

pr
in

ci
pa

l

co
m

po
ne

nt
s.

 S
om

e 
st

at
io

ns
 (e

.g
. B

ar
og

an
g)

 a
re

w
el

l-r
ep

re
se

nt
ed

 w
it

h 
on

ly
 o

ne
 c

om
po

ne
nt

.

-1
00

-5
0

0
50

10
0

-1
00-5

005010
0

19
70

A
cc

um
ul

at
ed

sl
ip

du
rin

g
5y

ea
r(

s)
pr

ev
io

us
to

19
70

B
ad

g
u

g
u

W
es

t

L
ag

o

P
o

n
o

B
ad

g
u

g
u

E
st

B
en

d
er

aT
jA

n
jin

g

A
n

ti
n

an
g B

aiL
am

b
ak

M
as

in

P
en

an
g

T
el

u
r

T
o

fa

010
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

-1
00

-5
0

0
50

10
0

-1
00-5

005010
0

19
60

A
cc

um
ul

at
ed

sl
ip

du
rin

g
5y

ea
r(

s)
pr

ev
io

us
to

19
60

B
ad

g
u

g
u

W
es

t

L
ag

o

P
o

n
o

B
ad

g
u

g
u

E
st

B
en

d
er

aT
jA

n
jin

g

A
n

ti
n

an
g B

aiL
am

b
ak

M
as

in

P
en

an
g

T
el

u
r

T
o

fa

010
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

-1
00

-5
0

0
50

10
0

-1
00-5

005010
0

19
55

A
cc

um
ul

at
ed

sl
ip

du
rin

g
5y

ea
r(

s)
pr

ev
io

us
to

19
55

B
ad

gu
gu

W
es

t

La
go

P
on

o

B
ad

gu
gu

E
st

B
en

de
raTj

A
nj

in
g

A
nt

in
an

g B
aiLa

m
ba

k

M
as

in

P
en

an
g

Te
lu

r

To
fa

010
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

TTTTTTeee
l

TTTTeeee
lllluuu

A
cc

u

TTT
eeeeellll

uuuu
r

TTTT
eee

r

l

pr

T
eelll

uuuu

A
cc

um
ul

at
A

cc
um

ul
at

e

-1
00

-5
0

0
50

10
0

-1
00-5

005010
0

19
65

A
cc

um
ul

at
ed

sl
ip

du
rin

g
5y

ea
r(

s)
pr

ev
io

us
to

19
65

B
ad

gu
gu

W
es

t

La
go

P
on

o

B
ad

gu
gu

E
st

B
en

de
raTj

A
nj

in
g

A
nt

in
an

g B
aiLa

m
ba

k

M
as

in

P
en

an
g

Te
lu

r

To
fa

010
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

A
cc

um
ul

at
A

cc
um

ul
at

e

eell
uuuur

TTTeee
llluuu

r

Ea
ch

 o
f 

th
e 

pr
in

ci
pa

l c
om

po
ne

nt
s 

ha
s 

a 
w

ei
gh

t

co
rr

es
po

nd
in

g 
to

 e
ac

h 
st

at
io

n.
 T

he
se

 w
ei

gh
ts

re
pr

es
en

t 
ho

w
 s

tr
on

gl
y 

ea
ch

 p
ri

nc
ip

al
 c

om
po

ne
nt

 is

re
pr

es
en

te
d 

in
 t

he
 t

im
e 

se
ri

es
 o

f 
th

at
 p

ar
ti

cu
la

r

st
at

io
n.

  T
he

 v
er

ti
ca

l d
is

pl
ac

em
en

t 
re

su
lt

in
g 

fr
om

 t
he

co
nt

ri
bu

ti
on

 o
f 

ea
ch

 c
om

po
ne

nt
 is

 p
ro

po
rt

io
na

l t
o

ea
ch

 c
om

po
ne

nt
's

 w
ei

gh
t 

fo
r 

th
at

 s
ta

ti
on

. U
si

ng
 t

hi
s

in
fo

rm
at

io
n 

or
 a

 g
iv

en
 c

om
po

ne
nt

 w
e 

ar
e 

ab
le

 t
o

in
ve

rt
 t

he
 s

et
 o

f 
w

ei
gh

ts
 f

or
 e

ac
h 

st
at

io
n 

us
in

g 
th

e

O
ka

da
 f

or
m

ul
at

io
n 

an
d 

so
lv

e 
fo

r 
a 

sl
ip

 m
ap

 t
ha

t 

xp
la

in
s 

th
e 

su
rf

ac
e 

de
fo

rm
at

io
n 

w
e 

ob
se

rv
e 

th
at

th
e 

su
rf

ac
e 

du
e 

to
 t

hi
s 

co
m

po
ne

nt
. I

n 
pa

rt
 t

he

qu
al

it
y 

of
 t

he
 s

m
oo

th
in

g 
pa

ra
m

et
er

 u
se

d.
  I

f 
th

e

sm
oo

th
in

g 
pa

ra
m

et
er

 is
 s

et
 t

oo
 lo

w
, t

he
 s

lip

di
st

ri
bu

ti
on

 w
ill

 n
ot

 b
e 

ab
le

 t
o 

va
ry

 m
uc

h 
w

it
h

po
si

ti
on

.  
H

ow
ev

er
 if

 t
he

 s
m

oo
th

in
g 

pa
ra

m
et

er
 is

 s
et

to
o 

hi
gh

, t
he

 s
ol

ut
io

n 
be

co
m

es
 v

er
y 

no
n-

un
iq

ue
.

1
9

4
0

1
9

5
0

1
9

6
0

1
9

7
0

1
9

8
0

1
9

9
0

2
0

0
0

-505

1
0

1
5

2
0

2
5

3
0

3
5

Y
e

a
r

Displacementincm

B
e

n
d

e
ra

n
u

m
b

e
r

o
f

co
m

p
o

n
e

n
ts

=
6

In
ve

rt
e

d
F

ilt
e

re
d

D
a

ta
In

te
rp

o
la

te
d

D
a

ta
O

ri
g

in
a

lD
a

ta

A
n 

ex
am

pl
e 

of
 t

he
 h

ow
 w

el
l

th
e 

sl
ip

 m
od

el
 a

gr
ee

s

w
it

h 
th

e 
fi

el
d 

da
ta

.

T
he

 f
ig

ur
es

 a
bo

ve
 a

re
 e

xa
m

pl
es

 o
f 

cu
m

ul
at

iv
e 

sl
ip

 d
is

tr
ib

ut
io

ns
 o

ve
r 

fi
ve

-y
ea

r 
pe

ri
od

s,
 f

ro
m

19
50

-1
95

5,
 1

95
6-

19
60

, 1
96

1-
19

65
, a

nd
 1

96
6-

19
70

. N
ot

ic
e 

ho
w

 t
he

 d
ir

ec
ti

on
 a

nd
 m

ag
ni

tu
de

 o
f

sl
ip

 o
ve

r 
th

es
e 

ti
m

e 
pe

ri
od

s 
va

ri
es

 g
re

at
ly

. F
ro

m
 e

xa
m

in
in

g 
al

l o
f 

th
e 

ti
m

e 
se

ri
es

, i
t 

is
 c

le
ar

 t
ha

t

so
m

et
hi

ng
 o

ut
 o

f 
th

e 
or

di
na

ry
 h

ap
pe

ne
d 

ne
ar

 1
96

0.
 F

ig
ur

es
 s

uc
h 

as
 t

he
se

 w
ill

 h
el

p 
un

ra
ve

l t
he

m
ys

te
ry

. U
ni

ts
 a

re
 r

el
at

iv
e.

19
40

19
50

19
60

19
70

19
80

19
90

20
00

-50510152025303540

Ye
ar

Displacementincm

Be
nd

er
a

nu
m

be
ro

fc
om

po
ne

nt
s=

6,
γ=

1.
5

1
Pr

in
ci

pa
lC

om
po

ne
nt

2
Pr

in
ci

pa
lC

om
po

ne
nt

s
3

Pr
in

ci
pa

lC
om

po
ne

nt
s

4
Pr

in
ci

pa
lC

om
po

ne
nt

s
5

Pr
in

ci
pa

lC
om

po
ne

nt
s

6
Pr

in
ci

pa
lC

om
po

ne
nt

s
In

te
rp

ol
at

ed
D

at
a

O
rig

in
al

D
at

a

T
im

e
D

ep
en

d
en

t
S
li

p
:

A
 M

a
th

em
a

ti
ca

l 
S
tu

d
y

o
f

H
is

to
ri

c
D

is
p

la
ce

m
en

t
N

ea
r

th
e

S
u

n
d

a
M

eg
a

th
ru

st
S
u

b
d

u
ct

io
n

Z
o
n

e
A

. 
P
. 
K

o
s
it
s
k
y,

 M
. 
C

h
lie

h
, 
J
-P

.
A

v
o
u
a
c
, 
K

. 
S

ie
h
 -

 C
a
lif

o
rn

ia
 I
n
s
ti
tu

te
 o

f 
T
e
c
h
n
o
lo

g
y,

 G
P

S
 d

iv
is

io
n

a
p
k
@

c
a
lt
e
c
h
.e

d
u

D
. 
H

. 
N

a
ta

w
id

ja
ja

,-
 L

IP
I,
 I
n
d
o
n
e
s
ia

A
B

S
TR

A
C

T
W

e
in

ve
rt

di
sp

la
ce

m
en

td
at

a
us

in
g

pr
in

ci
pa

lc
om

po
ne

nt
an

al
ys

is
(P

C
A

)a
nd

th
e

O
ka

da
fo

rm
ul

at
io

n
fo

rs
lip

at
de

pt
h

on
th

e
fa

ul
ti

n
th

e
S

um
at

ra
su

bd
uc

tio
n

zo
ne

.T
ho

ug
h

th
is

w
or

k
on

ly
de

al
s

w
ith

on
e

di
m

en
si

on
al

 d
is

pl
ac

em
en

t d
at

a,
 th

e 
m

et
ho

d 
ca

n 
be

 g
en

er
al

iz
ed

 to
 th

re
e 

di
m

en
si

on
al

 d
is

pl
ac

em
en

ts
 u

si
ng

 G
P

S
 d

at
a.

 (W
or

k 
in

 p
ro

gr
es

s)

24
/4
0



25
/4
0



10
-9

 m
/s

pl
at

e 
lo

ad
in

g 
ra

te
10

-1
2  m

/s
lo

ck
ed

1 
m

/s
av

er
ag

e 
se

is
m

ic
 s

li
p 

ra
te

10
-6

 m
/s

10
-4

 m
/s

10
-2

 m
/s

A
bs

tra
ct

M
od

el
 o

f a
 v

er
tic

al
 st

rik
e-

sli
p 

fa
ul

t

V

F
au
lt

zo
ne
,
fr
ic
ti
on

ac
ts

E
ar
th
’s

cr
us
t
(2
4
km

)

L
oa
di
ng

su
bs
tr
at
e

x

y
z

1/
2
V p

l

1/
2
V p

l
pl

35
m
m
/y
r
or

~
10

-9
m
/s

3D
 e

ar
th

qu
ak

e 
si

m
ul

at
io

ns
 h

el
p 

us
 to

:
1.

St
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y 
ef

fe
ct

s o
f e

ar
th

qu
ak

e 
ph

ys
ic

s a
nd

 fa
ul

t g
eo

m
et

ry
, i

nd
ep

en
de

nt
ly

 o
f i

ni
tia

l c
on

di
tio

ns
.

2.
   

U
nd

er
st

an
d 

ho
w

 e
ar

th
qu

ak
es

 n
uc

le
at

e,
 p

ro
pa

ga
te

 a
nd

 a
rr

es
t, 

an
d 

ho
w

 th
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e 
st

ag
es

 in
te

ra
ct

.
3.

U
nd

er
st

an
d 

ho
w

 h
et

er
og

en
ei

tit
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en
ce

 fa
ul

t b
eh
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io

r i
n 

ea
rth

qu
ak

e 
se

qu
en

ce
s v

s. 
si

ng
le

 e
ar

th
qu

ak
es
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ib
its

 st
ea

dy
-s

ta
te

 v
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ng
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 a
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 th
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on
al
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D

) m
od

el
s e

nj
oy

 a
 lo

t o
f i

nt
er

es
t 
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ca

us
e 

of
 th

ei
r a

bi
lit

y 
to

 c
la

rif
y 

ea
rth

qu
ak

e 
ph

ys
ic

s. 
W

e 
ha

ve
 b

ee
n 

de
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pi

ng
 a
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D

 m
et

ho
do

lo
gy
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r 

si
m

ul
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g 

th
e 

en
tir

e 
se

is
m

ic
 a

nd
 a

se
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m
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 sl
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 h
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ry

 o
f a
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t s
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je
ct
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 to
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ow
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ct
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g.

Th
e 
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go

rit
hm

, e
xt

en
de

d 
fr

om
 th

e 
2D
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ud

y 
by

 L
ap

us
ta

 e
t a

l. 
(2

00
0)

, a
llo

w
s u

s t
o 

re
so

lv
e 

al
l s

ta
ge

s o
f 

sp
on

ta
ne

ou
s s

lip
 a

cc
um

ul
at

io
n 

in
 a

 si
ng

le
 c

om
pu

ta
tio

na
l p

ro
ce

du
re

, i
nc

lu
di

ng
 q

ua
si

-s
ta

tic
 n

uc
le

at
io

n 
pr

oc
es

s, 
dy

na
m

ic
 ru

pt
ur

e 
pr

op
ag

at
io

n,
 p

os
t-s

ei
sm

ic
 d

ef
or

m
at

io
n,

 a
nd

 a
se

is
m

ic
 p

ro
ce

ss
es

 th
ro

ug
ho

ut
 

th
e 

lo
ad

in
g 

pe
rio

d.
 S

im
ul
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g 
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ng
-te
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 d

ef
or

m
at

io
n 

hi
st
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ie

s w
hi

le
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nt
in

g 
fo

r d
yn
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ct
s 

of
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cc
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io
na

l e
ar

th
qu

ak
es
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 q

ui
te

 c
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lle
ng

in
g 

du
e 

to
 a

 v
ar

ie
ty

 o
f t

em
po

ra
l a

nd
 sp

at
ia

l s
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le
s.

W
e 

co
ns

id
er

 a
 v

er
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rik
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sl
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t e
m
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ed
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n 
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f-
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e 
an

d 
go
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ed
 b

y 
ra

te
 a

nd
 

st
at

e 
fr

ic
tio

n.
  O

n 
th

e 
fa

ul
t, 

th
er

e 
is

 a
 se

is
m

og
en

ic
 re

gi
on

, 3
0 

km
 lo

ng
 a

nd
 1

5 
km

 d
ee

p,
 w

ith
 st

ea
dy

-
st

at
e 

ra
te

-w
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ke
ni

ng
 p

ro
pe

rti
es

.  
It 

is
 su

rr
ou

nd
ed

 b
y 

st
ea

dy
-s

ta
te

 ra
te

-s
tre

ng
th

en
in

g 
re

gi
on

s t
ha

t s
ta

bl
y 

sl
ip

 (c
re

ep
) u

nd
er

 lo
ad

in
g.

  W
e 

ob
se

rv
e 

th
e 

fo
llo

w
in

g 
in

te
re

st
in

g 
ph

en
om

en
a:

 
(1

) T
he

 si
m

ul
at

io
ns

 p
ro

du
ce

 re
al
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tic

 e
ar

th
qu

ak
es

 a
nd

 c
om

pl
ic

at
ed

 p
at

te
rn

s o
f i

nt
er

se
is

m
ic

 sl
ip

.  
Th

e 
ea

rth
qu

ak
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 p
ro

pa
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te
 w

ith
 ru
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ur

e 
sp

ee
ds

 c
om

pa
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bl
e 

to
 th

e 
sh

ea
r w
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e 

sp
ee

d 
of

 th
e 

su
rr

ou
nd

in
g 

bu
lk

 a
nd

 h
av

e 
av

er
ag

e 
sl

ip
 ra

te
s o

f o
rd

er
 o

f 1
 m

/s
.  

 A
fte

r e
ac

h 
la

rg
e 

ea
rth

qu
ak

e,
 th

er
e 

is
 a

n 
ac

ce
le

ra
te

d 
po

st
-s

ei
sm

ic
 c

re
ep

 in
 th

e 
su

rr
ou

nd
in

g 
ra

te
-s

tre
ng

th
en

in
g 

re
gi

on
s. 

 D
ur

in
g 

in
te

rs
ei

sm
ic

 p
er

io
ds

, w
e 

ob
-

se
rv

e 
ve

ry
 in

te
re

st
in

g 
pa

tte
rn

s o
f a

se
is

m
ic

 sl
ip

, w
ith

 a
cc

el
er
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in

g 
an

d 
de

ce
le

ra
tin

g 
pa

tc
he

s a
nd

 sl
ow

 
pr

op
ag

at
io

n 
of
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 c
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ep
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ng
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e 
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e.

  T
he

se
 p

at
te

rn
s r
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ul

t i
n 
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si
on

al
 sm

al
l e

ve
nt

s. 
 

(2
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 q
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si

-d
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 m
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, w
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m
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te

d 
st
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 c
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 si
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-
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m
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m
pu

ta
tio

n 
of

 d
yn
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, q
ua

lit
at

iv
el

y 
ca

pt
ur

es
 m

os
t f

ea
tu

re
s o

f t
he

 
fu

lly
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 c
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ta
tio
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e 
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 e
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e 
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s u
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e 
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 re

-
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e 
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m
e 
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m
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at

ur
es

 su
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s t

he
 su

pe
rs

he
ar

 b
ur

st
.

 
(3

) A
n 

as
pe

rit
y 

(a
 sm

al
l c
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ul

ar
 re

gi
on

 2
0%
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ng
er

 th
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 th
e 
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rr

ou
nd

in
g 

fa
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t) 
ca
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 a
 su

pe
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-
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 b

ur
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r t

he
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t e
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qu
ak

e 
in

 th
e 

si
m
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io
n 
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t n

ot
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r s
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t e

ve
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s. 
Th

is
 in

di
ca

te
s t

ha
t 

si
ng

le
-e

ar
th
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ak

e 
si

m
ul

at
io

ns
, d

ue
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ei

r s
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ng
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ep
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e 
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 c
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 so

m
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 b
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l s

ta
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ir 

m
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at
e 
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n.
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w
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 (i

) a
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n 
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w
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 c
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e 
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n 

w
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 p
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n 
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d 
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g 
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s d

ur
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m
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 (i

i) 
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m
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er
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l c
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fig
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n 
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ce
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m
ul

at
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n 
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n 
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n 
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 m

an
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) d
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m
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e 
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e 

m
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-
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tio
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l p

ar
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s, 
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s m
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ra
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 sl
ip

 d
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of
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.
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.
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d
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e
th
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.
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w
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+
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−
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(3
)

3
B

u
rr

id
g

e-
A

n
d

re
w

s
S

u
p

er
sh

ea
r

Tr
an

si
ti

o
n

M
ec

h
an

is
m

B
as

ed
on

a
se

lf-
si

m
ila

r
sh

ea
r

cr
ac

k
m

od
el

,
B

ur
rid

ge
(1

97
3)

fo
un

d
th

at
th

er
e

is
a

sh
ea

r
st

re
ss

pe
ak

τ
l

=
τ

o
+

S
cr

it

( τ
o
−

τ
d
) ,

w
hi

ch
pr

op
ag

at
es

w
ith

th
e

sh
ea

r
w

av
e

sp
ee

d
in

fr
on

to
ft

he
cr

ac
k.

In
nu

m
er

ic
al

si
m

ul
at

io
ns

of
a

2D
in

-p
la

ne
sh

ea
r

cr
ac

k
go

ve
rn

ed
by

lin
-

ea
r

sl
ip

-w
ea

ke
ni

ng
la

w
,

A
nd

re
w

s
(1

97
6)

ob
se

rv
ed

th
at

th
e

st
re

ss
τ

m
at

th
e

sh
ea

r
w

av
e

pe
ak

gr
ad

ua
lly

in
cr

ea
se

s
as

th
e

ru
pt

ur
e

pr
op

ag
at

es
,

an
d

ap
pr

oa
ch

es
th

e
lim

iti
ng

va
lu

e
τ

l .
If

τ
l
>

τ
s

(o
r

eq
ui

va
le

nt
ly

,
th

e
se

is
m

ic
ra

tio
S

<
S

cr
it
≈

1.
63

),
τ

m
ov

er
co

m
es

th
e

fa
ul

t
st

re
ng

th
τ

s
in

th
e

pr
oc

es
s

of
ru

pt
ur

e
pr

op
ag

at
io

n,
an

d
a

da
ug

ht
er

cr
ac

k
nu

cl
ea

te
s

at
th

e
sh

ea
r

w
av

e
fr

on
t,

pr
op

ag
at

in
g

w
ith

a
su

pe
rs

he
ar

sp
ee

d.

0
2

4
6

8
10

12
−0

.200.
2

0.
4

0.
6

0.
81

M
ai

n 
ru

pt
ur

e
S 

w
av

e 
fr

on
t

P 
w

av
e 

fr
on

t

x/
Lc

 shear stress τ/τs

F
ig

ur
e:

S
he

ar
st

re
ss

di
st

rib
ut

io
n

on
th

e
fa

ul
ti

n
B

ur
rid

ge
-

A
nd

re
w

s
m

od
el

.

0
2

4
6

8
10

12
14

16
02468101214161820

Da
ug

ht
er

 cr
ac

k

M
ain

 ru
ptu

re
c R c s c p

0.8
9c

s
1.0

7c
s

x/
Lc

rupture timet*=cst/Lc

F
ig

ur
e:

R
up

tu
re

tim
e

al
on

g
th

e
fa

ul
ti

n
B

ur
rid

ge
-A

nd
re

w
s

m
od

el
.

4
S

u
p

er
sh

ea
r

tr
an

si
ti

o
n

in
o

u
r

m
o

d
el

In
th

e
fo

llo
w

in
g,

w
e

w
ill

sh
ow

th
at

va
rio

us
ot

he
r

ap
pr

oa
ch

es
,

de
sc

rib
ed

in
th

e
ab

st
ra

ct
,

ar
e

al
so

ab
le

to
tr

ig
ge

r
th

e
ru

pt
ur

e
to

go
su

pe
rs

he
ar

.

4.
1

A
dv

an
ci

n
g

m
ai

n
ru

p
tu

re
to

w
ar

d
a

p
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w
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w
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−
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−

e−
1 )

t′ ]
[e

−
x
2

L
2 o
+

e−4
(
x
−D

)
2

L
2 o

]
t′

<
t c

ri
t

(4
)

w
he

re
L

o
=

0.
6μ

d
o/

(1
−

ν
)τ

s
is

ha
lf

of
th

e
cr

iti
ca

l
nu

cl
ea

tio
n

le
ng

th
fo

r
in

-p
la

ne
cr

ac
k

ob
ta

in
ed

by
U

en
is

hi
an

d
R

ic
e

(2
00

3)
,

D
=

12
L

c ,
an

d
τ

o
=

τ
s /

3.
T

hi
s

fo
rm

of
lo

ad
in

g
st

re
ss

in
iti

at
es

tw
o

se
pa

ra
te

cr
ac

ks
at

x
=

0
an

d
x

=
D

at
t′

=
0.

A
t
t′

=
t c

ri
t,

th
e

le
ng

th
of

th
e

cr
ac

k
ar

ou
nd

x
=

0
re

ac
he

s
th

e
cr

iti
ca

ll
en

gt
h

2L
o,

an
d

it
st

ar
ts

to
pr

op
ag

at
e

sp
on

-
ta

ne
ou

sl
y;

an
d

th
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