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First evidences
392 B U L L E T I N  O F  T t t E  S E I S M O L O G I C A L  S O C I E T Y  O F  A M E R I C A  

here in previous years. Another pipeline break occurred in the January 19, 1960, 
earthquake (fig. 2). A covered tank in the ground and adjacent to the office building 
north of the winery also shows distortion due to right-lateral movement (fig. 4). 
Vineyard rows just south of the main building have offsets. 

Measurements within the building have been made periodically by the authors 
since 1956, using as references the face of the walls, the edges of the floor slabs, and 
marks chiseled in the surface of the floor slabs. The data are plotted in figure 5, and 
indicate about one-half inch right-lateral movement per year. 
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Fig. 3. Left, gap in floor due to fault, creep at south wall of winery. Diagrammatic plans at right 
also show the effects of creep, and may be considered as typical of all three broken walls. Photo- 
graph by E. G. Zacher. 

DAMAGE FROM EARTHQUAKES 

This area has had a number of felt shocks, probably more than the average for the 
Pacific coast region; however, the historic record makes no mention of surface 
faulting at this location. Four felt shocks are of special interest. 

The buildings at this winery (then known as Palmtag's Winery) were damaged 
in the April 18, 1906, San Francisco ~hock (Lawson et al., 1908): "At Palmtag's 
winery, in the hills southwest of Tres Pines, the shock seems to have been more se- 
vere than elsewhere in the vicinity of that  village. Furniture was moved, water was 
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Variable spatial scales

Length: ~200 km
Depth: down to locking depth

Length: ~80 km
Depth: Only the first km Length: ~40 km

Depth: down to locking depth
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A wide variety of behaviours

35-Year Creep Rates for the Creeping Segment of the San Andreas Fault and the Effects of the 2004 Parkfield Earthquake S251

Figure 1. Map of central California showing the location of alignment arrays and
continuous GPS stations along the creeping segment (between San Juan Bautista and
Cholame) of the San Andreas fault. The epicenters of the San Simeon and Parkfield
earthquakes are also shown. Map inset indicates locations of major features within
California, discussed in text.

slip rates, suggesting more complicated accommodation of
transcurrent deformation across the creeping segment.

In this article, we describe our methodology for differ-
ential GPS surveys of alignment arrays in detail. Using dif-
ferential GPS alignment array surveys and continuous GPS
data, we expand on and reinforce evidence presented by Ti-
tus et al. (2005) for modern surficial creep rates that are
slower than the widely accepted geologic slip rate of 34 mm/
yr. We also document the kinematic response of the creeping
segment to nearby earthquakes, demonstrating that the mag-
nitude of coseismic and postseismic slip triggered by the
Parkfield earthquake decreases drastically along the central
creeping segment. Finally, we compare short- and long-term
creep rates both along and across the creeping segment and
present two models that integrate modern creep rates with
geologic slip rates to account for the distribution of trans-
current motion across the San Andreas fault system.

Alignment array surveys

Original Surveys: 1969–1979

In the late 1960s, the USGS installed 25 alignment arrays
along the creeping segment of the San Andreas fault, each
consisting of 8–20 benchmarks oriented approximately per-
pendicular to the active trace of the San Andreas fault and
ranging in length from 30 to 200 m (Burford and Harsh,
1980). Each monument is a standard USGS brass benchmark

set in a concrete posthole or inside a transite pipe (Fig. 2).
Alignment array locations were established near the mid-
points of single en echelon segments of the fault based on
mapping by Brown (1970) in order to avoid areas where
creep might be partitioned onto different fault strands. Each
alignment array was designed for surveys with a theodolite,
with one instrument station, two end stations, and several
deflection stations (Fig. 2) (Lienkaemper et al., 2006).

The deformation that accrues across an alignment array
can result from a combination of discrete fault slip between
two rigid blocks and distributed shearing as illustrated in
Figure 3. Although the monument endpoints in each of the
scenarios in Figure 3 are the same, the displacements ex-
perienced by each monument vary depending on how de-
formation is accommodated (discrete or distributed), as well
as on the initial orientation of the array with respect to the
fault. Discriminating between the alternative models for de-
formation thus requires knowledge of the precise initial and
final coordinates of each array monument with respect to
some common external reference point.

Monuments were surveyed multiple times over a 10-
year period to document creep rates along the active trace
of the creeping segment (Burford and Harsh, 1980). Deflec-
tion stations were used to determine the lateral separation
between two least-squares-fit lines at their intersection along
the San Andreas fault (Fig. 2). Because this best-fit estimate
of the creep rate is based on the position of multiple monu-

S262 S. J. Titus, C. DeMets, and B. Tikoff

Figure 10. (a) Creepmeter locations (solid lines)
from selected sites along the trace of the San Andreas
fault shown with alignment array locations (dotted
lines, same abbreviations as in Fig. 1). Creepmeter
data (b) since 1970, showing long-term trends along
the entire creeping segment and (c) since 2000 show-
ing the effects of the San Simeon and Parkfield earth-
quakes on creepmeters from Slack Canyon (XSC1)
and selected creepmeters near Parkfield. Enlarge-
ments of creepmeter data at (d) Slack Canyon and
(e) Taylor Ranch (XTA1) from mid-2003 to early
2005. Vertical dotted lines in (c), (d), and (e) show
the dates of the San Simeon and Parkfield earth-
quakes.

geodolite lines by !2 mm/yr, suggesting that additional
elastic or permanent deformation accumulates at distances
greater than 10–15 km from the fault. The GPS and geodolite
data combined suggest an average deformation rate of 33 !
2 mm/yr for the central creeping segment that includes de-
formation up to 35 km from the fault.

At the broadest scale, the fault-parallel rate from very
long baseline interferometry, satellite laser ranging, and GPS
measurements is 39 ! 2 mm/yr for the motion between the
Sierra Nevada–Great Valley block and the Pacific plate at
the latitude of the Mee Ranch (Argus and Gordon, 2001).
Mechanisms by which deformation occurs at distances
greater than those sampled by sites GR8V and QCYN are
discussed later in the article.

Creeping Segment Response to the Parkfield
Earthquake

We resurveyed three alignment arrays along the central
and southeast sections of the creeping segment in December
2004 to document the effects of the 28 September 2004
Parkfield earthquake on the creeping segment (Table 1).
Relative to the hypocenter of the earthquake, the Durham
Ranch. Slack Canyon, and Mee Ranch alignment arrays are
located 9 km, 36 km, and 54 km to the northwest, respec-
tively. We compare the results at each location to available
creepmeter and continuous GPS data in order to document
the spatial effects of the Parkfield earthquake along the
creeping segment. For the three alignment arrays, we re-
moved the cumulative displacement of the alignment monu-
ments from long-term creep that occurred at each site be-
tween the two surveys, thereby isolating any differential
coseismic or postseismic motion that occurred across the
alignment arrays within 2 months following the earthquake.

Southeast Segment

As expected, the greatest effects of the Parkfield earth-
quake are localized near Parkfield along the southeast end
of the creeping segment. See Lienkaemper et al. (2006) for
a detailed discussion of alignment array creep rates near
Parkfield. Our observations come from two surveys at the
Durham Ranch alignment array (Fig. 11), located 9 km
northwest of the epicenter. After correcting for nine months
of creep between the two surveys, stations on the northeast
side of the San Andreas fault (designated by Sierra Nevada–
Great Valley sites in Fig. 11) moved approximately 150 mm
toward the southeast parallel to the fault with respect to the
alignment monuments southwest of the fault (designated Pa-
cific plate sites in Fig. 11). For comparison, the total fault-
parallel displacement for the previous 36 years was approx-
imately 315 ! 30 mm.

The fault-perpendicular displacements for the Durham
Ranch alignment sites northeast of the fault are consistent
with contraction across the fault that decays in magnitude
with distance from the fault (Fig. 11). The Pacific plate
monuments exhibited up to 50 mm of vertical motion, sig-
nificantly greater than the 20 mm documented by Sylvester
(1995) for spirit leveling surveys over a 6-year interseismic
period in the Parkfield area. Despite the higher level of noise
in our estimates of the vertical motion (!10 mm) (Fig. 5)
we believe the measured vertical motion is real because up-

Titus et al., 2006

A large variety of temporal behaviours, from permanent 
aseismic sliding to episodic events and periodic oscillations

USGS website
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Creep and the Earthquake Cycle

1. Affects the budget of slip where it occurs

2. Related to the initiation of some earthquakes

3. Influences the propagation and arrest of ruptures
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Creep and the Earthquake Cycle

1. Affects the budget of slip where it occurs

2. Related to the initiation of some earthquakes

3. Influences the propagation and arrest of ruptures

Mapping creep along active faults
using InSAR

Monitoring temporal variations of
aseismic slip using InSAR

LOS

Part 1: Bayesian sampling
of the slip distribution along

the San Andreas Fault

Part 2: the North 
Anatolian fault creeping 
segment imaged by short

repeat time Radar satellites
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Creep and the Earthquake Cycle
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Part 1: Bayesian sampling of the slip distribution 
along the San Andreas Fault
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Seismotectonic Setting
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Multiscale Interferometric Time-Series
(MInTS, Hetland et al., 2010)
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our misinterpretation of  a (vague) report-- then to what ex- 
tent might our results be thrown off?. 

The best way to answer this question is to accommodate 
all possibilities. Whenever an intensity value was in ques- 
tion, we assigned a range of  values so that all possibilities 
were included. We then plotted different versions of each 
map (only one representative version for each event is in- 
cluded in this article) so that we had one version for each of 
the possible combinations of  potential intensifies, and we 
noted the extent to which location and magnitude might be 
affected by a bad assignment of  intensity at any particular 
location. As before, we chose the most tectonically attractive 
epicenter within an appropriate region, although in this case, 
a range of  possible magnitudes associated with that epicenter 
(allowing for uncertainties in intensity) was manually deter- 
mined by reading the magnitude at that location on each 
version of  the map. 

Finally, the two sources of  error must be combined and 
the overall uncertainty must be determined. We took the 

range of  possible magnitudes that arose from the intensity 
uncertainties, and we converted that range into a mean and 
magnitude uncertainty (e.g., a range of  6.1 to 6.5 became 
6.3 + 0.2). We then added an additional uncertainty (to 
allow for the uncertainty in epicenter and the possibility of  
geographically anomalous intensities) as determined in Ta- 
ble 2 for the appropriate number of  intensity data points. For 
this article we added an additional magnitude error of  ___ 0.2 
(valid for 3 to 6 observations at 50% confidence; see Table 
2) to the error associated with the uncertainty in intensities. 
Although this is not a completely rigorous statistical ap- 
proach, it gives us reasonable estimates of  the overall error 
at 50% confidence. 

Larges t  Foreshocks  

Sieh (1978b) identified a swarm of small foreshocks 
scattered across much of  northern and central California in 
the 9-hr period preceding the 8:24 a.m. mainshock, as well 
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Seismotectonic setting

4 years between 2007 and 2011. We also analyzed radar
interferograms from the descending track 207 of Envisat satel-
lite in roughly the same time period. The obtained surface ve-
locity was used to infer spatial variations of fault friction prop-
erties based on simulations of spontaneous earthquake
sequences that incorporate laboratory-derived rate-and-state
friction laws [Lapusta et al., 2000; Kaneko et al., 2011]. We
explore trade-offs between model parameters in section 3.
Finally, in section 4 we discuss factors that are not included
in the model but could be relevant for the inferences of fault
friction properties in the uppermost crust.

2. InSAR and GPS Observations

2.1. Surface Velocity
[8] Our focus region is the central section of North Anato-

lian Fault (Figure 1). Most of the Synthetic Aperture Radar
(SAR) data used in this study were collected by the ALOS
from five ascending tracks 601–605 over a period of 4 years
from the beginning of 2007 to the beginning of 2011
(Figure 1b). The use of a longer radar wavelength in the
ALOS satellite (L-band, 23.6 cm), compared to that used in
the ERS and Envisat satellites (C-band, 5.6 cm), enables co-
herent phase recovery over much longer time intervals in
vegetated areas such as those in northern Turkey [Wei and
Sandwell, 2010].
[9] There are some campaign GPS data available in the vi-

cinity of the NAF [Reilinger et al., 2006]. Unfortunately,
many of the GPS sites are located to the west of our study
area; only five GPS data points are available within the radar
swaths used in this study (Figure 1b). Nevertheless, these GPS

data are a useful complement to the InSAR data because the
former can be used to minimize the long-wavelength errors
in the InSAR range changes. Here we used a crude GPS-
based model (see the inset of Figure 2) to correct for the
long-wavelength (>80 km) errors in the LOS velocity
(Appendix A). From the GPS data, the long-term relative
plate motion across the NAF in this area is 23!2 mm/yr
[Reilinger et al., 2006]. Details of processing of the InSAR
data and integration of a GPS-based model into InSAR
surface velocity are described in Appendix A and Tong
et al. [2012].
[10] Figure 2 shows high-resolution interseismic velocity

across the NAF inferred from a stack of ALOS interfero-
grams. Warm colors (positive velocities) correspond to areas
that are moving away from the satellite, and cool colors
(negative velocities) correspond to areas that are moving
toward the satellite, consistent with expected right-lateral
plate motion in this region. A creeping fault segment is char-
acterized by a discontinuity in LOS velocity, indicated by a
sharp color contrast across the fault trace near Ismetpasa
(Figure 2). In contrast, locked fault segments are manifested
by gradual changes in the LOS velocity (e.g., the fault segment
near Bolu, Figure 2).
[11] Other first-order variations in the interseismic veloc-

ity include localized deformation patterns related to nontec-
tonic effects. There are several areas of rapid localized uplift
or subsidence, possibly due to groundwater pumping or ex-
traction. For example, there is a 1.5 km by 3 km uplift region
(41.22" latitude, 32.80" longitude) located at about 40 km
north of Ismetpasa (indicated by a dashed circle in Figure 2).
The rate of the uplift is #10 mm/yr, likely of anthropogenic
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Figure 2. LOS velocity of the Earth’s surface from a stack of ALOS radar interferograms spanning a
time interval between 2007 and 2011. An open arrow shows the radar look direction, and LOS velocities
away from the satellite are assumed to be positive. A thick solid line shows the extent of significant surface
creep estimated in this study. Three GPS velocity vectors in a Eurasia-fixed reference frame and 1-s con-
fidence ellipses from Reilinger et al. [2006] are shown. The inset shows that the GPS data points and a
curve used for constraining long-wavelength LOS velocity of the InSAR data.
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Modeling of the InSAR data also favors a shallow
creep at present. However, as mentioned above, it is
difficult to constrain the locking depths from geodetic
data alone. There are conflicting results as to the
extent of creep on the Hayward fault despite of the
intensive studies with wide range of data sets
[5,11,37,38]. Nevertheless, our next step will be to
use other modeling strategies with more realistic var-
iation of deep creep on the fault.

InSAR data indicate that creeping initiates around
the western termination of the 1943 earthquake rup-
ture (Fig. 3d), suggesting that the creeping section
arrested the propagation of the 1943 earthquake
rupture. Since detailed maps of surface ruptures of
the 1943, 1944 and 1951 earthquakes are not avail-
able, it is not known if the creeping section was
entirely ruptured during the 1944 event or if there
was a gap between the 1944 and 1943 ruptures that
was later broken by the 1951 event, overlapping
with the 1944 rupture. If true, the latter case
would explain why the creeping section of the
fault at Ismetpasa ruptured twice within such a
short time.
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by the differences between Figures 6b and 7b. Such infer-
ence is consistent with a suggestion that fault segments with
a higher stressing rate have shorter recurrence intervals
[Smith-Konter and Sandwell, 2009].
[29] A recent seismological study of Ozakin et al. [2012]

proposed that the stressing rate at the seismogenic depth is
not higher in the Ismetpasa segment than in the surrounding
regions. Ozakin et al. [2012] found that only a small number
of earthquakes were detected in the Ismetpasa segment,
unlike the creeping segment of the SAF north of Parkfield.
If the fault creeps down to a depth of 5.5–7 km, it is perhaps
surprising that only a small number of events occur at the
Ismetpasa segment. An alternative explanation may be that
heterogeneities on the fault surface have been swept away
by the ruptures of the 1944 and 1951 earthquakes, leading
to the scarcity of small earthquakes in this region.

4. Discussion

[30] Observations of surface deformation on different
segments of the NAF indicate that the friction properties in
the uppermost crust vary along fault strike. Our results suggest
that friction properties of creeping fault segments are mostly
velocity strengthening, whereas locked fault segments are
characterized by mostly velocity-weakening conditions at
shallow depths. This simplified concept is illustrated in
Figure 11. If a fault creeps at a long-term slip rate as in the cen-
ter of the Parkfield segment of the SAF, the fault surface is
characterized by velocity-strengthening conditions. A shallow
portion of locked faults is nominally velocity weakening as in
the Bolu locked segment because velocity-strengthening or
velocity-neutral conditions would lead to shallow fault creep
at some time in the interseismic period (Figure 7). The
Ismetpasa segment of the NAF corresponds to the intermedi-
ate behavior (Figure 11) where the friction parameter in the
shallow portion of the fault is velocity strengthening but
transitions to velocity weakening at a greater depth (Figure 6).
[31] Because a majority of active faults appear to be

locked near the Earth surface or creep at an unresolvable
rate, our results imply that friction properties at shallow
depths are generally velocity weakening, contrary to the
view that unconsolidated fault gouge due to low effective
normal stress results in velocity strengthening [Marone
et al., 1991; Blanpied et al., 1995]. Rock friction experiments

by Biegel et al. [1989] show a reduction in a - b and a transi-
tion from velocity strengthening to velocity weakening for
shear displacements in excess of millimeters. Beeler et al.
[1996] argued that in the presence of fault gouge, the
frictional behavior is velocity strengthening even for large
displacements. For the San Andreas Fault drilling site at a
3 km depth located near the creeping strand of the SAF,
fault creep is thought to occur due to the presence of weak
clay minerals that exhibit velocity-strengthening behavior
[Carpenter et al., 2011]. One possibility is that the
Ismetpasa segment of the NAF may host different fault-
zone materials at shallow depths (<3–6 km), similar to
the SAF around the San Andreas Fault Observatory at
Depth drilling site.
[32] In modeling surface velocity, we have made several

simplifying assumptions, which may have affected the infer-
ences of fault friction properties along the NAF. In the follow-
ing, we discuss factors that are not included in our models but
could be relevant for the inferences of fault friction properties
in the uppermost crust.

4.1. Recurrence Interval of Major Earthquakes
[33] One of the main simplifications made in the dynamic

model is that the friction parameters are chosen such that the
model results in sequences of large quasi-characteristic
earthquakes. For the model shown in Figure 6b, the result-
ing recurrence interval is !180 years. Paleoseismological
studies suggest that four major earthquakes occurred with
quite irregular recurrence intervals in the Ismetpasa segment
of the NAF: 1035, 1668, 1944, and 1951A.D. [Ambraseys,
1970; Kondo et al., 2004]. The irregularity likely reflects
heterogeneities in slip distributions of those earthquakes,
postseismic afterslip, interseismic creep, and interseismic
stressing rates, all of which are poorly constrained by
the existing paleoseismological data [Ambraseys, 1970;
Kondo et al., 2004]. Intrinsic trade-offs between poorly-
constrained model parameters shown in section 3 can be
alleviated by using those additional data as constraints for
dynamic models.

4.2. Effects of Three-dimensional Geometry
[34] In this study, we use 2-D models of spontaneous

dynamic rupture that assume no variations of slip or friction
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Figure 11. Simplified view on distributions of friction parameter s(a" b) for crustal strike-slip faults
with different interseismic creep rates at the Earth surface.
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InSAR as we know it…

10 years ago: first cGPS stations revealed “slow earthquakes”
Cannot be detected with the loose traditional sampling we 

have with ERS-1/2, Envisat, RSAT-1/2, ALOS…
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10 years ago: first cGPS stations revealed “slow earthquakes”
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InSAR as it became…

10 years ago: first cGPS stations revealed “slow earthquakes”
Cannot be detected with the loose traditional sampling we 

have with ERS-1/2, Envisat, RSAT-1/2, ALOS…

New constellations with short repeat time:
Sentinel 1/2 (6 days), Cosmo SkyMed (1-12 days), TSX (1-12 days)
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Time Series of CSK data over the NAF

I removed this part because it is Baptiste work
and it has not been published yet...

Sorry...
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Part 3: Exploring the influence of fault geometry on 
aseismic slip from InSAR data.
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Seismic Gap

Gulang Fault

1920 M8 earthquake

Aseismic slip along the Haiyuan fault

Tuesday, November 25, 14



Seismic Gap
1920 M8 earthquake

A 250 km-long seismic gap :
Last Earthquake ~1000 yrs
Recurrence time ~ 1000 yrs

Liu-zeng et al. 2007

Aseismic slip along the Haiyuan fault
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Aseismic Slip:
- No strain accumulation
- Aseimic slip rate variations
- Can be modelled with R&S
- Barrier to the propagation of earthquakes
in between 2 fault section at different stages
of the earthquake cycle

Seismic Gap
1920 M8 earthquake

Aseismic slip along the Haiyuan fault
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Aseismic Slip:
- No strain accumulation
- Aseimic slip rate variations
- Can be modelled with R&S
- Barrier to the propagation of earthquakes
in between 2 fault section at different stages
of the earthquake cycle

Seismic Gap
1920 M8 earthquake

2007
2008

2009
Temps

−20
−15

−10
−5

0
5

10
15

20

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

Ph
as

e 
(ra

d)

Aseismic slip along 
the Haiyuan fault

Tuesday, November 25, 14



Aseismic Slip:
- No strain accumulation
- Aseimic slip rate variations
- Can be modelled with R&S friction
- Barrier to the propagation of earthquakes
in between 2 fault section at different stages
of the earthquake cycle

Seismic Gap

Aseismic slip along the Haiyuan fault

Kaneko et al 2010
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Aseismic Slip:
- No strain accumulation
- Aseimic slip rate variations
- Can be modelled with R&S friction
- Barrier to the propagation of earthquakes
in between 2 fault section at different stages
of the earthquake cycle

Seismic Gap
1920 M8 earthquake

Aseismic slip along the Haiyuan fault

What is the physics at stake behind aseismic slip?
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Bulk properties of the crust control the fault geometry, through long 
distance interactions

e.g. Candela et al 2011
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Temporal behaviour of bursts of aseismic slip
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Temporal behaviour of bursts of aseismic slip
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Temporal behaviour of bursts of aseismic slip
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This law is similar to the Gutemberg-Richter 
law for earthquakes
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Temporal behaviour of bursts of aseismic slip
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Temporal behaviour of bursts of aseismic slip
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Temporal behaviour of bursts of aseismic slip

Avalanche-like mechanism
We see a cascade of events

Creep Bursts cascades, like aftershocks do
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Temporal behaviour of bursts of aseismic slip

- Creep spatial and temporal behaviour is influenced by the fault geometry.
- The creep bursts size (magnitude?) follows a power-law, like small earthquakes.
- Avalanche-like behaviour, like aftershocks.
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Temporal behaviour of bursts of aseismic slip
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Bi-modal behaviour or continuum
of modes of slip, from the earthquake

to aseismic sliding?

- Creep spatial and temporal behaviour is influenced by the fault geometry.
- The creep bursts size (magnitude?) follows a power-law, like small earthquakes.
- Avalanche-like behaviour, like aftershocks.
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Temporal behaviour of bursts of aseismic slip
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Bi-modal behaviour or continuum
of modes of slip, from the earthquake

to aseismic sliding?

Continuum from aseismic 
slip to earthquakes

- Creep spatial and temporal behaviour is influenced by the fault geometry.
- The creep bursts size (magnitude?) follows a power-law, like small earthquakes.
- Avalanche-like behaviour, like aftershocks.
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Mapping creep along active faults
using InSAR

Monitoring temporal variations of
aseismic slip using InSAR

LOS

Systematically quantify fault coupling
along active boundaries.
Identify locked and creeping patches.
Relate to the past (and future) seismic 
history of the fault

New constellations are in place.
Short repeat time will shed a new light on
creeping segments (dynamic evolution)
Systematic monitoring of creeping faults
on continental settings

Conclusions - Perspectives

Extracting possible mechanical
behaviours from InSAR images

Using these new data sets to explore
possible new interpretations, refine models
and explain the interplay between seismic 
and aseismic behaviour
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