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Abstract 

 

 

This document presents my research activities since 2004, which have been centered on the 
broad topics of the earthquake cycle, aseismic deformation and tectonics. I have favored an 
observational approach using satellite geodesy (InSAR and GPS) to address various issues 
presented in the following order: (1) Coseismic deformations from geodetic measurements 
(InSAR, SAR image correlation, GPS), illustrated with case studies in Pakistan, Mexico, and 
Indonesia ; (2) the role of aseismic deformations occurring in the seismogenic zone during the 
seismic cycle, including interseismic deformation at regional scale (Northeast Iran, Taiwan 
Island),  slow earthquakes in subduction zone (Mexico)  and aseismic creep of active faults in 
Taiwan and Venezuela ; (3) the role of aseismic deformation in long-term deformation over many 
seismic cycles, including comparison of current deformation rates with geological rates and 
preliminary on-going work on numerical modelling of the aseismic deformation by the Discrete 
Element Method. Those studies have also implies methodological work about InSAR, including 
atmospheric corrections in InSAR, data fusion, source separation and massive processing of InSAR 
data. I also investigate other techniques like image correlation or Lidar and study other 
phenomena like landsides and subsidence with a methodological perspective. This work has 
resulted into 24 papers published in peer-reviewed international journals and more than 80 
communications in international meetings and workshops. I closely worked with seven PhD 
students including five co-supervision, four post-docs and supervised fifteen master students. 
Since 2007, in parallel to my teaching activities, I participated in three European projects, five 
ANR projects, six national and bilateral projects, about twenty projects with space agencies and 
about ten projects in response to local calls for tenders. I have also been involved in the 
development of research infrastructures related to massive data processing and on-demand 
InSAR processing services in DataTerra/ForM@Ter at national level and EPOS at European level.  
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I – General Introduction 

Through a synthesis of my research activities since 2004, this document aims to show the main 
scientific issues that have guided my research work during these years and to present my 
research prospective for the coming years. It also seeks to highlight the specificity of my research 
at the crossroads of several disciplines, and the choices and strategies adopted to address the 
scientific questions raised. It also aims to highlight the role of supervision of students and early 
stage researchers that accompanies my own research.  

My scientific interests originally stem from a strong curiosity for understanding the 
phenomena that shape the Earth's relief and my attraction for observing the Earth from space. 
During my PhD, I focused more specifically on active tectonics and its link with the seismic cycle 
and I was introduced to the world of satellite radar interferometry (InSAR). During my post-doc 
from 2004 to 2006, I clearly made the choice to tackle scientific issues directly related to the 
seismic cycle. My research project when I was recruited in 2006 as an assistant professor at the 
University Joseph Fourier (now Université Grenoble Alpes) was a concrete expression to my 
interest in this theme and in particular, on the modalities that deformation can take during the 
cycle: transient or permanent, seismic or seismic, localized or distributed. 

Since then, I have kept my focus on this subject, emphasizing the question of inter-seismic 
aseismic deformations, and always keeping in mind the need to make the link with the longer-
term deformation observable in the relief.  "Earthquake cycle, aseismic deformation and 
tectonics” are therefore three major facets of my research. Taken together, these three themes 
form a vast field at the interface of several disciplines such as seismology, geodesy, 
paleoseismology, tectonics, geology, physics, mechanics, numerical modelling, etc., which go far 
beyond the field of competence of one person.  Taking advantage of my affinities and skills, I 
adopted the “parti pris” of observation to tackle these subjects, and more particularly 
observations from satellite geodesy and more particularly observations from satellite geodesy 
that allow to cover large areas of study in a homogeneous and systematic way. Years later I’m 
still convinced that new observations significantly contributes to the scientific advancement by 
bringing important constraint to the kind of physics needed and helping to discriminate between 
theoretical models and thus usefully guide the geophysical modeling, especially in the domain of 
aseismic slip, where the physics of the phenomena is still largely unknown and debated. 

This strategy involved looking for new observations where it was most relevant and on 
different sites and objects of study. Apart from some "opportunistic" studies, the choices of my 
study areas were guided with on the one hand, by the availability to access in-situ data in places 
where surface deformation rate is strong enough for InSAR and, on the other hand, the possibility 
to establish long-term scientific collaborations favorable to long observation times essential for 
interseismic study. I was able to benefit in my laboratory (called LGIT at the time before becoming 
ISTerre a few years later) from a very favorable environment, especially in my early years 
concerning the emerging issue of transient deformations such as slow earthquakes. With many 
skills around me in seismology, GPS and tectonics, I was able to focus on satellite imagery, and 
more particularly InSAR. Indeed, from the point of view of the methods used in my research, I 
have mainly used observations from modern techniques of satellite geodesy (GPS, image 
correlation, InSAR), a field which has seen a strong development of these capabilities over the 
last 20 years. Geodetic techniques are indeed fundamental for the observation of aseismic 
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deformations, even if in fact this term covers phenomena also observable by "subtle" seismology, 
which makes the geodetic and seismological approaches very complementary. 

This observational approach was inseparable from work on methodology and to understand 
the limits of the observation methods I used.  Observations from space involve understanding 
the signal related to the atmosphere being passed through or to the vegetation or snow cover. It 
is also necessary to be able to separate the tectonic signal from other geophysical signals related 
to hydrology, compaction subsidence, landslides, or human activities for examples.  This led me 
to explore other methods of ground deformation measurements and other data analysis 
techniques, sometimes applied on objects quite different from my initial research (subsidence, 
landslide, urban environment). Those "thematic detours" were often ultimately beneficial to my 
central research themes. Another consequence of the satellite observation approach on my 
activities has been the need to invest time in computational aspects and their associated 
infrastructures. Indeed, one of the most striking evolutions in InSAR over the last 20 years has 
been the explosion of the volume of data with the emergence of the “Big Data” issue. Getting 
the capacity to process those data is a problem in itself and we have tried to find solutions to it. 

Most of my activities have been carried out through collaborations and through research 
training. In the course of my career, I have had the opportunity to supervise several PhD students 
and about fifteen Master's or engineering school students. Most of this work has taken place in 
the framework of scientific projects at international, national or local level either as a participant 
or as Principal Investigator. Since 2007, I have participated in three European projects, five ANR 
projects, six national and bilateral projects, about twenty projects with space agencies and about 
ten projects in response to local research calls. At the same time, I have also been involved in the 
animation of research at national and local level, and teaching activities related to my position 
as “Maître de conférences” (eq. to Assistant Professor) whose missions in France are half 
teaching and half research. 

In this document, I have tried to synthesize and make links between all these elements, which 
should help to evaluate my research and supervision activities in the context of my teaching and 
research position. The following section describes the choice I made in the organization of this 
document to bring all these elements together and, I hope, to allow the reader to navigate 
between the different parts without too much difficulty.  
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Document organization 

The main body of the document is dedicated to a synthesis of my research activities since 
2004, my research prospective for the coming years, ending by a brief conclusion: 

 Part II – Synthesis of Research Activities 

 Part III – Research Prospective 

 Conclusion 

Then is a list of the bibliographical references cited in the document, from which the 
references to my own pieces of work has been moved to the following section « Publications and 
communication as author or coauthor » that gather my scientific production: 

 Bibliography 

 Publications and communication as author or coauthor 

In the objective to help the reader to assess my contributions, the citations of others works 
followed the convention (author date), while citations of work I contributed to are cited with a 
letter followed by a number as a clickable link (e.g. A18), that follows this classification:   

o A## : Peer-reviewed Journal Article published in international journals 

o P## : Peer-reviewed Conference Proceedings 

o C## : Communications (Oral or Poster presentation) in international meetings  

o O## : Other communications (e.g. in French, not peer-reviewed article, 
unpublished    reports, …) 

In this list of publication, Author* indicates when the first author is a student or a post-
doctoral researcher I have supervised. 

For convenience, six of my journal articles that are the most significant with respect to this 
memoir are provided in Appendix 1 and referred in the text as pdf-# that is a clickable link 
to the article (e.g. pdf-1)    

The document finished by appendix 2 to 7 aiming to give a synthetic view of different aspect 
done in my career: 

 Appendix 2: CV 

 Appendix 3: List of the different study-areas I have work on.  

 Appendix 4: List of the different research projects I have been involved in. 

 Appendix 5: List of PhD, Master students and post-doc young researchers I have work 
with 

 Appendix 6: List of responsibilities and other activities related to research.   

 Appendix 7: summary of my teaching activities. 

 

 

Bonne lecture … 
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II – Synthesis of Research Activities 
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1 – Introduction 

 

Scientific context 

 

The question of the importance of aseismic deformation in the seismic cycle arose very early 
in the theoretical framework of plate tectonics. At plate boundaries, the question of aseismic 
deformation is rather seen at that time as a possible « negative » of seismicity where there are 
long duration seismic gaps (e.g. Kelleher et al., 1973). This view is then very much influenced by 
the numerous works dating back to the 1960s on the aseismic slip observed in central California 
and notably on the San Andrea fault system (e.g. Steinbrugge et al., 1960; Schulz et al., 1982). 
Those observations made by ground-based geodesy already laid the foundations for the notions 
of afterslip, transient aseismic slip ("creep events"), propagating slip events, slip heterogeneity, 
slip events triggered by remote earthquakes and possible aseismic slip as precursors of 
earthquakes (for a review see Wesson, 1988). Those observations are also already prompting 
research into the physics of fault slip, to understand what determines the seismic or aseismic 
character of fault slip (Scholz, 1990). 

Knowing where and when the aseismic deformations take place during the earthquake cycle 
and to what extent it releases the tectonic stress is also fundamental for the seismic hazard 
estimation, as it determines the amount of energy still to be released during earthquakes. 
However, until the 1990s, outside of California, observations of aseismic slip on continental faults 
were limited to a few sites (e.g. on the North Anatolian Fault, Turkey, Ambraseys, 1970; Aytun, 
1982;  on the Longitudinal Valley Fault, Taiwan, S.-B. Yu & Liu, 1989).  

In the early 1990s, the first results of satellite geodesy observations gradually changed the 
situation. Here again the impulse will come from studies in California, where GPS observations 
of interseismic deformations, started around 1986, gave their first results after a few years of 
measurements (e.g. Feigl et al., 1990, 1993). They complement on a regional scale near-fault 
ground-based studies, which continue to be carried out and confirm the transient nature of slip 
events (Gladwin et al., 1994; Linde et al., 1996). On the InSAR side, it is the Landers earthquake 
that really gives the start of the technique as a tool to measure tectonic deformations with the 
study of the coseismic displacements by Massonnet et al. (1993) using data from the ERS-1 
satellite launched in 1991 (Figure 1)   

Since then, GPS and InSAR will become very complementary companions for the study of 
surface displacements. However, GPS will become operational much more quickly because of its 
origins (a military system with strong operational constraints), whereas InSAR, despite its 
"sensational" beginnings, will take much longer to express its potential. This is certainly because 
InSAR was based on satellite missions not specifically dedicated to the measurement of surface 
displacements, not compatible with each other and lacking acquisition continuity (Figure 1).  
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Figure 1 : Time-line of civilian or dual civil-military space-borne SAR imaging systems with InSAR 
capabilities. In brackets, letters indicate the microwave domain of the radar (L-band 15–30 cm, 
C-band 3.75–7.5 cm and X-band 2.4–3.75 cm) and numbers the repeat cycle.  

The first observations of aseismic deformation by InSAR will be on the post-seismic 
deformation of the Landers earthquake (Massonnet et al., 1994; Massonnet, Thatcher, et al., 
1996; Peltzer et al., 1996, 1998). The ERS-1 and ERS-2 satellites will also allow the first shallow 
creep observations on the San Andreas fault (Werner et al., 1997; Rosen et al., 1998) and on the 
Hayward fault (Bürgmann et al., 1998; Bürgmann, Schmidt, et al., 2000). The review papers of 
Massonnet and Feigl (1998) and Bürgmann et al. (2000) are good syntheses of the InSAR 
advances of the 1990s.  The first analyses of interseismic deformation that are more distributed 
than the much localized deformation caused by superficial creep, will only arrive at the turn of 
the century. Indeed, they require a longer observation time to get the tectonic signal out of the 
other sources like atmospheric perturbations or noise (Bawden et al., 2001; Borgia et al., 2000; 
Peltzer, Crampé, Hensley, et al., 2001; Wright, Parsons, et al., 2001; A02). 

However, this momentum will be partly slowed down with the ERS-2 gyroscope problems in 
the 2000s turning it into a degraded mode for InSAR (Figure 1), before accelerating again with 
the launch of Envisat in 2002 and ALOS-1 in 2006.  It should be noted that JERS-1 satellite (due to 
a too loose orbital control) and Radarsat-1 satellite (due to a restricted data acquisition and 
distribution policy), did not allow such a wide use for the measurement of tectonic deformations, 
despite some successes (e.g. Massonnet, Feigl, et al., 1996; Murakami et al., 1996; Tobita et al., 
1998; Fujiwara et al., 1998; Nishimura et al., 2001; Feigl et al., 2002; Doubre & Peltzer, 2007). 

The early 2000s also marked a turning point in the analysis of InSAR data, with the start of 
time series analysis, making it possible to reconstruct a chronology of displacement from a 
network of pairs of images. Until then, to bring out the tectonic signal the stacking method 
(assuming steady state deformations) had been used to analyze interseismic deformations. Two 
main time-series approaches have emerged: the so-called « small baselines » approach    (Usai et 
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al., 1999; Usai, 2003; Berardino et al., 2002; Lanari et al., 2004), and methods grouped under the 
term PSI (Persistent Scatterers Interferometry), including the Permanent Scatterers (PS) method 
(Ferretti et al., 1999, 2000, 2001; Colesanti et al., 2003) which was the first to be developed 
followed by many other variants (e.g. Bovenga et al., 2003; Hooper et al., 2004; Kampes & Adam, 
2003; Mora et al., 2003; Wegmüller et al., 2004). 

From the 2000s, alternative methods to InSAR for the measurement of coseismic displacement 
by remote sensing also emerged: SAR images correlation (Fialko et al., 2001; Jonsson et al., 2002; 
Michel et al., 1999; Peltzer, Crampé, & Rosen, 2001) and optical images correlation (Dominguez 
et al., 2003; Feigl et al., 2002; Michel & Avouac, 2002; Van Puymbroeck et al., 2000). At the same 
time, with the development of permanent GPS networks aided by the decreasing cost of GPS 
stations, observations of aseismic deformations are increasing worldwide, especially in 
subduction zones where the first periodic slow earthquakes were discovered in the early 2000s. 
Most of the progress is concentrated on two subduction zones: in the Cascades and in Japan 
(Dragert, 2001; Obara et al., 2004; Rogers & Dragert, 2003). On this occasion the very definition 
of aseismic deformation has evolved somewhat, in the sense that advances in seismology have 
made it possible to show that there were weak seismic signals associated with this deformation 
such as non-volcanic tremors and low frequency earthquakes (e.g. Obara, 2002; Peng & 
Gomberg, 2010). This illustrates a long-term trend of a rapprochement of the two disciplines of 
geodesy and seismology that began in the previous decade with the joint inversions of coseismic 
slip (e.g. Delouis et al., 2000; Hernandez et al., 1997; Ruegg et al., 1996; Wald et al., 1996). 

Since their beginnings, the geodetic observations of aseismic deformation described above 
have been accompanied by an in-depth debate on the representativeness of these 
measurements made over a few years, compared to the longer-term deformation seen for 
instance in paleoseismology or in the relief by geomorphology  (e.g. Schulz et al., 1982; Bilham 
et al., 1997; Bendick et al., 2000; Friedrich et al., 2003; Mériaux et al., 2004; K. Wallace et al., 
2004; England & Molnar, 2005). This question, which is still topical, touches both the question of 
the present-day position of a fault within the seismic cycle (e.g. Brendan J. Meade et al., 2013; 
Dolan & Meade, 2017), but also raises the potential role of aseismic deformation in relief 
formation with respect to the role of seismic increments. 

Research studies choices along with evolutions of data and methods 

It is in this scientific context described above that my post-thesis work, which began in 2004 
and is described in this dissertation, takes place. To address the issues related to the seismic 
cycle, I have favored the observational approach using satellite geodesy (mainly InSAR and GPS), 
well adapted to the study of the earthquake cycle (Elliott, Walters, et al., 2016). It allows both to 
cover large area of active fault systems (typically 100 km x 100 km and more), and at the same 
time having a good spatial and temporal resolution. There has clearly been a strong link between 
the evolution of satellite geodetic observation methods over the last 16 years and the research 
topics I have studied. The evolution of sensors but also of data analysis methods have given me 
the opportunity to progress into my scientific problems through new observations on sites 
already studied or to tackle new study cases not accessible before. 

Regarding coseismic studies, in the case of the 2006 Pakistan earthquake, InSAR was very 
limited by strong decorrelation problem in near-field. We were able to take advantage of the 
radar (SAR) images correlation technique, the feasibility of which had recently been 
demonstrated by Michel et al. (1999) to overcome the InSAR limitation (A06). It was, to my 
knowledge, the first study to allow the reconstruction of a continuous 3D coseismic displacement 



14 
 

field just from SAR images correlation. I then extended this topic by working on data fusion and 
uncertainty estimation during the Yajin Yan’s PhD thesis (A10 ; A12), issues related to the 
increasing use of different datasets acquired by different techniques (GPS, INSAR, images 
correlation) and in different acquisition modes. For instance, the combination of InSAR with 
optical images correlation provided a more precise vision of the deformation on the 2018 Palu 
earthquake (A23). 

From a methodological point of view, I also studied, in the framework of Ulrich Kniess' PhD 
thesis, the Lidar technique applied to landslides (A09, A17). During the PhD, we developed a 
correlation method for multi-dates DEM Lidar acquisitions, which allows to measure multi-
decimetric displacements, which was a useful complement to correlation of optical satellite 
images Sentinel-2 in a later study on landslide reactivation (A22), but could also be applied to 
earthquake studies 

With regard to aseismic deformation, I chose to give priority to studies on interseismic 
deformation over post-seismic deformation, because it seemed to me to be a less explored field. 
Between 2002 and 2010, the Envisat satellite acquired a large dataset suitable for InSAR, 
significantly improving the spatial and temporal coverage on a global scale compared to its 
predecessor ERS-1 and ERS-2. This made it possible to investigate new study sites, poorly covered 
by ERS, such as the Mexican subduction (A13), or Iran (A16).  When I arrived at Grenoble, the 
Guerrero region in the Mexican subduction was indeed a target of choice because of the 
discovery by the analysis of the permanent GPS network of slow earthquakes in the seismic gap 
of Guerrero a few years earlier (Lowry et al., 2001; Kostoglodov et al., 2003; Larson et al., 2004; 
Franco et al., 2005), and the willingness of several lab teams of the lab to set up a stimulating 
project (called GGAP) on this subject in collaboration with colleagues from Mexico at UNAM. This 
work involved Olivier Cavalié's post-doc and Guillaume Bacques' PhD thesis. On N-E Iran, it is 
during Zahra Mousavi's PhD thesis that Envisat data covering several years of interseismic 
deformation have allowed us to better quantify the slip rate of the Doruneh and Sharoud fault 
systems. 

In 2006, the long-awaited launch of the ALOS-1 satellite also opened up new prospects with 
respect to Envisat. This radar satellite, operating in L-band, made it possible to have a better 
InSAR signal-to-noise ratio than in C-band (ERS, ENVISAT) in areas with a high vegetation cover. 
Moreover, ALOS-1 also benefited from better orbital control and better spatial and temporal 
coverage than its predecessor JERS-1 did. After a few years of ALOS-1 observation, sufficiently 
long time series for interseismic studies was available so that we were able to revisit the Taiwan 
area on which I worked during my PhD thesis (A11 ; A19) and to investigate active faults 
deformation in Venezuela (A18). They were two very relevant zones due to their high rate of 
aseismic deformation (S.-B. Yu et al., 1997; Angelier et al., 2000; J. C. Weber et al., 2001; François 
Jouanne et al., 2011) but whose study by InSAR was limited by the strong temporal decorrelation 
of previous C-band SAR data. In Taiwan, the study of the creep of the Longitudinal Valley Fault 
and the aseismic deformation of the SW fold-and-Thrust belt were done in the PhD thesis of 
Johann Champenois, and in Venezuela the study of the creep of the El Pillar fault was done in the 
PhD thesis of Léa Pousse. Improvement in the NSBAS processing chain developed in Grenoble 
(P04) also allowed us to go beyond the results of J. Champenois' thesis on Taiwan. It led to the 
identification of the geological structures causing the strongest aseismic deformation in 
southwestern Taiwan and the first spatially continuous deformation map at the scale of Taiwan 
Island demonstrating the continuous nature of the deformation across the central chain 
compatible with the global uplift of the chain (C59 ; C66 ; A20). 
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 It was not until the start of the Sentinel-1 (C-band) and ALOS-2 (L-band) missions at the 
end of 2014 that a new era for the study of tectonic deformation was launched, following a « data 
gap » between 2011 and 2014 that could not really be filled by a new generation of X-band 
satellites (CosmoSkymed and TerraSAR-X) launched in 2007 (Figure 1). For several reasons, these 
X-band satellites have been relatively little used to study large-scale tectonic deformations, 
mainly due to the lack of a systematic global acquisition strategy for InSAR, a restricted data 
access policy, and the fact that they operate in X-band (3 cm wavelength), which is less favorable 
for natural environment observation than C- or L-band.  The Sentinel-1 and ALOS-2 satellites have 
overcome these three difficulties and in turn opened up new prospects. Thanks to these 
satellites, the study of large earthquakes (M>6) on-land becomes more systematic, and is 
facilitated even in areas with high vegetation such as the case of the Palu earthquake in 2018 
(A23). Above all, they make it possible to carry out studies on interseismic deformations on a 
larger scale than before. For example, in the framework of Louise Maubant's PhD thesis, we have 
been able to extend the study area of slow slip event and interseismic coupling in the Mexican 
subduction zone (A24).  

Each of these evolutions in satellite data has been accompanied by new needs in terms 
of processing and analysis. From this point of view, the opportunities for processing of large study 
areas made possible by the arrival of Sentinel-1 and ALOS-2 data require me to be involved in 
other topics, quite far from my central research thematic, those related to massive data 
computing. This challenge, which goes beyond the framework of laboratory facilities, has 
required me for several years now to be involved in national and European projects (C74 ; C78).   

 

In this part II about the synthesis of my research activities, the various research issues mentioned 
in this introduction are more detailed and are grouped thematically in the following six sections: 

 Coseismic deformations 

 Interseismic deformation with assumption of steady-state slip at depth  

 Slow slip events in subduction zone: transients slip at depth 

 Creeping faults at shallow depth: an InSAR favorite 

 Aseismic deformations in upper crust: what can we learn from SW Taiwan 

 InSAR evolutions: data, method and processing 
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2 – Coseismic deformations  

Even if my main subject of study has been aseismic deformation, I have occasionally taken 
part in earthquake studies, as coseismic deformation remains a key element at the heart of the 
earthquake cycle. Indeed, it is important to properly quantify the spatial and temporal 
distribution of the coseismic slip, part of which may be aseismic and thus not be seem by 
seismology. Some of these works are part of a research strategy as in Mexico or Taiwan; others 
have been more opportunistic as is sometimes the case for large earthquakes. Here are first 
presented three examples of my work that are representative studies of the evolution of the 
estimation of the coseismic slip distribution over the last 15 years, followed by another 
representative example of earthquake-related aseismic deformations on secondary geological 
structures. 

 

Coseismic slip distributions 

 

Satellite imagery (InSAR, radar or optical image correlations) has now become a standard tool 
in the study of large earthquakes (typically Mw > 6), responsible for on-shore surface 
deformation. After a very promising start with the 1992 Landers earthquake InSAR study by 
Massonnet et al (1993), 20 years later, Wright et al (2013) report about 80 continental 
earthquakes (Mw > 5.5) studied by InSAR. This is actually only a part of the cases reaching the 
surface displacements requirement to be studied by satellite geodesy, mainly due to the 
limitations of satellite acquisition capabilities during this period dominated by Envisat data. It is 
really only from 2015 onwards, that the promise of being able to study large earthquakes with 
significant (at least centimetric) on-shore deformation in an almost systematic way begins to be 
realized thanks to the radar Sentinel-1 and ALOS-2 missions completed by optical imagery in case 
of large (>20 cm) near-fault displacements.  

 

EnviSAT era: the Kashmir earthquake case study and the generalization of multi-methods 
and multi-datasets coseismic studies. 

On 8 October 2005, when the deadly Kashmir Mw 7.6 earthquake occurred, there were no 
GPS stations close to the event. As the preliminary seismological results had significant 
uncertainties about the location of the fault and field work was not possible because 
communication routes were cut, the question arose as to which geological structure the 
earthquake occurred on and what was its significance in the long series of large historical 
earthquakes on the south-Himalayan front (Bilham, 2004). This case study is a very 
representative situation of Envisat capabilities to study an earthquake using remote sensing 
technique only. 

Launched in 2002, Envisat was then the only operational satellite for InSAR with Radarsat1, 
but with the advantage over the latter of having a more global and systematic acquisition strategy 
and a more open data access policy. Thus in October 2005, there is an EnviSAT archive of data 
acquired over the Kashmir area in the months preceding the earthquake, this short time is 
fundamental for optimal comparison of images before and after the earthquake (Meng Wei & 
Sandwell, 2010). The images cover the study area in different viewing directions (ascending orbit 
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and descending with eastward and westward radar-looking respectively), making it possible to 
constrain the 3-D surface displacement. The European Space Agency (ESA) was able at that time 
to quickly plan new acquisitions, InSAR-compatible with previous acquisitions. The orbital control 
of EnviSAT is good enough to get baselines (distance between two orbital trajectories) small 
enough (<300m) to perform good quality SAR images comparison. Moreover, the provision by 
ESA of SAR data just after their acquisition is now fast (24 hours) and centralized without 
depending on local reception stations.  Data processing times are then of the order of 2 days. All 
these conditions represent significant improvements over the use of the ERS-1, ERS-2 or JERS-1 
satellites in the previous decade. 

This supports a more systematic study of large earthquakes on a global scale, although the 35-
day EnviSAT orbital cycle remained a strong limitation. Indeed, such a revisit time is an obstacle 
to the use of the results from the first days after an earthquake in the context of disaster 
management, especially since in practice data are not systematically acquired every cycle, which 
often results in a time gap of several months between pre- and post-event images. This situation 
is also degrading the quality of InSAR observations. Moreover, in the case of the Kashmir 
earthquake, due to the strong gradient of displacement on the surface and the presence of steep 
slopes in this mountainous region, the interferograms are very noisy near-fault where they are 
not exploitable. On the other hand, this dataset favors the use of another less accurate but more 
robust technique for measuring displacement: sub-pixel correlation of SAR images. By combining 
the different measurements, it is then possible to reconstruct the surface displacement field in 
3-D with sub-metric accuracy (Figure 2). Those measurements will be complemented by the 
visual analysis of Quick-Bird optical images (60cm resolution) to precisely map the fault trace, 
and will be used to perform an inversion of the slip distribution. This study, carried out during my 
post-doc, resulted in a publication (A06) provided in the appendix (pdf-1). 

 

 

Figure 2 : Coseismic study of the 8 October 2005 Kashmir Earthquake. Left: 3D surface 
displacement field of the retrieved from EnviSAT SAR images correlation (A06). Right: coseismic 
slip distribution from InSAR and SAR data (A12).  

Precise mapping of the rupture trace and coseismic slip distribution showed that the fault had 
ruptured two thrust-fault segments along an ancient major geological boundary known as the 
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Main Boundary Thrust (MBT) and that the segments are in line with the Indus-Kohistan seismic 
zone (IKSZ). The coseismic displacement field also suggests a structural control on the slip 
distribution, with the Jhelum Fault marking the discontinuity between the two fault segments, 
and to the north the end of the rupture corresponding to a dramatic bend of the MBT. Such 
structural control seems to be a quite common feature (e.g. Manighetti et al., 2005; Lasserre et 
al., 2005; Y. Klinger et al., 2006; Z. Wang et al., 2009; Elliott et al., 2011). In the northern extension 
of the Kashmir earthquake rupture, a more diffuse zone of deformation is observed where 
aftershock activity is concentrated, suggesting some slip at depth on the IKSZ ramp, but without 
being able to say whether the slip took place at the time of the earthquake or in early afterslip. 

Later, when I arrived in Grenoble, I extended this study by working on the fusion of different 
data sources within the framework of Yajing Yan's PhD thesis in the ANR project EFIDIR 
("Extraction and Fusion of Information for Displacement Measurement in Radar Imagery"). This 
work was in the context of the increasing use of different geodetic data sources for the estimation 
of the coseismic slip distribution that emerged strongly in the early 2000s, especially with three 
other satellite imaging methods complementing InSAR. The first, is the SAR image correlation 
used in the Kashmir study mentioned above (A06), which was following previous studies, the first 
of which were on the 1992 Landers earthquake (Michel et al., 1999), 1999 Hector Mine 
earthquake (Fialko et al., 2001; Peltzer, Crampé, & Rosen, 2001; Jonsson et al., 2002), and 1999 
Chichi earthquake (O03). The second, following a first attempt by Crippen (1992), is the optical 
images correlation technique (Van Puymbroeck et al., 2000) first applied to the 1999 Izmit 
earthquake (Michel & Avouac, 2002; Feigl et al., 2002) and to the 1999 Chichi earthquake 
(Dominguez et al., 2003). The third method is a derivative of InSAR allowing the measurement of 
horizontal displacements along the satellite track which appears a few years later under the 
name of Multiple Aperture Interferometry (MAI, Bechor & Zebker, 2006) with an application on 
the 1999 Hector Mine earthquake, followed by others like the 2003 Altai event (Barbot et al., 
2008). Those three methods are complementary with InSAR (Simons & Rosen, 2007), notably 
because they are more robust in near-fault for image correlation techniques, and provide 
measurements along different view directions allowing the reconstruction of the first 3-D 
coseismic surface displacements field  (Fialko et al., 2001, 2005; Wright, Parsons, & Lu, 2004; 
Wright et al., 2006, A06). Several of the earthquake studies will then combine several datasets, 
acquired by different sensors in different acquisition modes and geometry and by different 
methods (e.g. Feigl et al., 2002; Fialko et al., 2001).  

 Yajing Yan's PhD thesis, which was between a signal processing lab (LISTIC) and an earth 
sciences lab (ISTerre), dealt with the question of how to combine different displacement 
measurement data sets taking into account their respective uncertainties. Yajing compared 
different approaches: is it better to invert all datasets together (joint inversion) or to adopt a pre-
fusion scheme before inversion to keep only the best data in the inversion with a fuzzy approach? 
Based on the example of the Kashmir earthquake (SAR correlation and InSAR datasets), this study 
showed that the second approach had the advantage of estimating more realistic uncertainty by 
avoiding over-simplified assumptions about the properties of sources of error (A10). 

Then during Jonathan Perrin's Master's project, following the results of Avouac et al (2006) 
we applied the optical images correlation to ASTER data using the Cosicorr method (Leprince et 
al., 2007) to estimate the coseismic offsets along the fault trace of the Kashmir earthquake. These 
results were integrated into the study by Yan et al (A12), which better constrained the slip 
distribution (Figure 2, right) and its uncertainty. We also discussed in this paper the question of 
the possible influence of post-seismic displacements in the measurements made by satellite 
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imagery, which is a recurrent problem since post-event images can be acquire several days or 
several months after the earthquake and thus may contain a non-negligible proportion of post-
seismic displacement. Based on measurements made over several years by GPS stations installed 
one month after the earthquake, Jouanne et al (2011) suggested that post-seismic is dominated 
by afterslip along a flat north of the ramp affected by the main shock. By integrating this flat into 
the fault model geometry and taking into account the uncertainties in the measurements, the 
Yan’s study showed that the amount of post-seismic had little influence on the coseismic 
distribution model. Subsequently, Wang and Fialko (2014) will confirm that the post-seismic 
deformation over a few years is dominated by afterslip mainly down-dip of the coseismic 
displacement. 

Sentinel1-ALOS-2 Era: systematization of coseismic studies and wider use of combination of 
InSAR and Optical correlation. 

At the end of 2010, ENVISAT's orbit is modified to extend its lifetime, but this led to the end 
of its interferometric mission. A few months later, in April 2011, the ALOS-1 satellite stopped 
working. These two shutdowns were a serious brake on the use of radar imagery for the study of 
earthquakes. The L-band ALOS-1 has been a significant step forward, especially for the study of 
large earthquakes, such as the 2007 Mw 6.6 Noto Hanto earthquake (Fukushima et al., 2008; 
Ozawa et al., 2008), the 2008 Mw 7.9 Wenchuan earthquake (Chini et al., 2010; A08 ; de Michele 
et al., 2010; Fielding et al., 2013), the 2009 Mw 7.8 Dusky Sound earthquake (Beavan et al., 2010), 
the 2010 Mw 7.0 Haiti earthquake (Calais et al., 2010; Jung & Hong, 2017), the 2010 Mw 8.8 
Maule earthquake (Xiaopeng Tong et al., 2010; Delouis et al., 2010), the 2011 Mw 6.8 Burma 
earthquake (W. Feng et al., 2013) or the 2011 Mw 9.0 Tohoku-Oki earthquake (Kobayashi et al., 
2011; G. Feng & Jónsson, 2012). Between April 2011 and the end of 2014, despite few successes 
often in combination with other datasets (e.g. Stramondo et al., 2011; Salvi et al., 2012; Jolivet 
et al., 2014), the presence of two X-band satellite constellations (CosmoSkymed and Terra-SAR 
X, Figure 1), which are less suitable for studying major earthquakes, will not compensate for this 
loss. 

For instance, for the study of the Mexican subduction, in which I was involved when I arrived 
in Grenoble within the framework of the ANR GGAP project, the 20 March 2012 Mw 7.5 
Ometepec earthquake could not be analyzed by InSAR, the geodetic measurement relying   only 
on few GPS stations (Graham et al., 2014). For the Petalan Mw 7.2 earthquake of April 18, 2014, 
we tried to use data from the commercial RADARSAT-2 satellite via an ESA project.  However, 
despite a fast tasking of post-event acquisitions, the time interval with the closest pre-event 
images was more than 6 months and the orbital baseline was too long (> 150m) so that the 
interferograms were too noisy and the test was unsuccessful. Although Radarsat-2 has been 
successfully used many times to study earthquakes (Samsonov et al., 2014), this case is 
representative of the difficulties of using a satellite like Radarsat-2, running multi-purposes 
commercial operations, and which does not have a frequent and systematic global acquisition 
strategy in an background default acquisition mode dedicated to INSAR.  

It is this lack that the Sentinel-1a and ALOS-2 satellites launched in 2014, to be completed by 
the twin satellite Sentinel1-b in 2016, will fill with a great start with the 25 April 2015, Mw 7.8 
Nepal Gorkha earthquake (Avouac et al., 2015; Lindsey et al., 2015; Raphaël Grandin et al., 2015; 
Elliott, Jolivet, et al., 2016). These missions with shorter revisit time, more systematic acquisitions 
on a global scale and with two complementary wavelengths (C-band at 5.6 cm for Sentinel 1 and 
L-band at 23 cm for ALOS2) are finally bringing satellite imagery very close to an operational 
coseismic observation mode. They can now cover most of the continental crustal earthquake M 
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> 6 with depth < 50 km, except in area with abundant snow cover but also a significant number 
of subduction earthquake, close enough to the coast to produce centimetric on-shore surface 
displacement (Elliott, Walters, et al., 2016). 

 Coming back to the Mexican subduction case, during the Louise Maubant’s PhD Thesis, 
we have been able to process interferograms for all the major earthquake related to the 
subduction since 2015 (O16 and Figure 3) :  

• The 08/09/2017 Chiapas Earthquake (Mw 8.1) 

• The 19/09/2017 Puebla Earthquake (Mw 7.1)  

• The 16/02/2018 Oaxaca Earthquake (Mw 7.2) 

• The 23/06/2020 Oaxaca Earthquake (Mw 7.4) 

The first two were intraslab earthquakes, and the last two occurred on the subduction interface. 
This is a typical example of a « routine » monitoring of earthquake allowed by Sentinel-1 and 
ALOS-2 mission. This measurement can be used to invert slip distribution (Atzori et al., 2019), or 
to give constraint in time series analysis when looking for slow slip events. 

 

 

Figure 3 : InSAR measurement of the surface displacements due to the 16 February 2018 (Mw 7.1) 
earthquake in the Oaxaca region of Mexico captured by two tracks of SENTINEL-1. Left: 
interferogram. Right: unwrapped interferogram showing the coseismic surface displacement 
(blue color: toward the satellite, red:  away from satellite). Processed by L. Maubant (O17). 

 

The study of the 28 September 2018 Mw 7.5 Palu earthquake in Sulawesi, Indonesia (A23, 
Figure 4) is a representative example of another heavy trend in remote-sensing analysis of large 
earthquake with surface rupture: the more and more systematic combination of optical images 
correlation with InSAR. In the past 10 years, the number of optical satellites suitable for surface 
displacement measurement has significantly increased, ranging from constellations of high 
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resolution (<1 m) satellites like QuickBird, Pleiades, WorldView or Geoeye, to satellites with 
medium-resolution (10 m) and global coverage archives like Landsat-8 and twin Sentinel-2 
satellites.   

This wide range of data makes it possible to use these satellites to measure localized (<1km) 
decimetric or more surface displacements. This capacity is very complementary to that of InSAR, 
which tends to have decorrelation for such gradient of displacement and to be more sensitive to 
vertical displacement. In the competition between optical and SAR images, optical images have 
a small lead over radar images in terms of spatial resolution. This results in more accurate 
correlation results, which is one of the reasons that tends to favor optical images correlation over 
SAR images even in cloudy environment like Indonesia, as the coexistence of many optical 
satellites allows post-event cloud free images to be acquired in a reasonable amount of time (a 
few weeks). All this explains the nowadays wide use of the duo InSAR/optical correlation (Elliott, 
Walters, et al., 2016). 

 

Figure 4 : Surface displacements associated with Mw 7.5 Palu earthquake from InSAR (left) and optical image 

correlation (right). The colored dots represent one month of foreshock (blue) and aftershock (yellow and red) 
seismicity (different temporal color scales are provided on each panel to show the detailed evolution of the seismic 
sequence). A), Unwrapped ALOS-2 interferogram. The surface trace of the ruptured fault is shown as a red line. Grey 
circles represent the background seismicity. b) Map of the horizontal surface displacement computed by the 
correlation of Sentinel-2 images. The arrows show the horizontal displacement, whereas the colors correspond to the 
N–S component of the displacements (from A23). 

In the case of the Palu earthquake, the combination of the two techniques gives a detailed 
images of the fault trace and secondary structures and at the same time far field measurement 
that constraints inversion of slip distribution at depth. Results show that the slip initiated on a 
structurally complex and previously unknown fault to the north, extended southwards over 180 
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km and passed through two major releasing bends. Our study was somehow a bit provocative 
because it does not involved seismological data but concludes that the Palu earthquake probably 
ruptured a 30 km fault section south of Palu city at supershear velocities. This conclusion was 
mainly based on observation from satellite geodesy showing that this section of the rupture is 
very linear and slightly offset from the mapped geological fault at the surface and shows large 
and smooth surface slip of 4–7 m with almost no aftershock seismicity, which are characteristics 
similar to those from known supershear segments.  

This has been confirmed by other studies including seismic data, teleseismic array and regional 
broadband stations (Bao et al., 2019; Fang et al., 2019; Y. Zhang et al., 2019). Fang et al. propose 
a supershear model quite similar to Bao et al. with a persistent supershear rupture from early 
on. On the other hand, Zhang et al. obtains a model with a slow start of the rupture and a 
supershear acceleration only around 20 seconds. 

In addition to these examples, I had opportunities to investigate other earthquakes (see 
Appendix 3) ranging from the Mw 7.8 2008 Wenchuan earthquake to the shallow Mw 5, 2019 Le 
Teil earthquake. Even if such studies are opportunistic, they contribute to build a growing 
catalogue of coseismic slip distribution like SRCMOD (Mai & Thingbaijam, 2014) which is needed 
for several research problematics. However, despite significant efforts from teams like ARIA at 
NASA (https://aria.jpl.nasa.gov/) or COMET at NERC (https://comet.nerc.ac.uk) to be very 
responsive to event, we are not yet in a situation of a quick, automated response. Indeed, some 
technical steps for surface deformation measurement from satellite are still requiring human 
intervention, for instance InSAR still face unwrapping error problem in automatic computation, 
and more generally free and near-real data access is now only available from a few satellites like 
Sentinel-1 and Sentinel-2.  In addition, joint inversion of slip distribution from joint inversion for 
a given earthquake can be quite different from one author to another because of variability in 
inversion process (fault geometry, smoothing, velocity model, etc.). This leads to relativize the 
interpretation beyond the first order of slip inversions.   

Nonetheless, all the studies carried out now make it possible to tackle several fundamental 
scientific questions about earthquake, for instance, the question of representativeness of the 
complexity of the rupture in surface on slip at depth.  Is this complexity, often not reproduced in 
slip distribution models, only a near-surface effect? If this question often comes up against the 
uncertainty on the geometry of the fault at depth and the myopia of geodetic measurements 
with depth, examples such as the 13 November 2016 Mw 7.8 Kaikoura (New-Zealand) 
earthquake show that a great complexity of geometry and slip in the crust can exist (Cesca et al., 
2017; Duputel & Rivera, 2017; Zinke et al., 2019; H. Zhang et al., 2017). 

Another issue that has emerged from the analysis of different distributions is the "shallow slip 
deficit » problem (Fialko et al., 2005). For strike-slip faults, inverted slip distributions tend to 
show a maximum slip at its maximum between 3 and 6 km that decreases towards the surface, 
raising the question of how and when the deformation in the first 3 km of the crust 
accommodates the missing displacement on the long-term displacement. Is it due to a 
deformation taking place in the interseismic period and/or distributed over a wider area (off-
fault deformations) (e.g. Fialko et al., 2005; Dolan & Haravitch, 2014) or alternatively caused by 
a measurement sampling problem (Xu et al., 2016) or an artifact linked to the simplifications 
made when we model the fault and the medium (Kaneko & Fialko, 2011; Marchandon et al., 2020 
in review)? This is related to an issue of aseismic deformations triggered by earthquakes on 
nearby geological structures that motivated me to study earthquake and which is the subject of 
the following section.   

https://aria.jpl.nasa.gov/
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Aseismic deformation triggered to earthquake 

Aseismic deformation observed in surface related to earthquake can take different forms that 
has been first observed from fieldwork or ground-based geodesy since the 1960 mainly in 
California:  

 Afterslip slip along a fault ruptured by a large earthquake starting after that event as 
observed after the 1966 Parkfield Earthquake (e.g. Smith & Wyss, 1968) or the 1968 
Borrego mountain earthquake (e.g. R. O. Burford, 1972). 

 Creep rate change after an event, like acceleration recorded in January 1960 on the 
San Andrea fault due to a local earthquake (Steinbrugge et al., 1960). 

 Off-fault deformation: inelastic deformation around the main fault that can be 
expressed by folding, warping, granular flow, rigid-block rotation, minor secondary 
faulting, and/or microcracking, and that are mainly within the 100-200m from the 
fault, but can be distributed at kilometer scale (Milliner et al., 2015; see also ref. in 
Kaneko & Fialko, 2011) as observed after the 1987 superstition Hills earthquake 
sequence (e.g. R. E. Klinger & Rockwell, 1989; Hudnut et al., 1989). 

 Triggered aseismic fault slip or folding: deformation observed just after a nearby 
earthquake (up to 100 km), but on geological structures not necessarily connected to 
the seismic fault, like displacements on the San Andreas fault triggered by the Borrego 
Mountain earthquake (Allen et al., 1972), the 1979 Imperial Valley earthquake (Sieh, 
1982; Fuis, 1982), the 1986 North Palm Springs earthquake (P. L. Williams et al., 1988),  
or the 1992 Landers earthquake sequence (Bodin et al., 1994). 

From the start, these observations raised the problem of estimating seismic hazard from field 
measurement of fault offsets (Allen et al., 1972) or paleoseismology. From the 1990s, satellite 
geodesy allowed more extensive measurements of these deformations (Bürgmann, Rosen, et al., 
2000) with also the same difficulties to know what is the proportion of aseismic slip and seismic 
slip in the measured deformation. As we have already seen in the case of the 2005 Kashmir 
earthquake (A06), this question arises in particular for the early afterslip which can be important 
in the first days after an earthquake (e.g. Lienkaemper et al., 2016). High frequency GPS is 
presently the best technique to address this issue (e.g. Twardzik et al., 2019). I have not 
investigate this issue as satellite imagery remains poorly suited for this purpose because of its 
poor temporal sampling, even if it can help to estimate the spatial extent of such processes. Creep 
rate changes are discussed in section II-5. 

Regarding off-fault deformation, optical imagery turns out to be the most performant tool as 
this deformation area often located in near-field of large earthquake were InSAR may 
decorrelate.  Our study of the Palu Earthquake (A23) was a typical example of that.  Numerous 
other studies have extensively investigated this kind of deformation using optical image 
correlation, like for the unavoidable 1992 Landers earthquake (Milliner et al., 2015, 2016),  the 
2001 Mw 7.8 Kokoxili earthquake in Tibet (Y. Klinger et al., 2006),  the 2013 Mw 7.7 Balochistan 
earthquake (Zinke et al., 2014; Vallage et al., 2015; Gold et al., 2015), the 2016 Mw 7.8 Kaikoura 
earthquake (Zinke et al., 2019). Those studies confirm that field measurements are under-
estimating the total deformation caused by earthquake. Dolan and Haravitch (2014) proposed 
that the amount of off-fault deformation increases according to the degree of structural maturity 
of the fault, but the high variability of the off-fault deformation along a same rupture suggests 
that other parameters are controlling the process (Milliner et al., 2015). 
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I have been more interested by triggered slip on nearby faults. Especially in SW Taiwan where 
shallow (< 6 km) geological structures, showing interseismic aseismic deformation for some of 
them, are activated by earthquake on deeper faults (> 15 km) like the 2010 mw 6.2 Jiashian and 
the 2016 Mw 6.4 Meinong earthquakes (C66, A20, A26 in prep, Figure 5). Interestingly 
earthquakes here play a role of natural perturbation in an already deforming thrust-and-fold 
system.    

 
Figure 5 : Coseismic of 6 Feb 2016, Mw 6.4 Meinong earthquake (SW Taiwan) and triggered 
deformations on shallow geological structures. Top : surface displacement (along the radar line 
of sight) from ALOS-2 interferogram (26 Nov. 2015 - 18 Feb. 2016) capturing the Meinong 
earthquake 6 Feb. 2016 that rupture a deeper fault at 15km (M.-H. Huang, Tung, et al., 2016), 
but also triggered deformation on faults, some of them pointed by the white arrows, and active 
anticline (green arrowed line). Bottom: Cross section (from A20, location shown by black line on 
the map), showing the shallow geological structure of the thrust-and-fold belt of SW Taiwan 

Such triggered aseismic slips on nearby fault, can be efficiently mapped by InSAR if they reach 
the surface, leading to numerous observations done related to earthquake of different 
magnitude and in various tectonic contexts, e.g.: 

 1992 Mw 7.3 Landers, California, Strike-slip (Massonnet et al., 1994; Price & Sandwell, 1998; 
Fialko, 2004) 
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 1994 Mw 5.9 Double Spring Flat, Nevada, Strike-slip (Amelung & Bell, 2003). 

 1998 Mw 6.6 Fandoqa, Iran, strike-slip triggering thrust (Berberian et al., 2001; Fielding et 
al., 2004; Copley & Jolivet, 2016)  

 1999 Mw  7.5 Izmit, Turkey, strike-slip (Wright, Fielding, et al., 2001) 

 1999 Mw  7.6 Chichi, Taiwan, thrust (A03)  

 1999 Mw 7.1 Hector Mine, California (Sandwell et al., 2000; Fialko et al., 2002) 

 2000 Mw 6.6 South Iceland Seismic Zone, (Pedersen et al., 2001; Pagli et al., 2003) 

 2010 Mw 7.2 El Mayor-Cucapah, Baja California, strike-slip (Donnellan et al., 2014; Wei et 
al., 2011) 

 2014 Mw 6.0 South Napa, California, strike-slip (DeLong et al., 2016; Ponti et al., 2019) 

 2015 Mw 7.9 Gorkha, Nepal, thrust (Elliott, Jolivet, et al., 2016) 

 2018 Mw 7.5 Palu, Indonesia, strike-slip (A23 Suppl. Fig. S1)   

 2019 Mw 7.1 Ridgecrest, California, strike-slip (Xu et al., 2020) 

Indeed, when good quality InSAR observation are available, such triggered slip seems quite 
common and may have a non-negligible effect in the earthquake cycle. Other observations also 
suggest triggered aseismic folding (Kaneko et al., 2015; Simon Daout et al., 2019; C66). 

The question of the aseismic nature of such triggered deformation can be tricky as they can 
occur almost at the same time than the triggering earthquake. As triggered slip are usually of 
small amplitude with respect to the main earthquake, it may be difficult to identify them in the 
seismicity if the triggered slip is also seismic and close to the main fault. For instance, the 
triggered slip on the Chenghua and Tuntzuchio faults by the 1999 Chichi earthquake (A03) were 
not associated with aftershocks, but we cannot exclude that it occurs seismically during the main 
shock rupture. For the 2012 Jiashian earthquake and the 2016 Meinong earthquake, in SW 
Taiwan, the joint inversions of geodetic and seismic data (K.-C. Lin et al., 2016; M.-H. Huang, 
Tung, et al., 2016) result in the need for a secondary shallower patch of slip (see Figure 5 for the 
Meinong earthquake), mainly driven by geodetic data. However, they were no aftershock at that 
depth. Lin et al (2016) suggest that the 2012 Jiashian event is a continuous seismic event, but 
admit that they cannot exclude a primarily aseismic slip on the shallower fault plane from 
seismological waveform analysis. Furthermore, the geometry of their secondary fault plane is not 
consistent with geological observation. Hollingsworth et al. (2017) report about a rare case of 
slip on a secondary splay fault triggered by the 2016 Kaikoura, New Zealand, earthquake, for 
which seismic signal can be seen in the seismological waveforms. However the seismic moment 
of triggered slip can be significantly lower than the geodetic moment suggesting if it is the case 
that the slip is mostly aseismic (e.g. Amelung & Bell, 2003). 

 Regarding the mechanism of triggered slip, static stress change or dynamic effect has 
been invoked. The static stress change alone cannot explain all the observations assuming 
classical coulomb stress change criteria (e.g. Allen et al., 1972; Du et al., 2003; Kaneko et al., 
2015), and alternative processes of dynamic triggering have been proposed (Bodin et al., 1994; 
Bodin & Gomberg, 1994; Gomberg & Bodin, 1994). However to explain anomalous displacement 
of nearby-fault with respect to coulomb stress change that is a retrograde displacement opposite 
to long-term geologic slip,  elastic response of compliant fault zones has been also invoked (Fialko 
et al., 2002). Compliant fault zones are zones of reduced effective shear modulus around the 
fault. In the case-study investigated by Fialko et al. (2002; 2004), a reduction in the effective shear 
modulus by about a factor of two within 2-km-wide fault zones is needed. Such a reduction may 
be due to damage zones around the faults. Inelastic response of compliant fault zone can also be 
caused by dynamic stress perturbations (Duan, 2010). The recent observations by InSAR of 
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retrograde motion by Xu and Sandwell (2020) on unknown faults, highlight the need of combining 
field work, geophysical survey and satellite geodesy in order to test the compliant fault 
hypothesis and more generally to better understand the mechanics of aseismic triggered slip. 
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3 – Interseismic deformation with assumption of steady 
state slip at depth 

Interseismic deformation is the part of the earthquake cycle where tectonic stress built up and 
is reloading the seismogenic part of the fault. First geodetic observations of interseismic 
deformation come back to the beginning of the 20th century with observations done by Reid H.F. 
after the 1906 San Francisco earthquake. He then laid the foundation of the elastic rebound 
theory (Reid, 1910, 1911). One very popular mathematical formulation of this theory was set up 
in the 1970’s by Savage and Burford (Savage & Burford, 1973) in which interseismic deformation 
of strike-slip fault is modelled by steady-state interseismic slip on a dislocation buried in an 
homogeneous elastic half-space. See also Segall (2010) for an historical view of the progresses in 
observation and modelling since Reid’s observations and a comprehensive description of the 
Savage and Burford model and other alternative models). 

Knowing the loading rate of a fault is a fundamental parameter in seismic hazard assessment 
and geodetic measurement is useful to get measurement of the present-day slip rate to 
complement usually sparse geological or paleosismological estimates. Up to the end of the 
1990’s, ground-based geodetic surveys and GPS were the main tools to measure interseismic 
deformations. Regarding GPS, when only a few campaign measurement are available along a line 
of stations crossing the fault, the elastic dislocation model is a reasonably simple model to be 
used to infer the geodetic slip rate. It is usually done with the assumption of a steady-state creep 
on the fault below a certain depth called locking depth, above which the fault is locked (no slip) 
during the interseismic period. This corresponds to a transition from stable regime to unstable 
regime in the formalism of rate-and-state friction law (Scholz, 1998).   

The first InSAR analysis of the distributed interseismic deformation of locked faults were done 
on the East California Shear Zone (Peltzer, Crampé, Hensley, et al., 2001) and on the North 
Anatolian Fault (Wright, Parsons, et al., 2001). A decade later, Wright et al (2013) made a review 
of interseismic studies providing fault locking depth and report about one hundred GPS and 
InSAR interseismic studies, most of them using the half-space elastic model approach. Even if at 
that time they were already studies proposing alternative models with no steady-state creep 
assumption (e.g. Hetland & Hager, 2005, see also discussion hereafter), those more complex 
models required additional information (like about past seismic events or rock viscosities) often 
not available. That is why at the end of 2010, when started the PhD of Zahra Mousavi that I co-
supervised with A. Walpersdorf, we decided to adopt the classical elastic approach to infer slip 
rate of some major continental faults in North Eastern Iran.   

The study area covers NE Iran as shown in Figure 6. The first study of the PhD (A14) was using 
permanent and campaign GPS stations to investigate the first-order present-day deformation 
field in an area where the pattern of faulting accommodating the Arabia–Eurasia collision 
deformation is complex involving thrust and strike-slip faults with slip rates largely unknown. 
Results showed that the rigid-body rotation of the South Caspian about an Euler pole is located 
further away than previously thought and suggested that the fault zones along the eastern Alborz 
and western Kopeh-Dagh may accommodate slip at much faster rates than previously thought. 
First geodetic slip rate were estimated on the Ashkhabad fault, the Sharoud fault system and the 
Doruneh fault. 
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Figure 6 : Shaded DEM of Iran showing the study areas investigated during the PhD of Z. Mousavi: 
blue rectangle for GPS study (A14), green rectangles show Envisat footprints used for the InSAR 
study of the Sharoud Fault system (A16) and the Doruneh Fault (A25). Red lines show active faults 
and triangles show GPS stations (adapted from Mousavi PhD defense presentation Nov. 2013) 

However because the fault slip rates of those 100’s km long major faults were only relying on 
few GPS stations unevenly distributed, we decided to also use InSAR to better constrain the slip 
rate of the eastern Sharoud fault zone (A16, pdf-4) and of the Doruneh fault (C42, A25). The 
Ashkhabad fault have been studied by InSAR at the same time by Walters et al (2013). Even if 
interseismic slip rate can be relatively well estimated by GPS in case of a spatially smooth 
interseismic deformation signal, InSAR is an efficient tool to verify this assumption over a whole 
fault system by looking for possible spatial discontinuities (see also section II-5), and to 
investigate possible along-strike variations of slip rate or locking depth.   

The Sharoud Fault system is a major active structure of the eastern Alborz. With no large 
instrumental earthquake in the last 50 years, this fault system have ruptured in 1890 near 
Sharoud city (Ambraseys & Melville, 1982), however there is no historical record on its eastern 
part near the Jajarm and Cheshmeh-Nik faults on which geological slip rates were unknown. To 
cover this area by InSAR we used Envisat data acquired during 2003–2010 on two tracks 
(ascending and descending see Figure 6 and Figure 7). Inversion results are consistent with a left-
lateral slip rate of 4.75 ± 0.8mm/yr. on the Abr and Jajarm, strands of the Sharoud fault, with a 
10 ± 4 km locking depth. 
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Figure 7 : Slip rate of Sharoud Fault System from INSAR and GPS analysis. RIGHT:  Ground surface 
mean velocity maps (along Line of Sight) from InSAR time series analysis for two Envisat track (see 
location in Figure 6). Red arrows present the GPS velocity field of this area with respect to Eurasia. 
Black lines are fault traces (CH-N is Cheshmeh-Nik fault). Blue boxes, oriented perpendicular to 
the SFS, show location of profiles shown on the left. LEFT: Mean LOS velocity profiles (gray dots) 
and the weighed averaged profile (thick blue line) with 2-sigma deviation (blue lines). All the 
points within the blue rectangle shown on the right are projected onto the profile as gray dots. 
The gray boxes show the elevation profile for the same area. The dark gray line shows the location 
of modeled Sharoud Fault. The red stars with error bars are the LOS velocity derived from five 
continuous GPS stations, assuming only horizontal displacements. The pink line is the best fitting 
model with slip rate 4.75 ± 0.8 mm/yr. and 10 ± 4 km locking depth. (Adapted from A16) 

The Doruneh is another major fault in NE Iran. The fault trace is well marked in the geology 
and geomorphology, but geodetic slip rate inferred from interseismic strain accumulation across 
the Doruneh fault are contradictory: Pezzo et al. (2012) measure ~5 mm/y of left-lateral strain 
accumulation from InSAR, whereas campaign and permanent GPS measurements (A14 ; 
Walpersdorf et al., 2014) show little discernible strain accumulation, with a maximum ~ 2 mm/yr. 
The InSAR analysis gives upper bound of deformation and shows that less than 4 mm/y – and 
likely only 1-3 mm/y - of slip accumulates across the fault. The InSAR analysis has been since 
completed by geomorphological analysis, field work and dating leading to a paper now in review 
(A25), which concludes that within the uncertainty of our measurements the slip-rate has 
remained constant over the last ~100 Kyr and is representative of the strain accumulation at the 
present-day. The slip-rate is consistent with the E-W left-lateral Doruneh fault accommodating 
N-S right lateral faulting by 'bookshelf' faulting, with clockwise rotation about a vertical axis.  

It is interesting to note that in the Wright et al review of InSAR interseismic studies of 
continental fault (2013), there are almost only strike-slip faults, except for a thrust system in 
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Taiwan (A07) which is a particular case of a shallow (< 5 km) thrust-related fold (see also section 
II-6). Indeed, when excluding shallow creeping faults studies, steady-state slip rate of thrust or 
normal fault systems inferred from InSAR interseismic studies are relatively rare (e.g. Kang et al., 
2015; Raphaël Grandin et al., 2012; Marshall et al., 2013; He et al., 2015; S. Daout et al., 2016; 
Simon Daout et al., 2018; Letizia Anderlini et al., 2020). In compressive context, it may be 
explained by a more distributed deformation style on several faults segment leading to smaller 
surface deformation rate and sometimes more difficult condition for InSAR related to high 
topographic gradient and snow cover (Raphaël Grandin et al., 2012). In extensive domain, the 
deformation can also be more distributed but it is rather the fact that tectonics is often related 
to transient magmatic events (e.g. Biggs et al., 2009; Doubre et al., 2017; Doubre & Peltzer, 2007)) 
that make steady-state slip rate analysis less appropriate. 

 For subduction zone, it is usually assumed that downdip of the seismogenic zone the 
subduction interface is creeping at a constant rate equivalent to the long-term plate velocity 
convergence, even if there is observation pointing for time-variation over the seismic cycle 
(Avouac, 2015). Assuming a fixed constant slip rate at depth, geodetic studies are rather 
investigating up-did coupling variability. As on-land observation can be relatively far from the 
subduction interface and from the trench, the corresponding interseismic deformation by 
satellite geodesy is usually quite smooth spatially and the inverted coupling can lack resolution 
near the trench (e.g. Chlieh et al., 2008). In this configuration, the InSAR impact is less significant 
when a dense GPS network is already present like in Japan. However it can still be useful when 
GPS station are sparse or to investigate deformation partitioning in the upper crust (e.g. Shirzaei 
et al., 2012; Tung et al., 2019; Fukushima et al., 2019). Other difficulties like the lack of enough 
large and continuous on-land surface (e.g. Aleoutian, Kourile and Tonga Kermadec subductions) 
and/or land-cover are not favorable to InSAR observation (e.g. Equator, Central America, Alaska, 
Cascadia, Indonesia subductions). This makes the use of InSAR for interseismic coupling studies 
limited to a few subduction zones so far, like in Chile ((e.g. Chlieh et al., 2004; Béjar-Pizarro et al., 
2010, 2013; Jolivet et al., 2020), Makran (Y. N. Lin et al., 2015) and Mexico (Louise Maubant’s 
PhD work in progress). 

 In the last decade, the major trends in InSAR interseismic studies are the ability to 
investigate more challenging environments for InSAR observation (e.g. Raphaël Grandin et al., 
2012; Cavalié & Jónsson, 2014; Walters et al., 2014), smaller deformation rate, and wider area. 
Large coverage is useful to understand the spatial variability of interseismic deformation over 
entire long fault systems (e.g. X. Tong et al., 2013; E. Chaussard et al., 2016; Fattahi & Amelung, 
2016). A good illustration of that trend is the study of interseismic deformation in Turkey. It 
started with a narrow 100km wide swath across the North Anatolian fault (Wright, Parsons, et 
al., 2001) extending to larger and larger parts of the NAF (Kaneko et al., 2013; Hussain, Hooper, 
et al., 2016; Hussain et al., 2018) and the Eastern Anatolian Fault (Cavalié et al., 2008; Walters et 
al., 2014), up to a now complete coverage of Anatolia thanks to Sentinel-1 data (Weiss et al., 
2020). A similar spreading occurs in Tibet (Wright, Parsons, England, et al., 2004; Elliott et al., 
2008; Cavalié et al., 2008; H. Wang & Wright, 2012; Garthwaite et al., 2013; Simon Daout et al., 
2018; Hua Wang et al., 2019). 

Another trend allowed by longer and denser InSAR time-series is the study of transient 
deformation signals like those discussed in the following sections II-4 (slow slip events in 
subduction) and II-5 (creeping faults). 
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To finish with this section about slip rate inferred assuming steady-state rate, it is noteworthy 
to mention the issue the representativeness of geodetic measurement made over a few years or 
decades within the earthquake cycle. Figure 8, from Meade et al (2013), illustrates this issue by 
taking into account the possibility of long-term visco-elastic or afterslip effects (e.g. Marone, 
1998; K. M. Johnson & Segall, 2004; Hetland & Hager, 2005; Trubienko et al., 2013) that do not 
fill the steady state assumptions. Other perturbations to the linearity in time of interseismic 
displacement can come from fault interaction (e.g. Perfettini & Avouac, 2004b) or long transient 
deformations (B. J. Meade & Loveless, 2009).. 

 

 

Figure 8 : Schematic diagram from Meade et al. (2013) showing a geodetic sampling interval in 
relation to the earthquake cycle. « Earthquake recurrence intervals (T) typically range from 100 
to 10,000 years whereas the duration geodetic observations, ΔT (vertical gray shading), used to 
infer fault slip rates, is typically decadal in length, sampling only a small fraction of the earthquake 
cycle. A linear fit to the geodetic position time series pi (t) (red line) throughout T gives the nominal 
interseismic velocity, vI (blue line). Estimates of vI may vary throughout the earthquake cycle 
because of the nonlinear variation in surface deformation throughout the interseismic period ». 

All these effects can make the short-term geodetic deformation not representative of the full 
interseismic period. Off course, this has also implication about the related issue of the 
comparison of the geodetic and geologic slip rates (e.g. Friedrich et al., 2003; Allmendinger et al., 
2009; Menant et al., 2020). 

Some authors have reduced discrepancies between geodetic and geological slip rates by using 
an elastic plate over a viscoelastic half-space instead of an elastic half-space (Tong 2018). 
However, the simple conceptual model in Figure 8, which implies lower slip rate at the end the 
interseismic period, can be mathematically reproduced trough different mechanical models. 
Some of them, like rate‐and‐state frictional afterslip models or power law shear zone models, 
can lead to a relatively rapid return to an almost steady-state approximation (Wright et al., 2013; 
Ingleby & Wright, 2017) consistently with some observations (Hussain et al., 2018).    

Furthermore, this conceptual model does not apply everywhere. Dolan and Meade (2017) 
report geodetic rates a few years before an earthquake that are faster than geological rates. The 
authors propose four possible mechanisms: « (1) earthquake‐cycle effects related to previous 
clusters or lulls in earthquake occurrence and fault displacement; (2) temporal variability in fault 
strength; (3) regional kinematic fault interactions; and (4) temporal variability of relative plate 
motion rates. ».  Transient slow slip events (B. J. Meade & Loveless, 2009; Loveless & Meade, 
2016), may be part of the solution. 
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4 – Slow slip events in subduction zone 

Slow slip events (SSE) are transient slip events that, like earthquakes, propagate over a fault 
but are much slower and last longer and therefore radiate little or no measurable seismic energy. 
In this sense, they are mainly aseismic; however, they can be associated with certain seismic 
signals such as tremors and interact with « classical » seismicity. There seems to be a continuum 
between tremors, low frequency earthquakes and very low-frequency earthquakes and SSE 
(Peng & Gomberg, 2010). The more generic term « slow earthquake » has been used to group 
these phenomena (Ide et al., 2007) and the term SSE is now increasingly taking precedence over 
« silent earthquake » proposed in the 1970s for slip events too slow to be measured by 
seismology. 

If geodetic observations of transient creep aseismic events were made as early as the 1950s 
on the San Andreas fault (Steinbrugge et al., 1960), it is through seismology that the first 
indications of transient slip in subduction zones were made, making the simple vision of a steady-
state aseismic creep loading seismic asperities on the subduction interface more complex. This 
started with observations based on long-period seismology, of relatively small magnitude 
earthquakes but generating large tsunami, called "tsunami earthquakes" (Kanamori, 1972; 
Kanamori & Kikuchi, 1993),  of slow slip preceding main shock like for the 1960 Great Chilean 
earthquake (Kanamori & Cipar, 1974; Cifuentes & Silver, 1989) or of slow events triggered by 
earthquakes (Kanamori & Stewart, 1979). This was complemented by more systematic studies of 
seismological records (Beroza & Jordan, 1990; Ihmlé & Jordan, 1994) and the first observations 
from borehole strain meters (Sacks et al., 1978; Linde et al., 1988) or geodetic surveys (Shimazaki, 
1974; Linde & Silver, 1989). At the same time, studies have been carried out to establish a link 
between laboratory friction experiments and slow slip observations (e.g. Dieterich, 1978, 1979; 
Ruina, 1983). 

In those first observations, most of the slow slips take place just before or just after an 
earthquake and with a spatial connection to the seismic rupture zone. This has since been 
confirmed by several studies (e.g. for Tohoku Mw 9, Kato et al., 2012; Bouchon et al., 2016; for 
Iquique Mw 8.2 Meng et al., 2015; Socquet et al., 2017; and N. K. Voss et al., 2017 for afterslip 
and triggered SSE). In this part II-4, we will rather focus on SSEs in the subduction zone that do 
not have such a strong spatial and temporal proximity to an earthquake:  they have their own 
"life" with their own periodicity, which does not prevent them from interacting with the 
seismicity. It is only at the end of the 1990's that this type of event began to be measured, notably 
thanks to the densification of permanent GPS networks compensating for the insufficient 
temporal sampling of campaign geodetic measurements. This has been done almost in parallel 
in three different subduction zones: (1) in Japan at several locations along the Nankai zone : 
Bongo Channel (Hirose et al., 1999; Ozawa et al., 2001, 2004; Miyazaki et al., 2003; Hirose & 
Obara, 2005), Tokai (Ozawa et al., 2002; Hirose & Obara, 2006) and Boso (Ozawa et al., 2003) ; 
(2) in the Cascade area, Canada/USA (Dragert, 2001; Rogers & Dragert, 2003) ;  (3) in Mexico 
(Kostoglodov et al., 2003; Larson et al., 2004; Lowry et al., 2001; Yoshioka et al., 2004). It was also 
in the early 2000s that the first observations of periodic slow slip associated with non-volcanic 
tremors were made (Obara, 2002; Obara et al., 2004; Rogers & Dragert, 2003). Tremors are low 
amplitude signals observed by seismometers but with little or no impulsive radiation and with a 
low frequency content. 
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Depending on the location, SSEs cover a relatively wide range of amplitude, duration, and 
periodicity (Schwartz & Rokosky, 2007), for instance a few cm slip lasting several weeks with 
periodicity of 13-16 months in Cascadia, and about 20 cm slip lasting several months with 
periodicity of about 4 years in Guerrero (Mexico). However they seems to share a common 
scaling between their characteristic duration and their equivalent seismic moment magnitude 
but in a different way than regular earthquakes do (Ide et al., 2007). 

It is in this context, full of new observations described in more detail in the review paper by 
Schwartz and Rokosky (2007), that when I arrived in Grenoble in 2006, I had the opportunity to 
start working on this subject. Thanks to the willingness of several members of different teams of 
the laboratory and to the already existing collaboration with Mexican colleagues, a project was 
set up focusing on the Mexican subduction and more particularly on the Guerrero seismic gap 
zone where the first SSE observations in Mexico had been made (Figure 9). It was the ANR GGAP 
project, the name of which evokes one of the major issues of the project. The slow earthquakes 
observed until then were located close to the Guerrero seismic gap which had not broken at least 
since 1911, whereas the seismic cycle in the Mexican subduction zone have an average 
recurrence time of 30-60 years for large subduction earthquakes (Nishenko & Singh, 1987). In its 
broadest definition, if the seismic gap were to rupture, it could give rise to a Mw 8 earthquake 
(Suárez et al., 1990; Singh & Mortera, 1991). The question of whether slow earthquakes release 
a significant part of the stress in the seismogenic zone or, on the contrary, are downdip the 
seismogenic zone (deeper than 20-25 km) and load it on each event is therefore crucial (Mazzotti 
& Adams, 2004; Kostoglodov et al., 2003). This question is related to the more general issue of 
interaction between SSE and larges earthquakes. To address this question for this a good spatial 
resolution of the slip distribution is necessary. 

 

Figure 9 : Subduction earthquakes along the Mexican subduction and the 2006 Slow Slip Event. 
Colored patches are the approximate rupture area of large instrumental earthquakes. The 
reddish patch correspond to the slip distribution of the 2006 Slow Slip Event on the subduction 
interface inverted from InSAR and GPS (A13). The SSE is located at the Guerrero Seismic Gap. 
Red arrows give the Coco-North America plates convergence. (From Kostoglodov et al., 2015).  
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In this project, my challenge was to apply radar interferometry to measure deformations of a 
slow earthquake, which had not been done until then. In spite of the obstacles represented by 
the strong variations of topography and vegetation cover of the area, the characteristics of 
Guerrero's SSEs made them an interesting target because they are large SSEs, on a relatively flat 
subduction, allowing on-land deformation observations far from the trench. This work started 
with Olivier Cavalié's post-doc targeting the 2006 SSE which was the best documented (Larson et 
al., 2007) and for which pre- and post-event archive images from the Envisat satellite were 
available. 

Using a stacking approach, we were able to demonstrate for the first time the feasibility of 
InSAR measurement of an SSE (C18, A13 pdf-3, Figure 10). Similar results were obtained by 
another group using another approach called StaMPS (Hooper et al., 2012; Bekaert, Hooper, et 
al., 2015). InSAR allowed to measure with a high spatial density the surface displacements related 
to the 2006 SSE and to show its lateral variability, with shallower slip in the Guerrero seismic gap 
where the slow slip seems to penetrate into the seismogenic zone (Figure 9, Figure 10), as 
suggested by Radiguet et al. (2011, 2012) based only on GPS data. 

 

Figure 10 : Slip distribution and surface deformation of the 2006 SSE in Guerrero. LEFT: slip 
distribution of the 2006 event inverted from InSAR and GPS measurements showing a lateral 
variation in the depth of the slip at the east side of the Guerrero seismic gap. At profile A, the slip 
is shallower and penetrates into the seismogenic zone (dashed grey line represents from south to 
north the depth of the interface at 0 km, 15 km and 42 km. RIGHT: SSE mean velocity map 
obtained from a stack of interferograms from the Envisat satellite. (From A13 pdf-3) 

Then I have also investigated the following large SSE in Guerrero which lasted about one year 
from June 2009 to June 2010 in two steps (Walpersdorf et al., 2011), the second steps being likely 
triggered by the remote 2010 Mw 8.8 Maule, Chile, earthquake (Zigone et al., 2012). It was one 
of target of Guillaume Bacques’ PhD Thesis. For this event, despite Envisat acquisitions request 
done in 2010, the quality of the interferogram network was not optimal with respect to the 
timing of the event, in addition to challenging atmospheric perturbations. We were able to get 
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results comparable to the 2006 SSE on a wider area (C40 ; Bacques, 2013), but we did not succeed 
to catch the kinematics of the event. 

The following 2014 large SSE in Guerrero was associated with a triggered Mw 7.2 earthquake 
(Radiguet et al., 2016; Gualandi et al., 2017). At that time, the Envisat satellite was over and 
Sentinel-1 and ALOS-2 satellites not yet launched. In cooperation with Sergey Samsonov and 
David Bekaert, we tried ordering Radarsat-2 data to investigate this event, but it was unsuccessful 
due to the too large decorrelation of interferograms formed with the pre-event images. 

The last large SSE to occur in Guerrero lasted from May 2017 to June 2018. We investigate it 
by Sentinel-1 InSAR and GPS in the framework of the CNES funded PhD thesis of Louise Maubant.  
With the aims to get the full benefit of the wide coverage and dense time-series of Sentinel-1, 
the first part of the PhD project was to setup methods to separate the different sources of signal 
present in InSAR time-series. With a strategy taking into account the context of the Mexican 
subduction zone, that is large topographic gradients and atmospheric perturbations, mixing of 
coseismic, postseismic and SSE tectonic signal, and low spatial density of permanent GPS stations 
with uneven distribution. We used parametric decomposition of InSAR time series with 
constraint from GPS zenithal tropospheric delay and Independent Component Analysis to extract 
the SSE signal. A first-order slip distribution is inverted giving consistent results with respect to 
previous SSEs (A24 pdf-6). 

InSAR results allow to give a better view of the spatial distribution of the large SSEs of Guerrero 
and to highlight lateral variations along the subduction. Why large SSE occur in Guerrero and not 
further West in the Michaocan area? The reason for such lateral variations is still debated and 
hypothetical. Several authors rather favors the hypothesis that such variations are permanent 
over many seismic cycles, based on the spatial correlation with seismological observations such 
as the presence of an ultra-slow velocity layer (Song et al., 2009), seismic anisotropy (Song & Kim, 
2012), or magnetotelluric and geological observations (Husker et al., 2018). Husker et al. propose 
that past magmatic activity may have "produced an impermeable gabbroic layer in the lower 
crust within the Guerrero gap" and that "this body acted as a seal to trap fluids and over-
pressurize the plate interface". Rousset et al. (2016) based on the observation of inter-SSE 
coupling and the coast-to-trench distance, which represents a long-term feature, propose that 
persistent frictional asperities partly control the inter-SSE coupling. However all those 
explanations remain debatable and it cannot be excluded that geodetically observed lateral 
variations are not stable on the time-scale of a few seismic cycles. They may be representative 
of very large transient slow slip at longer time scales (decade to centuries), as proposed by Meade 
2009, based on the scaling law of Ide et al (2007; see also discussion in Bürgmann, 2018). 

In parallel to this work on large SSE, it is worth noting the discovery of other smaller SSEs in 
the Mexican subduction, and related studies about the strong correlation between seismicity and 
SSE.  Following studies on the link between SSE and non-volcanic tremors in Japan and Cascadia, 
Kostoglodov et al (2010) showed that in Guerrero there is an increase in tremor activity during 
large SSEs but that the two phenomena are spatially distinct and that there are also tremor bursts 
outside large SSE periods. Vergnolle et al. (2010) showed that several of these bursts are 
correlated with small displacement anomalies in GPS time-series and interpreted them as smaller 
and shorter SSEs. This small SSEs would be rather located downdip to large SSEs (Kostoglodov et 
al., 2015). This was confirmed by a further analysis of the GPS data by Rousset et al (2017) who 
detected about 30 of these short-term SSEs (equivalent Mw 6.3 to 7.2) lasting between 3 and 39 
days over the period 2005-2014. It should be noted that short-term SSEs have also been located 
up-dip of large SSE in New-Zealand (L. M. Wallace et al., 2012). 
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This search for smaller events has been accompanied for some years now by a return of the 
pendulum from geodesy to seismology for the study of slow slip. Indeed, because of the noise of 
GPS measurements, it is difficult to detect event smaller than Mw 6 in the Guerrero area only 
based on GPS data (Rousset et al., 2017). However, seismic signatures of SSE has been 
demonstrated using burst of tremors or bursts of low frequency earthquakes (LFE), repeating 
earthquakes, earthquake swarms, changes in background seismicity or in seismic velocity (e.g. 
Igarashi et al., 2003; Matsumura, 2006; Ozawa et al., 2007; Holtkamp & Brudzinski, 2011; Marsan 
et al., 2013, 2017; Vallée et al., 2013; Mavrommatis et al., 2015; Reverso et al., 2016; 
Khoshmanesh et al., 2020). Several of these studies have been done based on the Guerrero case 
(Y. Liu et al., 2007; Frank et al., 2014, 2015; Rivet et al., 2014; Colella et al., 2017). The reverse 
way then can be done: using seismology as an indicator of slow slip not detected by geodesy. A 
nice example is the case of Boso in Japan, where seismicity is used to infer past SSEs back to 1982 
(e.g. Hirose et al., 2012; Gardonio et al., 2018). In Guerrero, Frank et al (2016; 2018) use a 
catalogue of LFEs to extract the GPS time series sequences associated with burst of LFEs and 
show that slip outside large SSEs but also during SSEs correspond to clusters of short-duration 
slow transients rather than continuous slip. Husker et al (2019) show from a catalogue of tremors 
that short-term SSEs are widely present and extent beyond the Guerrero zone, notably in the 
Oaxaca zone. 

   The SSEs in the Mexican subduction are indeed not restricted to Guerrero. In Oaxaca 
region (see  location in Figure 9), periodic SSE with duration of about 3-6 months and slip of about 
10 cm (Mw 7-7.3), repeat every  1-2 years, more frequently than in Guerrero (Brudzinski et al., 
2007; Correa-Mora et al., 2009; Graham et al., 2016). The relationship and spatial connection 
between this two zones of slow slip are still in discussion, but several studies suggest that there 
is no gap between these two regions (Graham et al., 2016; Maury et al., 2018) and that there are 
interactions between them (Graham et al., 2016; Radiguet et al., 2020). More systematic 
searches for tremor activities all along the Mexican subduction zone show that tremors occur up 
to the Jalisco area (Brudzinski et al., 2016; Husker et al., 2019). Maury et al. (2018) and suggest a 
continuity of a tremor band all along the subduction but with changes in terms of slow slip 
behavior West of Guerrero, where only short-term SSEs would occur, which could be linked to 
change in the subduction geometry. 

Even if, because of noise threshold, InSAR cannot contribute to measure short-term SSE, this 
highlight the interest to investigate the seismic cycle at the scale of a whole subduction zone, like 
the Mexican one, where different portions of the subduction are at different stages of their 
seismic cycle. There are mixing of SSE, post-seismic and co-seismic signal and the ability to 
establish a budget of seismic and aseismic slip at that spatial scale is fundamental in term of 
seismic hazard assessment. For instance, Avouac (2015) propose to use interseismic coupling to 
constrain the return period of the maximum magnitude earthquake based on this budget. With 
this aim in mind, a work in progress of the PhD of Louise Maubant is to establish an interseismic 
coupling map covering the Mexican subduction zone from Guerrero up to Jalisco, based on 
Sentinel-1 and GPS data.  

Since 20 years, observations of transient slow slip have increased world-wide, like in New-
Zealand (e.g. Douglas, 2005; L. M. Wallace et al., 2012), in Ryukiu (Kano et al., 2018), in 
Northeastern Japan (e.g. Uchida et al., 2016; Khoshmanesh et al., 2020), in Alaska (e.g. Ohta et 
al., 2006; Fu & Freymueller, 2013), in Costa Rica (Outerbridge et al., 2010; Y. Jiang et al., 2012), 
in Equator (Vallée et al., 2013; Rolandone et al., 2018), or in Chile (Socquet et al., 2017; Klein et 
al., 2018). These observations have shown that transient slow slip is a relatively common feature 
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in subduction zones with a broad range of behaviors. For a more comprehensive view, there are 
good review papers dealing with the subject. Schwartz & Rokosky (2007) give an overview of the 
beginning of the discovery of Slow slip Events, see also Beroza & Ide (2011) for a comprehensive 
historical view of the slow slip studies in Cascadia. Peng & Gomberg (2010), Rubinstein et al. 
(2009)  and Beroza & Ide (2011) give a more seismological perspective about slow earthquakes. 
Obara & Kato (2016) focus on the relationship of transient slow slip to large earthquakes, see 
also Voss et al. (2018) that give several examples of slow slip preceding large earthquakes. 

To make the transition with the following section that focusses on creep at shallow depth (< 
5km), it should be noted that Slow Slip Events can occur at depth < 15km in subduction zone, like 
in New-Zealand (McCaffrey et al., 2008; L. M. Wallace et al., 2016; Barnes et al., 2020), in Nankai 
(Yamashita et al., 2015; Araki et al., 2017), in Costa Rica (E. E. Davis & Villinger, 2006; Dixon et al., 
2014; LaBonte et al., 2009) or in Equator (Vallée et al., 2013). Furthermore, slow slip on crustal 
faults in the upper-plate can occur associated to subduction, like reported in New-Zealand 
(Hamling & Wallace, 2015) or in Chile (Shirzaei et al., 2012). In Mexico, there are geological and 
geodetic evidences that a 650-km long left-lateral strike-slip fault system called « La Venta-
Chacalapa » (LVC) is active (Gaidzik et al., 2016; Kazachkina et al., 2020). The LVC accommodates 
most of the oblique component of the convergence between the Cocos and North America at 3-
6 mm/y as illustrated in Figure 11. Such a partitioning tectonic process has been already well 
documented in several subduction zone (Fitch, 1972; Jarrard, 1986; McCaffrey, 1992, 1994). 
Kostoglodov et al (Kostoglodov et al., 2015) also suggested that some slow slip events may be 
associated to the LVC activity. In 2016, with Graciela Rojo-Limon a Master student, we investigate 
using INSAR if any shallow deformation may be associated to LVC and how slip on the LVC may 
affect results from interseismic or slow slip event studies. Using SAR data over one Envisat track 
crossing the LVC, we were not able to detect clear surface deformation signal of left-lateral 
displacement on the LVC. This suggests that slip-rate is lower than a few mm/y and/or the locking 
depth is greater than 4-5 km. Simple elastic models show that the GPS signal could be explained 
either by model without LVC but with significant variation of the slip rake on the subduction 
interface or by model with slip rake fixed and with slip on the LVC. However, geodetic 
observations does not allow us to discriminate between the two models (C67). This subject 
deserves further InSAR investigation using Sentinel-1 and ALOS-2 data. 

 

Figure 11 : Left (From Gaidzik et al. 2016). Diagram presenting the hypothesis of a plate-
boundary sub-parallel left-lateral strike-slip La Venta-Chacalapa Fault System (LVC) and a 
forearc sliver produced by the oblique Mexican subduction. Bottom: This hypothesis raise the 
question whether or not shall we take into account upper crust deformation when modelling 
interseismic and slow slip events in the Guerrero area (from C67). 
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5 – Creeping faults at shallow depth: an InSAR favorite 

This section presents two studies of shallow creeping faults to which I contributed.  After a 
reminder of the historical scientific context preceding these works, the study on the Longitudinal 
Valley Fault in Taiwan done in the framework of Johann Champenois' PhD thesis is presented. It 
showed the spatial continuity, variations and local complexities of the creep phenomenon along 
the fault and clarified the trace of this major active fault. Then the study on the major El-Pilar 
fault in Venezuela done in the framework of Léa Pousse's PhD thesis is presented. Carried out on 
a zone that had never been studied by InSAR, it clearly demonstrated the location of the creep 
on the fault as well as transient creep variations over several years. Finally, the capacity of InSAR 
to systematically search for shallow creep will be shown on the example of the Taiwan Island. 

Historical scientific context 

When progressive damages at the Taylor Winery building near Hollister, California, in 1956 
were reliably linked to fault creep process on the San Andreas Fault, periodic measurements were 
made there to monitor creep, and three continuously recording creepmeters were installed 
starting in 1957, with a seismometer. Results show that the creep is « concentrated in spasms of 
duration on the order of a week. These periods of creep are separated by intervals of weeks or 
months during which little or no creep accumulates » (Steinbrugge et al., 1960).  The US Coast 
and Geodetic Survey established there a local triangulation network (aperture of a few hundred 
meters) measured in September 1957 and April 1959, giving a creep rate of about 2cm/y 
consistent with in-situ measurements. This prompted to review earlier triangulation surveys 
crossing the San Andreas Fault and to investigate more systematically creep along the San 
Andreas Fault. This was the start of geodetic measurement of shallow creeping faults. 

In the following decades, ground-based geodesy developed dramatically in California using 
several methods covering different spatial scales: 

 Triangulation and trilateration networks, with campaign measurements (theodolite, 
geodolite or short-range distance-meter) across fault zones with typical aperture from km 
to tens of km (e.g. Thatcher, 1979; Lisowski & Prescott, 1981) 

 Alignment arrays, typically a few hundred meters across the fault (e.g. R. O. Burford & 
Harsh, 1980; Galehouse & Lienkaemper, 2003). 

 Creepmeters, with periodic or continuous infra-millimetric measurement, at rates of up 
to 5 mm/minute, and  5-20m length (Bilham et al., 2004; Schulz et al., 1982; Schulz, 1989) 

 Wells measurement : Tiltmeters (Johnston et al., 1976), strainmeters that can reach 1 
nanostrain sensitivity, and water level change (e.g. Johnston et al., 1977; Gladwin et al., 
1994; Linde et al., 1996).  

 Levelling, the only method giving vertical displacement across faults (Sylvester, 1995)  

Usually, long aperture measurements are less accurate but catch more deformation if there is 
some distributed deformation in subsurface. They also allow better constraining the depth of the 
creep. More references about instrumentation are given by Wesson (1988) who also review the 
main results of about 30 years of measurements, which can be summarized as follow: 

Depending on the location, creep can be relatively steady state or show transient irregular 
fault creep events. Both can be superimposed suggesting slip at different depths. Creep events 
have duration from hours to days and can be made of several sub-events. There are evidences of 
propagation of creep event along fault (tens of meter per hour to km per hour, Evans et al., 1981). 
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There is a clear slip heterogeneity along fault. Earthquakes on nearby faults can trigger creep 
events. Earthquakes can also affect long-term creep rate, for instance by slip following an 
earthquake (afterslip) usually with a logarithmic decay. Creep occur mainly in the first km of the 
crust, but can extend deeper on certain fault sections.  Locked asperities can be surrounded by 
creeping area, causing their progressive loading that leads to their seismic rupture. Creep can be 
associated with microseismicity or repeating earthquakes. There are also indication of creep 
retardation in the years to months preceding some earthquakes. In addition, Bilham (2004) 
mentions potential precursory signals reported by Thurber and Session (1998). Detecting 
precursory signal, like in creep records, was one objective of the ambitious Parkfield Experiment 
for which a dense instrumentation network was deployed on the San Andreas fault near Parkfield 
at the end of the 1980’s (Bakun et al., 2005). It was motivated by a long-term prediction that an 
earthquake would occur here before 1993, based on past seismic activity of the fault. Eventually 
the earthquake occurred only in 2004, but none of the instrumental networks (seismographs, 
strainmeters, creepmeters, magnetometers, and continuous GPS stations) detected precursory 
signal... 

Until the 1990s, outside of California, observations of shallow creep were limited to a few sites 
like on the North Anatolian Fault, Turkey (Ambraseys, 1970; Aytun, 1982), the Dasht-e-Bayaz 
fault, Iran (G. C. P. King et al., 1975), the Motagua Fault, Guatemala (afterslip, Bucknam et al., 
1978), or on the Longitudinal Valley Fault, Taiwan (Bonilla, 1975; S.-B. Yu & Liu, 1989). The 
scientific issues, the conceptual and theoretical developments about fault creep processes were 
then at that time mainly inspired by the numerous and detailed Californian observations and by 
experimental rock friction studies. 

The use of the mechanics of friction instead of just fracturation of intact rocks for earthquake 
really developed in the 60’ (Brace & Byerlee, 1966) based on laboratory experiments, which 
turned out to be well adapted to explain the new observations of creep phenomena (e.g. 
Dieterich, 1972, 1979; Marone et al., 1990). All these works lead to established constitutive 
friction laws (Dieterich, 1979; Ruina, 1983) providing a theoretical framework that has been very 
successful up to now. Two synthesis papers from Marone (1998) and from Scholz (1998) give the 
state-of-the-art of friction concepts related to the earthquake cycle at the end of the 1990’s. The 
rate- and state-dependent friction laws generate two key concepts: the velocity strengthening or 
weakening behavior and the related stability regimes: stable, conditionally stable and unstable. 
Velocity strengthening means that frictional resistance increases with slip-rate, preventing 
earthquake rupture initiation or propagation. This occurs in the stable regime where slip is 
aseismic. In opposite, velocity weakening favor unstable behavior. This occurs in the unstable 
regime where earthquakes can nucleate and develop, leading to infrequent large earthquakes 
separated by interseismic periods (stick-slip behavior). In between, there is the conditionally 
stable regime where the slip is stable under quasistatic loading but can become unstable under 
dynamic loading. That corresponds to a primarily aseismic slip associated with steady rates of 
small-event activity which can never develop into large seismic event as observed in the shallow 
creep observations in California. 

Fault models that obeys rate- and state-variable friction law are able to reproduce a rich 
variety of complex behaviors, like periodic creep events, seismic coupling, earthquakes with a 
large spectrum of event sizes, afterslip, etc. in agreement with laboratory and in-situ 
observations (e.g. Tse & Rice, 1986; Rice, 1993). They also predict precursory signal to large 
events (Dieterich, 1978) more difficult to observe, as shown by the Parkfield Experiment 
mentioned here before. However, those laws were derived empirically from laboratory 
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experiments and required further work to get a physical interpretation. For instance, to explain 
why creep seems to be often restricted to the first km of the crust and why it does not occur for 
all faults, Marone (1990) made experiments on simulated fault gouge showing that velocity 
strengthening within granular gouge is the result of dilatancy. This was supporting the hypothesis 
that stable shallow creep (< 3-5 km) is favored by the presence of unconsolidated fault gouge 
and/or unconsolidated sediments. Shallow creep should then be found on well-developed fault 
that is fault enough mature to have developed thick zone of unconsolidated granular material 
(Marone, 1998), like the San Andreas Fault, but may be absent on less mature faults on which 
little or no gouge had developed (Marone & Scholz, 1988). The role of minerals like serpentinite 
or talc (e.g. Reinen et al., 1991) has also been invoked based on laboratory experiments. 

However, such interpretation had to be verified more systematically in the field and on other 
faults in other tectonic contexts. Furthermore, even if they are powerful to reproduce a wealth 
of observations, those laws rely on several parameters poorly constrained in natural 
environment:  μ0 the steady-state friction, a and b related to material properties, L the critical 
slip and σ the effective normal stress. This allowed a lot of hypothesis about physical 
interpretation to be done without being able to test them in-situ. The effective normal stress 
(applied normal stress minus pore pressure) is often invoked in various hypothesis. For instance, 
Scholz (1998) proposed that the most likely mechanism for the anomalous behavior of the 
creeping section of the San Andreas fault, where creep is not restricted to the first kilometers 
and seems to extend deeper, is the presence of unusually high pore pressures in the fault zone 
(decreasing the effective normal stress). He also invoked the effective normal stress, to explain 
the possible effect of geometric asperities. 

The shallow creep phenomenon, which can be studied directly when it reaches the surface, 
has allowed an enriching round trip between laboratory experiments limited by scale-up 
problems, and the Californian "natural laboratory". Nevertheless, it was necessary to better 
control the conditions of this natural laboratory and to check its reproducibility in other natural 
laboratories elsewhere in the world. This will be one of the contributions of InSAR and GPS 
measurements that arrived in the early 1990s.  

Indeed, several key questions were needed new observations. What is controlling the spatial 
variation of slip behaviors along fault is one of them. Hypothesis of control by the fault zone 
geology like the presence of unconsolidated gouge or specific mineralogy as mentioned above or 
by the thickness sediment with overpressurized pore fluids (Sieh & Williams, 1990) or by 
structural/geometrical control (e.g. Bakun et al., 1980), has been proposed. Testing those 
hypotheses can be done based on spatial correlation between those parameters and 
deformation measurements. But despite an ambitious program to deploy about 40 creepmeters 
from 1968 to the 1980’s, mainly on the San Andreas fault system (Schulz et al., 1982; Bilham et 
al., 2004), ground-based geodetic methods were still limited to investigate in detail the spatial 
continuity and variability of the creep. The temporal variability of slip behavior is another 
important question. As shallow creep is quite sensitive to local and regional effects like 
earthquakes and fault interactions, a more comprehensive monitoring of creep to test hypothesis 
related to seismicity is needed (e.g. Schulz et al., 1982). This requires being able to monitor the 
interseismic and coseismic deformation of the whole faults system. Having far-field observation 
also allows the depth of the creep to be better constrained. 

We have seen in sections II-2 and II-3 how InSAR since the 1990’s have contributed to the 
study of coseismic and interseismic deformation at regional scale and about triggered slip.  
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Here we focused on the interseismic shallow creep observation. Starting from 1986, GPS 
despite its great contribution to earthquake analysis and to the regional tectonics (Bock et al., 
1997; Feigl et al., 1993; Brendan J. Meade & Hager, 2005), and because of the typical km to tens 
of km distance between stations was not a game changer regarding the study of localized shallow 
creep. For such study, InSAR is more appropriate. It is at its best level of detection when 
displacement of a fraction of its radar wavelength (decimetric to centimetric) are localized within 
a few tens of meter across a fault trace reaching the surface without major topographic change.  
At such short distance atmospheric noise is very low and the displacement signal appears like a 
knife-cut in the images (e.g. like in Figure 13). The Californian creeping strike-slip faults with their 
relatively low vegetal landcover are then good targets for InSAR, which usefully complement the 
ground measurements by providing the spatial continuity of the measurement. 

The ERS-1 and ERS-2 satellites provided the first shallow creep observations on the San Andreas 
fault Northwest of Parkfield (Werner et al., 1997; Rosen et al., 1998) and on the Hayward fault 
(Bürgmann et al., 1998; Bürgmann, Schmidt, et al., 2000). Several others studies will follow on 
the Southern San Andreas Fault (Lyons & Sandwell, 2003), on the San Juan Bautista segment 
(Johanson & Bürgmann, 2005) and on the Rodger Creek Fault (Funning et al., 2007). 

Outside California, the first InSAR observations were done on the Izmetpasa segment of the 
North Anatolian Fault (Çakir et al., 2005), on the Longitudinal Valley Fault (L. Hsu & Bürgmann, 
2006), on the Haiyuan fault, China (Cavalié et al., 2008), the Chaman Fault, Afghanistan (Furuya 
& Satyabala, 2008). In this list, the Longitudinal Valley Fault (LVF) is the only case of creep on a 
thrust fault and not on strike-slip fault. Indication for shallow creep have been observed or 
inferred by other techniques on other tectonic contexts like on normal faults, e.g. in Gran Sasso 
massif, Italy (Amoruso et al., 2002) and may be on the Alto Tiberina Fault (Chiaraluce et al., 2007) 
but with no evidence that the creep reaches the surface. The other interest of the LVF is that the 
fault is also the place of large earthquakes, and of microseismicity with repeating earthquake (K. 
H.-H. Chen et al., 2008).  

It is in this context that I started working with Johann Champenois on the LVF. Johann started 
his PhD Thesis about the interseismic deformation in Taiwan using InSAR in Oct. 2008, during 
which he also confirmed the presence of creep on the Fengchung fault that I detected during my 
PhD and found evidence of creep on the Hengchung fault (Johann Champenois, 2011; C52 ; 
Deffontaines et al., 2018).  

Creep on the Longitudinal Valley Fault in Taiwan 

The Longitudinal Valley Fault located in Eastern Taiwan is a major tectonic boundary of the 
Taiwan collision zone, separating the coastal Range that is geologically made of the Luzon 
volcanic arc of the Philippines Sea Plate, from the Central Range that belongs to the Eurasian 
Plate (Figure 12). This primarily reverse fault accommodates about 3cm/year of the 8 cm/year 
convergence between the two tectonic plates (S.-B. Yu & Kuo, 2001). 

First geodetic evidence of aseismic creep on the central segment of the LVF are given by Yu 
and Liu (1989) from levelling and trilateration network. In Chihshang, were evidence of 
progressive deformation of concrete human structures have been reported since the 1980’s, 
those geodetic measurements were completed from 1990 by in-situ measurement (Lee, 1994; 
Angelier et al., 1997, 2000), and local leveling lines and trilateration networks (Lee & Angelier, 
1993), in parallel to the setup of an Island-wide network of GPS (S.-B. Yu et al., 1997). 
Creepmeters were installed in Chihshang in 1998 (Lee, Angelier, et al., 2001; Lee et al., 2000) and 
creep rate variation were identified (Lee et al., 2003, 2005), some of them being related to 
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ground water change (Chang et al., 2009). At the southern termination of the LVF in the 
Peinanshan, which shows a more complex partitioning (Barrier et al., 1982; Shyu et al., 2008), 
denser trilateration, levelling and GPS measurement have also been performed (Lee et al., 1998; 
H.-Y. Chen et al., 2012, 2013). 

However, those measurements remained quite punctual with respect to the fault size making 
difficult to address key issues, like possible lithological controls on the creep requiring knowing 
the precise spatial extent of the creep, its continuity and its variation along the fault. 
Furthermore, it was not excluded that other surrounding faults (see Figure 12), like the Central 
Range Fault located on the western side of the Valley (Shyu et al., 2006) or the Chimei Fault in 
the Coastal Range (W. Chen et al., 1991), show  also creep behavior. 

 

 

Figure 12 :  Location of the Longitudinal Valley Fault and mean velocity surface displacement map 
from INSAR and GPS. LEFT: Shaded DEM of Eastern Taiwan with active faults in red: Longitudinal 
Valley Fault (LVF), the Peinan Strand (PeS), the Luyeh Strand (LuS), the Chimei Fault (ChF) and the 
Coastal Range Fault (CRF).The dashed frame represents the area covered by ALOS-1 images. 
RIGHT: Map of mean velocities along the satellite line-of-sight (LOS) for the period Jan. 2007 to 
Feb. 2010. The colored circle are GPS measurements reprojected in LOS. See pdf-2 for the detailed 
view shown by the dashed rectangle. (Adapted From A11) 

Two INSAR studies were previously done on the LVF using C-Band ERS-1/2 data, one  spanning 
the 1997-2000 period (L. Hsu & Bürgmann, 2006) and the other using a larger dataset form 1993 
to 1999 (Peyret et al., 2011). However, those studies were strongly limited by the rapid temporal 
decorrelation of C-Band data in the vegetated landcover of Eastern Taiwan. 
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In the Champenois’ study (A11 pdf-2) a Persistent Scatterers SAR interferometry approach 
(StaMPS) is applied using L-band SAR images from ALOS satellite acquired over the period 2007–
2010. Interferograms from L-Band data show a dramatic improvement of coherence in 
comparison to previous studies using C-Band ERS data. The density of measurement give a 
continuous view of the deformation along the Valley and giving information on its borders (Figure 
12). The most striking feature of the resulting mean velocity map is a clear velocity discontinuity 
localized in a narrow band (0.1–1 km) along the LVF and responsible for up to 3 cm/y velocity 
offset along the radar line of sight, which is attributed to shallow interseismic creep. InSAR results 
are in good agreement with continuous GPS measurements over the same period (0.3 cm/y rms). 
The density of measurement allows us to improve fault trace map along the creeping section of 
the LVF (with accuracy of about 100 m) and to find new field evidences of the fault activity. In 
some places, our trace differs significantly (hundreds of meters) from previous published traces. 
The creep rate shows significant variations along the fault. At the southern end of the valley, the 
deformation is distributed on several structures, and drops significantly south of the Peinanshan. 
A local study of the interseismic deformation of the Pingtung terraces based on this dataset has 
also been published (A19). 

Johann completed this dataset further north, resulting into a complete InSAR coverage of the 
LVF. This dataset has been useful in the study of Thomas et al (2014 b) that investigate the 
lithological control on the creep behavior on the LVF. This work was motivated by previous 
observations of spatial correlation between creep behavior and the presence of thick 
unconsolidated alluvial deposits on the footwall of the LVF and the Lichi Mélange on the hanging 
wall (e.g. Lee et al., 2006), in line with InSAR based observations in California (Wei et al., 2009).  
Thomas et al show that there is a strong lithological control by the presence of the Lichi Mélange 
that promotes aseismic creep. However, they also show that this control is rather dominated by 
internal microstructure of the fault gouge than its mineralogy it-self.  Similar investigation of 
lithological control have been done on the North Anatolian Fault (Kaduri et al., 2017, 2019) where 
several InSAR studies have provided spatially detailed creep observation (Kaneko et al., 2013; E. 
Cetin et al., 2014; Hussain, Wright, et al., 2016; Rousset, Jolivet, et al., 2016) that can be 
confronted to geological field observations. Kaduri et al. (2017) show a clear correlation between 
shallow creep and near-surface fault gouge composition. 

The InSAR results on the LVF were also critical in the study of Thomas et al (2014 a), addressing 
the spatiotemporal evolution of seismic and aseismic slip on the LVF. Indeed the LVF shows an 
evolution from aseismic creep at shallow depth to stick-slip behavior at 10-25km, where locked 
asperities are able to produce up to Mw 6.8 earthquake, like the 2003 Mw 6.5 Chengkung 
earthquake. Such asperities seem to coexist with creeping areas as revealed by observations of 
repeating earthquakes sequences (K. H.-H. Chen et al., 2008, 2009). Thomas et al used geodetic 
observation (levelling, GPS and InSAR) to get the spatial and temporal slip distribution on the LVF. 
It shows that the earthquake was located on an asperity surrounded by creep, and that its 
rupture propagated into the shallow creeping zone but stopped before reaching the surface. This 
slip distribution is in spatial agreement with repeating earthquakes observation, but repeating 
earthquakes where not used to constrain the inversion. I am currently working with a post-doc 
Wei Peng and Mathilde Radiguet to incorporate information from repeating earthquakes into 
slip distribution inversion of the LVF in addition to GPS and InSAR data. 

In the study of Thomas et al. (2014 a), it is mainly the GPS data that are giving the time 
dependence information, dominated by the first year of post-seismic signal following the 2003 
Chengkun earthquake. Our InSAR time series analysis, which are only based on ten ALOS-1 
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acquisitions, are not showing clear temporal variation for the period 2007-2010. However, 
preceding the postseismic transient creep signal (Lee et al., 2006), a decrease of the creep rate 
has been observed years before the earthquake (Lee et al., 2005), consistent with indication of 
creep retardation in the years to months preceding some earthquakes in California (Robert O. 
Burford, 1988).  In addition, Murase et al (2013) report a local uplift rate increase in 2011-2012 
based on levelling observation, that they interpret as an episodic acceleration event of shallow 
creep. All those observations call to further InSAR investigation using Sentinel-1 and ALOS-2 data. 

The beginning of the 2010’s is marked by the multiplication of InSAR studies based on the 
years-long ENVISAT and ALOS-1 time series reporting transient shallow creep events and giving 
spatially detailed coupling map, like on the North Anatolian Fault (Çakir et al., 2012; Kaneko et 
al., 2013; E. Cetin et al., 2014). Rousset et al (2016 a) using 1-year of temporally dense 
CosmoSkymed SAR images identify a major burst of shallow creep on the NAF spanning 31 days 
with a maximum slip of 2 cm, between the surface and 4 km depth. In California, Wei et al (2009) 
identify transient slip on the Superstition Hills Fault, Turner et al (2015) a pulse of deformation 
with a 2-year period on the creeping section of the San-Andreas fault, while on the same section 
Jolivet et al (2015) show creep spatial heterogeneities indicating several locked asperities 
consistent with evidence for past magnitude >6 earthquakes. Similar observations are done on 
the Hayward Fault (Shirzaei & Bürgmann, 2013; E. Chaussard et al., 2015) consistent with 
previous studies (Bürgmann, Schmidt, et al., 2000; Simpson et al., 2001). On the Haiyuan Fault in 
China, shallow creep is confirmed (Jolivet et al., 2012) with evidence of burst-like temporal 
variation of creep (Jolivet, Candela, et al., 2015; Jolivet et al., 2013). 

In the following section, I present another contribution of InSAR to shallow creep study 
documenting transient creep acceleration on the major El Pilar fault (A18). I work on this study 
in the frame of the Léa Pousse’s PhD thesis. 

 

Creep on the El-Pilar Fault, Venezuela 

The El-Pilar fault, is a major strike-slip fault in northeastern Venezuela that accommodates 
most of the 2cm/year relative displacement of the Caribbean-South America plate boundary (J. 
C. Weber et al., 2001; François Jouanne et al., 2011). 

The fault have been the place of several large earthquakes in the past. The last one is M 6.8 
1997, Cariaco earthquake, for which field observation of afterslip reaching the surface have been 
done (Audemard 2006). Jouanne et al. (2011) based on two campaign measurements made in 
2003 and 2005 of a regional GPS network with about 25 points located on both side of the fault 
noticed high interseismic strain centered on the El-Pillar fault, suggesting aseismic creep in the 
first 10 km. New campaign observations in 2013 confirmed that result (Reinoza 2015) and suggest 
along-strike variation of the creep. 

However, the sparsity of GPS measurements lets open several first-order questions, like what 
is the spatial continuity and extent of the creep and its potential segmentation? Is the creep the 
decaying continuation of the afterslip from 1997, or does the afterslip initiated sustained creep 
behavior like observed on the North Anatolia Fault after the 1999 Izmit earthquake (Çakir et al., 
2012)? InSAR measurements had the potential to answer those questions. 

François Jouanne who was at the initiation of this study that was part of the Léa Pousse PhD 
project. Despite the tropical context with dense vegetal cover unfavorable to InSAR 
measurement, my experience on the Longitudinal Valley Fault in Taiwan give us some confidence 
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to start this InSAR study using time series of 18 L-band ALOS-1 acquisition covering the 2007-
2011 period. We get very clear evidence of shallow creep reaching the surface along about 70 
km of the fault, with some segmentation and creep rate variation along strike up to 25 mm/year 
(Figure 13 top, A18 pdf-5). There is also temporal creep rate variation (Figure 13 bottom), 
showing transient creep acceleration in 2009-2010 not consistent with afterslip decay of the 1997 
Cariaco earthquake. The creep is thus interpreted as sustained aseismic slip during, which has a 
pulse- or transient-like behavior. There is no clear temporal correlation with the available 
seismicity. 

 

Figure 13 : InSAR mean velocity map and temporal creep variation of the El-Pillar Fault. TOP: 
InSAR mean velocity map (2007–2011 period) with fault trace in red (Car., city of Cariaco; Que., 
Quebrada del Tigre; Cas. Casanay; and Caru., Carupano). BOTTOM: Time evolution of velocity 
steps across the fault, in function of the longitude. White and grey area corresponds to areas 
where the step could not be estimated. Black dots correspond to the local seismicity (Mw>2).  

The western part of the creeping section of the El-Pillar is faster than the eastern one, which 
seems to be correlated with the segmentation of the fault trace. As already suggested by several 
authors, the geometry of the fault trace and in particular its segmentation is a controlling factor 
of slip behavior (e.g. Bakun et al., 1980, 2005; Lindsey et al., 2014). 

 

This study is an example of how InSAR can contribute to understand shallow creep. The main 
present-day research trend is focused on the temporal variations. For instance, recent InSAR 
paper show the importance of static stress changes in creep rate modulation even if dynamic 
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effects from remote earthquakes can trigger long-term creep changes (Xu et al., 2018; 
Tymofyeyeva et al., 2019). For a more generic review of other possible physical mechanisms 
controlling slip behavior, see Harris (2017) and Burgmann (2018). See also Jolivet & Frank (2020) 
about the transient and intermittent nature of slow slip. To finish this part about shallow creep, 
I illustrate in the following section the ability of INSAR to systematically search for surface 
displacement discontinuities even in a challenging environment like the Taiwan Island. 

 

Looking for shallow creep at large scale, the sharp eyes of InSAR  

In active tectonic area, the spatial density and availability of GPS data are growing and 
presently provide a good basis to constrain regional deformation in most of the active tectonic 
areas (see for instance data available from the Nevada Geodetic Laboratory GPS Networks Map 
(http://geodesy.unr.edu/NGLStationPages/gpsnetmap/GPSNetMap.html). However, even in 
well-instrumented places like Taiwan, the density of stations is often not enough to distinguish 
smooth surface deformation distributed over kilometric distance from shallow creep reaching 
the surface and localizing the deformation in a few tens of meter. InSAR, with typical spatial 
resolution ranging from meter to tens of meter is the perfect companion of GPS to achieve this 
goal. 

I already mentioned examples of search for shallow creep using Envisat data at the la Venta-
Chacalapa fault in the Mexican Subduction zone (II-4) and on the Doruneh fault in Iran (II-3) giving 
informative negative results. Indeed several InSAR coverages of entire large fault systems for 
interseismic studies have already been achieved using Envisat and/or ALOS-1 data in InSAR 
friendly environment like on the Chaman Fault system (Fattahi & Amelung, 2016; Barnhart, 2017) 
or on the San-Andreas fault system (X. Tong et al., 2013). Studies in more vegetated environment 
like Sumatra (X. Tong et al., 2018) and Venezuela (A18, A21) have also been done. 

Here, I illustrate the potential of InSAR in the case of the Taiwan Island, which is an even more 
challenging environment because of the high topography gradients of the Central Range in 
addition to dense vegetal cover. For this case, the processing has been done with Bénédicte 
Fruneau with the help of Marie-Pierre Doin using L-band ALOS-1 data (C61, C66). It is noteworthy 
that despite the better temporal sampling of C-band Sentinel-1 data (about 12 days in Taiwan), 
our first test using time series of Sentinel-1 data on Taiwan show that crossing the Central range 
by spatially continuous InSAR measurement will be a challenging issue. L-band ALOS-2 data are 
more promising but required significant additional processing (taking into account azimuth 
frequency modulation rate error, ionospheric phase effect and azimuth shift caused by the 
ionosphere) especially when dealing with several years of times series analysis looking for 
interseismic deformation (Liang et al., 2018). The coming L-band mission NiSAR (Figure 1) should 
ease the processing. 

For the processing, we used ALOS-1 images on four adjacent tracks (Figure 14). Our dataset 
consists of about 300 images that is all the ALOS-1 images available for those tracks covering the 
2007-2011 period. SAR images are processed through a small baseline approach (Berardino et 
al., 2002)  with the NSBAS processing chain, developed at ISTerre (P04) 

A critical point in this processing is to apply several corrections before the unwrapping step, 
in particular correction of atmospheric delays predicted from the global atmospheric re-analysis 
ERA-Interim model (M.-P. Doin et al., 2009; Jolivet et al., 2011), and local DEM error correction 
(Ducret et al., 2014). These corrections are of particular importance as they reduce the variance 

http://geodesy.unr.edu/NGLStationPages/gpsnetmap/GPSNetMap.html
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of the phase across regions with high topographic gradients, hence preventing unwrapping 
errors. GPS data are used to correct LOS velocity map from a residual large-scale quadratic ramp 
that could remain on InSAR results. This is performed by estimating and removing a polynomial 
of second degree. 

 

Figure 14 : ALOS-1 mean surface velocity map. Velocity correspond to displacement along the 
radar line-of-sight for the period 2007-2008. The left figure show the topography with the Central 
Range culminating at 4000m and the track coverage of the ALOS-1 data (from C70). 

The results give an almost complete and continuous deformation map of all Taiwan over the 
period 2007-2011 (C66). Figure 14 shows that we can retrieve information across the Central 
Range offering an unprecedented continuous view of the deformation field of the entire Island. 
To the East, one can clearly see the Longitudinal Valley Fault discontinuity (A11). The Central 
Range shows a relatively smooth pattern of deformation, consistent with a rapid uplift (cm/y) of 
the Central Range South of the island. This uplift, already partially documented by GPS and 
leveling (e.g. Ching et al., 2011) seems to show an overall continuity and InSAR excludes major 
shallow creep discontinuities. To the West, significant anthropic subsidence of anthropic origin 
can be seen in dark blue on Figure 14 (Tung & Hu, 2012). In South-Western Taiwan large gradients 
of deformation are observed (inside the black square on Figure 14), that will be discussed in the 
next part. 
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6 – Aseismic deformation in a thrust-and-fold belt: what 
can we learn from SW Taiwan? 

Thrust-and-fold belts are characterized by the presence of fault-related fold that can be at 
relatively shallow structural level (Suppe, 1981; Suppe & Medwedeff, 1990; McClay et al., 2011). 
The question of the aseismic or seismic growth of anticline has been strongly related to the 
capacity to measure geodetically such growth. Before the 1980’s folding is mainly seen as a 
progressive slow aseismic process, but geodetic measurements of coseismic fold growth an 
several Californian anticlines like during the 1983 Coalinga earthquake has radically change this 
vision (Stein & King, 1984; Geoffrey C. P. King et al., 1988; Stein et al., 1988; Stein & Yeats, 1989). 
Coseismic growth was also supported by paleoseismological observations  of incremental 
coseismic folding done after the 1980 El Asman, Algeria earthquake (e.g. G. C. P. King & Vita-Finzi, 
1981; Meghraoui & Doumaz, 1996). In this vision, elastic interseismic deformation built up and is 
released by earthquakes on blind faults that are associated to fault-cored anticlines, resulting in 
incremental folding. Coseismic deformation can be absorbed in the bulk of the fold through 
flexural folding (R. E. Klinger & Rockwell, 1989) and secondary faulting. Post seismic deformation 
can also occur, as observed for the Coalinga case, which is interpreted by fault tip propagation 
into the core of the anticline releasing the high stress increase caused be the earthquake at the 
tip of the fault. This stress release can also be done through the aftershocks (Stein & Ekström, 
1992). 

Do all the fault-related folds follow the same coseismic growth mechanism is then a 
fundamental question, but has also great implication for earthquake hazard assessment, as the 
two opposite mechanisms have very different impact. In the model defended by Stein et al. 
(1988), the interseismic uplift shows a different spatial signature from the coseismic one and 
from the « long-term » uplift resulting after a few earthquake cycles. The peak of interseismic 
uplift is shifted toward the hangingwall with respect to the peak of coseismic uplift and with 
respect to the peak of long-term uplift, whereas in the case of a progressive aseismic growth, 
long-term and « interseismic » spatial pattern are similar because there is no more proper 
interseismic deformation. One can also have intermediate situation, where both progressive 
aseismic and anelastic deformations coexist with coseismic deformation. In this case, arises the 
problem of assessing the contribution of each processes and then using the spatial pattern 
discrimination becomes more difficult. One of the major problems to address this issue is indeed 
the capacity to measure interseismic fold deformation in thrust-and-fold belts. 

At the beginning of the 1990’s few measurements of interseismic deformation of fault-related 
fold were available. However, in the two following decades, GPS, INSAR and levelling have help 
to document such deformation, giving weight to the coseismic folding hypothesis. For the 
Himalayan Front, for Instance, Cattin & Avouac (2000) proposed a mechanical model where the 
Main Himalayan Thrust (MHT) is creeping at depth but is locked in the first 10 km, in good 
agreement with geological, erosion and geodetic data and thermal structure. Based on the 
Himalayan example, Avouac (2003) proposed a comprehensive and coherent picture of the 
mountain building and the seismic cycle, in which the Himalayan frontal folds are growing 
incrementally through earthquakes. However, at that time, no coseismic deformation 
measurements from large earthquake were available to test the model on the Himalayan case. 
Grandin et al (2012) based on InSAR measurement found that the interseismic uplift peak 
matches the long-term uplift peak, above the MHT ramp, but interpreted it as the result of the 
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long-term migration of the active ramp location. No interseismic uplift is seen on the folds located 
at the main frontal thrust in agreement with coseismic folding model. 

In 1999, the Mw 7.6 Chi-Chi earthquake occurred on the Chelungpu fault, a major thrust of 
the western margin of the Taiwan orogen (another book-example of thrust-and-fold belt (D. 
Davis et al., 1983)), giving the opportunity to apply - with success - this conceptual model. With 
a relatively simple elastic model, Loevenbruck & Cattin (2001) were able to explain the geodetic 
observations with an interseismic signal due to aseismic slip on a 10 km deep décollement, 
causing strain accumulation on the Chelungpu fault. This model was refined by Cattin et al. (2004) 
taking into account post-seismic deformation, showing that part of the Chelungpu fault 
connecting to the décollement may be unlocked. 

On the Zagros fold belt, the study from Barnhard & Lohman (2012) using InSAR was 
inconclusive. They do not found evidence for interseismic displacement along folds or faults 
certainly because signal was below the InSAR detection level (<2-3 mm/y). In parallel to 
interseismic studies, several other studies were giving growing evidences of incremental 
coseismic fold growth, either from geological arguments (Leon et al., 2007) or InSAR coseismic 
observations (e.g. Nissen et al., 2007; Belabbès et al., 2009; Pezzo et al., 2013; Tizzani et al., 2013). 
Triaxial shear experiments on rocks also favor earthquake related deformation over aseismic 
slow deformation for near surface folding (H. Cetin, 1998). The 1999 Chi-Chi earthquake also 
provided a lot of evidence of coseismic folding in sub-surface on pluri-metric fold scarp (Y.-G. 
Chen et al., 2007; Lee, Chen, et al., 2001; Streig et al., 2007; Lee et al., 2004)  or at larger scale 
(Yue et al., 2005; Graveleau et al., 2014). 

At the beginning of the 2010’s, despite few divergent observations (e.g. Sylvester, 2000), the 
main stream view have shifted toward the view that most anticlines in thrust-and-fold belt are 
fault-cored fold deforming during seismic slip on underlying faults. Apart from the specific case 
of salt-related creep process, there were actually very few examples of blind fault creeping 
aseismically up to shallow depth below an anticline. In such case, the potential for coseismic slip 
may be reduced as shallower sediment are less prone to store elastic energy and locked fault 
area is reduced. Such configuration may allow fold to growth aseismically and showing a 
topographic long-term spatial signature similar to the geodetic one (assuming no major erosion). 
A possible case was the Tainan anticline located in South-Western Taiwan (Figure 15, see location 
in Figure 14) that I studied during my PhD (A02). 

 

Figure 15 : ERS Interferogram draped on Digital Elevation Model, showing an interseismic 
deformation pattern (red curve) matching the topography (white curve) of the Tainan anticline. 
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The topographic expression of this anticline is the 12 km long and 4 km-wide Tainan tableland. 
ERS interferometry shows an uplift deformation rate of about 1 cm/year over the period 1996-
2000 consistent with levelling and GPS data. The spatial pattern of deformation follow the 
topographic expression of the anticline. Simple Elastic models need very shallow creep on 
underlying faults to reproduce such a pattern (A7). 

It is in this context that, in 2014, with Bénédicte Fruneau and Marie-Pierre Doin, we started to 
reprocess ALOS-1 data in SW Taiwan using the NSBAS processing chain. We were surprised to 
discover that in area located further inland east of the Tainan city (either not covered or too noisy 
in previous InSAR studies) even larger deformations occur on other tectonic structures like the 
Lungchuan ridge (Figure 16, C53, C59). The largest signal was on the Lungchuan anticline that has 
not been identified before because it was not well covered by the permanent GPS network. This 
illustrates the interest of InSAR to finely identify geological active features, even in a country 
having one of the highest density of permanent GPS stations in the world. 

 

 

Figure 16 : Mean velocity map of South-Western Taiwan from NSBAS processing of ALOS-1 
ascending data. Velocity correspond to surface displacement along the radar line-of-sight for the 
period 2007-2010. Red dot show the permanent GPS stations. The red ellipse show deformation 
related to fault-related fold including the Tainan and Lungchuan anticline. Red line and black 
dashed line correspond to shallow creeping faults. A shaded DEM is in background (from C59). 
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A compilation of the available geological cross sections available in the area, done during the 
Master internship of Liao Yu-Tzu, showed that deformation signal at the Lungchuan ridge is 
centered above an anticline axis west to the ridge rather than related to creep activity on the 
East dipping Lungchuan thrust fault. We also showed the spatial correlation between the 
Gutingkeng clayey mudstone formation and the area of high strain. 

Comparison with terraces deformation analysis from Hsieh et al. (M.-L. Hsieh & Knuepfer, 
2001) shows that the pattern of deformation seen by geodesy during interseismic period is 
consistent with Holocene tilting of fluvial terraces (C70). Terraces tilt gives a tilt of about 1.5 
mm/km over 2Ky, levelling data gives about 4mm/km and InSAR 5mm/km with a good spatial 
correlation of the signal (Figure 17). This will deserve further fieldwork to better constraint the 
Holocene deformation. 

 

 

Figure 17 : Comparison between Holocene uplift located on anticline and syncline axis (Thick black 
lines) derived from fluvial terraces analysis along the Erhjen river (M.-L. Hsieh & Knuepfer, 2001) 
and interseismic deformation signal at the Lungchuan ridge (see Figure 16). Note the good spatial 
correspondence between the long-term deformation signal shown by the thick black lines and the 
geodetic signal (C70)   

This work has been completed by an analysis of Sentinel-1 data from Nov. 2014 to 2018 made 
during the Master internship of Fekaouni Miloud. Sixty-three acquisition dates have been 
processed using NSBAS to get time series and LOS mean velocity map, corrected from the 
coseismic step of the Mw 6.4 2016 Meinong earthquake. Sentinel-1 LOS mean velocity map show 
new evidences about on-going deformation (several mm/year) on the Chungchou anticline (C77). 
Located in the coastal plain, south of the Tainan anticline, the Chungchou anticline is slightly 
marked in the landscape with elevation between 20-40m (Figure 18). Its morphologic signature 
was identified by several authors (Lacombe et al., 1999; Shyu, 2005) but its present-day activity 
was not quantified. The Chungchou anticline was also known since the 60’s from gravity anomaly 
and seismic measurements (S. H. Hsieh, 1972; Pan, 1968). 
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Figure 18 : Comparison of descending Sentinel-1 mean velocity map in mm/y  (Center) with 
topographic map with dark green corresponding to 20-40 m elevation (Left) and with the isodepth 
map of the top of the folded Pliocene formation in meter (Right). Note the good spatial 
correspondence of the interseismic deformation with long-term geological expression of folding 
of the Chungchou anticline (adapted from C77). 

InSAR time-series analysis reveals a surface deformation pattern spatially well correlated with 
the NNE-SSW anticline axis. These observations also clearly suggest an offshore prolongation of 
the anticline deformation toward the SSW, which is structurally consistent with offshore seismic 
profiles and derived seismic map of the top of Pliocene formation. The geology and the spatial 
wavelength of the observed deformation suggest a relatively shallow (> 6km) origin. Indeed, 
geological cross-sections proposed by Le Béon et al (A20) across the Tainan and Lungchuan 
anticline indicate that all the fault-related folds observed in the area are in connection with a 
relatively shallow décollement showing flat and ramp at 5-7 km depth. 

This is an interesting point, because the investigated active folding are in a particular area in 
Taiwan where there is almost no seismicity (Magnitude >2) in the first 10 km of the crust, 
contrasting with the Western foothills where happens the 1999 Chi-Chi earthquake. This suggests 
that SW Taiwan exhibits a different deformation style from the Western Foothills and indicates 
that the spatial short wavelength (about 5 km) of the interseismic surface deformation seen by 
InSAR is primarily aseismic. The most direct interpretation is that shallow creep drives the 
deformation on fault-related anticlines as inferred on the Tainan anticline but we cannot exclude 
off-fault processes. The clayey rocks of the Gutingkeng formation with the presence of 
overpressurized fluids attested by the presence of mud volcanoes (Shih, 1967; Sun et al., 2010) 
may be favorable for aseismic slow slip (Bürgmann, 2018), suggesting a lithological control of the 
deformation mode along the Taiwan thrust-and-fold belt. 

However, there is deeper seismicity perturbing this fault and fold system as seen in section 
II_2 (Figure 5). The 4 march 2010  M. 6.4 Jiashian earthquake and the 2016 Mw 6.4 Meinong 
earthquake were located on sources deeper that 15 km (Y.-J. Hsu et al., 2011; Rau et al., 2012; 
K.-C. Lin et al., 2016; M.-H. Huang, Tung, et al., 2016). ALOS-1, Sentinel-1 and ALOS-2 data show 
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that shallower geological structures react to that earthquakes (C66, A20, M.-H. Huang, Tung, et 
al., 2016; Tsukahara & Takada, 2018). The connection between the shallow décollement and this 
deeper source is still unclear. Nonetheless, ALOS-1 and Sentinel-1 time series show that the 
coseismic and post-seismic response of the Lungchuan anticline to both earthquakes show a 
similar spatial pattern with the interseismic signal suggesting an acceleration of the aseismic 
creeping process triggered by the earthquake (A26 in prep). Such transient accelerations have 
been reported in other places (e.g. Copley & Jolivet, 2016).  In collaboration with Kate Chen, in 
the framework of the Dragon Gate project, we looked for repeating earthquakes sequence and 
tremor-like signal in the area that could be associated with aseismic creep, but we did not find 
clear signal.  Transient deformation have also been reported from INSAR analysis on the Tainan 
anticline before those earthquakes, maybe in relation with the remote Chi-Chi earthquake 
(Johann Champenois, 2011; Wu et al., 2013). At a more regional scale, Huang et al. (2016)  
mention possible transients in relation to hydrological effect. GPS data also suggest transient 
deformations in the months preceding the Meinong earthquake (Tsai et al., 2017). 

The earthquake potential of Southwestern Taiwan is then a big question. The coastal plain has 
a high population density with the city of Tainan having about 2 million inhabitants.  Shyu et al. 
(2005) suggest a debatable potential M 7.7 assuming a continuous thrust structure extending 
southward off-shore. Our analysis tends to favor far lower magnitude as shallow creep is reducing 
the surface of up-dip locked fault and strain caused by the creep is located in the first kilometers 
of a sedimentary layer more prone to off-fault distributed strain (for instance by flexural slip at 
layer contacts). However, we have not yet investigated the coupling on the different faults and 
the décollement. Aseismic creep can coexist with higher coupled asperities prone to earthquake 
as seen in the previous section II-5.  For instance, Marinière et al (2020) show that for the 20-km 
long Quito Fault (Equator), where there are geodetic evidence for shallow creep with a 1-km 
locking depth, the moment slip deficit may cause a magnitude 6.5 earthquake. 

Furthermore, even at shallow depth (< 3 km), earthquakes can nucleate in the strongest rocks 
like for instance limestone, whereas more clayey formation can accommodate at least part of 
the tectonic loading by aseismic creep (Gratier, Thouvenot, et al., 2013). Such contrasted 
mechanical behavior is not expected in South-Western Taiwan where fault-related folds are 
within young sedimentary detritic deposits or within the thick clayey Gutingkeng mudstone 
formation (see cross section in Figure 5).  The Gutingkeng thick sedimentary layer is continuing 
offshore, where evidence of mud-diapirism and mud-volcanoes have been found (S.-C. Chen et 
al., 2014; C.-S. Liu et al., 1997). Our observations clearly suggest an offshore prolongation of the 
Chungchou anticline deformation toward the SSW, which is structurally consistent with offshore 
seismic profiles and derived seismic map of the top of Pliocene formation. The possible 
connection between off-shore diapirism and on-land folding is still a subject of debate (e.g. A02 ; 
Lacombe et al., 2004; Ching et al., 2016). 

As also suggested by the spatial match between interseismic deformation, long-term 
topographic features and Holocene deformation, one cannot exclude that part of the 
interseismic deformation in surface is not elastic and may contribute significantly to the 
deformation over several seismic cycles.  Johnson K. (2018) following a work of Huang & Johnson 
(2016) investigates the growth of Fault-Cored Anticlines by coupled processes of fault slip and 
flexural slip folding by Boundary Element Modeling. He concludes that “fault‐cored anticlines 
may not grow strictly by the mechanism of fault slip, but that folds in a mechanically layered 
medium can be significantly amplified by buckling under horizontal compression with a significant 
portion of shortening being distributed through the fold» and that despite « there is a large body 
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of research centered on estimating fault slip and or earthquake recurrence using kinematic 
models of folding and associated growth strata (e.g., Dolan & Avouac, 2007, and references 
therein)  […] the buckling mechanism discussed in this paper is a significantly active mechanism 
in active fault‐related folding, a potentially large component of fold growth might be attributed 
to buckling, in addition to slip on the underlying fault.” 

This clearly highlight the limitation of elastic model and purely kinematic model. I 
experimented the use of kinematic model during the Master internship of Corentin Abraham in 
2019 using the trishear approach (Hardy & Allmendinger, 2011) using the Move software. The 
goal of the study was to compare incremental surface deformation of the kinematic model with 
deformation from elastic model using the same geometry inspired from the SW Taiwan (Figure 
19). However, this was somehow quite frustrating as kinematic model required to set up several 
parameters in addition to the geometrical parameter, like the trishear angle and the propagation 
to slip ratio, which are not well constrained. 

 

Figure 19 : one example of kinematics model done with the Move software during the master 
internship of Corentin Abraham in 2019.  

I’m presently working in collaboration with Frédéric Donzé and a post-doc Yang Zhou  on 
Discrete Element Method (using the open source code Yade (Šmilauer, 2015). The research 
project aims to answer, through numerical modelling, whether bulk visco-plastic deformation is 
a key ingredient or not to reproduce the spatial and temporal patterns of deformation observed 
by geodesy. 

Regarding anelastic process of folding in a similar context of interseismic creep punctuated by 
transient creep event on a thrust fault, Copley & Jolivet (Copley & Jolivet, 2016) did an interesting 
study about the case of a triggered thrust by the 1998 Mw 6.6 Fandoqa, Iran, earthquake 
(Berberian et al., 2001; Fielding et al., 2004). They observe steady-state creep on the thrust, 
assumed to be driven by topographic gradient, accelerating following the nearby 1968 Fandoqa 
earthquake. They interpret it as slip governed by rate- and state-dependent friction law allowing 
non-linear relationship between shear stress and slip rate. The shallow creep, which in some 
place reaches the surface, and the lack of aftershocks suggest a mainly aseismic thrust with no 
stick-slip behavior. They investigate how and when in the earthquake cycle, folded beds observed 
in the field on top of the thrust are formed. They observed compatible deformation gradient only 
in interferograms covering the earthquake and the afterslip period. They cannot distinguish 
between elastic or permanent deformation and they cannot rule out continuous deformation at 
a rate slow enough to be below the InSAR detection threshold during interseismic period. 
However, they rather suggest that the folding happens during the relatively rapid deformation 
following nearby earthquakes that impose stress on the fold belt.  

If such interpretation is invoked in other recent studies (Simon Daout et al., 2018, 2019), the 
larger interseismic deformation signal seen in SW Taiwan at the Lungchuan fault suggests that 
the contribution of the interseismic creep is certainly significant. In both case-studies the 
mechanism leading to permanent fold deformation, like by pressure solution, diffusion or other 

https://agupubs-onlinelibrary-wiley-com.insu.bib.cnrs.fr/doi/full/10.1002/2017JB014867#jgrb52597-bib-0017
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processes (e.g. Gratier, Dysthe, et al., 2013; Bürgmann, 2018) remains uncertain and deserves 
further investigation. 

To conclude this section, I am convinced the SW Taiwan is a pertinent place to study several 
aspects of aseismic deformation related to the earthquake cycle and long-term deformation. The 
high strain rate occurring on-land is favorable to good quality geodetic observation supported by 
a quite dense campaign and permanent GPS network, and regular levelling. The particular 
geological setting of SW Taiwan favors aseismic creep in the sedimentary cover. In addition, the 
frequent significant M>6 earthquakes at 15-20 km depth represent a quite unique opportunity 
to understand how aseismic creep process reacts the stress changes. The richness of observed 
transient deformations caused by different sources of perturbation makes SW Taiwan a natural 
laboratory, from which we can learn about this wide range of behavior. This has interests that go 
beyond the context of a thrust-and-fold belt. 
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7 – InSAR evolutions: data, method and processing 

I did my first interferogram in 1999, about 20 years ago, using data from ERS-1 satellite that 
was primarily designed to observe ocean. Data were available on compact exabyte tapes, which 
were taking months to be obtained from ESA and were given in limited amount (typically a few 
tens of dates). The processing of a 100 km by 100 km interferogram using the relatively robust 
but not open-source CNES Diapason software on a desktop workstation were taking about one 
day. However sometimes it may require specific adjustment depending of the local station of 
reception receiving data from satellite. According to Didier Massonnet, this was already a 
significant improvement from his pioneering processing from the beginning of the 1990’s which 
was requiring old-fashion magnetic tapes, days of processing on very expensive processing 
facilities at the CNES using code developed from scratch. Surprisingly, despite his successes, he 
also reports to me he was struggling to get very limited amount of data from ESA at that time. 

Now a day we are dealing with time series of few hundreds of Sentinel-1 SAR images which 
requires a thousand of interferograms to be processed. The Sentinel-1 mission has dedicated 
instrument and strategy to monitor surface displacements and benefits from a long-term 
commitment of EU. Data are freely available in a standardized format and can be downloaded 
on-line within hours after acquisitions. Processing is typically done on high-performance 
computing facilities using distributed processing and partially automatized codes. Sentinel-1 
acquisitions have shorter revisit times thanks to wide swath acquisition mode, which allow 250 
km width by several hundreds of km long strip to be processed at a global scale. 

The time-lines of SAR missions in Figure 1 discussed in introduction, show the non-linear 
evolution of SAR mission operating at different wavelengths. During my career I have favored 
data and methods that allow me to cover large tectonic areas and that can be applied everywhere 
in natural environment (e.g. see section II-5). That explained why I did not used the high 
resolution X-band missions, as reflected by Appendix 3 that gives a list of my studied area and 
which Satellite data I used (ERS, ENVISAT, RADARSAT, ALOS-1, ALOS-2, SENTINEL-1). 

I had experience with various processing codes: 

 DIAPASON from CNES, not open source, but initially freely available to French scientist, 
before a fixed yearly cost was introduced after the code was maintained by a private 
company Altamira. 

 Commercial software: GAMMA and its PS processing module IPTA, and ENVI SARSCAPE 
(used to processed ScanSAR Envisat data),  

 Open source software: ROIPAC and ISCE from NASA-JPL, DORIS from Delft University 
as preprocessing for StaMPS from A. Hooper, NSBAS, GMTSAR for processing ALOS-2 
ScanSAR, and SNAP from ESA.   

I mainly used ROIPAC that had the big advantage to be open-source and on which the NSBAS 
processing chain was developed by several French scientists leaded by Marie-Pierre Doin. The 
fact that in the 2000 is the CNES kept its DIAPASON code closed and delegates its development 
to a private company ALTAMIRA was retrospectively a bad move, as almost all the French 
scientists move toward alternative solutions. Ironically, about 30 years after the code start to 
be developed, and after that the ALTAMIRA company has fused with another Italian company 
TRE (both being bought by CLS, a subsidiary company of CNES!), CNES recently decided to put 
some part of the code open-source in the Orpheo Tool Box (OTB). 
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Since the initial « 3-pass » approach to get differential interferogram (Gabriel et al., 1989), a 
lot of progress have been made in term of InSAR processing. The introduction of the 2-pass 
approach using an external DEM was a main move in the 1990’s. As mentioned in introduction, 
the early 2000’s was marked by the new era of time series analysis with Permanent Scatterers 
approach and small baseline approach and hybrid methods (e.g. Hooper, 2008), continuing in the 
2010’s (e.g. Ferretti et al., 2011; Iglesias et al., 2015). The NSBAS method, based on ROI_pac 
modules (Rosen et al., 2004), is a constrained SBAS version in which time series can be 
reconstructed from disconnected subsets of interferograms using some constraints as described 
in Doin et al (P04). Note that there variants of the NSBAS time-series algorithm to get time-series 
from the network of interferograms (Cavalié et al., 2007; López-Quiroz et al., 2009; Jolivet et al., 
2012, 2013), depending on the method used to temporally connect the data (linear or quadratic 
function, Laplacian smoothing or Gaussian filtering) and also depending of the use of additional 
constrain in the inversion (for instance estimation of DEM error depending on the perpendicular 
baseline). NSBAS has since incorporated other developments. Major ones are the capacity to 
process Sentinel-1 data in TOPS mode (Raphael Grandin, 2015), additional corrections before 
unwrapping with closure through the interferometric network and improvement of atmospheric 
corrections (M.-P. Doin et al., 2015). 

The importance of atmospheric correction has increased with time along with the increase of 
interferogram surface coverage, which revealed the complexity of atmospheric patterns in INSAR 
signal. This led to various atmospheric correction methods (e.g. Bekaert, Walters, et al., 2015). 
More systematic integration of GPS tropospheric delay in those correction  are underway (C. Yu 
et al., 2018). A focus is now on ionospheric corrections critical in L-Band data but also sometimes 
in C-Band (Gomba et al., 2016, 2017; Gomba, 2018). The in-built ionospheric correction design of 
the future NiSAR mission seems promising with that respect (Kellogg et al., 2020). In addition, 
ocean tides (DiCaprio & Simons, 2008; C. Yu et al., 2020)  and solid tides (Xu & Sandwell, 2020) 
corrections, which has been used for a long-time in GPS processing, start to be integrated in 
INSAR processing. 

Two other trends in INSAR processing that appear in the recent years are the development of 
generic toolboxes and the development of services to save the user the burden of the heavily 
demanding computation of large amount of data especially for Sentinel-1.  

Generic toolboxes target specific tasks, like atmospheric correction, time-series analysis or 
other post-processing tools, that could be interfaced with existing processing chains, in line with 
the very successful Matlab StaMPS package to do Permanent Scatterers analysis 
(https://github.com/dbekaert/stamps, Hooper 2012). Some examples of such toolboxes are: 

 GIAnT,  Generic InSAR Analysis Toolbox 
(http://earthdef.caltech.edu/projects/giant/wiki ; Agram et al., 2013)¶ 

 TRAIN, Toolbox for Reducing Atmospheric InSAR Noise 
(https://github.com/dbekaert/TRAIN ; Bekaert, Walters, et al., 2015)  

 GACOS, Generic Atmospheric Correction Online Service for InSAR, 
http://ceg-research.ncl.ac.uk/v2/gacos/  (C. Yu et al., 2018) 

 LICSBAS (Morishita et al., 2020) 

 OTB, Orpheo Tool Boxes (https://www.orfeo-toolbox.org) and SNAP S1TBX toolboxes 
(https://step.esa.int/main/toolboxes/snap). 

Examples of on-line and/or on-demand services are:  

https://github.com/dbekaert/stamps
http://ceg-research.ncl.ac.uk/v2/gacos/
https://www.orfeo-toolbox.org/
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 LICS from COMET: a freely available on-line catalogue of systematically and 
automatically processed interferograms on tectonic and volcanic areas around the 
world (https://comet.nerc.ac.uk/comet-lics-portal/) which also provide a soft package 
LICSBAS to post-process the data (Morishita 2020) and is interfaced with GACOS. 

 The Geohazard Platform of ESA (https://geohazards-tep.eu), which provides INSAR 
commercial services like TRE-Altamira, but also the P-SBAS Sentinel-1 processing on-
demand by CNR-IREA (Casu 2014, De Luca 2015, Manunta 2019). 

 FLATSIM (ForM@Ter LArge-scale multi-Temporal Sentinel-1 Interferometry processing 
chain in Muscate) a starting on-demand service provided by CNES for large-scale 
processing of InSAR, but for the moment limited to French Scientists in response to a 
call-for-idea (https://www.poleterresolide.fr/projets/en-cours/flatsim ; C78) 

However, so far there is not widely accepted common international standard for data format 
exchange in INSAR, which would be useful to benefit fully from all those tools and services. 

A last important issue that arise recently is the problem of systematic bias in estimating 
velocity in vegetated area when using algorithm based on spatial averaging and short-time 
interferograms, like most of the SBAS algorithms when using 6 or 12 days interval Sentinel-1 
interferograms. This affect algorithm dealing with distributed scatterers but not method based 
on single scatterers like pure PS approach. We noticed that effect when using NSBAS on several 
case-studies for instance when processing data about Mexico-city subsidence for the MDIS 2017 
workshop. It was also the case during the Master study of Thomas Gaubert in 2018 using Sentinel-
1 to study the Southern Apennines, or during the Master study of Pedro Espin working on Equator 
(C75): In some vegetated area, the derived velocity where unexpectedly very large when using 
only short-time interferograms in the network. 

De Zan et al (2015, 2018, 2019), show that this effect in coming phase-closure inconsistency 
introduced by spatial averaging (multi-looking) when several independent scattering 
mechanisms are present. They show that velocity bias can come for instance from soil moisture 
or vegetation water content variations when using short-time interferograms. This can be 
avoided using specific algorithms (Ansari et al., 2017, 2019), but this effect can be mitigated in 
SBAS approach by introducing long-term interferograms in the network (M. Doin, 2019). 
However, such a strategy has to be done carefully to avoid decorrelation of the signal. That is 
why this bias was not affecting significantly previous studies exploiting time-series based on 35-
days or more interferograms of ENVISAT data, in which vegetated area were often not exploitable 
because completely decorrelated. This illustrates that an expert view on the processing is still 
needed, despite the increasing availability of free tools and more and more user friendly 
automatic InSAR processing. 

Regarding my contribution to methodological evolutions in INSAR processing, it was most of 
the time motivated by scientific need. I did participate to the development of NSBAS through 
several projects (ANR EFIDIR, CNRS-AO Mastodons) and more recently in the framework of the 
national Solid-Earth pole (ForM@Ter) of the currently in development French research 
infrastructure DataTerra (https://www.data-terra.org/). Indeed, in most of the studies I worked 
on, there were necessity to develop new strategies or processing schemes. In the following, I 
describe some of those contributions about coregistration and atmospheric perturbation.  I also 
describe methodological works I have done implying other techniques that are complementary 
to INSAR. To finish, I detail my involvement into national and European project to deal with 
massive processing and related research infrastructures. 

https://comet.nerc.ac.uk/comet-lics-portal/
https://geohazards-tep.eu/
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SAR images coregistration enhancement for InSAR 

Following the work I done on the coseismic deformation of the 2005 Pakistan earthquake 
using SAR images correlation (see section II-2, A06); I investigated the aliasing effect 
interferograms caused by the too high coseismic displacement gradient in near field. We find out 
that it is not the main reason of decorrelation in near field, suggesting that misregistration 
problem dominates. To mitigate the image coregistration problem in ROI_PAC, we proposed a 
method to improve interferogram (C15), which make use of a known displacements field (in this 
case the 3D displacements field from SAR images correlation). It is a 2 steps method (see Figure 
20): 

 Step 1: improving the coregistration model with respect to the standard polynomial 
approach (e.g. ROI_pac [Rosen et al. 2004] use a second order polynomial to coregister 
images). Here, coregistration is based on the sum of (1) geometrical offsets (modelled using 
a DEM and orbital data), (2) deformation offset (inferred from the known displacement field) 
and (3) translational offset. 

 Step 2: following Yun et al. [2007], the displacement model is also used to facilitate the 
unwrapping process. 

 

Figure 20 : workflow to improve SAR image coregistration for INSAR using a known displacement 
field model (From C15) 

Marie-Pierre Doin has implemented the step 1 into NSBAS when we were working on the 2008 
Wenchuan earthquake. 

 

Spatially variable empirical atmospheric corrections 

Using meteorological models to perform atmospheric correction can be seen as an equivalent 
effort than introducing deterministic correction from Digital Elevation Model to remove 
topographic effect (2-pass interferometry). First attempts (Wadge et al., 2002; Foster et al., 2006; 
Puysségur et al., 2007) relying on local assimilation scheme of metrological model were not 
applicable everywhere, pushing for the use of regional or global meteorological models (M.-P. 
Doin et al., 2009; Jolivet et al., 2011).  However, when I started working on the 2006 Slow Slip 
Event in Guerrero (see section II_4), I noticed that corrections based on the North American 
Regional Reanalysis (NARR) meteorological model sometimes degrade interferograms instead of 
improving them. On the other hand, at that time, empirical correction methods based on phase-
topography correlation were assuming spatially homogeneous relationship between phase and 
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topography (e.g. Cavalié et al., 2008). However, in interferograms covering the Guerrero area 
(100 x 400 km), we observe that the phase-topography trend can be spatially highly variable with 
changing sign and sometime over distance less than 60 km. Comparison with the phase-
topography relationship estimated from NARR confirm this variability. To take into account this 
effect, I proposed a spatially variable correction of each interferogram based on empirical 
computation of the phase-topography correlation over 32km x 32km window (C20). An improved 
method has been implemented by Marie-Pierre Doin in NSBAS (P04). 

Using GPS data for tropospheric and ionospheric corrections 

I also participate to some work to implement existing methods using GPS measurements to 
estimate tropospheric ionospheric delay in INSAR measurements. In 2010, Gregory Clouvel 
during his Master internship, used GPS Zenithal Tropospheric Delay to estimate InSAR 
tropospheric delay on North Eastern Iran, based on previous published method (S. Williams et 
al., 1998; Li et al., 2006; Onn & Zebker, 2006). The same year Haythem Balti, also a Master student 
I supervised, did comparison of global meteorological model (NARR, ERA40) with GPS ZTD on the 
Guerrero area (Mexico). In 2011, Rana Charara (post-doc), implemented existing method to 
estimate ionospheric delay in interferogram from GPS measurement, and applied it to the case 
of Longitudinal Valley of Taiwan (C37). 

Source Separations 

In InSAR Time series, the surface deformation signal can be largely dominated by atmospheric 
signal, and the surface deformation signal itself can be composed of different source (inter-, co-
, or post-seismic deformation, transient slow slip event, subsidence, landslide, etc.). During the 
PhD of Louise Maubant (2017-2020), we investigated two sources separation methods to extract 
slow slip event signal in the Guerrero area (A24). The first method is based on a functional 
parametrization of InSAR time-series as done in previous studies (e.g. Hetland et al., 2012; Simon 
Daout et al., 2019), such approach being directly inspired from GPS time-series analysis (Dong et 
al., 2002; Bevis & Brown, 2014). The second method is the Independent Component Analysis 
(ICA) (Comon, 1994; Hyvärinen & Oja, 1997), which has the advantage with respect to the 
previous one to be a blind source separation approach that do not require strong a priori 
knowledge of the sources. ICA had been already applied to analyze InSAR time series but on other 
contexts (Estelle Chaussard et al., 2017; Cohen-Waeber et al., 2018; Ebmeier, 2016). 

Other methodological works 

I mainly used InSAR to address my research interests. However, in many cases, InSAR alone is 
not enough and it has to be combined with other methods. I have not restricted myself to INSAR 
imagery and I have worked on other data and techniques. I already mentioned other kind of data 
or methods I used in combination with INSAR, like GPS, levelling, SAR images correlation, slip 
distribution inversion. I also describe in section II-2 the methodological work done on data fusion. 
Here I develop on other data and approaches I have been working with, in the framework of 
projects that were not directly related on my main research interest but that had useful 
feedbacks on it. Those projects are related to surface processes, subsidence, geomorphology, 
and change detection and classification methods. For instance, Landslides and subsidence are 
two examples of surface deformation signal that should be taken into account when investigating 
tectonics signal, either by masking those signals or by using them to get information on structural 
tectonics control (e.g. Bawden 2001). 
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Lidar and Digital Elevation Model 

In 2007, shortly after my arrival in Grenoble, I was given the opportunity to participate to a 
Marie-Curie Research Training Network European Project « Mountain Risks ». The aims was to 
apply multi-techniques approach to active clayey landslides, with a case study in the Trièves area 
close to Grenoble, at 45 min drive from our lab. Another objective was to make the link between 
long-term deformation imprinted in the landscape and the present-day landslide activity showing 
a wide range of deformation rate from mm-cm slow moving landslide (Avignonet Landslide), to 
several meters (Harmalière Landslide). Such an approach combining photogrammetry, Lidar, GPS 
and InSAR seemed to me also relevant and transposable into some studies of the earthquake 
cycle. Furthermore, I found it interesting to have in the framework of methodological 
developments on measurement methods, a local site allowing easier ground-truth acquisition, 
field / image comparison and validation. This work was mainly done through Ulrich Kniess’ PhD 
thesis, which I co-supervised.  

A first part of this work was using morphological analysis of Lidar 1-m DEM, combined with 
GPS and historical aerial photos analysis of denudation. In combination with geophysical 
measurements (seismic ambient noise measurements, electrical prospecting) we were able to 
show paleo-topographical and lithological controls on the landslides activity (P02 ; A09 ; A17 ; 
Kniess, 2011). A second part was dedicated to multi-temporal LiDAR DEM analysis using image 
correlation techniques. Ulrich Kniess developed a correlation method to get 3D displacements 
from 1-m resolution DEMs acquired at different dates (Figure 21). 

 

Figure 21 : Lidar-derived displacement field of the Harmalière landslide, located in the Trièves 
area, south of Grenoble (France).  Color show vertical displacement, and Black lines horizontal 
displacements (from Kniess 2011) 

Those measurements have been used subsequently in a study using image correlation of 
Sentinel-2 images for the detection of precursory motions before landslide failures (A22) 

After this project, I had also opportunities to work on DEM analysis. In the last 20 years, High 
precision topography from Lidar has become a standard for geomorphological studies. During 
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the master internship of Johanne Ngouegne-Okouma in 2015, we perform a morphometric 
analysis of the drainage network along the Belledonne area using a 1-m Lidar DEM looking for 
possible indices of fault activity, without success.  

I also did some work on the TanDEM-X 12-m resolution DEM, which is so far the best global 
DEM available to scientists. Unfortunately, the version available to scientists is not fully corrected 
and requires some post-processing to be exploitable. During the Master internship of Aicha 
Diomandé, we did an evaluation of the quality of the TanDEM-X  DEM in Mexico in comparison 
with other DEM (INEGI, PRISM, SRTM, ASTER) and we developed a method for improving the 
TanDEM-X DEM for application to satellite radar interferometry. I also helped in handling the 
TanDEM-X DEM used by Léa Pousse for a paleoseismological study on the Bocono Fault in 
Venezuela, on which we did InSAR ALOS-1 interseismic measurement showing no shallow creep 
signal (A21). 

Change detection using radar Amplitude. 

In 2009, I had a try of applying change detection technique to detect rock falls in the 
surrounding mountains of Grenoble using times-series of ERS SAR amplitude images (Master 
internship of Jérémy Barnavol) but without success.   

Relating basin subsidence rate and thickness of sediments 

InSAR has been used for a long time to monitor subsidence phenomena (e.g. Carnec et al., 
1996; Carnec & Fabriol, 1999; Galloway et al., 1998; Amelung et al., 1999; Fruneau & Sarti, 2000; 
Raucoules et al., 2003). The Mexico City case is one of the most striking case of rapid basin 
subsidence related to compaction of young sediment. Through time it has become a benchmark 
case for InSAR studies (e.g. Strozzi & Wegmüller, 1999; Strozzi et al., 2003; Cabral-Cano et al., 
2008; López-Quiroz et al., 2009; Osmanoğlu et al., 2011; Yan et al., 2012; Estelle Chaussard et al., 
2014). 

In such cases, one can expect some correlation between the subsidence rate and the thickness 
of bassin sediment, which is a critical parameter for seismic amplification effect in bassin. That 
was the purpose of Sylvain Michel Master internship in 2009, who investigate whether 
subsidence rate may serve as proxy for seismic site effects, based on the Grenoble basin case. 

By comparing subsidence rate inferred from INSAR and levelling with bedrock thickness 
(constrain by borehole and gravity measured) and resonance period inferred from H/V seismic 
ambient, we were showing that InSAR can be a useful proxy applicable at city scale to give a first-
order approximation of resonance period and site-effect. This can help to guided geophysical 
survey in the field (Figure 22, C23, C24).  We also applied a similar approach on the Beirut city 
(Lebanon) during the Master Internship of Clement Roussel in 2014.  

Grenoble and Beirut basin subsidence are about a few mm/year, compared to rate up to 30 
cm/year in Mexico City. Such a rapid rate seems to be associated to temporal changes in the 
seismic response of the basin (Avilés & Pérez-Rocha, 2010), leading some authors to propose to 
use InSAR to monitor such changes (Albano et al., 2016). 
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Figure 22 : Comparison of subsidence rate derived from InSAR (Top Left) and levelling (Bottom 
Right) over the Grenoble area, with thickness of sediment (Bedrock depth Bottom Left) and 
Resonance periods from H/V ambient noise seismic measurement (from C24). 

 

Supervised learning techniques 

I discovered supervised learning techniques in 2011 during Panagiota Matsuka’s PhD Thesis. 
This PhD project was in the framework of the ANR project URBASIS led by Philippe Gueguen. One 
of the goals of the PhD was to investigate the possibility to use high-resolution remote sensing 
imagery in combination to in-situ data to have a first-order assessment of the building seismic 
vulnerability at the scale of a city like Grenoble or Nice. The idea was to derive different metrics 
of building (like elevation, roof shape) using High resolution DEM and satellite or aerial optical 
imagery and to related them to seismic vulnerability using in-situ information about building (like 
number of storage, material of construction, date of construction etc.) that are first-order 
indicator of seismic vulnerability.  The relationship was established using supervised estimation 
scheme based on support vector machine (SVM). SVM are a generalization of linear classifiers 
that can be used as classification method for multi-variate data. The preliminary results were 
promising (P05), but Panagiota left prematurely his PhD. Nonetheless, this approach has been 
then developed in the thesis of Ismaël Riedel resulting in a journal article (A15). It was an 
interesting experience for me that introduces me to the domain of Machine Learning and Data 
mining, which nowadays, are usually included in the broad field of artificial intelligence. 

 

Massive InSAR processing and research Infrastructures. 

The beginning of the 2010’s has been a transition period for InSAR marked by the end of 
ENVISAT and ALOS-1 time-series acquisitions for InSAR and the prospect for the ambitious 
Sentinel program from the UE, that will really start in 2014 with the launch of the Sentinel-1A 
radar satellite.  The Italian Space Agency had encountering problem to deal with the large amount 
of data generated by the CosmoSkymed satellite constellation started in 2017. The experience of 
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processing the 10-years long ENVISAT time-series over increasingly larger areas and the 
perspective of a massive data volume increase from Sentinel-1 data due to more systematic and 
more frequent acquisitions (35 days to 6 days), rise the need to develop new ways to handle and 
process InSAR data. The new usual unit of data volume will be the Terabyte. This was concomitant 
with the broad diffusion of the « Big Data » issue across scientific disciplines. The finding was that 
the multi-temporal INSAR processing could no longer be done by an individual researcher on his 
own computer nor even at the level of a lab for ambitious projects. Due to larger data stream 
when dealing with large geographical areas area, even solutions on the scale of a meso-
computing center at University level could have failed. Thus, actions had to be done at national 
and European level to ensure sustainable access to equipment that meets the scientific 
challenges of the future. 

With other members of my research team and in particular Marie-Pierre Doin and Cecile 
Lasserre, we have therefore dedicated part of our time in this direction to establish and 
strengthen our contacts at the national and European levels, with a view to federating the 
national community and being present in computing infrastructure projects for the massive 
processing of satellite data.  

 

Actions done at national Level 

At national level, we got a project in 2013 at the CNRS call « Défi Mastodons - Les Big Data en 
recherche » with the aim to optimize and adapt our ground deformation measurement tools to 
the processing of large volumes of data. This consist in making processing chains more automatic, 
in implementing of calculation to distributed environment on meso-center and in responding to 
the challenge of storing and distribute the data (C50).  At the same time, the CNES was pushing 
for the creation of a national Pole in Solid Earth (ForM@Ter, Formes et Mouvements de la Terre) 
to federate effort dealing with satellite data for scientific use, which was supported by CNRS 
INSU. This was then a straightforward direction for us, and we get fully involved in it from 2012. 
Since ForM@Ter is part of the French Research Infrastructure DataTerra (https://www.data-
terra.org). 

To federate the national community we also initiated in 2013 in Autrans near Grenoble, the 
biannual meeting MDIS (Mesure de la Déformation par Imagerie Satellite / Deformation 
measurement by space imagery), whose last edition was held in 2019 in Strasbourg.  

In addition to ForM@Ter, the CNES' PEPS initiative to provide a computing center backed by 
a data center on the Sentinel-1 satellite offered complementary perspectives to possible 
solutions at European level. In practice, the participation of the different members of the team 
in the ForM@Ter and PEPS meetings made it possible for the NSBAS processing chain developed 
in the team to be selected as a prototype in the framework of a project piloted by ForM@Ter 
and funded by the French « Programme d’Investissement d’Avenir » (PIA/Etalab). The Project 
started in 2015 and resulted in a prototype of an on-demand service to compute interferogram. 
In its design, the service is implemented in a distributed way: a web graphical interface operated 
by IPGP (Paris) manages users and product selection from PEPS (Toulouse). It then requests web 
services operated in Grenoble. These web services drive the calculations on the computing 
centers (at Grenoble in the framework of this proof of concept).   

We have been also involved in another project to develop another kind of service for French 
scientist called FLATSIM for « ForM@Ter LArge-scale multi-Temporal Sentinel-1 Interferometry 
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processing chain in MUSCATE » (C78). The project is also led by ForM@Ter Solid Earth cluster in 
collaboration with CNES. It proposes to French researchers a systematic processing of Sentinel-1 
data. INSAR Processing are performed on pre-defined zones determined by the scientific 
community. The processing is carried out by the NSBAS processing chain, which has been 
implemented on the CNES HPC facilities and result available through a data portal. 

 

 

Figure 23 : First results from automatic processing of INSAR at large scale for FLATSIM project 
processed on CNES HPC. The area cover the Western part of Tibet (China). 

After preliminary tests validated on Tibet (Figure 23), this project was concretized in 2020 by 
the first FLATSIM call for tenders (https://www.poleterresolide.fr/appel-a-idees-de-formter-pour-un-service-

dedie-a-linterferometrie-radar/).  

 

Actions done at international Level 

At European level, we have been involved in EPOS (European Plate Observatory System, 
www.epos-eu.org) that is a large European project aiming to federate and integrate Solid Earth 
research infrastructures and to provide access both to data and to services and equipment. It 
was therefore important that our needs could be expressed in this project.  

After a 4-year preparatory phase that started in November 2010, EPOS responded in January 
2015 to the European call for tender infradev-3-2015 aimed at developing new excellent research 
infrastructures. The French seismological and GPS community was very involved in this response, 
especially at ISTerre, as it was present from the very beginning of EPOS and already well 
federated at the national level thanks to the RESIF project. On the other hand, from the point of 
view of users of optical or radar satellite imagery for the study of the Solid Earth, the community 
grouped in the young ForM@Ter structure was much less mature. Nevertheless, it was decided 
to propose a French response on this aspect. I participated in autumn 2014 in the elaboration of 
this response which was coordinated by Mioara Mandea on behalf of CNRS in workpackage 12 
(Satellite Data). This workpackage is dedicated to the implementation of Earth Observation 
satellite services, transversal to the large community covered by EPOS for the study of physical 
processes controlling earthquakes, volcanic eruptions and tectonic forcing. Among other 

https://www.poleterresolide.fr/appel-a-idees-de-formter-pour-un-service-dedie-a-linterferometrie-radar/
https://www.poleterresolide.fr/appel-a-idees-de-formter-pour-un-service-dedie-a-linterferometrie-radar/
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contributions like LICSAR from UK, or P-SBAS from Italy, the French contribution is made through 
the proposal of the GDM (Ground Deformation Monitoring) service, which aims to provide the 
European community with an integrated Optical and Radar service for the measurement of 
ground displacements. The GDM-SAR part is largely based on the prototype developed by 
ForM@Ter at national level (see above, C73, C74). The implementation phase of the EPOS project 
run from October 2015 to October 2019 and Since October 2018, the European Commission 
granted the legal status of European Research Infrastructure Consortium (ERIC) to EPOS. In 2021 
the first Thematic Core Services, including GDM-SAR should start to operate. 

At the international level, I have also been involved in the European Space Agency (ESA) 
Geohazard Exploitation Platform (GEP, https://geohazards-tep.eu ) project, as well as in the Seismic 
hazards Pilot of the Committee on Earth Observation Satellites (CEOS, 
http://ceos.org/ourwork/workinggroups/disasters/earthquakes ), which is an international grouping 
of about fifty space agencies whose objective is to coordinate the various Earth observation 
programs and facilitate data sharing. 

GEP comes originally from the Supersites Exploitation Platform, which was specialized for the 
exploitation of Satellite data resources in the context of the Geohazard Supersites & Natural 
Laboratories. It has expended into a storage and computing platform developed by ESA to 
support a wide use of satellite data for natural hazards related to earthquakes, volcanoes and 
landslides. It is an ESA contribution to a broader Seismic and Volcano Pilots initiative led by CEOS 
to improve hazard and risk management of these natural phenomena. GEP and the Seismic 
Hazards Pilot are two feasibility demonstration projects that could be extended to other themes 
if successful. In practice, our InSAR group have been involved in GEP since 2015 to try to 
implement a version of our NSBAS processing chain. However, the design of the platform turns 
out to be less adapted to NSBAS than implementation on HPC center like in CNES. Consequently, 
in 2019 we decided to stop our effort to implement NSBAS on GEP in order to focus our working 
force on other priorities. Nonetheless, GEP will be used to store the metadata catalogue of 
validated results generated by GDM SAR in the framework of the EPOS project, and to provide 
the EPOS user interface toward satellite data. 

 

 

To conclude this section II-7, I would said that those problematics might look very far from my 
research interest. Indeed my involvement in those projects was the result of the feeling of being 
at the foot of the wall. It was a necessary move to maintain academic competence at the national 
level in a field where there are large international players like DLR in Germany, COMET in UK, 
CNR-IREA in Italy or JPL-NASA in US. 

The example of the discovery of possible bias problem in velocity maps from the SBAS 
approach using Sentinel-1 data mentioned above, illustrates the importance of being able to 
maintain a strong processing expertise but also to have the associated processing infrastructure 
in order to be able to react quickly to modify processing strategies without depending on others. 
Having several independent academic analysis centers based on open-source software at the 
international level also allows verifying the reliability and reproducibility of the results, which is 
a fundamental corner of open-science. 

  

https://geohazards-tep.eu/
http://ceos.org/ourwork/workinggroups/disasters/earthquakes
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III – Research Prospective 

In this last part, I present what will be the main directions of my research activities in the 
following years and how these research topics stand in relation to my past activities and the 
current research stream. 

In part II, aseismic processes have been somehow artificially divided in different sections 
(afterslip, deep creep during interseismic deformation, slow slip events in subduction zone, 
creeping fault at shallow depth …). Nonetheless, they are clearly common processes and share 
common remaining broad scientific questions:  what are the physical parameters that control the 
space and time variability of aseismic slip on fault, and how can we get reliable values of those 
parameters from geological, geochemical, geophysical or geodetic observations? 

We have seen in section II-5 that rate- and state-dependent friction laws achieved at the end 
of the 1990’s provided an elegant and powerful framework to study aseismic slip on fault (e.g. 
Scholz, 1998). Fault models based on such laws are capable of producing a great wealth of 
behaviors, supported by various observations. However, we saw that some of the parameters 
were lacking physical interpretation and other, like the effective normal stress, were open to a 
lot of interpretations as it depends on several variables (temperature, fluid pore pressure, state 
of stress, fault geometry, etc.). 

Since, numerical models of earthquake cycle have evolved toward more physically-based 
models, including radiation of seismic waves (e.g. Rice et al., 2001; Lapusta & Liu, 2009; Barbot 
et al., 2012; Barbot, 2019b).  For instance, thermal pressurization of pore fluid due to shear 
heating has been proposed to explain both shallow creep and coseismic slip near the trench of 
subduction zone (Noda & Lapusta, 2013; Cubas et al., 2015). Recently, micromechanical models 
of rate and state friction have also been proposed investigating the physics of contacts (Perfettini 
& Molinari, 2017; Molinari & Perfettini, 2017, 2019; Barbot, 2019a). See Barbot (2019a) for 
additional references. 

Based on work showing that afterslip can be the driving factor in aftershock sequences 
(Perfettini & Avouac, 2004a; Perfettini et al., 2005) and can explain aftershock migration 
(Perfettini et al., 2018, 2019), Frank et al. (2017) use aftershocks seismicity to derive constraints 
about the frictional properties and loading conditions of active faults. However, it is still difficult 
to find direct observable that can constrain rate and state model parameters. Repeating 
earthquakes or locked asperities coexist with aseismic creep or slow slip event at similar depth, 
but it is difficult to know whether it is due to local geometrical or lithological complexity. Based 
on off-shore drilling and seismic reflection images of the Hikurangi subduction zone (New 
Zealand), Barnes et al. (2020) show that the plate interface can be quite heterogeneous in terms 
of lithology and associated with geometrical complexity like subducted seamounts. 

We have seen in section II-5 that on-land fault geology can give more detailed investigations 
on deformation processes (e.g. M. Y. Thomas, Avouac, Gratier, et al., 2014; Kaduri et al., 2017; 
Bürgmann, 2018). However, such studies are still limited to a few places, and it is difficult to 
decipher what are the present-day slip processes from observation of gouges deformation and 
mineralogical changes that cumulated over geological time. For instance knowing from fault 
samples whether a fault had seismic event or only slow creep is not an obvious task in earthquake 
geology (e.g. Rowe and Griffith 2015). In his recipe for fault creep, Bürgmann (2018) highlights 
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the role of fluids to promote slow slip, but it is again a parameter difficult to observe in-situ. 
Research have focused on area were aseismic slip occurs, but if it is a universal process, we also 
have to understand where it does not occur at similar depth and temperature and lithological 
conditions. Is it due to limitation of our observation capabilities? In any case, we still have to 
understand what is controlling the intensity of aseismic slip phenomena  

The question of the persistence through time of aseismic creep behavior is another big issue. 
At the scale of the earthquake cycle, fault models based on rate and state friction do not preclude 
seismic rupture penetrating into velocity-strengthening area in the stable domain (Scholz, 1998). 
Cubas et al. (2015) propose that thermal pressurization favor this phenomena at shallow depth. 
This can allow the rupture to jump from one asperities to another to form large earthquake 
sequences. However, if the velocity-strengthening area is large enough, it tends to stop the 
rupture. There are evidences that areas in conditionally stable domain prone to slow slip events 
impede earthquake and promote afterslip (e.g. Rolandone et al., 2018). So at the time-scale of 
several earthquake cycles, if friction is mainly controlled by structural and lithological factors, 
one may expect in large places dominated by one slip mode, a long-term influence of this slip 
behavior. 

Considering the case of large area with interseismic creep in subduction zone, such long-term 
influence have been suggested by several studies proposing that a small part of the interseismic 
deformation is not restored during megathrust earthquakes and can be converted into plastic 
deformation. For instance, Mazzotti et al (2000, 2001) suggested such a process for Nankai and 
Central Japan. However, they did not exclude that short-term transients, like slow slip events 
discovered after their study, might change their conclusion. More recent studies also favor a 
long-term effect of persistent slip behavior on subduction (e.g. Rousset, Lasserre, et al., 2016; 
Saillard et al., 2017; Jolivet et al., 2020). Along the South American active margin, Saillard et al. 
(2017) show a correlation between interseismic coupling and fore-arc long-term features (100 
Kyr) that are interpreted as resulting from anelastic deformation. Jolivet et al. (2020) also report 
such correlation in Northern Chile and propose that about 4-8% of the vertical interseismic uplift 
convert over multiple earthquake cycles into permanent anelastic deformation of the fore-arc. 
However, as shown by Menant et al. (2020) such a relation may be perturbed by other long term 
processes. They show that lateral variation of uplift and subsidence pattern at 100 Kyr along the 
subduction may be reflecting different stages of longer-term (Myr) cycles of underplating 
process. In addition post-seismic visco-elastic processes at lithospheric scale are also changing 
the interpretation of geodetic measurement as only due to slip on faults (e.g. Trubienko et al., 
2013). 

To address those questions, a big trend of the last 15 years has been the increasing 
cooperation between geodesy and seismology. I already present in section II-4 how recent 
studies are using seismology as an indicator of slow slip not detected by geodesy in subduction 
zone and show intermittence of slow slip events (e.g. Frank et al., 2018; Gardonio et al., 2018). 
One can also mention works from Shelly et al. (Shelly, 2009; Shelly et al., 2009; 2011) inferring 
deep aseismic slip on the San Andreas Fault from tremor analysis, or studies using repeating 
earthquakes on the Longitudinal Valley Fault (K. H.-H. Chen et al., 2009; Y. Chen et al., 2020) 
following Nadeau et al (1999). It has also been suggested that passive ambient noise correlation 
technique can be used to monitor fluids (e.g. Chaves & Schwartz, 2016; Voisin et al., 2017), which 
is often invoked as a major parameters for fault creep behaviors (Bürgmann, 2018). Combining 
geodesy with seismology is clearly a direction to follow to progress an aseismic slip issues. 
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Another underlying trend is the increasing convergence toward aseismic off-fault deformation 
issues between communities that were quite distinct in the 2000’s: scientist working on 
structural geology using kinematic approach and scientists using numerical modelling and 
geodesy applied to the earthquake cycle. This happens through the development of (1) 
mechanical models complementary to purely kinematical approach of fault-related folding (e.g. 
Kaj M. Johnson & Johnson, 2002; Hardy & Allmendinger, 2011), (2) modelling off-fault damage 
around fault zones (e.g. Manighetti et al., 2004; Kaneko & Fialko, 2011), (3) using satellite imagery 
and geodetic observation of off-fault deformations (Zinke et al., 2014; Milliner et al., 2016), and 
(4) explicit numerical modelling studies trying to describe volumic anelastic deformation in fault-
related folds (Kaj M. Johnson, 2018; Barbot, 2018; Sathiakumar et al., 2020). 

As I am neither a seismologist nor a modeler, nor a specialist in fault geology, what can be my 
contributions in the following years to answer the current scientific questions about the role of 
aseismic deformation in earthquake cycle and active tectonics? In recent years, I have tried to 
turn more into those disciplines so that I can better discuss with specialists in these fields. For 
example, I have an ongoing post-doc project on numerical modelling using the Discrete Element 
Method to study fault-related folding, and I am working with a seismologist Kate Chen on the 
joint use of seismology and geodesy to study aseismic deformation in Taiwan. Thus, my bottom 
line is still to continue to favor an observational approach to help answer these questions, but to 
combine it closely with other disciplines.  

The projects detailed below respond to the need for observations in different geological 
contexts. There are starting projects but also more prospective ones which may be not all fully 
achieved but give my current view in my field of research. I favor case studies where geodetic 
observations can be combined with other methods such as seismology and/or long-term 
deformation measurements. This, as always, will require new ways of using spatial geodesy and 
pushing these methods to the limit of their capacity, requiring suitable tools and processing 
resources to match. 

 

Interseismic deformation in an extensive tectonics settings: the Apennines case 

This topic is part of the ANR-funded project EQTIME starting end of August 2020 aiming at 
« quantifying the temporal and spatial slip variability in the earthquake cycle spanning months 
to million years timescales ».  The Apennines belt has been chosen as target because it meet 
several conditions needed for this ambitious objective 

The 400 km long and 100 km wide Apennines belt shows an extension rate of 3-4 mm/yr 
(D’Agostino, 2014) accommodated by 10-30 km long normal faults. Those normal faults 
developing in carbonate landscape are favorable for paleoseismological studies going back up to 
20 Kyr (Benedetti et al., 2013; Tesson & Benedetti, 2019)  and for morphological studies up to 
100 Kyr (Godard et al., 2016; F. Thomas et al., 2018). Furthermore, the historical and instrumental 
seismicity is well recorded and active enough to provide several recent examples of coseismic 
and postseismic displacements like during the 2016 Mw 5 to 6.5 earthquake sequence.  Italy have 
on the densest seismic and geodetic monitoring network in Europe, and a lot of geological work 
regarding the Apennines fault system has already been published.   

All of those points are needed to make the link between the present-day deformation and the 
long-term morphological build-up from successive earthquake cycles. In this project, I will be 
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involved in the study of interseismic deformation to better understand how the regional tectonic 
loading is accommodated by the network of segmented faults. GPS already gives the first order 
of the strain accumulation and vertical velocities from a continuous GPS network with baselines 
on the order of 10 km. As the normal fault system is much segmented, we want to use Sentinel-
1 InSAR to improve the spatial resolution looking for localized deformation and possible transient 
deformations. However, this is challenging because of the low strain rates, and the presence of 
vegetation and snow. This is also challenging in term of source separation as GPS show that there 
is strong hydrological effect some of them related to Karstic charge and discharge cycle. 
Furthermore, it is sometime needed to discriminate between tectonic and gravity processes (e.g. 
Delorme et al., 2020). 

Nonetheless, Apennines are interesting because it is an extensive tectonic regime that has 
been little studied for interseismic by InSAR outside magmatic/volcanic zones. Regarding 
aseismic deformation, there is few evidences of shallow creep except in Gran Sasso massif 
(Amoruso et al., 2002) and on the Alto Tiberina Fault (Chiaraluce et al., 2007; Hreinsdottir & 
Bennett, 2009; L. Anderlini et al., 2016; Vadacca et al., 2016). The carbonate environment is also 
interesting as it is prone to specific processes like pressure-dissolution for anelastic off-fault 
deformation (e.g. Croizé et al., 2013; Gratier, Dysthe, et al., 2013). 

An additional interesting point of the project is to address the question of what we can learn 
from geodetic strain estimates in seismic hazard models. It is a rising topic, since the increasing 
availability of strain maps estimated from GPS and InSAR (e.g. Mazzotti et al., 2011, 2020; 
Mazzotti & Gueydan, 2018; Elliott, Walters, et al., 2016) 

 

Lateral variation of coupling and slip budget on subduction zone 

This project is in the continuity of the Louise Maubant’s PhD thesis who performed Sentinel-1 
InSAR time-series analysis combined with GPS data to study the 2017-2018 Slow slip events on 
the Mexican subduction zone (see also section II-4), and estimated an interseismic coupling map 
covering the Mexican subduction zone from Guerrero up to Jalisco. 

From her results, that could be completed by ALOS-2 InSAR analysis, I would like with Mathilde 
Radiguet and Mohammed Chlieh to follow the way proposed by Avouac (2015) to address seismic 
hazard assessment issue. This approach consists in estimating the seismic and aseismic slip 
budget from geodetic measurement and earthquake catalogue. For that, the spatial distribution 
of interseismic coupling is used to constrain the return period of the maximum magnitude 
earthquake assuming that seismic and aseismic slip sum to the long-term slip given by plate 
convergence rate. 

In parallel, I will start by the end of 2020 a project on the Makran subduction zone with Zahra 
Mousavi and an Iranian PhD student Meysam Amari with similar goals. The Makran subduction 
zone is very interesting as it shows a clear segmentation between western and eastern Makran, 
where large and shallow earthquake occurred like the 1945 Mw 8 earthquake. In contrast, the 
western Makran exhibits an almost absence of megathrust earthquake in both instrumental and 
historical periods. There, earthquakes rather occur within the down going plate at intermediate 
depths (Byrne et al., 1992). This raises the question whether the megathrust in the western 
Makran is capable of producing a very large earthquakes or alternatively is the place of aseismic 
creep and/or slow slip events. 
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Lin et al. (2015) from Envisat InSAR time series analysis have shown that eastern Makran 
subduction zone has high interseismic coupling. In the project, we would like to investigate using 
Sentinel-1 data the interseismic loading of the Western Makran subduction zone. 

During those two projects, we will also look in geodetic data for potential regional transients, 
which may be present to explain possible earthquake interaction at long distance, not easily 
explained by coseismic static stress changes. Those interactions suggested from observation in 
other subduction zones (e.g. Bouchon et al., 2016) may explain the recent earthquake sequence 
observed in the Mexican subduction zones (Atzori et al., 2019), including also the June 2020 Mw 
7.4 earthquake. 

From a methodological point of view, InSAR processing of data from the L-band ALOS-2 
satellite (2015-2020) is relevant and complementary to Sentinel-1 for the measurement of 
coseismic deformations. However, for the study of interseismic and SSE, it proved to be more 
difficult due to ionospheric disturbances (much larger than in C-band). The ionospheric phase 
delay can indeed be very important in L-band interferograms, up to several decimeters, whereas 
the tectonic signal is of the order of the centimeter. In order to exploit ALOS-2 data to its full 
potential, it will requires the implementation of ionospheric correction algorithms for ALOS-2 
ScanSAR data (Gomba et al., 2017). Other kind of observations like gravimetric changes, or 
bottom-sea geodetic measurements would be interesting to complement our analysis, but are 
more difficult to obtain and to interpret. 

 

Monitoring mud volcanoes as a window on aseismic creep in SW Taiwan 

In section II-6, I explained why SW Taiwan is a pertinent place to studies several aspects of 
aseismic deformation related to the earthquake cycle and long-term deformation. However, we 
have seen that despite some efforts to find tremors or repeating earthquakes, the first 10-km of 
that area remain a « seismic desert » while having very high strain rate (up to 10-6 per year). In 
SW Taiwan, the coverage of the national broadband seismic network BATS (Broadband Array in 
Taiwan for Seismology) is not so good (http://bats.earth.sinica.edu.tw/Station). Temporary 
improvement of it may help to find seismic signal related to aseismic creep and transient slip 
events in the shallow sedimentary cover, where décollement and fault-related fold are 
developing. 

In complement to that, I would like to set up a more original monitoring network of mud-
volcanoes. There are tens of active mud volcanoes in SW Taiwan (Shih, 1967) (see pictures of two 
examples in Figure 24). Most of the studies about those mud volcanoes have focused on their 
geochemistry (Yang et al., 2004; You et al., 2004; Sun et al., 2010; Chao et al., 2011; C.-C. Liu et 
al., 2012; Chao et al., 2013). Those studies found that mud volcano fluids originate at depth 
where clay dehydration occurred. The up-to-5-km thick Pleistocene Gutingkeng mudstone 
formation is a good candidate for their source. It is also where is the décollement, on which thrust 
faults root (e.g. A20). Most of the time, the SW mud volcanoes are located on or near fault traces 
or anticline axis. Some authors have proposed that the spatial distribution of the mud volcanoes 
are related to extensional tectonic in releasing bend (Sung et al., 2010), however such releasing 
bend are not well documented and mud volcanoes are more pervasive than the area investigated 
by the authors. There is also report of coseismic eruption of mud volcanoes in the Coastal range 
of Taiwan (G.-J. Jiang et al., 2011). It has been interpreted as the result of local stress 
permutation. Yassir (2003) notes the worldwide close association of mud volcanoes and 
compressional tectonics setting, and shows that « shear stress applied to low permeability 

http://bats.earth.sinica.edu.tw/Station
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sediments can produce a dramatic increase in pore pressure and cause sediment flow. 
Interestingly, his two field examples are Taiwan and Trinidad in Venezuela. In Trinidad, the 
central Range fault, which is one fault strand of the eastern continuation of the creeping El-pillar 
fault (A18), seems also to be creeping at shallow depth (J. Weber et al., 2020; J. C. Weber et al., 
2001). I am actually currently helping François Jouanne to process ALOS-2 InSAR data on the 
Trinidad Island. 

 

Figure 24 : Two example of mud volcanoes in SW Taiwan. Left: a dead mud Volcanoes, Right: an 
active one. 

In any case, mud volcanoes in SW Taiwan show variable activity, with pulses of eruptions, and 
are typically associated with bubbling at the surface. The idea behind this project, which is at a 
very preparatory stage, is that activity of mud volcanoes may show some pulses signal that are 
not random and are related to fluid circulation on fault at depth. Those faults probably root on 
the décollement and mud volcanoes activity could then be correlated to aseismic creep on it. By 
simultaneously monitoring a network of mud volcanoes distant from several km to tens of km, 
one can search for possible correlation in activities that would indicates common sources at 
depth. Off course, possible rain and shallow hydrological effects should be also investigated and 
must be set apart. If mud-volcanoes signals are correlated to tremor or LFE activities at depth or 
to geodetic transients (Tsai et al., 2017), the network could provide a unique window on deep 
aseismic processes and related fluids circulation. The monitoring system would consist in 
continuously recording acoustic or seismic sensors located very close to mud volcanoes, 
complemented by more distant seismic stations. Separation of surface bubbling signal from other 
deeper families signal may be an interesting signal processing challenge that could be addressed 
unsupervised machine learning approach (e.g. Seydoux et al., 2020). 

Note that there is also evidence of off-shore mud volcanoes in South-Western Taiwan (e.g. S.-
C. Chen et al., 2010, 2014). As mentioned in section II-6, there is a structural continuity between 
offshore and on-shore geological features in SW Taiwan. From South to North those structure 
are at different stages of evolution of an accretionary prism being incorporated into a collision 
belt. Indeed on-shore observation of aseismic processes in SW Taiwan like proposed in this 
project, may give some clues on processes occurring at below-sea level subduction accretionary 
prisms. 
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Discriminating between volumic permanent deformation and elastic deformation 

In section II-6, I introduced through the case of fault-related folds the issue of when and how 
the permanent deformation represented in geological structures formed in the shallow crust is 
acquired. Is it mainly during coseismic events or rather during interseismic or post-seismic 
period? I argued that SW Taiwan is a pertinent place to investigate if part of the interseismic 
deformation can be transformed from elastic recoverable deformation into permanent 
penetrative deformation. For instance, Jolivet et al. (2020) quantify that 4-8% of the interseismic 
deformation observed in the Northern Chile subduction zone is transferred into permanent 
deformation. 

I see several ways to address this issue in SW Taiwan. The first one is through comparison of 
interseismic and coseismic deformation with respect to Holocene (10ky) deposits deformations 
that recorded several earthquake cycles. A preliminary work (C70, Figure 17) based on fluvial 
terraces analysis (M.-L. Hsieh & Knuepfer, 2001) has been done but should be extended to the 
other anticlines seen in Figure 16, with more dating. This could be done through collaboration 
with Maryline Le Béon or Martine Simoes who have recently worked there on dating deformed 
Holocene deposits. 

Other approaches are related to the Pleistocene Gutingkeng formation made of mudstone 
and that seems to be correlated to the presence of high interseismic strain rate. For instance, 
there is a 500 m wide zone of Gutingkeng formation located in between the southern 
prolongation of the Lungchuan Fault (also called Chekualin Fault there) and the Chishan fault 
where up to 8cm/y of vertical displacement occurs within about 500 m. This area has been 
monitored by GPS because it is crossed by the highway number 3 with a bridge followed by a 
tunnel, both of them suffering progressive damages due to the aseismic high strain. InSAR 
analysis show that this phenomenon occurs along a several-km-long strip. The clayey and very 
easily erodable Gutingkeng formation may have a velocity strengthening behavior and at the 
same time accommodates penetrative deformation through inter-bed shearing. To test this 
hypotheses several aspects could be investigated: 

 Mineralogical and microstructural analysis. Such analysis (M. Y. Thomas, Avouac, Gratier, et 
al., 2014; Kaduri et al., 2017) could be done on fault zone where outcrop are available, 
investigating what are the deformation processes and look for evidence of coseismic slip 
(Rowe & Griffith, 2015).  

 Comparison with long-term uplift. The several cm/year of uplift do not produce significant 
topography in this area, but at the same time the Gutingkeng formation is having high 
erosion rate, catchment area including this formation record up to 3 cm/year of erosion rate 
(Dadson et al., 2003). Denudation rate derived from cosmogenic data (Siame et al., 2011) 
may help to compare long-term uplift to the present-day geodetic rate. Quantitative 
geomorphological approach as proposed by Godart et al (Godard et al., 2016) may be also 
of interest  

 Microseismicity related to volumic deformation. The Gutingkeng formation is mainly made 
of clayey mudstone. However, there is also some brittle intercalated sandstone beds that 
can reach metric thickness. At the surface those beds are often heavily fractured and for the 
thinnest ones dislocated. If significant penetrative deformation occurs during the 
interseismic period, one may expect that the brittle failure of those beds produced a 
widespread off-fault microseismicity that could be recorded by local network if noise level is 
low enough. 
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Another angle of attack would be involving numerical modeling to test if we can discriminate 
from surface geodetic measurements between volumic permanent deformation and elastic 
deformation. For the case of flexural slip folding, Johnson (2018) investigates off-fault 
deformation based on a boundary element model consisting of viscoelastic layers in which 
inelasticity occurs at contacts (as frictional slip). He shows that if sedimentary layers act as a stack 
of mechanical layers with contact slip, off-fault deformation in the bulk of the fold can 
dramatically amplify the folding process and should produce a different spatial signature than 
when slip is only located on the fault. It also show that the characteristic relaxation time of the 
medium is an important parameter: fast relaxation time inhibits bulk flexural slip folding. Other 
modelling approaches have been proposed (Choi et al., 2013; Ta et al., 2015; e.g. Barbot, 2018; 
Sathiakumar et al., 2020) and may be worth to be tested. 

 

Regional uplift in active orogens 

This part is not a ready-to-go project and remains quite prospective. I just would like to 
emphasize that InSAR is now close to give valuable information of the regional uplift of active 
orogens. I showed at the end of section II-5 an InSAR velocity map from ALOS-1 data covering the 
whole Taiwan orogen. Although this map give the displacement only along one radar line-of-
sight, which is not enough to separate the vertical and horizontal contributions, this limitation 
should be overcome by using data acquired by ascending and descending passes of ALOS-2 and 
Sentinel-1 satellites. At ISTerre, Marie-Pierre Doin with her student Pauline André are doing a 
similar work using Sentinel-1 to get a vertical uplift rate map covering the Western Alps. We can 
also expect to get some results on the Apennines during the EQTIME project. The order of 
magnitude of uplift and horizontal rates for those three case are the following: 

 Taiwan :  1-2 cm/year regional uplift and 4-5 cm/year of shortening (K.-H. Chen et al., 2011; 
Ching et al., 2011) 

 Western Alps : 2-3 mm/year of uplift with <0.3mm/year significant shortening across the 
whole range (Nocquet et al., 2016; Masson et al., 2019), but with some local extension in the 
center of the range (Walpersdorf et al., 2018) 

 Apennines : 1-2mm /year regional uplift and 3-4 mm/year of extension (D’Agostino, 2014; 
Hammond & D’Agostino, 2019). 

In those three cases, InSAR has the potential to increase considerably the spatial resolution of 
GPS measurements, which in return will be used to fix the long wavelength of InSAR signal. Such 
results should contribute to the debate about the physical processes driving the orogenic uplift. 
In the Western Alps for instance several candidates have been proposed like mantellic process, 
slab tear, gravitational energy, isostasy response to erosion or glacial isostatic adjustment (e.g. 
Vernant et al., 2013; Nocquet et al., 2016; Chéry et al., 2016; Mazzotti et al., 2020). Constraints 
about the <20-km spatial wavelength of the uplift signal may help to discriminate between some 
of those hypotheses. 

 

Methodological developments in InSAR and associated processing issues 

While InSAR best performances to measure relative displacement of the ground are achieved 
at short distances, data from recent sensors has the potential to achieve a precision of mm/year 
over distance up to 100 km for steady state displacement. However, turbulent tropospheric 
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signal and ionospheric perturbations remain major limitations for InSAR techniques especially 
when looking for transient tectonic signal covered by only a few dates of acquisitions. 
Unwrapping errors are another big issue in automatic processing. 

Reaching the millimetric level is also meeting new problems that other methods like 
creepmeters or GPS have already faced.  Bilham (2004) mentions problems related to rain and 
soil moisture for creepmeters installed in clayey sediments generating noise at the level of 
mm/year even with anchoring design. Thermal effects can also be important at this level of 
precision. With other sources of noise, monument stability problems also affect GPS 
measurement. Nonetheless, by combining carefully selected set of GPS stations, it is possible to 
go up to 0.2 mm/year precision on spatial scale of 100-200 km (Masson et al., 2019). Fiber-optic  
technologies (e.g. Zumberge & Wyatt, 1998; Coutant et al., 2015; Zhan, 2020) have also the 
potential to measure strain with high precision over such long distance. 

InSAR measurement can rarely relies on well monumented reflectors and, in natural 
environment, phase measurement is sensible to snow, soil moisture and vegetation water-
content (e.g. De Zan & Gomba, 2018; Gomba & De Zan, 2019).  However, InSAR can benefit of its 
huge number of measurement points to improve its accuracy and to separate different sources 
of deformation, like discriminating near-surface processes (landslide, soil creep, permafrost, 
hydrological effects) from deeper tectonics processes. 

To respond to the challenges posed by a study such as the one proposed on the Apennines in 
the ANR EQTIME (see above), several avenues are possible to get better estimate of interseismic 
velocity: 

 Correction before unwrapping: in addition to the correction already implemented in NSBAS, 
correction of oceanic tide and earth tide already mentioned in section II-7 could also be taken 
into account as well as some ionospheric error correction. 

 Unwrapping error: automatic detection and correction methods are already implemented in 
NSBAS, but we could also test new algorithm like CorPhU (Benoit et al., 2020). Upstream 
effort can also be done to reduce the number of fringes before unwrapping. An iterative 
method using corrections made after unwrapping may also be applied. 

 Data flow processing: there is some work remaining in the NSBAS processing chain to process 
continuously on the fly the Sentinel-1 data flow (one date every 6 days). 

 Multi-sensor analysis : the availability of several SAR satellites observing the same area offer 
great opportunities (e.g. Pepe & Calò, 2017) that are currently underexploited. Integration 
of multi-sensor data could be done during the processing chain and not just only as a post-
processing step. 

 Composite time-series: there is the possibility to reconstruct long-time series from several 
dataset overlapping in time or even with data gaps. This need to be able to revisit old dataset 
with new processing methods, which can improve past results (e.g. Pepe et al., 2011 for 
Radarsat-1 data) but implies to keep expertise on old data processing. 

 

In a broader perspective, we could consider going further using other kinds of data. Using 
external data in InSAR processing has proven to be useful with DEM or meteorological weather 
model, especially when those data are globally available. New products from remote-sensing are 
now routinely processed at national or global scale and could be useful during InSAR processing. 
For instance, products from Theia (French data center for land surface https://www.theia-
land.fr/en) are available like snow cover, land-cover classification or water body that could be 

https://www.theia-land.fr/en
https://www.theia-land.fr/en
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used. Their simplest usage could be to create mask on interferograms during the processing. One 
may also ambition more sophisticated usage with machine learning methods.  

Automatic detection of phenomena is also a new problematic that emerged from systematic 
and massive data processing. Nice examples are coming from the volcano community who is 
investigating automatic detection of volcanic events from Sentinel-1 InSAR database 
(Anantrasirichai et al., 2019; Albino et al., 2020). 

Similar approach could be applied to improve automatic earthquake analysis. In this case, 
seismology is usually used to detect events and provides a quick estimation of the earthquake 
location and focal mechanism or CMT (Centroid Moment Tensor). For the largest events, finite 
source models are computed and requests for coseismic interferogram processing can be done. 
Preliminary finite source models are often suffering from uncertainties about fault geometry or 
even from ambiguity about the focal plane. One can envision a machine learning approach 
allowing automatic feedback from coseismic interferogram (or optical or SAR correlation 
techniques) on the fault geometry and surface displacement to improve finite source modelling. 
This could be generalized to propagative or diffusive phenomena like afterslip and aftershock 
sequence. 

 

However, all those methodological ideas are coming with a profusion of published algorithms 
and methods that are impossible to digest for a single Earth sciences oriented team like the one 
we have in ISTerre. Testing and implementing those methods and to make them working on large 
dataset require a higher level of organization. Just to be able to process our InSAR data at larger 
scale with existing processing chain requires us to be involved in national or European structures 
as already mentioned in section II-7. With the EPOS research infrastructure, the European 
Copernicus Ground Motion Service (https://land.copernicus.eu/user-corner/technical-
library/european-ground-motion-service) and other actors including commercial ones, the year 
2021 will be marked by the beginning of a new era of operational services for InSAR.  Shall we 
use them as a black box or alternatively make significant efforts to keep some expertise and 
independence on our processing capability? It is a big issue. So far, our team have made the 
choice to do this effort at the national level with the support of the CNES. Despite limited human 
resources and fragile sources of funding, we hope that our involvement will be transformed into 
a sustainable and efficient organization. 
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IV – Conclusions 

In 1999, I was running my first interferogram and 20 years later I am always happy to discover 
colorful new interferograms created from ugly raw complex radar images. Seeing Earth from 
space and measuring millimetric surface deformation from images captured at a distance of one 
thousand kilometers is still fascinating for me. My curiosity and interest in linking relief to active 
tectonic through satellite Earth observation remain intact. This was a primary motivation for me 
to enter the field of Earth sciences. 

From a scientific point of view, my common thread has been the question of the role of 
aseismic deformation in the earthquake cycle and in the long-term deformation that accumulates 
in many cycles. My contributions to those topics have focused on various aspects, from which 
one can highlight slow slip events in subduction zone and aseismic slip of active faults. For 
instance, in the Mexican subduction we have been able to bring significant constraints on the 
spatial distribution of slow slip event on the subduction interface and thus better understand the 
interaction between earthquakes and slow earthquakes in the Guerrero seismic gap. Concerning 
the aseismic slip on active faults, work centered on sites in Taiwan and Venezuela, has shown the 
spatial variability of this phenomenon related to geometric and geological complexities, but also 
that creep transient, seismic and post-seismic slip can occurs in the same place. In the SW Taiwan 
case, localized high strain rate and low level of seismicity are motivating research on aseismic off-
fault deformation. 

Without changing its main course, several evolutions of my research have taken place during 
these years at ISTerre. A progressive evolution towards analyses of tectonic deformation over 
larger areas at a regional scale and with much denser time series has been related to the 
evolution of computing means and sensors. These last years have also been marked by my will 
to make more links between geodesy and seismology and by the initiation of numerical modelling 
work to tackle the problem of the relationship between short-term deformation as seen by 
geodesy and long-term geological deformation. 

To address my research topics the InSAR/GPS couple was fundamental. Those very 
complementary methods should never be opposed to each other. Year after year, we have been 
discovering the wealth of microwave signals travelling from space to Earth, confronting us to 
troposphere, ionosphere, vegetation and soil humidity issue (and certainly other surprises to 
come). To be able to extract the tiny tectonics signal at the cm-mm level, one need to separate 
it from others sources of deformation like near-surface effects, landslide or hydrological signals. 

Thus, in parallel to my topics related to the seismic cycle, I also conducted research on 
landslides and basin subsidence. This research was mainly motivated by methodological reasons. 
Most of the scientific questions I have tackled in my career have indeed been accompanied by 
the need for methodological developments, the resolution of which has occupied a significant 
part of my time: adaptation of InSAR processing to large study areas including adequate 
atmospheric corrections, merging data from different origins, change detection, source 
separation, etc.  One of the main changes in my activity over the last six years has come from the 
mass of data produced by new satellite missions, which for Sentinel-1 is freely accessible as a 
continuous data flow. This has changed the way we work in Earth observation and led to the 
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need for the development of new automated processing and associated computing and storage 
facilities beyond those available to the individual researcher in most French research 
laboratories. I have therefore become involved in the issue of massive processing of InSAR data 
in the framework of the development of new research infrastructures (EPOS, DataTerra). This 
has undeniably broadened my horizon as considerations related to national and European 
research policies and strategies are added to technical or scientific constraints and must be taken 
into account. 

All these activities were interesting but they cover a wide range of topics. The balance is 
difficult not to disperse too much while remaining open-mind because often innovation and 
advances come from where we do not expect them. In the third part of this document, I have 
drawn some research directions, but the paths leading to them are not all traced. Human 
encounters are fundamental there. For me, science must remain a human adventure with 
colleagues and students (all of them, even those who start from far away, but whom we have the 
satisfaction of helping and seeing progress) and it must not be done at any price. 
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[1] The 8th October 2005 Kashmir Earthquake Mw 7.6
involved primarily thrust motion on a NE-dipping fault.
Sub-pixel correlation of ENVISAT SAR images gives the
location of the 80 km-long fault trace (within 300–800 m)
and a 3D surface displacement field with a sub-metric
accuracy covering the whole epicentral area. The slip dis-
tribution inverted using elastic dislocation models indicates
that slip occurs mainly in the upper 10 km, between the
cities of Muzaffarabad and Balakot. The rupture reached the
surface in several places. In the hanging wall, horizontal
motions show rotation from pure thrust to oblique right-
lateral motion that are not observed in the footwall. A seg-
mentation of the fault near Muzaffarabad is also suggested.
North of the city of Balakot, slip decreases dramatically,
but a diffuse zone of mainly vertical surface displace-
ments, which could be post-seismic, exists further north,
where most of the aftershocks occur, aligned along the
NW-SE Indus-Kohistan Seismic Zone. Citation: Pathier, E.,

E. J. Fielding, T. J. Wright, R. Walker, B. E. Parsons, and

S. Hensley (2006), Displacement field and slip distribution of the

2005 Kashmir earthquake from SAR imagery, Geophys. Res. Lett.,

33, L20310, doi:10.1029/2006GL027193.

1. Introduction

[2] On 8th October 2005, a Mw 7.6 earthquake occurred
in northern Pakistan in the mountainous Kashmir region
(Figure 1) causing more than 80,000 deaths. The Kashmir
earthquake (also called the Pakistan Earthquake) is the latest
in a series of large historical earthquakes located along the
southern front of the Himalaya [Bilham, 2004]. The moment
tensor solutions from Harvard and the USGS National
Earthquake Information Center (NEIC) were available on
the web a few hours after the earthquake, rapidly followed
by the first slip models from seismological data (e.g., Martin
Va l l é e , h t t p : / /www-geoazu r. un i c e . f r / SE ISME/
PAKISTAN081005/note1.html; Yuji Yagi, http://www.geo.
tsukuba.ac.jp/press_HP/yagi/EQ/2005Pakistan), indicating
a NE-dipping fault with primarily thrust motion. On 2 No-
vember, we made available a more precise fault location
established from sub-pixel correlation of Synthetic Aper-
ture Radar (SAR) images (http://comet.nerc.ac.uk/
news_kashmir.html). This preliminary analysis was done
within a few days after the first suitable post-event

ENVISAT SAR acquisition, thanks to efforts of the Euro-
pean Space Agency (ESA) who made these data available as
soon as possible. Using a similar approach, Fujiwara et al.
[2006] showed that location of the highest displacement
gradient match pre-existing fault traces previously mapped
by Nakata et al. [1991].
[3] First analyses from seismology and remote-sensing

suggested a large amount of shallow slip, locally in excess
of 6 m, explaining the intensity of damage and number of
casualties, and revealed heterogeneity in the slip distribution
and possibly segmentation of the fault. The fault is located
at the western end of the Himalaya, at the Hazara Syntaxis,
where an old major geologic boundary of the range, the
Main Boundary Thrust (MBT), bends around by 180�. The
fault trace runs from Bagh to Balakot via the Jhelum river
valley and the city of Muzaffarabad (Figure 1). In its
northern part, it follows the MBT trace along the south-
western boundary of the Hazara syntaxis. The fault is also
aligned with a zone of seismicity recorded by the Tarbela
Seismic Network in 1973–1976, called the Indus-Kohistan
Seismic Zone (IKSZ) that extends some 100 km to the NW
of Balakot and has been proposed to be a NE-dipping ramp
[Armbruster et al., 1978]. Parsons et al. [2006] point out
that, due to static stress changes, there is an increased stress
on the IKSZ portion close to the fault, where most of the
aftershocks occur. Possible structural controls over the slip
distribution remain to be investigated. In this paper, we
present a more extensive analysis of the surface deformation
including new SAR data acquired with different geometries.
These data allow us to construct a three-dimensional surface
displacement field caused by the earthquake and to invert
for the slip distribution on the fault plane using a homoge-
neous linear elastic model.

2. SAR Offset Data

[4] Near global coverage and all-weather, day-night
capability make SAR data suitable for remote-sensing
analysis of natural hazards. In this study, we used ENVISAT
ASAR data (Table 1) because they have extensive coverage,
high spatial resolution and the existing archive of previous
acquisitions allows selection of pairs of pre- and post-event
images with suitable baselines (distance separating the two
orbits of a pair of images) and time interval. These last two
parameters should be as small as possible when measuring
coseismic displacements caused by earthquakes with SAR
imagery. As shown in Figure 2, the epicentral area is well
covered by three selected tracks in ascending and descend-
ing modes (i.e., satellite flying from south to north or from
north to south, respectively).
[5] To measure surface deformation using SAR imagery,

two main techniques are available: interferometric SAR
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(InSAR) [e.g., Rosen et al., 2000] and sub-pixel image
correlation [e.g., Michel et al., 1999]. For the Kashmir
earthquake, conventional InSAR, the most accurate tech-
nique (centimetric), can only give reliable measurement on
a narrow band of the footwall in the Jhelum valley and in
some far field areas where temporal and geometrical signal
decorrelation (due to high topography and steep slopes) and
decorrelation due to the large earthquake deformation itself
are less severe. Although less accurate (�0.2–1.0 m), sub-
pixel SAR image correlation is more robust for mountain-
ous environments such as in Kashmir. This technique is
based on measurement of line and column offset between
two amplitude images. At the end of the process, two maps
can be constructed for each track (Figure 2), giving two
components of the displacements that occurs between the
two acquisitions: one parallel to the satellite track (azimuth
offset) and the other along its line of sight (range offset).
Offsets have been computed using the Jet Propulsion
Laboratory/California Institute of Technology ROI_pac
software [Rosen et al., 2004], using overlapping matching
windows of 64 by 64 pixels (i.e., �300 m by �500 m in
azimuth and range direction respectively) applied to full
resolution images (4 m in azimuth, 8 m in slant range) with
steps of 8 pixels in range and 16 in azimuth. Formal errors
of the offset measurements are estimated from the width of
the peak in the cross-correlation surface for each match. It is
only a lower bound on the total error, but provides a
criterion for discarding poor matches. Offsets with a formal
error (1 s) larger than 0.7 m and with a magnitude larger
than 8 m are removed. These thresholds are based on a
qualitative analysis, trying to reduce noise in the data while
keeping a good data coverage. A weighted averaging
procedure that uses the inverse of the variance of each

match as a weighting is applied with a window of 5 samples
in range by 11 samples in azimuth. We correct estimated
offsets for image distortions due to the fact that images are
not acquired exactly from the same point of view. For range
offsets, distortions have been modeled using a DEM and
precise orbital data, and we correct for a constant shift using
far field data where we assumed no coseismic displacement.
For azimuth offsets, we only apply long-wavelength flat-
tening using a quadratic surface fit. Results are geocoded at
120 m resolution in UTM zone 43 using ROI_pac and a
SRTM DEM.
[6] A clear deformation signal appears in the epicentral

area (see Figure 2). The fault line oriented NW-SE is very
straight in its southern portion. The largest displacements
occur to the east of the fault on the hanging wall around the
slightly curved north portion where the azimuth displace-
ment shows a larger lobe than the range one. In the range
offset data of ascending track 270 (data set with highest
SNR), north of UTM northing 3830 km, a more diffuse
zone of deformation is visible. Associated formal errors are
about 0.35 m in average but vary with the geometry of
acquisition, and with the topography and slopes (see aux-
iliary material Figure S11). On average, due to its lower and
smoother topography, footwall measurement are more
accurate (�0.30 m) than the hanging wall ones (�0.39 m).

3. 3D Surface Displacements Map

[7] Each offset map is the projection of the full 3D
displacement field in the range or azimuth direction. Where
three or more such scalar components are available, it is
possible to solve for the full 3D displacements field (i.e., the
East, North and Up components). The resulting map (see
Figure 3a) is easier to interpret than the offset maps. To
construct the 3D displacement and associated formal error
maps, we followed the method described by Wright et al.
[2004]. We computed displacements only for points where
azimuth and range offset data for both ascending and
descending tracks are available (i.e., four to six scalar
components of displacement are used for each point). Errors
are propagated from formal errors in the measured offsets.
The north-south component is the best constrained (s = 0.07m
on average in the footwall and s = 0.13 m in the hanging
wall), while the east-west component is the least well
constrained (s = 0.19 m on average in the footwall and
s = 0.46 m in the hanging wall). For the vertical component,
s is about 0.09 m on average in the footwall and 0.20 m in
the hanging wall; see auxiliary material Figure S2 for more
details.
[8] Results show high gradient or discontinuity of dis-

placement across an almost continuous 80 km-long NE-SW
line that we interpret as the fault trace, the location of which
can be mapped with an accuracy of �600 m. There is a left-
step of about 1.5 km in the fault trace located just west of
the area in Figure 3b, suggesting fault segmentation. This
left step is located at the transition zone between the
Muzaffarabad-Bagh 55 km-long straight southern portion
of the fault, where the displacement across the fault is
lower (with a maximum in the middle), and the curved

Figure 1. Inset: DEM showing the study area located in
Kashmir at the Western Syntaxis of the Himalayan range.
Main figure: shaded DEM of the Kashmir region. The star is
the epicenter of the 8 October 2005 earthquake from NEIC.
At about 100 km from Islamabad, the fault rupture (thick
black line) runs from Balakot to Bagh via Muzaffarabad,
and is aligned with the Indus-Kohistan Seismic Zone
(IKSZ). Thin black lines are rivers and the white frame
shows the extent of Figure 2.

1Auxiliary materials are available in the HTML. doi:10.1029/
2006GL027193.
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Muzaffarabad-Balakot 25 km-long portion where greater
displacements occur. The largest displacements are concen-
trated on this part of the hanging wall and probably explains
why Balakot and Muzaffarabad were the cities most af-
fected by the earthquake. North of Balakot, displacements
decrease abruptly, but there is still a diffuse zone of dis-
placement (dominated by uplift) suggesting slip on a deeper
fault. This zone coincides with the IKSZ and is also the area
where most of the aftershocks occur.
[9] It is noteworthy that from north to south, there are

changes in the direction of horizontal motion in the hanging
wall. Approximately north of a line joining the epicenter to
Muzaffarabad, displacements involve nearly pure thrust
motion toward the SW. To the south, there is a progressive
rotation of displacements toward the south implying a
significant increase of the right-lateral slip and consequently
some along-strike extension in the hanging wall. However,
close to the fault trace, the right-lateral component tends to
decrease. This observation is consistent with the Harvard
and NEIC moment tensor solutions that indicate a right
lateral component of the slip. In contrast, displacement in
the footwall are more uniformly toward the north-east.
[10] Existence of surface rupture suggested by the pres-

ence of high gradients of displacement in Figures 2 and 3 is
supported by high resolution Quick-Bird optical imagery
analysis. Comparing pre- and post-event 60 cm resolution
images, evidence of surface rupture can be found at several
locations on the inferred fault trace. Figures 3b and 3c–3d
illustrate two examples of surface ruptures. One is north of
Muzzafarabad near the Neelum river and corresponds to a

scarp, which is one of those recognized in the field and
reported to be coseismic [see Yeats et al., 2006, Figure 1].

4. Slip Distribution Model

[11] To model static deformation on the fault, we used a
homogeneous linear elastic halfspace model assuming that
the fault dislocation is a rectangular plane reaching the
surface [Okada, 1985]. Slip distribution is estimated in two
steps. First, the geometry of the fault plane is optimized
assuming uniform slip and looking for a global minimum
misfit with the offset data (that are downsampled using a
quad-tree algorithm to about 2000 points per data set). The
minimum misfit is found for the following parameters:
strike 321.5�, dip 31.5�, depth 0–10 km, length 74 km.
Second, this fault plane is then extended along strike and
down dip to give a length of 100 km and a width of 30 km
(corresponding bottom depth is 15.7 km, see Figure 3 and
auxiliary material Figure S3 for location) and subdivided
into 2 by 2 km patches. We then invert for the slip
distribution with the same data, solving for the dip-slip
and strike-slip motion of each patch and applying a Lap-
lacian smoothing constraint to prevent unrealistic oscilla-
tions. This approach using a non-negative least-squares
algorithm is described in more detail by Funning et al.
[2005]. Note that due to the curved geometry of the real
fault trace, some data points are on the wrong side of our
simplified fault plane model. Such points are masked out in
this second step. Among the solutions found for different
smoothing factors we select the one shown in Figure 4,

Figure 2. Azimuth and range offset measurements from ASAR ENVISAT images geocoded at 120 m resolution (range
offsets are positive for a displacement toward the satellite). One descending and two ascending tracks are used to cover the
epicentral area. Coseismic displacements of several meters, consistent with a NE-dipping thrust fault, are clearly visible at
the center of the figure where the sharp color discontinuity delineates a highly deformed hanging wall to the east from a
slightly deformed footwall to the west.

Table 1. Details of the Six Offset Data Sets Used in This Studya

Direction Track Beam Pre-Event Start Date End Date ? Baseline, m Azimuth (East North) Range (East North Up)

Ascending 270 I6 5 25-06-2005 12-11-2005 60 [�0.18 �0.98] [�0.67 �0.12 0.73]
Ascending 499 I6 4 19-09-2005 24-10-2005 270 [�0.18 �0.98] [�0.63 �0.11 0.77]
Descending 463 I2 20 17-09-2005 26-11-2005 90 [0.21 �0.98] [0.38 �0.08 0.92]

aOffsets are measured on pairs of ENVISAT ASAR images (in image mode) acquired before and after 8 October 2005. Each line corresponds to a pair.
The number of images acquired during the two years preceding the event is given in column 4. For each pair, azimuth (component along track) and range
(component along line of sight) offsets are measured. Exact orientation of these components depends on the geometry of acquisition and on the position of
the measured point within the images. The last two columns give the unit vector of the measured components for a point near Muzaffarabad.
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based on a trade-off between high RMS misfit/low smooth-
ness and low RMS misfit/high smoothness and on the
minimization of the seismic moment (auxiliary material
Figures S4a and S4b). The corresponding moment is
3.36 � 1020 N.m, which is larger than the moment of the
Harvard CMT solution (2.94 � 1020 N.m). The global RMS
misfit to the whole data set is �58 cm and the 3D surface
displacements constructed from the model show similar pat-
tern to the one described in Figure 3 (see auxiliary material
Figures S5, S6 and S7 for details). In order to estimate error
on the model, the same inversion is applied to 100 data sets
perturbated by introducing noise with characteristics similar
to the noise found in the data. For each patch of the fault
plane, the standard deviation of the 100 solutions gives an
error estimation, which increase with depth up to 1.5 m (for
details, see Funning et al. [2005] and auxiliary material
Figure S8).
[12] The slip distribution pattern shows a main zone of

slip larger than 6 m with a peak slip of 9.6 m (±1.1 m) at
4 km depth, located beneath the Muzaffarabad-Balakot
segment. Beneath the southern segment, smaller slip occurs
distributed on a second zone elongated along strike with a
peak slip up to 7 m at 4 km depth. Slip larger than 3 m
occurs down to depth of about 13 km (±1 km). The zone of
maximum slip in our model is located further north than in
the slip distribution derived by Avouac et al. [2006] from
seismic waveforms and slip measurements at the fault trace
(from correlation of optical satellite images). The difference
is more pronounced when comparing with their slip distri-
bution derived from the modeling of seismic waveforms
alone. This suggests that geodetic measurements consistently
indicate a zone of maximum slip within the Muzaffarabad-
Balakot segment. In this part of the fault, our slip distribu-
tion shows more slip at depth than in their model, which

could be explained by the different spatial coverage of the
geodetic data used in the two studies, the surface measure-
ments of Avouac et al. [2006] being limited to the fault
trace. Alternatively, the geometry of the modeled fault plane
could also account for the difference: Avouac et al. [2006]
use a two segments geometry that follows more closely the
fault trace in its northern part than in our study that used a
single plane and consequently could require more slip at
depth.

5. Discussion and Conclusion

[13] Using SAR offsets we have extracted a synoptic
view of the surface displacements covering the whole
epicentral area of the Kashmir earthquake. From simple

Figure 3. (A) 3D surface displacement field constructed from azimuth and range offset data sets. Arrows indicate
horizontal displacements, and colors vertical displacements. Arrows are every 3.5 km and corresponds to the average
displacements over a 4 km window (masking footwall data for hanging wall arrows and conversely for footwall arrows).
From north to south, the black circles are the cities of Balakot, Muzaffarabad and Bagh. The squares indicate the location of
the Quickbird imagery extracts (on the right side) showing evidences of surface rupture. The red line shows surface rupture
trace inferred from satellite imagery (SAR, Quickbird and Landsat). The star is the NEIC epicenter and the thin black lines
show the map projection of the plane used to model the fault. (B) Surface rupture located north of Muzaffarabad on the
eastern bank of the Neelum river. Images (C1) before and (C2) after the earthquake showing the coseismic formation of a
new fault scarp in the river bed of a tributary of the Jhelum river on the eastern flank of the valley.

Figure 4. Slip distribution for a fault plane 100 km long,
30 km wide and dipping 31.5�NE (see location on Figure 3),
inverted from the azimuth and range offset data sets.
Magnitude of displacement is represented by color and slip
vectors by the arrows. The star is the projection on the fault
plane of the NEIC epicenter. The black dot represents the city
of Muzaffarabad.
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elastic modeling, we have estimated the slip distribution on
the fault plane, which is able to reproduce the main features
of the observed displacements. This spatially detailed anal-
ysis allows comparison with geological features that could
have influenced the rupture process.
[14] The slip distribution shows that most of the slip

corresponds to the rupture of the Balakot-Muzaffarabad
northern segment. The left-step between the northern and
southern fault segments is aligned with the North-South
Jhelum valley southward of Muzaffarabad. Tapponnier et
al. [2006], from geomorphic analysis, suggested that this
left step could result from current left-lateral motion of the
Jhelum fault, which runs along this valley. Another coinci-
dence between slip distribution and geological features is
that the fault trace follows more or less the MBT trace in its
northern part and that displacements decrease abruptly north
of Balakot where there is a dramatic bend of the MBT.
[15] All these observations are consistent with previous

observations suggesting that the location of the rupture
initiation or arrest tends to be at the location of intersecting
faults or other features, implying a structural control on the
slip distribution [e.g., Manighetti et al., 2005]. In the case of
the Kashmir earthquake, the hypocenter located at the
down-dip edge of the zone of maximum slip is also at the
transition zone between the two segments. However, such
interpretation should be taken with caution as large errors
can affect the hypocenter location (its depth �12 km is
estimated from projection of the NEIC epicenter on the
model fault plane).
[16] Regarding the zone of diffuse displacement observed

north of Balakot that also coincide with the main concen-
tration of aftershocks, triggered slip on a deeper part of the
IKSZ ramp can be invoked. The data set used in this study
does not allow us to discriminate between early post-
seismic or coseismic deformation, as our first post-event
image of that area was acquired on the 12th of November.
This question deserves further investigations into the pos-
sible continuation of post-seismic displacements.
[17] Finally, we emphasize that for large (M > 6) shallow

continental earthquakes, the robust, all-weather SAR corre-
lation technique can be applied to produce precise fault
locations and preliminary displacement maps, just days after
post-event image acquisition using ESA crisis procedure for
data distribution. The potential of remote sensing analysis,
such as that described here, for operational use in the relief
effort or rapid scientific investigation (such as postseimic
study) should not be overlooked.
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a b s t r a c t

This paper presents new observation of the interseismic deformation along the Longitudinal Valley

(Eastern Taiwan) that represents a major tectonic boundary of the Taiwan collision zone. We

investigate the southern part of the Valley from Rueisuei to Taitung (latitude 23.51N–22.71N), which

is the part of the Valley where interseismic surface creep has already been observed at some points of

the Longitudinal Valley Fault (LVF). A Persistent Scatterer SAR interferometry approach (StaMPS) is

applied using ten L-band SAR images from ALOS satellite acquired over the period 2007–2010.

Interferograms from L-Band data show a dramatic improvement of coherence in comparison to

previous studies using C-Band ERS data. The density of measurement resulting from StaMPS processing

is the highest achieved so far in the area (about 40–55 points per km2 for a total of 77,000 points)

allowing a continuous view of the deformation along the Valley and also giving information on its

borders (Central Range and Coastal Range). The most striking feature of the resulting mean velocity

map is a clear velocity discontinuity localized in a narrow band (0.1–1 km) along the LVF and

responsible for up to 3 cm/yr velocity offset along the radar line of sight, which is attributed to

shallow interseismic creep. InSAR results are in good agreement with continuous GPS measurements

over the same period (0.3 cm/yr rms). The density of measurement allows us to improve fault trace

map along the creeping section of the LVF (with accuracy of about 100 m) and to find new field

evidences of the fault activity. In some places, our trace differs significantly (hundreds of meters) from

previous published traces. The creep rate shows significant variations along the fault. At the southern

end of the valley the deformation is distributed on several structures, including the Luyeh Strand, and

drops significantly south of the Peinanshan. However there are discrepancies with previous studies

made from ERS data over the period 1993–1999 that remain to be investigated. The mean velocity for

each point of measure and the improved faults’ trace are provided as Supplementary data.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Longitudinal Valley is a major geological and tectonically
active boundary of the Taiwan orogen. According to GPS measure-
ments, about 3 cm/yr of horizontal shortening are accommodated
across this valley (Yu and Kuo, 2001). It is considered as a collision
boundary zone between the Eurasian Plate and the Luzon volcanic
arc of the Philippine Sea Plate (e.g., Angelier et al., 1997;
Malavieille et al., 2002), which converge at a rate of 8.2 cm/yr in
the direction N3061E (Seno et al., 1993; Yu et al., 1997) (Fig. 1a).
On the eastern side of this narrow valley located between the

Central Range to the west and the Coastal Range to the east
(Fig. 1b), the 150-km-long Longitudinal Valley Fault (LVF) accom-
modates a significant part of the present-day convergence
(Yu and Kuo, 2001) by earthquakes up to ML ¼ 7:3 but also by
aseismic slip (interseismic creep or postseismic). Understanding
the spatial and temporal variations of slip behavior, especially the
part of aseismic slip, on this major fault is important for earth-
quake hazard assessment because it has direct implications on
the seismogenic potential of the fault. Furthermore, the factors
controlling the slip behavior, seismic or aseismic, are still not well
understood. Such issues have already been addressed in other
tectonic contexts, like strike-slip faults (e.g., Bürgmann et al.,
2000b; Bakun et al., 2005) or subduction zones (e.g., Pritchard
and Simons, 2006; Perfettini et al., 2010). However, the Long-
itudinal Valley is a rare and valuable case-study area showing a
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well-documented active fault with a significant reverse component
and where steady-state shallow creep can be observed on land.

A first important issue before interpreting spatial variations of
deformation, is to know whether other faults accommodate part
of the deformation across the valley. This problem is critical in the
Longitudinal Valley area because several active faults are present
(Fig. 1b). The Central Range Fault (CRF) is located on the western
side of the valley (Shyu et al., 2006). East of the LVF, in the Coastal
Range, several faults have been mapped (Wang and Chen, 1993),

amongst which the Chimei Fault seems to be a significant tectonic
boundary (Chen et al., 1991); however, their present-day tectonic
activity remains poorly known.

Some large instrumental earthquakes in the valley have shown
that the LVF is not the only active fault. The ML 7.3 1951 sequence
of earthquakes (Chen et al., 2008b) produced surface ruptures
along the LVF but also along a poorly documented primarily left-
lateral strike-slip fault (Yuli Fault) (Shyu et al., 2007). A few
kilometers west of the east-dipping Luyeh Strand (LuS), the MW

6.1 2006 Peinan earthquake (also called Taitung earthquake)
occurred at about 10-km-depth on a N–S high angle 801 west-
dipping fault, which may be part of the Central Range Fault
system (Wu et al., 2006; Chen et al., 2009a). Smaller earthquakes,
even with precise relocation (Kuochen et al., 2004), cannot be
easily attributed to known faults mapped in the valley, except for
the east-dipping Chihshang segment of the LVF, especially well
illuminated by the MW 6.8 Chengkung earthquake aftershocks
sequence in 2003 (Wu et al., 2006; Hu et al., 2007).

Analysis of GPS data over the period 1992–1999 indicates that
in the Coastal Range, north of Chihshang and east of the central
and northern segments of the LVF, other faults than the LVF
may accommodate the deformation during interseismic period
(Yu and Kuo, 2001). At the southern end of the LVF where it splits
into the Luyeh Strand and the Peinan Strand (also called Lichi
Fault), there are geodetic evidences of partitioning of the inter-
seismic deformation (Lee et al., 1998). Nonetheless, the low
spatial density of the geodetic measurements does not allow
identifying precisely where these faults are located and how
much of the deformation they accommodate, especially during
the interseismic period.

The same problem of density of measurements arises when
looking at interseismic variations of slip behavior along-dip and
along-strike the LVF. Along-dip, the 2003 Chengkung earthquake
gave evidences (Hu et al., 2007; Hsu et al., 2009) that, at least on
the Chihshang segment, the LVF shows an evolution from aseis-
mic creep at shallow depth to stick–slip behavior at 10–25 km,
where locked asperities able to produce MW 6.8 earthquake seem
to coexist with creeping areas as revealed by observations of
repeating earthquakes sequences (Chen et al., 2008a, 2009b).
Along-strike, seismological and geodetic measurements have only
been able to get the first-order variations of slip behavior along
the LVF, showing a contrast between the southern Chihshang
segment and the segments north of Rueisuei (Yu and Kuo, 2001;
Kuochen et al., 2004; Huang et al., 2010). The shallow creep is
only well-documented from the few sites instrumented by
creepmeter, local geodetic network (Angelier et al., 1997, 2000;
Lee et al., 2003, 2005) or repeated measurement along leveling
lines (Chen et al., 2011; Ching et al., 2011). Those measurements
are particularly focused on area where the deformation is loca-
lized within short distance around the fault trace (several cm/yr
of shortening within a few hundreds of meters) causing damages
to human made structures (e.g., at Chihshang (Mu et al., 2011) or
at the Yuli Bridge (Yu and Kuo, 2001)). Away from these places,
spatially continuous observations in the field are difficult due to
absence of clear markers of deformation. The ground deformation
can also be elastically distributed over several kilometers if the
creep occurred at deeper level and if the shallower part of the
fault plane is completely or partially looked. It is then necessary
to have dense surface displacement measurements not only
along-strike but also across-strike to catch the entire deformation
signal.

Space-borne Interferometric Synthetic Aperture Radar (InSAR)
techniques have the potential to dramatically improve the spatial
density and continuity of surface displacement measurements,
complementing GPS and ground-based measurements (e.g.,
Bürgmann et al., 2000a; Hooper et al., in press). Two InSAR studies

Fig. 1. (a) Tectonic framework of Taiwan. Taiwan is the result of the ongoing

collision between the Eurasian Plate (EUP) and the Philippine Sea Plate (PSP). The

collision occurs in a double inverse subduction context: in the south-west, the EUP

subducts beneath the PHP, whereas in the north-east, the PHP subducts beneath

the EUP. The black arrow indicates the direction of convergence between these

two plates with an estimated rate of about 82 mm/yr (Seno et al., 1993; Yu et al.,

1997) (black dashed frame: location of (b)). (b) Map of Eastern Taiwan. The

Longitudinal Valley, located between the Central Range and the Coastal Range, is

150 km long and maximum 7 km width. This area is the plate suture boundary

between the EUP and the PSP. Red lines show major fault traces located in the

Longitudinal Valley from Central Geological Survey (2006): the Longitudinal

Valley Fault (LVF) with triangles pointing in dip direction, the Peinan Strand

(PeS), the Luyeh Strand (LuS), the Chimei Fault (ChF) and the blind Coastal Range

Fault (CRF) in dashed line. The dashed frame represents the area covered by SAR

images. In background, shaded relief is extracted from the 40 m digital elevation

model. On the left bottom corner, two arrows indicate the flight direction of ALOS

satellite associated with ascending track, and look direction of radar (line of sight).

(For interpretation of the references to color in this figure caption, the reader is

referred to the web version of this article.)
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on the Longitudinal Valley have already been published. A first study
applied conventional Differential SAR Interferometry (DInSAR) using
a stacking approach based on ERS satellites C-band data spanning
the 1997–2000 period (Hsu and Bürgmann, 2006). The authors were
able to confirm the first-order spatial variability of the deformation
along the LVF, but only based on eight local measurements of
ground displacement offset across the fault. More recently, using a
larger dataset of ERS data from 1993 to 1999 through the StaMPS
Persistent Scatterer Interferometry (PSI) technique (Hooper et al.,
2007), Peyret et al. (2011) were able to get a more comprehensive
view of the deformation in the valley with about 20,000 points of
measurement. However, their density of measurement dramatically
decreases in hilly areas, like in the Coastal Range on the hanging-
wall of the LVF fault. This makes precise mapping and interpretation
of the creeping sections difficult on several parts of the fault, as well
as the measurement of the ground velocity offset across the fault.

In this study, we present results from a new set of data
acquired by the Advanced Land Observing Satellite (ALOS), which
provide a larger density of measurement points even on hilly and
vegetated area. These data, complemented by field work, allow us
to address the main issues mentioned above by mapping with an
unprecedented level of details the interseismic ground deforma-
tion in the Longitudinal Valley area, and by quantifying variation
of creep rate along the LVF.

2. ALOS data and PSI method

2.1. Dataset

This study uses PALSAR (Phased Array type L-band Synthetic
Aperture Radar) images provided by the ALOS satellite from the
Japan Aerospace Exploration Agency (JAXA). A major characteristic
of the PALSAR sensor is that it operates in L-band, with a wavelength
(l¼ 23:6 cm) which is five times longer than the wavelength of
usual C-band sensors. The PALSAR choice is justified because the
previous InSAR studies in Eastern Taiwan using C-band data (Hsu
and Bürgmann, 2006; Peyret et al., 2011) were limited by temporal

decorrelation notably due to a dense vegetation cover. It has been
shown that ALOS L-band interferograms suffer less from temporal
decorrelation even on vegetated areas than C-band ones because the
longer wavelength penetrates deeper through the vegetation
(Sandwell et al., 2008; Meng and Sandwell, 2010).

We considered all ALOS images available along the ascending
path 445 that cover the part of the Longitudinal Valley between
Rueisuei and Taitung (Fig. 1b), where the highest fault creep rates
have been documented before. Images were acquired from January
2007 to February 2010 (Fig. 2) with a mean duration between
each acquisition of about 3 months, with a 15 months gap in the
dataset between May 2008 and August 2009 (this time gap can
decrease the PS density and also the uncertainty associated to the
measure of surface displacements). The chosen polarization mode
for the SAR data is HH (horizontal–horizontal), which appears
to provide higher performance than HV (horizontal–vertical) for
InSAR studies using ALOS data (Cloude and Papathanassiou, 1998;
Ge and, 2009).

2.2. PSI method: StaMPS processing

Using our ALOS dataset, conventional InSAR method is able to
generate differential interferograms covering 3 yrs with a high
coherence not only in the Longitudinal Valley but also in the
Coastal Range and the Central Range (two examples are provided
in Supplementary material S1). The quality of these interferograms
makes possible a precise mapping of a clear phase discontinuity
that separates the Coastal Range from the Longitudinal Valley,
which corresponds to the LVF activity. Nevertheless, the quantifi-
cation of the deformation from such interferograms can be highly
affected by atmospheric perturbations. Furthermore, only some
couples of dates give such a good quality, most of the other
interferograms are more affected by decorrelation effects. In order
to perform a proper time series analysis of the displacements and
to mitigate decorrelation and atmospheric effects, recent techni-
ques and in particular the ones based on identification and analysis
of stable radar targets, also called Persistent Scatterers (PS), have

Fig. 2. Available ascending ALOS PALSAR acquisitions. Perpendicular baselines are plotted as a function of acquisition dates. Values are given with respect to the ‘‘Super

Master’’ image (in bold) chosen for the StaMPS processing (September 16th 2007).
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been developed (e.g., Ferretti et al., 2001; Hooper et al., 2007).
Those techniques, relying on a set of interferograms built from SAR
data acquired at different times, allow to measure displacements
of specific points (presenting stable phase) at each date of SAR
acquisition and over long periodof time. All interferograms are
performed with a common master image with released limitations
in temporal or spatial baselines, allowing in our case to use all the
data even with high perpendicular baseline and large temporal
difference. In PS approaches, different strategies can be used to
estimate atmospheric signal and correct it, leading to higher
precision of measure than with conventional InSAR. PS methods
have proven to be very efficient to measure slow and small ground
deformation, especially in urban environment, where density of PS
is high because of the numerous man-made structures that
constitute permanent and stable bright scatterers (e.g. Prati et al.,
2010; Sousa et al., 2010).

In this study, the Stanford Method for Persistent Scatterers
(StaMPS) developed by Hooper et al. (2007) is employed, which
has proven to be reliable even in natural terrains. This method
uses both information of amplitude dispersion and phase stability
with time to determine which pixels can be considered as PS.
Furthermore, it does not use any a priori model of deformation
through time, as some PS approaches do, but it assumes that
deformation and consequently the interferometric phase is spa-
tially correlated. The StaMPS method is applied to the ALOS
PALSAR dataset described previously. The main processing para-
meters are given in supplementary materials (S2). The image of
September 16th 2007 has been chosen as the common master
image of the interferograms. First, a set of nine differential inter-
ferograms was generated with this image as master reference, using
ROI_PAC (Rosen et al., 2004) and a 40 m horizontal resolution DEM.
At the end of the StaMPS processing chain, we obtain a map giving
for each PS its mean velocity along the radar line of sight of the (LOS
velocity) over the whole period. It is also possible to reconstruct the
PS time series of displacements at each acquisition date.

3. Interseismic surface deformation analysis

3.1. PSI results

The PS mean LOS velocity map for the period 2007–2010 is
shown in Fig. 3. Velocities are given with respect to the reference
area which is located in the city of Yuli. A high density of
measurements is obtained with more than 77,300 PS over the
studied area. Two different areas can be distinguished: the
southern end of the valley, near Taitung city and its surroundings,
with a high PS density due to an important urbanization (more
than � 55 PS per km2), and the rest of the valley where the PS
density is lower (� 40 PS per km2) mainly due to the presence of
vegetation and high topography on its borders. These density
values are a real improvement compared to the Peyret et al.
(2011) study using ERS data, especially in hilly areas like the
Coastal Range and the Peinanshan. Regarding ground displace-
ments, at first glance these results show clearly two blocks
separated by an important discontinuity, consistent with thrust-
ing of the Coastal Range over the Longitudinal Valley: one block
with LOS velocities ranging between 10 mm/yr and 35 mm/yr
toward the satellite, and a second block, with lower velocities,
composed by the Longitudinal Valley and the Central Range with
PS velocities between 0 mm/yr and 10 mm/yr. A more detailed
analysis is given in Section 3.3.

3.2. Comparison with continuous GPS data

In order to complete and validate these PSI results, a comparison
with the continuous GPS (cGPS) data has been done. The island of

Taiwan is one of the most instrumented places in the world in term
of cGPS monitoring. Nowadays, over its 150 km, the Longitudinal
Valley is very well instrumented with 52 cGPS stations installed by
different institutes (Central Weather Bureau, Academia Sinica,
Ministry of Interior and National Taiwan University).

We collected data from 32 cGPS located in our study area
(Figs. 3 and 4a) and we chose the JULI station as the reference in
order to have a similar reference between PS and cGPS. The
velocities were estimated from daily solution from 29/01/2007 to
06/02/2010. The cGPS time series were defined for each compo-
nent according to equation using the least-square method as
modified from Nikolaidis (2002). Based on the catalog of the
Central Weather Bureau, two medium events, the 13th May 2008,
MW¼5.2 inland earthquake and the 29th July 2009, MW¼5.4
Pingtung offshore earthquake occurred during the period of study,
but have a limited effect on the relative displacement between
our selected stations (a few mm). In the secular time series, we
corrected the coseismic part of those events and got the velocities
field of the period 2007–2010. Smaller seismic events that have
occurred at the same period in the study area do not introduce
visible offsets in the cGPS time series.

Fig. 3. Map of PS mean LOS velocities (in mm/yr) on the southern part of Longitudinal

Valley between January 2007 and February 2010 derived from PALSAR dataset. The

velocities are relative to the mean velocity of PS pixels of the reference area

represented by the white star (Yuli city). The big dots with different colors represent

the cGPS stations and their LOS velocities with the same color scale as PSI results. The

figure on the bottom right corner illustrates the direction of the LOS vector of

displacement. The four black dashed frames indicate the location of focus presented

in Figs. 5 and 6. Near Fuli, the line of sight unit vector NEU is [�0.1339, �0.6092,

0.7816]. All PS measurements and unit vectors are given as Supplementary material S3.
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To compare the displacements measured by PSI and cGPS, we
first projected the 3D displacement vector provided by cGPS onto
the line of sight (LOS) of the radar for each station. This is done
using the components of the radar sensitivity vector, unit vector
pointing from ground to satellite calculated by StaMPS (consider-
ing a mean azimuth angle of 12.41 and a variable incidence angle
estimated at each station). As the PS density is higher than the
density of cGPS stations, we estimate an average PS LOS velocity
around each cGPS station by selecting all PS within a square area
of 500 m by 500 m centered on each station (on average, more
than 40 PS are selected around each station). Uncertainty of the
average LOS velocity is estimated by the standard deviation of the
individual PS LOS velocities inside this area. These uncertainties
range from 1 mm/yr to 3 mm/yr (Fig. 4b).

The spatial analysis of the difference between cGPS LOS
velocities and PS LOS velocities showed a linear trend that is
certainly due to long wavelength residual orbital errors com-
monly found in InSAR. We estimated the corresponding spatial
trend through a least square approach, and then corrected the PSI
results from it (Figs. 3 and 4b show the corrected results). This
correction improved the agreement between cGPS and PS mea-
surements decreasing the RMS difference from 8.25 mm/yr to
2.58 mm/yr, which is more consistent with the estimated indivi-
dual errors on cGPS and PS measurements. The corrected PS mean
LOS velocity values and their corresponding LOS vectors are given
in Supplementary materials (S3).

3.3. Detailed analysis along the valley

3.3.1. From Rueisuei to Fuli

At the latitude of Rueisuei, north of our study area (Fig. 5a), the
LOS velocity change across the LVF is distributed over 2–4 km

and do not show clear discontinuity. LOS values and the differ-
ence of cGPS velocities between the JSUI station, located on the
hangingwall of the LVF, and the YULI and JULI stations located on
the footwall are compatible with a thrust of the Coastal Range
toward the valley and the Central Range. The smooth deformation
pattern shown by the PS could be due to a distribution of slip on
several small faults, branching at depth on the LVF (that could not
be identified because of the too high uncertainty of the PS
measurements and of the relative low density of PS west of
Rueisuei). Alternatively, this could be explained by an elastic
deformation related to deeper creep on the LVF occurring down-
dip of a shallow locked zone of the fault. Concerning the Chimei
Fault, which is mapped a few kilometers east of the LVF (Fig. 1)
and is only partially covered in the PS velocity map, there is no
evidence of interseismic surface deformation related to it.

Southward, the LOS velocity change across the LVF increases
and becomes more and more localized on the fault (Profs. 1 and
2 in Fig. 5a). North of Yuli city, close to the JULI cGPS station,
deformation occurs within 200–300 m with a difference of LOS
velocity higher than 25 mm/yr between the footwall and the
hangingwall (Prof. 3 in Fig. 5b). In the absence of any earthquake
large enough to produce such a deformation signal, it is undoubt-
edly related to creep occurring at least at shallow depth.

There is no evidence of interseismic surface deformation
associated to the Yuli Fault that ruptures during the 1951 series
of earthquakes. Its fault trace, which is roughly parallel to the LVF
but located in between the CRF and the LVF, is passing through
the Yuli city where evidences for a left lateral coseismic rupture
exists (Shyu et al., 2007).

Between Yuli and Fuli (Fig. 5b), the spatial continuity of the
deformation along that 23 km long segment of the LVF can be
established. The LOS velocity offset is relatively constant at

Fig. 4. Comparison between cGPS and PSI. (a) Map of location of the cGPS stations used in this study. Each station is represented by a colored circle representing the

difference between cGPS and PSI velocities. Black triangle represents the reference cGPS station (located close to the PSI reference). Red lines show major fault traces

presented in Fig. 1. (b) cGPS mean LOS velocities versus PS mean LOS velocities for the period January 2007–February 2010 period. The black dashed line represents the

perfect correlation. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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35–40 mm/yr (Profs. 4 and 5 in Fig. 5b). Regarding cGPS measure-
ments, the stations installed on the Coastal Range present a
significant uplift and a horizontal component consistent with
the direction of convergence between the Eurasian Plate and the
Philippine Sea Plate. The relative velocities with the four cGPS
stations on the other side of the fault indicate mainly a thrust
displacement with a left lateral component.

3.3.2. From Fuli to Taitung

South of Fuli (Fig. 6a), in the area of Chihshang (CHIH station),
shallow creep is well documented and monitored by several
creepmeters installed at Tapo and Chihshang since 1998 (Lee
et al., 2003). PS results show a localized deformation (Prof. 6 in
Fig. 6a) that is consistent with shallow creep reaching the surface.
South of Chihshang, the gradient of LOS velocity is lower across

Fig. 5. PS mean LOS velocity maps between north Rueisuei and north Yuli with hill-shaded DEM as background (a) and between Yuli and south Fuli (b). Big dots with

different colors represent the cGPS stations and their LOS velocities with the same color scale as PSI velocities. Black and grey arrows are, respectively, the horizontal and

vertical components of each cGPS stations. Black lines show update fault traces obtained with the PSI results while grey lines show fault traces from Shyu et al. (2005)

(dashed where inferred) and black dots indicate the major cities. Labels F1 and F2 indicate makers of deformation found on the field and shown in Fig. 7. The black dashed

lines indicate the location of the PS profiles presented below (Profs. 1–5). These profiles are perpendicular to the major segment of the Longitudinal Valley Fault (LVF) and

are superimposed on the topographic profiles from a 40 m digital elevation model. (For interpretation of the references to color in this figure caption, the reader is referred

to the web version of this article.)
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the LVF. In some places, the total deformation appears to be
accommodated not only by the LVF, but also by other structures
inside the Coastal Range like around the T107 cGPS station and
the T109 cGPS station (Profs. 7 and 7b in Fig. 6a). East of the T109
station, a new active fault trace is proposed. This fault may branch
on the LVF and could explain the decrease in LOS velocities across
the LVF close to this station.

Regarding the activity of the Central Range Fault, separating
the Central Range and the Longitudinal Valley, which is consid-
ered as an active but blind fault from Chihshang to the southern
end of the valley (Shyu et al., 2006), there is no evidence of
surface deformation in the PSI results.

In the southern end of the valley (Fig. 6b), between Luyeh and
Taitung, the mean LOS velocity map reflects a more complex

Fig. 6. PS mean LOS velocity maps between south Fuli and north Luyeh with hill-shaded DEM as background (a) and between north Luyeh and the south ending of the

valley (b). Big dots with different colors represent the cGPS stations and their LOS velocities with the same color scale as PSI velocities. Black and grey arrows are,

respectively, the horizontal and vertical components of each cGPS stations. Black lines show update fault traces obtained with the PSI results while grey lines show fault

traces from Shyu et al. (2005) (dashed where inferred) and black dots indicate the major cities. Labels F4, F5 and F6 indicate makers of deformation found on the field and

shown in Fig. 7. The black dashed lines indicate the location of the PS profiles perpendicular to the major that are presented below (Profs. 6–10). These profiles are

perpendicular to the major segment of the Longitudinal Valley Fault (LVF) and the Luyeh Strand (LuS) and are superimposed on the topographic profiles from a 40 m digital

elevation model. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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tectonic setting. The deformation is accommodated on several
active structures surrounding the Peinanshan Mountains (Profs.
8 and 9 in Fig. 6b). The density of measurements over the
Peinanshan is enough to detect that no clear discontinuity of
displacement occurs inside it. Near Luyeh, the LVF seems to split
into several faults. South-East of the LONT station, a clear active
NE-SW structure connects the Coastal Range to the Peinanshan,
crossing the valley (Prof. 8 in Fig. 6b). Further west, a significant
gradient of LOS velocity appears at the eastern boundary of the
Central Range that corresponds to the LuS (Profs. 8 and 9 in
Fig. 6b). It may be continuous over more than 25 km extending to
the south into the Taitung basin (Prof. 10 in Fig. 6b). Deformation
also occurs east of the Peinanshan, on the Peinan Strand. These
observations are in agreement with a partitioning of the deforma-
tion on the Luyeh and Peinan Strands proposed by Lee et al.
(1998). South of the Peinanshan a slight N–S gradient of LOS
velocity seems to outline the south termination of a Coastal Range
block with respect to the Taitung Basin (Fig. 6b). In this transition
zone, two north-south profiles (see Supplementary material S4)
show a progressive decrease of mean LOS velocities over more
than 5 km with no clear discontinuity as observed across the
Luyeh Strand. However, changes in the horizontal component of
three cGPS stations (PEIN, TTUN and TTSK) indicate a rotation to
the south west with respect to the stations in the Coastal Range.
This implies some extension between the Coastal Range block and
the Taitung basin and indicates a distinct behavior of the Taitung
basin relative to the Coastal Range.

3.4. Fault mapping and field evidences

One aim of this study is the precise mapping of the active
tectonic structures in the valley. Several previous studies have
established structural maps of the Longitudinal Valley at different
scales (Lee et al., 1998; Chang et al., 1998; Shyu et al., 2005). The
Central Geological Survey Taiwan (CGS) published the first edition
of active fault map of the island of Taiwan in 1998 with a
1/500,000 scale (Chang et al., 1998). Since this date, the map
has been regularly updated while improving the scale. A recent
version of the active faults map from the CGS dates 2006 (Fig. 1b).
In 2005, Shyu et al. (2005), based on field work and geomorpho-
logical analysis of shaded relief maps, drew up a new map of
active faults in Eastern Taiwan (Shyu et al., 2005) improving the
scale of the CGS map.

Independently of these previous studies, we combined both
information derived from single differential interferograms and
PSI results to map the location of shallow creeping sections of the
faults. We used two differential interferograms in complement to
PSI because, in several places, these interferograms (with base-
lines lower than 70 m) including a large surface deformation
signal (integrated over 3 yrs) highlight the location of the LOS
velocity discontinuity with a greater spatial accuracy than the PSI
results (see Supplementary material S1). The resulting fault traces
(shown in Figs. 5 and 6 and provided in Supplementary material
S5) can be compared to the map of Shyu et al. (2005). The traces
look very similar at a regional scale where for its major part the
LVF follows the basal relief of the western side of the Coastal
Range. However, several portions of our LVF trace are located up
to several hundred meters further west in the valley (comparisons
between the PSI fault trace with the one of Shyu et al. (2005) are
given as Supplementary material S6). Since the LVF trace runs
along the Hualian, Hsiukuluan, and Peinandachi rivers, its mor-
phological signature can be eroded or hidden beneath recent
fluvial deposits (Chen et al., 2007). This can lead to positioning
error when only geomorphological approach is used.

Two field trips have been conducted in our study area to find
new evidences of deformation near the LVF and the Luyeh Strand

in order to validate PSI fault traces. Near Yuli city (Fig. 5b), two
adjacent bridges are affected by the activity of the LVF as
documented by Yu and Kuo (2001) from geodetic measurements.
However, the fault line from Shyu et al. (2005) is located about
1 km further east at the foot of the Coastal Range. Precise location
of the bridges deformation in the field (between the second and
the third pillars, F1 in Fig. 7) are actually in agreement with the
location of a shallow creeping section revealed by the PS results,
which show at that place a clear LOS velocity offset of about
2.5 cm/yr. PS results do not show surface deformation further east
(Fig. 5b).

Southward, guided by the PSI map, we found an evidence of
activity along a concrete dike situated north of Fuli city (Fig. 7,
F2). The dike, perpendicular to the fault, shows clear marks
of compression. At this place, the LOS velocity offset is about
2.5 cm/yr. Between Chihshang and Luyeh (Fig. 6), we found another
nice field evidence of the active thrust fault affecting a dike (Fig. 7,
F3), that is exactly located on the fault trace mapped from PSI.

South of the valley, near Luyeh and Taitung (Fig. 6b), the PSI
fault trace map shows significant differences from the previous
maps. One of the most interesting active structures visible on the
PSI map connects the Coastal Range to the north of the Peinan-
shan. Actually, it exists in the PSI map an important discontinuity
(about 1.8 cm/yr) but no interpretation on the nature of this
structure can be made with these results. Previously this struc-
ture was identified with uncertainty as an anticline (Shyu et al.,
2008). Regarding the Luyeh Strand located west of the Peinan-
shan, its activity is visible on the PSI results and also in the field.
Along the fault, we found three markers of deformation in recent
human-made constructions (Fig. 7, F4, F5 and F6), less important
than those shown close to the LVF but indicating fault activity.
Concerning the Peinan Strand, the PSI results show also differ-
ences with previous maps. Its traces seem more complicated with
several possible active segments, certainly one at the eastern
boundary of the Peinanshan and one at the western boundary of
the Coastal Range. The southern termination of the Peinan Strand
is often supposed to continue within the Taitung basin (e.g., Lee
et al., 1998; Shyu et al., 2008), however the PSI map suggests that
the E–W gradient of LOS velocity stops against the basin and turn
into a more gentle N–S gradient along the south end of the
Peinanshan and of the Coastal Range (Profs. 11 and 12 in Supple-
mentary material S4). In contrast, the Luyeh Strand may continue
southward, following the eastern side of the Central Range along
the western side of the Taitung basin (Prof. 10 in Fig. 6b).

4. Shallow creep rate estimation

First order spatial variations of shallow creep activity have
been shown by other geodetic studies (especially from GPS and
InSAR), with creep rates changing according to the latitude (Hsu
and Bürgmann, 2006; Peyret et al., 2011). The unprecedented
spatial resolution of the map of mean LOS velocities and the new
derived fault trace of this study allows us estimating more
accurately the spatial variations of shallow creeping activity along
the LVF and the Luyeh Strand. In order to examine the spatial
variation along these faults, we created a set of 58 close profiles
across the fault lines. We used an N201E axis to create these series
of orthogonal profiles every 2 km from Rueisuei to Taitung. All
profiles include the PS located inside a 1 km by 8 km band and
projected onto the profile. A subset of ten representative profiles
is presented in Figs. 5 and 6.

We choose to quantify the LOS velocity offset (LOSVO) across
the fault to give information on the creep activity of the fault. All
profiles have a good quality, allowing us to separate the LVF and
the LuS. But, regarding the Peinan Strand, the trace is not clear
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enough in the PSI results to lead to a proper measurement and
interpretation.

To calculate the velocity offset between both sides of the fault,
we separated the hangingwall and footwall according to the fault
trace. A linear regression is first performed on each side. The LOS
velocities for both sides are then computed at the fault trace and
used to estimate the LOS velocity offset across the fault. We
propagate the uncertainty by simply summing the two Root Mean
Square values of LOS velocities estimated on the hangingwall and
footwall sides.

The LOS velocity offsets are estimated on both LVF and Luyeh
Strand with the use of 43 profiles and 17 profiles, respectively.
These measurements are analyzed according to the latitude
(Fig. 8). Concerning the LVF, LOSVO can be estimated between
Rueisuei and north of Luyeh, ranging from 1 to 3.2 cm/yr. From
north to south, the LOSVO increases rapidly between Rueisuei and
Yuli with a quasi linear trend, followed by a stable segment until
Fuli (LOSVO is about 2.6 cm/yr). The first maximum is localized
south of Fuli. After this place, the LOSVO is decreasing until the

south of Chihshang where we decided to estimate the total offset
across both present structures (Prof. 7 in Fig. 6a). The LOSVO
continues to decrease down to 1.3 cm/yr, corresponding to the
place where we identify another potential active fault inside the
Coastal Range (Prof. 7b in Fig. 6a). In this case, for the LOSVO
estimation across the LVF, we exclude the part of the profile east
of this fault. Part of the deformations is accommodated by this
second fault system within the Coastal Range which is respon-
sible for about 8–10 mm/yr of additional LOSVO. North of Luyeh,
the LOSVO shows a second maximum up to 3 cm/yr. Another
decrease can be observed just before the complex tectonic setting
of the south end of the valley, where we decided to measure
offsets on the Luyeh Strand only. The Luyeh Strand presents an
increase of the LOSVO from North to South, reaching 1.4 cm/yr
close to the Peinanshan over more than 5 km. The LOSVO slowly
decreases along the Taitung basin and becomes stable with a rate
of 0.5 cm/yr.

In addition, velocity offsets are estimated from cGPS data in
five places where appropriate pairs of cGPS stations can be found,

Fig. 7. Field evidences of tectonic activity over the Longitudinal Valley. F1, F2 and F3 are deformations connected to the Longitudinal Valley Fault (localized on Figs. 5b and

6a). F1 is the Yuli Bridge where the eastern part is uplifting contrary to the western part which is quite stable. F2 is localized north to Fuli, while F3 is localized north to

Luyeh with a clear deformation affecting the dike. In this place, the deformation on the lower part of the dike shows clearly the thrust component of the fault displacement

and the upper part is affected by a back thrust. F4, F5 and F6 are associated with the Luyeh Strand and present less important deformations (localized in Fig. 6b).
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one across the Luyeh Strand and the four others across the LVF
(triangles in Fig. 8). Estimation from the pair of cGPS stations
T110 and LONT across the Luyeh Strand is in good agreement with
PSI LOS velocity offset estimations. On the LVF, three estimations
(corresponding from north to south to the pairs T105-T103,
TAPE-TAPO and KUAN-T109) are also in agreement with the rates
estimated from PS profiles. Offset estimated from the pair S105
and ERPN, is lower than the total velocity offset given by PSI. This
can be explained by the location of the ERPN station which is too
close to the fault on the hangingwall and do not encompass all the
deformation.

This LOSVO profile in Fig. 8 should reflects spatial variation of
fault creep rate: an increase of LOSVO can indicate a higher shallow
slip rate. However, it can also mean a change of the fault slip
orientation modifying the projection of the surface displacement
along the radar line of sight. For example, given a fixed slip rate, an
increase of the left-lateral component with a decrease of the reverse
component will result in a smaller apparent LOS velocity offset (see
geometry of the radar line of sight in Fig. 3). At least, the LOSVO
gives a minimum shallow creep rate quantification.

5. Discussion

5.1. Spatial variation of creep

Changes of the along-dip distribution of shallow creep seem to
occur along the LVF when considering the change of distance that
is needed to reach the complete LOS velocity offset along our
profiles. This parameter characterizes whether the deformation is
diffused or localized near the fault trace. For instance, profiles 2 or
3 (Fig. 5) are showing deformation localized within a few
hundreds of meters, contrasting with profile 5 where the defor-
mation is distributed over 1–2 km, which suggests a deeper
shallow creep not reaching the surface. Even in places where
there are field evidences that the creep reaches the surface, splay
faults branching on the LVF near the surface can cause distributed
deformation, like at Chihshang where a three fault branches
coupled with a 50–60-m-wide pop-up structure is observed in
the hangingwall (Mu et al., 2011). This could occur at larger scale,
like at the latitude of GPS station T109 (Prof. 7b in Fig. 6a) where a
secondary fault located a few kilometers east of the LVF accom-
modates part of the deformation.

In any case, such narrow zones of deformation across the LVF
(less than a few kilometers) indicate that creep occurs at least
within the first kilometers of the crust and continuously from
Rueisuei to the Peinanshan (Fig. 3). The velocity offsets across the
LVF measured along the radar line of sight range from 1 to 3 cm/yr.
They are relatively constant between Yuli and Fuli but more
variable south of Fuli (Fig. 8). These variations can be explained
(1) by the presence of secondary faults in the hangingwall, (2) by
change of the slip rake depending of the left-lateral component of
the slip, or (3) by a variation of the creep rates. It is difficult to
discriminate between the last two possibilities because we only
have measurement along one line of sight and because of the
scarcity of the cGPS station in the area.

At its southern end, the LVF is divided into several active
structures. The Luyeh Strand is passing west of the Peinanshan
and have the same N201E orientation as the LVF. Further south,
the continuity of the Luyeh Strand along the eastern border of the
Taitung basin may be questioned. Peyret et al. (2011) propose
that the Luyeh Strand rather wraps around the south of the
Peinanshan turning in E–W direction toward the sea. It is true
that the Peinanshan is showing high LOS velocity values with
respect to the footwall of the LVF and that the velocity decreases
rapidly southward in the Taitung basin. However, this decrease is
without clear discontinuity in contrast with the eastern border of
the Taitung basin (see profiles 11 and 12 in S4 compared to profile
10 in Fig. 6). In any case, from a cinematic point of view, GPS and
InSAR data show that the Taitung basin is a distinct unit from the
Coastal Range and the Central Range. This supports the tectonic
interpretation of Malavieille et al. (2002) who propose the
existence of a geological major transfer zone of deformation at
the latitude of Taitung delimitating the southern limit of a Coastal
Range block overthrusting the Central Range to the west and
backthrusting onto the Huatung Basin to the East.

At the northern end of the studied area, near Rueisuei, LOS
velocity offset vanishes slowly and is more and more distributed
suggesting a disappearance of the shallow creep. To explain such
a change which seems to persist in the northern part of the
Longitudinal Valley, some authors have proposed a correlation
between shallow creep occurrence and presence of unconsoli-
dated sediments of the Lichi mélange formation which is present
along some creeping segments of the LVF (e.g., Angelier et al.,
2000; Lee et al., 2006; Hsu et al., 2009). This explanation deserves
further investigation, taking into account the improved fault map
proposed in this study.

Fig. 8. Spatial evolution of LOS velocity offset (in mm/yr) across the Longitudinal Valley Fault (red line) and the Luyeh Strand (blue line). Triangles represent estimated LOS

velocity offset from couple of nearby cGPS stations localized on both side of the faults. The magenta and yellow triangles are those associated with the LVF. The yellow one

corresponds to a non-optimal cGPS configuration where one of the cGPS station is too close to the LVF and then do not measured the whole deformation of the hanging

wall which is distributed over 2 km in that place. The blue triangle is associated with the Luyeh Strand. Profiles presented in Figs. 5 and 6 are represented by red and blue

dashed lines. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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5.2. Comparison with previous InSAR studies

Comparison of ALOS interferograms with ERS ones published
by Hsu and Bürgmann (2006) show the improvement of using
L-band data in term of coherence. The density of measurement is
also improved compared to the previous study of Peyret et al.
(2011), which was also using the StaMPS software, but based on
ERS data between 1993 and 1999. Density of PS is particularly
increased over the Peinanshan and the Coastal Range.

Nonetheless the comparison of the spatial variation of velocity
offset between our study and that of Peyret et al. (2011) shows
significant differences. Comparing the LOS velocity offsets values
along the LVF derived by the two studies, a major difference can
be observed between Fuli and Yuli. For ascending ERS acquisition,
offsets are between 0 and 1.0 cm/yr whereas the present study
gives a mean offset of about 2.6 cm/yr. More generally, offsets are
much lower with ERS results than with ALOS ones. The geometry
of acquisition of ascending ERS data is slightly different from the
ascending ALOS data used in this study, essentially by the
incidence angle which is higher in ALOS data (about 381 versus
231). However, this cannot explain more than a few millimeters of
difference.

Another reason could be the different period of study. Indeed,
we presented measures of deformation spanning January 2007–
February 2010 period, whereas Peyret et al. used data covering
the period between June 1993 and June 1996 for ascending data.
No significant earthquakes occurred during both periods, but in
between, important seismic events have occurred like the major
MW 7.6 Chi–Chi earthquake (21st of September 1999, in the
western part of Taiwan), the Ms 6.5 Chengkung earthquake
(10th of December 2003) and the MW 6.1 Peinan earthquake
(1st of May 2006) (Chen et al., 2009b). All these events may have
affected faults activity and modified creep rates.

The 2003 Chengkung earthquake did not produce coseismic
offset in creepmeters but induced a sudden increase of creep rate
that decayed with time (Chang et al., 2009). This postseimic
perturbation lasted up to 2006. In 2007–2009 creepmeters tend
to be back to the interseismic rate (Mu et al., 2011). Noteworthy,
the interseismic shortening rate of the creepmeters has also
shown variation before the 2003 earthquake, slowing down from
2.7 cm/yr to about 2 cm/yr from 1993 to 2003 (Lee et al., 2005).
However, the variation observed in the creepmeters between the
periods 1993–1996 and 2007–2009 seems too small to explain
the difference between the ERS and ALOS result, but possible
temporal variations should deserve further investigations.

6. Conclusions

Our results show that Permanent Scatterer Interferometry
using ALOS L-band data brings a significant improvement to
interseismic ground displacement measurement in the Longitu-
dinal Valley and the Coastal Range, especially in terms of point
density, compared to previous studies using ERS C-band data or
GPS networks.

The density of measurement allowed us to map with an
unprecedented level of details the fault traces leading to the
discovery of new field evidences of the LVF and Luyeh Strand
present-day activities. These results should have direct implica-
tions for improving the ground-based monitoring of the creeping
faults and to provide new relevant sites to augment the cGPS
network.

Our results demonstrate the continuity of the shallow creep
along the Longitudinal Valley Fault from Rueisuei to the Peinan-
shan. No evidence of shallow creep has been found on the Chimei
Fault, on the Yuli Fault or on the western border of the

Longitudinal Valley along the Central Range Fault. However, some
secondary faults on the hangingwall of the LVF have been found
to accommodates part of the interseismic deformation. PS results
also show the present-day activity of a NE-SW segment connect-
ing the Coastal Range to the Peinanshan.

The shallow creep along the LVF shows along-dip and along
strike variations indicating that the mechanical behavior of the
LVF is clearly not uniform. The new set of measurement provided
by this study (available in Supplementary materials) should be
determinant to perform a joint inversion of the slip distribution
using all the available geodetic data, and useful for testing
parameters controlling the slip behavior of the LVF. In this
respect, the need of a temporal monitoring of the creep by InSAR
overs tens of years with a better temporal sampling appears to be
an important issue.
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a Institut des Sciences de la Terre, Université de Grenoble 1, CNRS UMR 5265, F-38041 Grenoble, France
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a b s t r a c t

Slow slip events (SSEs) in subduction zones have been observed in the last decade with continuous GPS

stations. Some of them could be related to the lateral segmentation of subduction interface that seems

to be a critical parameter for the propagation of large subduction earthquakes. In 2006, one of the

largest SSEs recorded so far was captured by a dozen continuous GPS stations, in the Guerrero area

(Mexico) along the Mexican subduction zone. Previous studies based on these data suggested a lateral

variation of the updip depth of the SEE at the Guerrero seismic gap, but suffered from a lack of

resolution east of the gap. Here, we show the ability of InSAR technique to capture a part of the 2006

SSE cumulative displacement east of the Guerrero gap by a stacking approach. We processed long strip

Envisat interferograms corrected for orbital errors and interseismic signal using GPS data. We first use a

forward modelling approach to test InSAR sensitivity to the amount of slip, depth and width of the

slipping area on the subduction interface. Due to its high spatial resolution, InSAR allows one to

comprehensively sample the North–South spatial wavelength of the SSE deformation, complementing

the sparse GPS network. InSAR locates the maximum of uplift and subsidence caused by the SSE more

precisely than the GPS data, giving better constraints on the updip slip limit of the SSE. We then

inverted the InSAR and GPS data separately to understand how each inversion resolves the slip at

depth. Finally, we performed a joint inversion of InSAR and GPS data, which constrained the SSE

slip and its location on the plate interface over the entire Guerrero area. The joint inversion shows

significant lateral variation of the SSE slip distribution along the trench with a shallower updip edge in

the Guerrero seismic gap, west of Acapulco, and a deeper slip edge further east.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Precise geodetic measurements, essentially GPS, allowed the
discovery of slow transient dislocations in subduction zones such
as slow slip events (SSEs) in Japan (e.g., Hirose and Obara, 2005),
Cascadia (e.g., Dragert et al., 2004) and Mexico (e.g., Kostoglodov
et al., 2003). The increasing number of observations in different
regions has shown a variability in the duration, magnitude and
recurrence of slow slip events (Ide et al., 2007). Moreover, some

subduction areas present a clear correlation in time and space

between non-volcanic tremor (NVT) and SSE, for example in

Cascadia. Contrastingly in Mexico, these two phenomena are not

directly associated: most of the NVT episodes occur downdip of

the long-term SSE area and there is high NVT activity which is

not correlated in time with large slow slip events (Payero et al.,

2008; Kostoglodov et al., 2010). Precise determination of the slip

distribution at depth and along the subduction trench is essential

to reveal the physical processes involved in the slow slip events,

and to understand their role in the seismic cycle of large

subduction earthquakes. This study focuses on the Guerrero

segment of the subduction zone in Mexico, where one of the

best-recorded series of SSEs in the world exists. In this region, the

subduction interface between the Cocos and North America plates

is relatively flat, becoming steeper on both sides of this area

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/epsl

Earth and Planetary Science Letters

0012-821X/$ - see front matter & 2013 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.epsl.2013.02.020
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(Fig. 1). The largest crustal displacements during the SSEs have been

observed in the Guerrero seismic gap area,1 a � 120 km-long

segment of the seismogenic zone where no major earthquake has

occurred since the Ms 7.6 earthquake in 1911 (e.g., Nishenko and

Singh, 1987; Kostoglodov and Ponce, 1994). If the recurrence period

of large historical subduction thrust earthquakes in Mexico is of

30–60 yrs, then an earthquake in the Guerrero gap is overdue

already. This raises the question of a possible relationship between

the existence of a persisting seismic gap and the occurrence of large

SSEs (Lowry et al., 2001; Kostoglodov et al., 2003; Yoshioka et al.,

2004; Larson et al., 2007).
A related question is whether the SSEs are intruding into the

seismogenic zone (e.g., Larson et al., 2004). This information is crucial
to know how the subduction margin is segmented. A recurrent
aseismic slip located in the seismogenic layer in the Guerrero seismic
gap could act as a barrier and thus control the spatial extension of a
potential mega-earthquake in the area. On the other hand, a deeper
SSE location could increase the stress in the seismogenic zone and
thus increase the probability of a mega-thrust event (Mazzotti and
Adams, 2004). The 2011 Tohoku-Oki earthquake showed that under-
standing the lateral segmentation of a subduction zone has a huge
impact on seismic hazard evaluation. Before the earthquake, Japanese
hazard maps divided the offshore subduction interface located north
of Tokyo into six segments, each roughly 150 km long (Kerr, 2011).
This distribution, based on the past known seismicity, restricted
drastically the probability of a mega-earthquake occurrence along

this stretch of the Japan trench. However, based on GPS data, Loveless
and Meade (2010) showed that the interseismic coupling did not
respect this segmentation, and actually the Tohoku-Oki mega-earth-
quake broke the plane along a much bigger area than predicted by
the hazard map. Knowing in details the lateral variations of the
subduction dynamic along the trench is then a key point to properly
assess its seismic hazard. The Mexican GPS network recorded the first
large slow slip event in 1998 and since then SSEs occur on a cycle of
about 4 yrs. However, individual events have different spatial and
temporal characteristics (Radiguet et al., 2012). For instance, their
durations range from 6 to 14 months; the longest duration was
recorded for the SSE from July 2009 to September 2010 (Walpersdorf
et al., 2011). The estimated values of fault slip are among the largest
reported worldwide for periodic SSE (e.g., Ide et al., 2007), generating
surface displacements up to 6 cm. The 2006 event occurred between
April 2006 and February 2007 (Vergnolle et al., 2010) with an
equivalent seismic moment estimated at 2:2� 1020 Nm (Larson
et al., 2007), corresponding to an equivalent MW 7.5 earthquake.
The GPS network designed to monitor the long-term interseismic
deformation and SSE consists primarily of a North–South trench-
perpendicular profile from the coast up to Mexico City, and a trench-
parallel profile running along the coast. Despite efforts to increase the
GPS network coverage since the discovery of the Guerrero SSEs in
1998 (Lowry et al., 2001), the spatial extent of the surface deforma-
tion remains poorly constrained, especially considering its inland
East–West variation. For instance, the spatial extent of the 2006 SSE
was monitored by only a dozen irregularly distributed permanent
GPS stations (see Fig. 1). GPS data have been inverted to derive slip
distribution on the subduction interface (Larson et al., 2007; Radiguet
et al., 2011, 2012). Based on these results, Radiguet et al. (2012) have
suggested lateral variations of SSE properties in the Guerrero seismic
gap. However, their results suffer from a lack of resolution east of the
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Fig. 1. Tectonic map of the Cocos-North America (NA) plates convergence zone in Central Mexico (from Kostoglodov et al., 2003). The dashed blue line represents the

Middle America trench and the magnitude of the red arrows indicate the Cocos-NA convergence velocities (Demets et al., 2010). Pink lines denote the depth of the interface

between the Cocos and NA plates. Blue patches represent the major earthquakes rupture zones. The locations of permanent GPS stations are indicated by orange triangles.

The black rectangle indicates the coverage of the Envisat radar images used in this study (track 255, I2, stripmap mode). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

1 Note that the Guerrero Gap is sometimes defined as extending up to

longitude 991W, but in this case two segments are distinguished: the NW

Guerrero Gap (called Guerrero Gap in this paper) and the SE Guerrero Gap on

which several earthquakes have occurred since 1911, e.g., 1957, 1962, 1989, 1995

(see Fig. 1, Suárez et al., 1990; Ortiz et al., 2000).
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gap. Indeed, the reliability of the inverted distribution away from the
two main GPS profiles remains an issue. And even along the profiles,
the GPS network is not dense enough to properly sample the SSE
crustal deformation. The lack of resolution of the past results only
based on GPS data is a strong motivation for using space-borne
Synthetic Aperture Radar Interferometry technique (InSAR). Due to its
high spatial sampling, InSAR (e.g., Bürgmann et al., 2000) has the
potential to provide far denser measurements of the surface displace-
ment than sparse GPS network. In spite of vegetation cover and
mountainous zones in the Guerrero area, which are usually limiting
factors of C-band InSAR, preliminary results from Cavalié et al. (2009)
showed, for the first time, that InSAR was able to capture the 2006
SSE surface displacement. Following this approach, our study uses
InSAR to obtain dense surface displacement measurements with an
extended coverage (Fig. 1), focusing on the 2006 SSE. The aim of this
study is first to test the ability of InSAR to get new constraints for
retrieving the SSE characteristics at depth. We then combine GPS and
InSAR data sets to provide a better slip distribution model for the
2006 SSE. A further goal is to establish spatial relationships between
the SSE and the Guerrero seismic gap.

2. Data and processing

The present study focuses on the 2006 event because a larger
amount of suitable GPS and SAR data is available compared with the
previously recorded events. Indeed, the 1998 event was not well
documented by GPS (continuous record at only one station (Lowry
et al., 2001) and the 2002 event was not well documented by SAR
data (ERS-2 satellite had gyroscope problems at this time). InSAR
analysis of the last SSE (2009–2010) is in progress but requires
another processing strategy because of a different temporal distribu-
tion of SAR data. To map the surface displacement associated with the
2006 event, we use data from the Envisat SAR archive provided by the
European Space Agency (ESA). Unfortunately, only data on descend-
ing tracks are exploitable, impeding the use of ascending data to
constrain the SSW horizontal displacement. Among the possible
descending tracks covering the Guerrero area, we focus on track
255, which provides the largest number of suitable images for our
analysis. Track 255 also covers most of the permanent GPS stations,
which are useful for correcting interferograms for orbital uncertain-
ties and for validating InSAR measurements of ground deformation.
Along the adjacent track (T26) less suitable images are available, and
none of the five processed interferograms were coherent enough to
be unwrapped (Chen and Zebker, 2000; Gens, 2003) in the coastal
area, where most of the SSE signal is expected. Twelve images (see
Table S1), acquired between November 2004 and March 2007 along
track 255, were selected according to three criteria: (1) full coverage
from the coast to north of Mexico City (around 500 km long) in order
to include a far-field area not affected by the SSE, (2) acquisition date
close to the SSE to limit temporal decorrelation, and (3) low perpen-
dicular baseline dispersion (Fig. 2) to minimize geometrical decorr-
elation in interferograms. The ROI-PAC software (Rosen et al., 2004)
was used to process the interferograms from raw data. In order to
limit the geometrical phase decorrelation, we imposed perpendicular
baselines to be smaller than 200 m. As no suitable images were
acquired during the SSE with these constraints (Fig. 2), we cannot
reconstruct the time evolution of the SSE deformation and therefore
the analysis of the SSE finite displacements was only done. Conse-
quently, a stacking approach has been adopted, based on the 12
interferograms that encompass the 2006 SSE. Those interferograms
are corrected for orbital and topographic components using DEOS
(Scharroo and Visser, 1998) and the 3-arc-second SRTM DEM (Farr
and Kobrick, 2000), respectively. The main difficulties encountered
during InSAR processing are related to phase decorrelation, which
occurs between the coast and Mexico City. This is due to vegetation

cover and to the steep slopes in the mountain ranges (Fig. 1). To help
the phase unwrapping, interferograms are down-sampled using 32
looks in range and 5�32 looks in azimuth (Ferretti et al., 2007),
resulting in a � 640 m pixel spacing. The loss of spatial resolution is
acceptable, as the expected gradient for the ground displacement due
to the SSE is low (a few centimeters distributed over tens of
kilometers). This approach has been shown to efficiently recover
phase coherence (Jónsson, 2008). Interferograms are then filtered
using an adaptive filter (Goldstein and Werner, 1998) for further
noise reduction. Some of the 12 interferograms have large areas of
low coherence impeding the phase unwrapping. Consequently, eight
interferograms (see Fig. 2) with acceptable unwrapped information
are used to retrieve the tectonic signal. We correct the long
wavelength orbital errors on each interferogram. As the SSE signal
affects most of the interferograms, we cannot rely on stable areas to
constrain the orbital error. We, thus, use GPS data to adjust a linear
ramp in the North–South and East–West direction. A linear rather
than a quadratic correction is applied due to the irregular spatial
distribution and limited number of GPS stations available (from 5 to
6 depending on the interferogram) impeding a robust estimate of
second order polynomial coefficients. The displacement of each GPS
station (taken from Vergnolle et al., 2010) occurring between the two
acquisition dates is computed along the radar line of sight (LOS). The
parameters of the linear ramp are estimated by minimizing the misfit
between LOS GPS displacements and InSAR displacements, which are
averaged on a 10�10 pixel window centered on the location of GPS
stations. Another correction is needed because the selected interfer-
ograms include both SSE deformation and interseismic signals. The
amplitude of the latter depends mainly on the acquisition date of
the first image (the second images of the interferograms have been
acquired very shortly after the end of the SSE). The older the
acquisition of the first image, the larger the recorded interseismic
signal in the interferogram. Therefore, it is important to calibrate the
interferograms containing different amounts of interseismic signal. To
quantify the cumulated surface displacement of the SSE, we chose to
measure the difference between the station position at a given date
after the event (the second date of the SAR image that forms the
interferogram) and a theoretical GPS position, based on pre-SSE
interseismic displacement rates, supposing that the 2006 event had
not occurred. In other words, the cumulated displacement of the SSE
corresponds to the deviation from the interseismic trend induced by
the SSE. GPS measurements show a relatively constant interseismic
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velocity between two consecutive SSEs (Vergnolle et al., 2010;
Radiguet et al., 2012). Continuous GPS data between 2002 and 2006
have been inverted to compute the inter-SSE coupling on the
subducting interface using an inversion scheme similar to Radiguet
et al. (2012). We used this model to derive the map of inter-SSE LOS
surface displacement rates for each InSAR pixel. This rate is multiplied
by the time span of each interferogram and subtracted from the
interferogram to get the deviation from the interseismic trend caused
by the SSE. After correcting for the interseismic deformation, the
interferometric signal consists of the SSE displacement and of
remaining perturbations, mainly atmospheric delays. To increase
the signal-to-noise ratio and to mitigate the atmospheric perturba-
tion, the eight corrected interferograms (see Fig. S1) are averaged
(Zebker et al., 1997; Cavalié et al., 2008).

3. InSAR results

Fig. 3 shows the LOS ground displacement due to the 2006 SSE,
obtained by averaging the interferogram stack. As the eight inter-
ferograms are not unwrapped over the same extent (see Fig. S1),
only pixels of the stack where at least five interferograms were
available are used (Fig. S2). The cumulated LOS surface displace-
ments of the SSE, as defined in the previous section, range from
5.5 cm (toward the satellite) to �4.8 cm (away from the satellite). It
is noteworthy that the LOS displacement is highly correlated to the
vertical component because of the small angle (� 231) between the
LOS and the vertical axis, and because the LOS is nearly orthogonal
to the horizontal component of the slow slip event motion. LOS
displacement variations are mainly North–South. Thus, the map can
be described as showing subsidence south of Mexico City from
latitude 18.51N to 17.61N, with a maximum of subsidence around
181N and an uplift from 17.41N to the coast. The uplift is maximum
around 171N. The standard deviation of the LOS displacement is
about 1.3 cm in average but can be up to 3.5 cm, with larger values

near the coast where the number of available interferograms is
smaller due to unwrapping problem (Figs. S2 and S3). Profiles
perpendicular to the trench show no significant deformation north
of Mexico City but a long wavelength signal south of it. The
maximum LOS displacement is located at about 100–110 km from
the trench, and the minimum at about 200–220 km (Fig. 3). Com-
parison with GPS measurements, projected along LOS, shows a good
agreement with a root mean square (RMS) of 0.5 cm (computed at
the six stations where InSAR values are available). This RMS is lower
than the standard deviation of the LOS displacement. The spatially
continuous InSAR measurement confirms that the spatial distribu-
tion of the GPS network was not optimal for sampling the displace-
ment signal during the 2006 SSE. Particularly, due to the absence of
stations between DOAR and MEZC, the GPS network was not able to
determine the uplift peak of the 2006 event. The displacements of
the GPS stations close to the coast (ACAP, ACYA, CPDP, and DOAR)
are well explained by the decrease in the LOS displacement toward
the coastline (Fig. 3). However, the COYU and CAYA stations, which
are located about 10 km from the coast but tens of kilometers
further west, present LOS displacements significantly higher than
ACAP and ACYA, indicating a lateral variation of the surface
displacement west of Acapulco (ACAP), an area which is unfortu-
nately not covered by our InSAR measurements. Possible errors due
to atmospheric delay have been investigated (Doin et al., 2009). By
stacking interferograms, we expect to significantly decrease the
random phase delays due to the atmospheric turbulence (Zebker
et al., 1997; Hanssen, 2001). This decrease follows a square
root function of the number of independent interferograms. On
the contrary, the spatially correlated delays (tropostatic delay
Cavalié et al., 2007, 2008) do not follow such a relation, and stacking
methods are less efficient at removing this effect which is correlated
(or anti-correlated) to the elevation. In our results on the 2006 SSE,
some local correlations can be found at a kilometric scale (for
instance at volcanoes), however, at larger scale there is no significant
correlation between elevation and LOS displacements (see profiles

Fig. 3. Left panel: Map of surface displacement (in LOS, see drawing) caused by the 2006-SSE. After our processing, only few places stay incoherent: by the coast (north of

Acapulco), on the steep slopes of two volcanoes (north-east of YAIG), and in Mexico City (east of UNIP). For this latest area, because of the spatial downsampling, the local

high gradient of subsidence in Mexico City (López-Quiroz et al., 2009) causes aliasing, impeding the phase unwrapping. The white boxes (7 km wide) indicate the profile

locations shown in the right panel. Right panel: Four profiles, perpendicular to the Middle America trench, showing the LOS displacement estimated from InSAR (black

dots, the gray envelope represents the phase standard deviation of the individual interferograms before stacking) and the topography (blue dots offshore and brown dots

overland). All InSAR and elevation points located in the white boxes are projected onto the corresponding profile. Red markers show LOS displacements inferred from GPS

data. Orange markers are used for the two stations located within the Guerrero gap. Name of GPS stations located more than 10 km away from a profile are shown with a

lighter color for this profile. The SSE surface signature is characterized by a smooth deformation with a 6 cm LOS displacement maximum at about 110 km from the trench

and a minimum at about 220 km. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in Figs. 3 and S4). Due to the limited number of interferograms used
in the stack and its relatively high standard deviation (Figs. S2 and
S3), it is possible that residual orbital errors or some effect of
atmospheric perturbations not eliminated during the data proces-
sing still affect the LOS displacement signal. As we use GPS records
to constrain the long wavelength of the signal and then average the
interferograms, these errors are likely to propagate into smooth
variations of the LOS displacement at a local-scale. The good
agreement between InSAR and GPS results also suggests that they
are limited to local-scale smooth perturbations of the signal within
the error bars. In this case, the spatial position of the maximum and
minimum of LOS displacements is a more robust feature than their
absolute value. Similarly, the long-wavelength interseismic correc-
tion (ranging from �1 cm to 2 cm in LOS), which improves the
agreement between InSAR and GPS data (RMS¼5 mm with correc-
tion vs. 9 mm without correction), do not significantly change the
position of the maximum and minimum of the LOS displacement
(Fig. S5). Using an alternative InSAR processing approach (persistent
scatterer technique Hooper et al., 2004), Hooper et al. (2012) found a
similar position of the maximum and minimum of LOS displace-
ments, as well as a similar range of the SSE displacements.

4. Modelling: forward approach

In order to better understand how surface displacement patterns
projected along the LOS are controlled by the slip distribution, we
performed a forward modelling exploration. This approach aims to

see how InSAR is able to give more information about the slip
location on the subduction interface. Our direct models are similar
to the model of Radiguet et al. (2011), using the same interface
geometry and assuming the slip on the interface to be pure thrust.
Green’s functions are evaluated in a layered elastic half-space using
the 1D Earth’s crustal model of Hernandez et al. (2001) (Table S2).
Assuming a uniform slip distribution, we investigated the influence of
three parameters: (1) depth of the updip slip limit from 12 km to
42 km, (2) width of the slipping area from 25 km to 150 km, and
(3) slip amount from 6 cm to 20 cm. The results show that the
position of the maximum LOS displacement with respect to the
trench is essentially controlled by the depth of the updip slip limit
(Fig. 4). As in our case InSAR measurements correspond mainly to the
vertical motion, it is consistent with results from Savage (1983)
showing that when the depth of the slip distribution decreases, the
position of the uplift peak moves toward the trench. When the width
of the slipping area increases, the position of the uplift peak remains
stable, but the distance between positions of the maximum and
minimum of the displacement increases (Fig. S6). Finally, increasing
the amount of slip does not change the peak position as the model
equations are linear. The forward model that best fits the InSAR data
shows that east of the Guerrero gap, the distance between the trench
and the uplift peak is greater than predicted by the slip distribution
model (Radiguet et al., 2011) based only on the inversion of GPS data
(Fig. 4). In agreement with our parameter analysis, the additional
constraints obtained from InSAR data tend to locate the slip updip
limit further downdip on the subduction interface, under the InSAR
track location than the inversion entirely based on GPS data. The SSE

Fig. 4. SSE LOS displacements observed from InSAR (black dots) along the profile 3 (see location in Fig. 3) and predicted by three forward models (M1, M2 and M3). The slip

distributions for the models are shown below (the color scale indicates the slip amplitude along the subfaults). The three models, with uniform slip, are the best models for

an updip slip limit fixed at 15, 24, and 33 km, respectively. M2 is the best models among all the models explored (see details in text). These models have been chosen to

illustrate how slip updip limit constrains the LOS displacements peak on the surface. For the best fitting model, M2, the updip limit is at 22 km depth. The comparison of

InSAR displacement along profile 3 with the LOS displacement predicted by the Radiguet et al. (2011) model, green line, shows that models, constrained only by GPS data,

estimate shallower updip limit of the SSE slip. This is due to the poor sampling of the displacement maximum by the sparse GPS network. The GPS inversion includes also

CAYA and COYU GPS stations, located west of the profile 3, which fit better models with shallower slip (like M1). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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updip limit estimated from GPS data inversion (Radiguet et al., 2011)
is between 15 and 22 km, which is shallower than the 24–28.5 km
limit of the forward model that best fits the InSAR data. The difference
in the estimated updip slip limits between the two models (GPS and
InSAR) can be explained by the poor sampling of the uplift maximum
by the GPS network due to the absence of stations between DOAR
and MEZC. Moreover, in the Guerrero gap, the uniform forward
models based on InSAR profiles cannot explain satisfactorily the
displacements of CAYA and COYU stations at the coast. These two
stations show a significantly larger horizontal and vertical SSE
displacements compared to those at ACYA and ACAP (Vergnolle
et al., 2010) in spite of the short distance (27 km) between COYU
and ACYA. This suggests a sharp lateral variation of the slow slip
distribution. To further investigate this lateral evolution of the slip
distribution and its possible link with the seismic gap, we perform a
joint inversion of InSAR and GPS data.

5. Joint inversion of InSAR and GPS data

To perform the static inversion of the GPS and InSAR cumulative
displacements of the 2006 SSE, we used the method and parameter-
ization described by Radiguet et al. (2011). It follows the formulation
of Tarantola (2005) for linear problems. The cost function consist in
two terms: the first term is the fit to the data, in which the data
covariance matrix contains the uncertainties associated to each data,
and the respective weight of InSAR and GPS data sets. The second
term of the cost function is the proximity to the initial model (zero
slip model). It contains the model covariance matrix used to introduce
the correlation between nearby parameters. This corresponds to the
addition of a smoothing operator on the slip distribution model. The
correlation length (degree of smoothing) is 50 km. It was selected as
the best compromise between the slip roughness and a low misfit to
the data (Radiguet et al., 2012). To reduce the number of InSAR data
while keeping high resolution at places where the deformation
gradient is strong, we resampled the InSAR stack from � 1:5� 106

pixels to 257 pixels using a quadtree algorithm (Jónsson et al., 2002)
(Fig. S7). The weight of each point is a function of the number of
original pixels it contains and its standard deviation is the mean
standard deviation of those pixels. One difficulty of joint inversion is

to properly weight the different data sets. The relative importance
between the GPS and InSAR data is introduced by a weighting factor
in the data covariance matrix. Different weighting factors w have
been tested, where w¼wInSAR=wGPS is the ratio of the InSAR weight
over the GPS weight. We then evaluate what ratio is able to explain
both data sets. The agreement between data and models is defined by
RMS. Fig. 5 shows the RMS between the data and the model for GPS
and InSAR separately, for w ranging from 10�3 to 103. We see that the
values of w that keep a good agreement between the data and the
model for both data sets lie between 1 and 5. We first inverted the
data set separately to see the influence of each data type. We set
w¼1000 and then w¼0.001, which almost correspond to the
inversion of InSAR data or GPS data alone, respectively (Fig. 6). Then,
according to the previous weighting tests (Fig. 5), we performed the
joint inversion for three w ratios (2, 3, and 5). Fig. 7 shows the
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inversion for a ratio equal to 3. Results for a ratio of 2 and 5 give
similar results (Fig. S8). Fig. 6 shows clearly that the inversion of one
data type locates the slip where it can be resolved, i.e. by the
observation spots. This is consistent with the resolution analysis of
the inversion according to the type of data used (Radiguet et al., 2011
and Fig. S9). GPS inversion finds a shallow slip distribution with a
maximum around CAYA and COYU stations while InSAR localizes
most of the displacement under the track coverage with a maximum
of slip at around 40 km depth. We see that the GPS inversion fits the
GPS data very well, but does not reproduce precisely the LOS peak
displacement observed by InSAR (Fig. 8a and d). The modelled
displacement maximum is shifted toward the coast. This can be
explained by the lack of GPS data needed to constrain the updip slip
limit on the subduction plane as shown by the forward models
analysis InSAR inversion reproduces the InSAR observations and fits
relatively well the horizontal and vertical components of GPS data
(Fig. 8b and d). For some stations, however, the amplitude and
azimuth of modelled displacements are slightly off (e.g., COYU or
CAYA stations). Note that, as previously observed with the forward
approach, InSAR locates the slip deeper than the GPS along the InSAR
track (i.e. east of the Guerrero gap). Inverting jointly both data sets
allows one to increase the inversion resolution (Fig. S9) and thus to
refine the results. Contrary to inversions with a single type of data,
Fig. 7 shows a transition in the slip distribution, from a shallower
patch in the seismic gap near CAYA and COYU stations (� 100:21W),
to a deeper patch of slip further east (� 99:51W), in an area
considered out of the Guerrero gap. According to the profiles, the
maximum slip of the patch located in the gap occurs around 25 km
depth (Fig. 7b), while the maximum slip on the second patch, occurs
at the beginning of the flat section of the slab at 40 km depth (Fig. 7c).
The continuity between the two patches is quite sensitive to the
weighting parameter and the deeper slip patch is more pronounced
when the relative weight of InSAR increases (Fig. S8). Fig. 8c and d
shows that the joint inversion matches very well both InSAR and GPS
data (global RMS¼6.4 mm). As several subduction geometries have
been proposed, we also checked that the results shown here do not
change significantly using another subduction geometry for the
inversion (e.g., Radiguet et al., 2012).

6. Discussion and conclusions

Combining GPS and InSAR data improves our knowledge of the
slip distribution along the subduction plate interface during the 2006

SSE, especially in the eastern part of the Guerrero gap where the
observation density is optimal (Fig. S9). At this location, the joint
inversion reveals a lateral variation of the slip distribution along the
trench that is, interestingly, spatially correlated to the eastern limit of
the seismic gap delimited by the 1962 Acapulco earthquake rupture
area (Ortiz et al., 2000). This observation suggests a link between the
depth of the aseismic slip during the slow slip events, which repeat
approximately every four years, and the recurrence interval of large
earthquakes in the Guerrero subduction zone. In the seismic gap, a
significant part of the aseismic slip takes place in the seismogenic
zone, whereas further east, the inversion shows that the maximum of
slow slip is located on the flat segment of the subduction interface (at
about 40 km depth), deeper than the downdip limit of the seismo-
genic zone, which is expected to be at about 25 km in this section of
the subduction zone (Suárez et al., 1990; Larson et al., 2004). This
could explain why this area experiences more often large earthquakes
like the Mw¼7.8 event in 1957 (Ortiz et al., 2000) (Fig. 1). If the SSEs
are definitively not strictly limited to the gap, the slip in it is located
at a shallower depth, thus releasing in the gap part of the interseismic
elastic stress that builds up in the seismogenic zone. As a conse-
quence, it could explain the longer repeat time of large thrust
earthquakes in the Guerrero Gap than in the rest of the Mexican
subduction zone. Actually, no major earthquake occurred in the gap
since the 1911 event, while the recurrence period out of the gap
(including the segment where deeper slow slip occurs east of the gap)
is estimated to be around 30–60 yrs. By improving the slip resolution,
the joint inversion results support the analysis of Radiguet et al.
(2012) where the slip deficit in Guerrero has been estimated over a
12 yr period (3 SSE cycles). They conclude that in the Guerrero
seismic gap, the slip deficit is on average only one-quarter of what is
observed on both sides of the gap. It is noteworthy that the location of
this lateral transition observed at the eastern edge of the gap also
corresponds to the limit of two distinct patches, in time and space,
that slipped during the 2009–2010 event (Walpersdorf et al., 2011).
Such a lateral variation could be controlled by heterogeneities of pore
fluid pressure at the subduction interface as proposed by Song et al.
(2009). For a better investigation of these phenomena, several GPS
stations have been already installed after the 2006 event to increase
the model resolution in the area of maximum slip in the Guerrero
gap. However, as the region affected by SSEs is vast and in some
places difficult to instrument, systematic InSAR coverage is still
needed to complete the surface displacement observations. The
Sentinel-1 C-band mission from the European Space Agency and
ALOS-2 L-band mission from the Japanese Space Agency should fulfill
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this requirement (both satellites are planned to be launched in 2013).
These new data sets will be decisive to observe in details the whole
Guerrero gap, and in particular to establish possible similar behaviors
in the western side of the Guerrero gap where currently very few
geodetic data exists.
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Abstract The Shahroud fault system is a major active structure in the Alborz range of NE Iran whose slip rate
is not well constrained despite its potential high seismic hazard. In order to constrain the slip rate of the eastern
Shahroud fault zone, we use space-borne synthetic aperture radar interferometry with both ascending and
descending Envisat data to determine the rate of interseismic strain accumulation across the system. We invert
the slip rate from surface velocity measurements using a half-space elastic dislocation model. The modeling
results are consistent with a left-lateral slip rate of 4.75± 0.8mm/yr on the Abr and Jajarm, strands of the
Shahroud fault, with a 10±4 km locking depth. This is in good agreement with the 4–6mm/yr of left-lateral
displacement rate accumulated across the total Shahroud fault system obtained from GPS measurements.

1. Introduction

The Alborz range of northern Iran, along with the Zagros in the south, accommodates the major part of the
northward motion of Arabia relative to Eurasia, which is at a rate of 22mm/yr at longitude 57°E [Vernant
et al., 2004]. The Alborz is located between the plateau of central Iran and the South Caspian (SC) basin, with
a NW-SE trend in the west, and a NE-SW trend in the east.

It is likely that in addition to taking up N-S regional shortening, the range also accommodates the relative
motion between the Iranian plateau and the SC basin, which is an aseismic block that appears to be moving
independently of its surroundings [Jackson et al., 2002; Djamour et al., 2010]. The SC motion relative to Iran is
accommodated on the left-lateral Astaneh-Shahroud fault system [Wellman, 1966; Tatar et al., 2007;
Hollingsworth et al., 2008], whereas shortening across the Alborz is likely to be accommodated on the range-
parallel Khazar thrust. Along the Astaneh-Shahroud fault system, an eastward decrease of the height of the
Alborz range suggests an eastward reduction in the component of shortening across the range (see Figure 1).

Although the kinematics of the eastern Alborz are broadly understood from studies of geomorphology,
seismicity, and GPS geodesy [Berberian, 1983; Allen et al., 2003; Ritz et al., 2006; Hollingsworth et al., 2010;
Djamour et al., 2010; Javidfakhr et al., 2011], there are still several first-order unknowns. In particular, the
slip rates of the major faults in the eastern Alborz are not known, which are critical constraints for seismic
hazard estimations, as well as being highly relevant for describing the kinematics of Iran and the SC
[Jackson et al., 2002; Djamour et al., 2010; Mousavi et al., 2013].

The Shahroud left-lateral fault system, in the eastern Alborz between longitudes 55–57°E, has been mapped as
several discontinuous northeast trending left-lateral fault segments (the Abr, Khij, Jajarm, and Cheshmeh-Nik
faults) [Wellman, 1966; Hollingsworth et al., 2008; Javidfakhr et al., 2011]. There have been no large
instrumental earthquakes on the Shahroud fault system (SFS)in the last 50 years, but destructive earthquakes
are known from historical records, including an event directly north of Shahroud in 1890 [Ambraseys and
Melville, 1982]. Strike-slip faults within more westerly parts of the Alborz range have also shown a potential
for large, destructive earthquakes. The Astaneh fault is likely to have been responsible for the 856A.D. Qumis
earthquake, which killed over 200,000 people [Ambraseys and Melville, 1982; Hollingsworth et al., 2010].

No historical earthquakes are recorded on the easternmost ~150 km of the SFS, which consists of the parallel
Jajarm and Cheshmeh-Nik faults. The geological slip rates of these fault segments are unknown, and yet they
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pose a substantial hazard to local populations: the Jajarm fault is 20 km north of Jajarm city and strikes NE for
more than 130 km [Hollingsworth et al., 2008, 2010; Javidfakhr et al., 2011], and the 120 km long Cheshmeh-Nik
fault terminates in the east at the city of Bojnord.

Using GPS measurements,Mousavi et al. [2013] estimated between 2.5± 1mm/yr and 4–6.5mm/yr of summed
left-lateral displacement rate across Jajarm and Cheshmeh-Nik faults. The lower value (2.5 ± 1mm/yr) results
from a block modeling approach, in which the SC rotates about an Euler pole located immediately NE of
Iran, whereas the higher value (4–6.5mm/yr) results from simply taking profiles of fault-parallel velocities
across the eastern Alborz, from stations located in the Iranian plateau to those in the lowlands fringing the
Caspian Sea. It is important to note that slip rates estimated from profiles of fault-parallel GPS velocity may
be biased by clockwise rotation of the SC relative to its surroundings, whose Euler pole may be located
nearby to the Caspian Basin itself [Djamour et al., 2010]. It is thus important to determine independent
measurements of the strain accumulation across the SFS.

Figure 1. Location of the Shahroud fault system. Inset: Active fault map of Iran with GPS vectors in red (with respect
to Eurasia fixed from Vernant et al. [2004]) showing that approximately N-S shortening between Arabia and Eurasia is
accommodated throughout Iran. Blue dots are earthquake epicenters (Mw ≥ 5) in Iran extracted from the Harvard catalog
(http://www.globalcmt.org/CMTsearch.html) during the period 1976–2012. The green rectangle indicates the location of
the map in the main figure. Main figure: tectonic map of the Eastern Alborz showing the location of the Shahroud fault
system (in bold black) and other active faults (in gray). The Shahroud fault system (SFS) contains four segments, Abr, Jajarm,
and Cheshmeh-Nik fault from 55° to 57° longitude. Abbreviations: SC Basin: South Caspian Basin, AS: Astaneh fault, Ch-N:
Cheshmeh-Nik fault, Jaj: Jajarm fault, Kh: Khazar trust, and SFS: Shahroud fault system. Dashed green ellipses indicate the
approximate location of the 1890 (M7.2) and 856 (M7.9) earthquakes close to the Damghan and Shahroud regions [Ambraseys
and Melville, 1982]. The black rectangles show the coverage of the Envisat synthetic aperture radar (SAR) data analyzed in this
study, with their track numbers (A for ascending, D for descending). The red vectors and their associated error ellipses present
the GPS velocity field with respect to Eurasia from Djamour et al. [2010] and Mousavi et al. [2013]. The stars represent cities
mentioned in the text. The thin black lines delineate the coastline and the political border between Iran and Turkmenistan.
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In this study we provide the first direct measurement of interseismic deformation across the eastern SFS,
where both slip rate and earthquake history are unknown using two tracks of Envisat-Advanced Synthetic
Aperture Radar (ASAR) satellite images. First, we present the image data set, second the multitemporal
differential SAR interferometry (InSAR) processing strategy to increase signal to noise ratio, and then the
Small baseline Subset Algorithm (SBAS) technique of time series analysis resulting in a map of the ground
mean velocity along the radar line of sight (LOS) for the period 2003–2010. Finally, a slip rate is inverted
through a 2-D interseismic elastic model and discussed with respect to its tectonic context.

2. InSAR Data and Processing

Synthetic aperture radar (SAR) images from the ASAR instrument on board the Envisat have been used in this
study to investigate interseismic deformation across the SFS. The data set was acquired during 2003–2010
with 22 and 23 images for descending (D020) and ascending (A159) tracks, respectively. The raw data
were processed with ROI_PAC (Repeat Orbit Interferometry PACkage) [Rosen et al., 2004]. Precise Doppler
orbitography and radiopositioning integrated by satellite orbital data for Envisat provided by European
Space Agency (ESA) has been used for interferometric processing. The topographic phase contribution was
estimated from the 90m SRTM DEM (Shuttle Radar Topography Mission Digital Elevation Model), which
has been oversampled to 45m, and referenced to the WGS84 ellipsoid. We processed interferograms with
perpendicular baseline smaller than 700m and temporal baseline larger than 2months and less than
5 years (see Figure S1 in the supporting information). The resulting differential interferogram phase φij
between dates i and j is related to phase change contributions from the deformation signal, tropospheric
delay, orbital error, DEM error, and noise (equation (1))

φij ¼ φDEM_res
ij þ φorb_resij þ φatmo

ij þ φdispij þ φnoiseij (1)

where φDEMres
ij is related to residual DEM errors, φorbresij is the phase component related the residual orbital

delay, φatmo
ij is the difference of atmospheric delay (Atmospheric Phase Screen, APS) between the two

dates, φdispij is ground displacement, and φnoiseij is the noise from coregistration and unwrapping. In order to
estimate interseismic deformation from interferograms, it is useful to correct orbital DEM errors and
tropospheric delay before unwrapping in order to improve the spatial phase coherency for the
unwrapping step (see supporting information Text S1 for detail description of removing these errors).

3. Smoothed Constrained Time Series Analysis

Once all interferograms have been corrected from residual errors, unwrapped, and referenced by using a
common phase reference, we perform a time series analysis for each track. The time series is applied
based on the phase evolution through time in the small baseline interferograms network. To obtain the
phase delay time series by least squares inversion, we invert the following linear system for each pixel in
the interferograms [Berardino et al., 2002; Lanari et al., 2004]:

∅ij ¼
Xj�1

k¼i

δφk and φ1 ¼ 0 (2)

where ∅ ij is the propagation delay for interferogram i and j and δφk is the incremental delay between
images k and (k+1) for each pixel. To be able to solve this inversion using the least squares method, in
spite of incoherency in some areas, and disconnections between some groups of pixels from the
remainder of the points through time, we add a constraint component [Lopez-Quiroz et al., 2009; Doin
et al., 2011; Jolivet et al., 2012].

X n�1

k¼1
δφk ¼ VΔtn � αB⊥n � φsmooth

n þ c (3)

where V is the mean LOS velocity for the considered pixel, Δtn is the time interval between acquisition 1 and
n, α is proportional to the DEM error, B⊥n is the perpendicular baseline of acquisition n with respect to the first
acquisition, and c is a constant. This component is affected by the turbulent tropospheric pattern of each
image. We weight this component based on the amplitude of atmospheric patterns (1/APSn). We add one
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more constraint which is a temporal smoothing, obtained by minimizing the curvature of the inverted phase
temporal evolution [Schmidt and Bürgmann, 2003; Cavalié et al., 2007; Doin et al., 2011].

∂2φsmooth
n

∂t2
¼ 0 (4)

We choose the weighting of this component in the inversion system equal to Δtl, the mean time interval
across the five-point differential operator, to be able to smooth less in the densely spaced acquisitions and
smooth more in scattered space acquisitions [Cavalié et al., 2007; Doin et al., 2011]. Now we can invert this
system using the least squares inversion [Lopez-Quiroz et al., 2009; Jolivet et al., 2012] to investigate the
long-wavelength tectonic signal due to interseismic strain accumulation.

Figure 2 shows the mean velocity map derived from the time series analysis of the descending and
ascending tracks after georeferencing. The first noticeable point is the LOS velocity change across the
SFS on the two tracks. This gradient has opposite signs on descending and ascending tracks, consistent
with left-lateral motion of the SW-NE fault system, and the velocity difference across the faults reaches
up to ~2mm/yr in LOS direction. Local subsidence probably related to groundwater extraction can be
detected (pink ellipses in Figure 2). The possible sources of error in the velocity map are the effect of
unwrapping error, residual orbital errors, and residual stratified and turbulent atmospheric perturbations

Figure 2. Ground surface mean LOS velocity maps from InSAR time series analysis for track (left) D020 and (right) A156.
Background is a shaded-relief DEM (SRTM), and red arrows present the GPS velocity field of this area with respect to
Eurasia. Black lines are fault traces along the SFS. Blue boxes, oriented perpendicular to the SFS, show location of profiles in
Figure 2. CH-N is Cheshmeh-Nik fault. The large amount of groundwater extraction in arid parts of Iran results in a fast
displacement in those areas in which extraction is occurring. The subsidence areas that we suspect are caused by ground-
water extraction (pink ellipses) are masked in the inversion. The dashed rectangles present the profiles perpendicular to the
fault which is plotted in Figure 3 for each track. The dashed lines indicate the fault location which is used for the 2-Dmodeling
for each track.
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in the interferograms (not corrected by the atmospheric model and phase ramp corrections in wrapped
interferograms). There is no clear correlation between the topography and the mean velocity map
(supporting information Figure S2 and Table S1) indicating that the stratified atmospheric correction has
been effective and that no significant residual atmospheric effect related to the topography is affecting
the results.

Figure 3 presents profiles of LOS velocity perpendicular to the SFS for both tracks, which are consistent
overall with a classic arctangent shape predicted by elastic models across a strike-slip fault [Savage and
Burford, 1973]. Note that at a distance more than a few tens of kilometers from the fault zone, the profiles
are satisfactorily flattened, meaning that the overall estimation of the linear ramp in azimuth done on
300 km long tracks has not been significantly affected by the localized gradient of velocity around the
fault zone, preserving the investigated tectonic signal related to the SFS. Another argument to support

Figure 3. Mean LOS velocity profiles (gray dots) and the weighed averaged profile (thick blue line) with 2 sigma deviation
(blue lines). All the points within the blue rectangle shown in Figure 1 are projected onto the profile as gray dots. The gray
boxes show the elevation profile for the same area. The dark gray line shows the location of the SFS. The red stars with error
bars are the LOS velocity derived from five continuous GPS stations, assuming only horizontal displacements. Note that the
sign of the signal is inversed between ascending and descending track, which is consistent with surface displacement due
to the left-lateral fault seen from the two different satellite points of view. The pink line is the best fitting model with slip
rate 4.75 ± 0.8mm/yr and 10 ± 4 km locking depth.
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that conclusion is that the profiles across the SFS are in good agreement with the local velocity
measurements at existing GPS stations (red error bars in Figure 3) [Mousavi et al., 2013; Djamour et al.,
2010], indicating that the removed ramp signal was essentially related to orbital error or atmospheric effect.

4. Interseismic Deformation Modeling

To help the interpretation of the LOS mean velocity map, we used a simple elastic model with a single fault
geometry. A north-south velocity change is clearly visible across the SFS. Figures 1 and 2 show that there is a
high north-south mean velocity gradient close to the Jajarm fault location in track A156. For track D020, the
high-velocity gradient is located near the Abr, Jajarm, and Cheshmeh-Nik faults, but it is hard to distinguish
which fault could be the most related to the velocity change, and the large-scale deformation signal seems
instead to be controlled by the fault system as a whole rather than by a single fault. We thus chose to model
the whole fault system as a single vertical dislocation with the surface trace that approximately follows
the SFS trace and is roughly coincident with the Jajarm fault in track A156 and the Abr fault in track D020
(see dashed line in Figure 2). We also assume a pure strike-slip fault with no vertical deformation.

The hypothesis of minimal vertical deformation is justified by the subdued topography in this eastern section
of the Alborz, and by the fact that the independent horizontal GPS are in a good agreement with the InSAR
measurement for both ascending and descending InSAR data: if significant vertical velocity signal was
present, disagreement should be found when comparing horizontal GPS displacement only with both
ascending and descending InSAR data. Furthermore, the GPS data from nearby stations do not show major
interseismic shortening [see Mousavi et al., 2013, Figure 5]. The existence of topography north of the
Shahroud fault zone may be related to an earlier tectonic phase, such as that suggested by Javidfakhr et al.
[2011], who suggested temporal changes in the stress state from compressional to transpressional tectonic
regime during the Plio-Quaternary based on the inversions of fault kinematic data. The assumption of
minimal vertical deformation can also be tested a posteriori looking at the consistency of model results
from the independent ascending and descending tracks: the presence of a significant vertical gradient of
displacement across the fault, which is not taking into account in our model, should introduce
discrepancies in the modeled parameters.

Under this assumption, we convert displacement of each profile in LOS direction into horizontal
displacements parallel to the fault. We determine the slip rate (s) and locking depth (d) of the fault based
on the Savage and Burford [1973] analytical solution which provides the surface displacement (y) parallel
to the fault at a given perpendicular distance (x) from the fault: y= (s/p) × arctan(x/d). The parameter
estimation is based on the minimization of the sum of the RMS misfit between the observed and modeled
velocity profiles estimated for each track.

We used a systematic parameter search over the ranges 1–10mm/yr for slip rate and 1–35 km for locking
depth, at 0.5mm/yr and 0.5 km intervals, respectively. We first perform this search for a fixed fault trace
location (dashed line in Figure 2). Our best fit model for joint inversion is determined by the minimum of
the sum of the RMS misfits of both ascending and descending data sets (red star in Figure 4). It gives a
slip rate of 4.75mm/yr and a locking depth of 10 km. This result corresponds to the modeled profiles
(pink line) shown in Figure 3. Also, the individual solutions of RMS misfit for each track is in good
agreement with the joint solution indicating that the two independent data sets are consistent (red stars
in Figure 4 and supporting information Figure S3) and validate a posteriori our assumption of no
significant large-scale vertical gradient across the fault zone.

Regarding the error associated to these parameters, as mentioned in section 2, the main source of remaining
errors in the mean velocity map is related to the residual turbulent atmospheric perturbations and the
residual orbital error in the interferograms. Therefore, we try to estimate the impact of such perturbations
in our fault parameter estimation. To do that, 100 perturbed mean velocity maps were generated and
used in the same inversion scheme as for the nonperturbed data set. The mean velocity map is the result
of the SBAS time series analysis starting from the network of corrected interferograms. In order to
introduce a realistic noise in the mean velocity map, we choose to attribute to each date of the network
an Atmospheric Phase Screen (APS, which may also contain residual orbital error) and then to combine the
APS of the dates to produce synthetic interferograms simulating atmospheric noise. The time series
analysis is then applied to the network of synthetic interferograms the same way as to the original data,
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and the result, a mean velocity map including the simulated atmospheric noise, is added to the original mean
velocity map (see supporting information Figure S4 as an example of applying this method).

To generate the simulated APS for each date, we used interferograms with 35 days or 70 days, in which we
assume that phase variations are due to atmospheric delay changes or to residual orbital errors. Because
the number of such short-time interferograms is less than the number of acquisition dates in the network,
we complete the simulated APS data set by generating synthetic APS using an approach similar to Parsons
et al. [2006] and Biggs et al. [2007]. In that approach, the statistical characteristics of the contribution of the
turbulent atmosphere to a short-time interferogram are described using a 1-D covariance function
[Hanssen, 2001], which is used along with a full variance-covariance matrix to simulate the correlated
noise. To create 100 different perturbed velocity maps, simulated APS are randomly attributed to each
date of the network. The parameter uncertainties were determined using the standard deviation of the slip
and locking depth estimation of the 100 runs leading to the following values: 4.75 ± 0.8 for slip rate and
10± 4 km for locking depth.

5. Discussion

Our mean velocity map confirms the general left-lateral kinematics of the SFS and simple 2-D modeling gives
some constraint on the slip rate and locking depth. Our model implies a left-lateral displacement rate across
SFS of 4.75 ± 0.8mm/yr and 10 ± 4 km of locking depth. This ~5mm/yr of displacement rate is
accommodated on the Abr and Jajarm strands of SFS. The new result of the InSAR study of the SFS with
respect to other quantitative data available on the present-day deformation field is that the fault system is
effectively locked with no shallow creep.

Figure 4. Solution space plot for our model showing results of the Monte Carlo error analysis for joint ascending track A156
and descending track D020. Contours show the joint RMS misfit in mm/yr for the unperturbed data set. The red star show
the best fitting solution (locking depth: 10 ± 4 km and slip rate: 4.75 ± 0.8mm/yr), the 68% and 95% confidence ellipse is
estimated from the Monte Carlo error analysis using perturbed data set.
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The choice of a single fault model was motivated by the fact that there is no clear individual fault signature in
the geomorphology through the SFS and in the InSAR mean velocity map. To test our choice of the position
of the fault in the model, which was fixed when inverting the slip and locking depth parameter, we perform
another inversion in which we determined the location parameters of the fault trace for track D020 using a
fixed 12 km locking depth as suggested by Engdahl et al. [2006] based on the average depth of the
regional seismicity. Fixing the locking depth and rake, we found that the best fitting north-south location
of the fault corresponds to the a priori location we used in our joint inversion (supporting information
Figure S5). This a priori fault location is close to the Abr and Jajarm faults in Track D020, and it also
confirms that the Jajarm fault accommodates the strain in track A156. It may be possible that the different
strands visible at the surface (Jajarm and Cheshmeh-Nik) are merged in one single fault below 10 km
depth. This could explain why our model is not sensitive to the geometric complexity of the shallower part
of the faults, located in the locked zone of the model.

6. Conclusion

Previous geodetic results based on a regional GPS network [Djamour et al., 2010;Mousavi et al., 2013] present
~7mm/yr of deformation accommodated between Central Iran and the SC basin along SFS and Khazar thrust
at longitude 56°E. Rigid block modeling in those papers yielded 2.4 ± 1 and 3.3 ± 1mm/yr of left-lateral
motion absorbing across SFS and Khazar thrust, respectively, where as projection of GPS station velocities
onto an across-fault profile appeared to yield a slip rate of 4–6mm/yr of left-lateral motion on SFS and no
significant strike-slip deformation on Khazar thrust [Mousavi et al., 2013]. The InSAR result is in good
agreement with the rates obtained from GPS profiles, rather than from those obtained by rigid block
modeling, indicating that most of the left-lateral displacement is accommodated in the eastern Alborz,
along the SFS. We also note that our results may help to constrain the slip rate of the Ashkabad fault at
the NE limit of the SC basin, as the GPS stations MAR2 and MAVT in the eastern Caspian lowlands, which
give good agreement with the InSAR-derived interseismic rate on the SFS, are also compatible with a fast
interseismic strain accumulation on the Ashkabad fault at Mousavi et al. [2013] and Walters et al. [2013].

This new information provides precious insights into the seismogenic potential of the Shahroud fault system.
The existence of a large historical earthquake (Mw 7.2) on the Abr segment of the SFS in 1890, and the large
number of inhabitants (~1.5 million) in this region, shows the requirement for geomorphological and
palaeoseismological investigations to fill the gaps in information required assessing the behavior of
individual fault strands. Such studies will give a more complete assessment of slip rates and recurrence
intervals in order to estimate the seismic hazard along these important active faults.
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Abstract In eastern Venezuela, the Caribbean-South American plate boundary follows the El Pilar fault
system. Previous studies based on three GPS campaigns (2003–2005–2013) demonstrated that the El Pilar
fault accommodates the whole relative displacement between the two tectonic plates (20mm/yr) and
proposed that 50–60% of the slip is aseismic. In order to quantify the possible variations of the aseismic creep
in time and space, we conducted an interferometric synthetic aperture radar (InSAR) time series analysis,
using the (NSBAS) New Small BAseline Subset method, on 18 images from the Advanced Land Observing
Satellite (ALOS-1) satellite spanning the 2007–2011 period. During this 3.5 year period, InSAR observations
show that aseismic slip decreases eastward along the fault: the creep rate of the western segment
reaches 25.3� 9.4mm/yr on average, compared to 13.4� 6.9mm/yr on average for the eastern segment.
This is interpreted, through slip distribution models, as being related to coupled and uncoupled areas
between the surface and ~ 20 km in depth. InSAR observations also show significant temporal creep rate
variations (accelerations) during the considered time span along the western segment. The transient
behavior of the creep is not consistent with typical postseismic afterslip following the 1997 Ms 6.8
earthquake. The creep is thus interpreted as persistent aseismic slip during an interseismic period, which
has a pulse- or transient-like behavior.

1. Introduction

Shallow fault creep can be detected by measurement of localized aseismic displacement gradients crossing
faults [e.g., Thatcher, 1979]. This shallow creep is common during a postseismic period, as localized afterslip
phenomena, but it can also exist during the interseismic period, as observed on the San Andreas fault system,
Haiyuan fault in China, North Anatolian fault, and the Longitudinal Valley fault of Taiwan among others [e.g.,
Schmidt et al., 2005; Cavalié et al., 2008; Champenois et al., 2012; Kaneko et al., 2013; Lindsey et al., 2014].
Avouac [2015] reviewed key factors controlling aseismic slip. This slip can depend on lithology [e.g., Wei
et al., 2013; Thomas et al., 2014a] or can be related to the fault geometry [e.g., Jolivet et al., 2013; Lindsey
et al., 2014]. The influence of thermal control and fluid pressure on slip-mode processes has also been pro-
posed (e.g., respectively, Blanpied et al. [1991] and Gratier et al. [2011]. In addition, previous seismic ruptures
have an influence on the subsequent slip-mode processes [e.g., Zweck et al., 2002; Çakir et al., 2003]. However,
the relative contributions of these different factors in controlling aseismic slip remain poorly understood,
especially since spatiotemporal variations of aseismic slip have been detected [e.g., Wei et al., 2009; Barbot
et al., 2013; Jolivet et al., 2013; Cetin et al., 2014; Thomas et al., 2014b; Khoshmanesh et al., 2015; Turner
et al., 2015]. More case studies of faults showing spatial and temporal variations in creep, from a range of
different geodynamic and geological contexts, are thus needed to unravel the causes and implications of
aseismic slip. Since both steady and unsteady aseismic slips affect stress accumulation on a fault, it is
important these processes are taken into account the assessment of slip deficit and seismic hazard [Ryder
and Bürgmann, 2008; Shirzaei and Bürgmann, 2013; Shirzaei et al., 2013]. In this study, we present new obser-
vations of temporal and spatial variations along the El Pilar fault system, which is part of the Caribbean-South
American plate boundary.

The E-W dextral strike-slip El Pilar fault, which accommodates almost all of the 20mm/yr relative displace-
ment between the Caribbean and South American plates (Figure 1) [Weber et al., 2001; Jouanne et al.,
2011], is an interesting case study for analyzing the relationship between aseismic and seismic slip modes.
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Seismicity, paleoseismology, and geodesy indicate that this fault exhibits seismic as well as aseismic behavior
[Audemard, 2006, 2007; Reinoza et al., 2015]. For example, the El Pilar fault produced seismic events in 1684,
1797, 1853, 1929, and 9 July 1997 [Audemard, 1999, 2006, 2007, 2011; Altez and Audemard, 2008; Aguilar et al.,
2016]. In addition, aseismic slip has been detected through field observations, episodic measurements
performed in 2003, 2005, and 2013 on a sparse network of 32 GNSS (Global Navigation Satellite Systems)
stations, and measurements of one continuous GNSS station [Audemard, 2006; Jouanne et al., 2011;
Reinoza et al., 2015]. Despite the low resolution in space and time, Reinoza et al. [2015] showed that, in the
seismogenic layer (0–12 km depth), between 40 and 50% of the fault area is locked, and that the aseismic slip
is certainly not spatially uniform.

However, measurements with better spatial and temporal resolution are needed to answer a number of
remaining questions. Near field data can improve the spatial resolution of aseismic slip mapping and help
identify potential segmentation of creep, as proposed by Jouanne et al. [2011] and Reinoza et al. [2015].
Denser and longer geodetic time series would also improve our knowledge about the creeping process,
for instance, by distinguishing the nature of the creep: e.g., afterslip induced by the latest seismic event
in 1997 (Ms 6.8) which has transitioned into a persistent interseismic slip or an afterslip which is still occur-
ring. We would like to understand the local observation of slip acceleration in 2002 [Jouanne et al., 2011] and
the inconsistency between the return periods evaluated in trenches at 400 years [Audemard, 2011] and the
return period estimated at up to 200 years, assuming a geological slip rate of 20mm/yr and a characteristic
slip of 1 to 4m slip (coseismic slip and afterslip) [Pérez et al., 2001; Jouanne et al., 2011]. Finally, higher spatial
resolution can also help to detect asperities that may trigger events like the Ms 6.8 in 1997 [e.g., Chaussard
et al., 2015a, 2015b; Jolivet et al., 2015a].

This paper presents an analysis of 18 SAR (synthetic aperture radar) images from the L band Advanced Land
Observing Satellite (ALOS-1) satellite spanning the 2007–2011 period using the spaceborne SAR interferome-
try technique (interferometric synthetic aperture radar, InSAR). These images, processed with the NSBAS
method [Doin et al., 2011], provide a coverage at high spatial and temporal resolution for the onshore section
of the El Pilar fault and allow us to identify spatio temporal slip variations along the fault. In the last part of the

Figure 1. Geodynamic map of the Caribbean/South American plates. Arrows are GNSS (Global Navigation Satellite
Systems) velocities in the Caribbean region with respect to a fixed South American plate, calculated by Reinoza [2014].
Green arrows represent velocities measured on permanent GNSS sites (cGNSS) from the FUNVISIS, REMOS-IGVSB, and
GEORED networks. Blue arrows represent velocities derived from episodic GNSS data measured in 2003–2005 and 2013
[Reinoza, 2014]. Yellow and red lines are fault systems that represent, respectively, the western and eastern plate boundary
systems in Venezuela. The GNSS velocity field shows that the El Pilar fault accommodates all the relative displacement
between the Caribbean and South American plates. Plate boundary mapping is based on Beltran [1993], Audemard et al.
[2000], Pindell et al. [2006], and Audemard [2009]. DEMs are from the USGS [Rabus et al., 2003]. CRF, Central Range fault; SSF,
San Sebastian fault; OAF, Ocá-Ancón fault; and BF, Boconó fault.
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paper we discuss the segmentation of the El Pilar fault and the relationship between aseismic slip and
seismicity, and the implications for seismic hazard assessment.

2. The El Pilar Fault System: Seismotectonic and Geological Context

The Caribbean-South American plate boundary is a transpressional zone characterized by a complex system:
distributed faults in the west (yellow thick lines in Figure 1) and a localized fault system in the east (red lines in
Figure 1). GPS studies indicate ~ 2 cm/yr eastward motion of the Caribbean plate with respect to a fixed South
American plate [Pérez et al., 2001;Weber et al., 2001;DeMets et al., 2010]. In the eastern part of the plate boundary,
neotectonic studies have shown the existence of strainpartitioning: themajor E-Wcomponent is accommodated
by a tectonic boundary composed of several right-lateral faults (El Pilar, Los Bajos, and Central Range faults)
[Beltran et al., 1996; Audemard and Audemard, 2002], whereas theminor oblique or N-S component is accommo-
dated by active thrusting to the south (Figures 1 and 2) with vertical deformation rates of 0.6 to 0.1mm/yr
[Fajardo, 2015]. Moreover, the seismicity related to the Lesser Antilles subduction ends abruptly along dextral
faults, which suggests a tectonic relationship between both systems due to the tearing of the Lesser Antilles sub-
ducted oceanic lithosphere (Figure 2) [Pérez and Aggarwal, 1981; Clark et al., 2008; Audemard, 2009].

TheEl Pilar fault, whichbelongs to theE-Wdextral system, crosscuts aMesozoic thrust systemseparating twocon-
trasting Mesozoic terrains: a northern province consisting of low-grade metasediments associated with oceanic
crustal remnants (schist, quartzite, and serpentine lenses) and a southern provincemade of nonmetamorphosed
sediments (Figure3) [Metz, 1965;Vignali, 1977;Vierbuchen, 1984; Jacomeetal., 1999].Variationsofelasticproperties
wouldalsobeexpectedacross this tectonicboundary, as suggestedbyReinozaetal. [2015]. TheElPilar fault is com-
posed of several structural segments, defined by neotectonic analyses [Beltran et al., 1996; Audemard et al., 2000;
Van Daele et al., 2011]. Based on the joint interpretation of seismic, magnetic, and gravimetric data Hernandez
et al. [1987] suggested a seismogenic depth of 15 to 20 km. Segmentation, 1997 rupture plane area, and dip
changes (65° northward, to vertical, to 75° southward) of the upper part of the fault were investigated through
the analysis of aftershocks following the 1997Ms 6.8 event which were mainly located between the surface and
14 km depth [Baumbach et al., 2004].

These geological and geometrical constraints were used by Jouanne et al. [2011] and Reinoza et al., [2015] to
explain, through modeling, the observed asymmetric velocity gradients on both sides of the fault and the
high displacement gradient crossing the fault. They investigate different modeling approaches, and their
results suggest the existence of spatial variations of interseismic coupling at seismogenic depths. However,

Figure 2. Seismotectonic map. In eastern Venezuela the major E-W relative displacement between the Caribbean and
South American plates is accommodated along the El Pilar fault (in red). This fault is constituted by several segments
onshore and offshore. Thrusts and reverse faults south of the El Pilar fault accommodate the minor N-S component of the
relative displacement between the Caribbean and South American plates in Venezuela. Deep seismicity (in blue and pur-
ple) related to the Lesser Antilles subduction ends abruptly along dextral faults. Fault mapping is based on FUNVISIS [1994],
Audemard et al. [2000], and on Audemard [2009]. The 1973–2009 seismicity data are provided by GeoMap App http://www.
geomapapp.org/ [Ryan et al., 2009]. CRF, Central Range fault.
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their results were limited by the sparsity of the geodetic network and the availability of only three GNSS cam-
paign (2003, 2005, and 2013) and just one continuous GNSS station.

3. Interferometric Synthetic Aperture Radar (InSAR) Processing

To mitigate InSAR temporal decorrelation due to the dense Venezuelan equatorial vegetation cover, we used
L band (23.6 cm wavelength) images from Advanced Land Observing Satellite (ALOS-1, JAXA), which gives
better results than the C band or X band images in this type of environment [Wei and Sandwell,
2010] (several tests in this area performed with Sentinel-1A data yielded interferograms with less coher-
ence than with ALOS data). ALOS SAR images were processed in Fine Beam Single polarization mode or
in Fine Beam Dual polarization mode but using only the HH polarization, resampled at a spatial resolu-
tion of ~10m. These images were acquired along the ALOS ascending track A123, frame 190. Eighteen
SAR images spanning the 2007–2011 period (16 June 2007 to 2 September 2011) were used to form 73
differential interferograms with the NSBAS processing chain [Doin et al., 2011] based on the ROI-PAC
software [Rosen et al., 2004]. The Shuttle Radar Topography Mission digital elevation model (DEM) at
3 arc sec resolution [Rabus et al., 2003], resampled at 45m resolution, has been used to accurately
coregister the focused SAR images and to correct interferograms from the topographic contribution to
the interferometric phase. The interferogram network and examples of unfiltered and uncorrected
interferograms are provided in the supporting information (Figures S1 and S2). European Centre for
Median-Range Weather Forecast ERAI (ERAInterim) atmospheric reanalysis was used to correct
atmospheric delay [Doin et al., 2009; Jolivet et al., 2011]. DEM errors were corrected on interferograms
following the method of Ducret et al. [2014]. Before unwrapping, two kinds of filter were used with a
spatial window of about 180m: the adaptive filter of Goldstein et al. [1988] and the adaptive weighted
filter of Doin et al. [2011].

In some unfiltered and unwrapped interferograms a clear phase jump is visible across the fault
(see Figure S2); however, the time series analysis greatly improves the measurements. Another distinctive
feature in the interferograms is the swamps where the interferometric phase maintains high coherence

Figure 3. Schematic geological map and geodetic surveys of the El Pilar fault region. The block to the north of the fault is
composed of Mesozoic metamorphosed sediments and oceanic remnants (schist, quartzite, and serpentines lenses), while
to the south it is composed of Mesozoic non metamorphosed sediments [Vignali, 1977; de Juana et al., 1980; Vierbuchen,
1984; Hackley et al., 2005]. White dots are GNSS station. Black arrows are interseismic velocities estimated with GNSS data
(considering a fixed South American plate) [Reinoza et al., 2015]. The rectangle is the shape of the InSAR ALOS-1 ascending
track A123. Surface ruptures of the 1929 and 1997 events are, respectively, plotted as yellow and white lines, with their
respective focal mechanisms [from Baumbach et al., 2004]. Faults mapping come from Audemard et al. [2000].
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and for which local fringes are detected. This is likely due to water level change (see Figure S3 in the
supporting information). This pattern has been already observed in wetland areas and used to measure
water level changes or subsidence [Alsdorf et al., 2000; Kim et al., 2009; Chaussard et al., 2013]. To avoid
unwrapping issues due to these fringes, we chose to mask them. Unwrapping was performed in 2-D
with the NSBAS chain using a method similar than in Doin et al. [2015]. The unwrapped interferograms
were then systematically visually checked. When large unwrapping errors were detected, we used a
manual bridge between coherent areas to correct them as explained in Doin et al. [2011] and Grandin
et al. [2012] (Figure S4 in the supporting information).

To obtain a map of ground velocity along the line-of-sight (LOS) direction (Figure 4a) and a cumulative
displacement map along the LOS for each date of acquisition, we applied a time series analysis using a model
based on López-Quiroz et al., [2009],Doin et al. [2011], and Jolivet et al. [2012]. The final pixel size of our maps is
approximately 30m. The root-mean-square (RMS) on each pixel is given by the time series analysis model

Figure 4. InSAR processing results for ascending track A123. (a) The 30m resolution InSAR line-of-sight velocities estimated
over 3.5 years (2007–2011). Dots are GNSS stations, the dot colors also represent GNSS horizontal projected in LOS (same
color scale as InSAR). (b) RMS values map for each pixel, estimated over 3.5 years (2007–2011): close to swamps and in the
east RMS values can exceed 0.5 rad. (ALOS-1 data distributed by Japan Space Systems © Ministry of Economy, Trade, and
Industry and Japan Aerospace Exploration Agency).
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(Figure 4b) and is calculated “between the observed interferogram phase and the one reconstructed from
inverted successive phase delays” [López-Quiroz et al., 2009]. This RMS value is an estimation of the accuracy
of the inversion scheme and gives a quality value for the LOS displacement or velocity for each pixel, which
can be used to weight these data. For instance, in the following figures of this paper showing velocity profiles,
plotted velocities are a weighted average of 16 pixels (that is 480m) across the profile, with �1 sigma
deviation shown in gray (see Figure 5 for example).

Due to the limited number of images available (18), a velocity map output from NSBAS may be affected by
residual atmospheric, ionospheric, or orbital errors, producing a long wavelength signal. Indeed, our raw
velocity map shows a residual ramp mainly in the range direction (Figure S5), which is almost parallel to
the El Pilar fault. Such a signal is not seen in velocity fields derived from GNSS (Figure 4a). We remove this
signal using a linear function in the radar range and azimuth direction. This deramping function (ax + by
+ c) is estimated in order to minimize the difference between the nine GNSS velocities measured within
the boundaries of the InSAR track and InSAR velocities. The GNSS velocities are relative the SMI1 station.
GNSS velocities are projected into the local satellite LOS (line of sight), and InSAR velocities are averaged
in a circus of 2 km radius around every GNSS stations (Figure 4a). The choice of a simple deramping function
was guided by the low number of GNSS stations covered by the track. It is important to note that this ramp
correction does not affect the localized (<10 km) phase jump across the fault.

Figure 5. (a) The black line is the 1997 surface rupture [Audemard, 2006]. The red line (A–A′) gives the location of the profile
shown in Figure 5b. (b) GPS and INSAR velocity field profile across the El Pilar fault (A–A′). Dots correspond to GNSS
velocities for the stations shown in Figure 3 [Reinoza et al., 2015] projected along the A–A′ profile (we keep GNSS stations
situated up to 100 km of the A–A′ profile). Dot color scale represents the distance between the GNSS stations and the
profile. The green curve shows INSAR velocity (weighted average over 16 pixels (480m) width across the profile) with
1 sigma deviation (gray zone). INSAR velocities have been converted to give an equivalent horizontal fault-parallel com-
ponent velocities, and GNSS velocities are also given for the same component.
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The lack of data acquired along descending tracks does not allow vertical velocity to be estimated. Assuming
that the El Pilar fault is a pure strike-slip fault with no vertical component and that ground displacement is
essentially in the fault-parallel direction, we project LOS InSAR data onto the horizontal surface for all the
following figures of this paper in order to facilitate interpretations. Neglecting the vertical component is
mainly justified by GNSS observations [Jouanne et al., 2011; Reinoza et al., 2015] and by field observations
gathered along the surface rupture of the 1997 earthquake [Audemard, 2006]. We convert the LOS velocities
in fault-parallel horizontal component velocities taking into account the variation of incidence and azimuth
angles along the SAR data swath.

4. InSAR Inversion Results
4.1. Spatial Variation of Creep Rate

On the InSAR velocity map from 2007 and 2011, there is a sharp and linear velocity jump (E-W boundary
between yellow and blue areas in Figures 4a and 5a corresponding, respectively, to relative displacements
away from and toward the satellite). Visual comparison between the sharp boundary and the surface rupture
of the 1997 earthquake mapped in detail by Audemard [2006] shows very good agreement (Figure 5a), within
the limits of InSAR resolution and map uncertainties (<200m). Furthermore, this sharp boundary continues
away from the 1997 surface rupture and follows the El Pilar fault geological trace mapped by Beltran et al.
[1996]. Those observations strongly suggest that the velocity boundary can be interpreted by the presence
of creep along the El Pilar fault, at least in its shallowest part.

The InSAR velocity profile (A–A′) across the fault in Figure 5 shows clearly the velocity jump located at the
fault trace. To compare GNSS and InSAR signals, all horizontal GNSS velocities (in fault-parallel component)
from Reinoza et al. [2015] (plotted in Figure 3) were projected onto the profile. On this profile plotted in
Figure 5, the jump across the fault is slightly higher in 2007–2011 InSAR velocities than in 2003–2005–2013
GNSS velocities. The slight differences between both kinds of data can be explained by (1) different
acquisition periods: 2007–2011 period for average InSAR velocities and 2003–2005–2013 acquisition
campaigns for GNSS velocities (see discussion in 6.3), (2) the vertical components which are not taken into
account (not estimated in the InSAR velocity map), and (3) GPS velocity projections onto the profile, e.g.,
some GNSS stations are located 50 km away from the A–A′ profile where InSAR velocities are sampled in
Figure 5.

Other InSAR velocity profiles across the fault show a large and abrupt step crossing the fault (Figure 6).
As plotted on these profiles, the velocity step across the fault does not correlate with the topography. To
quantify the step and the distance over which the step occurs, we fitted the InSAR velocity values to the
following mathematical function, which is able to represent the main characteristics of our observed profiles
(Figures 6 and S6 in the supporting information; the functions have been adapted from Larson et al. [2004]
who use it for time series):

v xð Þ ¼ v0 þ
U
2

tanh
x � X0

D

� �
� 1

� �
þ R � x (1)

In this equation, x is the perpendicular distance to the fault (the x axis of the profile), v(x) is the velocity at
x, v0 is the far field velocity, U is the velocity value corresponding to the step, X0 is the median position of
the large step, D is the distribution that describes the distance over which the step is measured, and R
accounts for a possible velocity ramp along the section. In profiles crossing the fault, the velocity step
between the northern and the southern blocks can be fitted by equation (1) (e.g., in Figure S6).
Parameters and standard deviation errors are estimated from non linear least squares adjustment using
the Levenberg-Marquardt algorithm [Levenberg, 1944; Marquardt, 1963]. To compare the fit quality of each
profile, we performed a χ2 statistical test which provides an estimation of the robustness of the fit. The
advantage of this method is to provide an estimation for the step distribution (D in equation (1)), to eval-
uate the uncertainties on each unknown parameter, and to remove, through the R term in equation (1),
the possible contribution of long wavelength residual orbital errors or atmospheric signals which have not
been corrected in the azimuth direction (see section 3).

Using the mean velocity map over the 2007–2011 period, InSAR velocities were sampled across the fault
along 94 profiles with 480m spacing. Each profile is 3.4 km long and 480m wide; they do not overlap.
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Profiles are then fitted by 1. Using this method, it appears that velocity steps vary along the El Pilar fault
(Figure 7a). Between 63°42′W and 63°30′W along the fault the step regularly increases from ~ 13mm/yr to
~ 40mm/yr. In contrast, eastward of longitude 63°28′W, the step is lower, with a more constant value of
about 13.4� 7.3mm/yr. Unfortunately, the transition between these two portions of the fault is masked
by the presence of swamps. Based on this geodetic contrast, hereafter in the paper, we propose to dis-
tinguish two “segments” (see Figure 7), separated at longitude 63°28′W. From a tectonic point of view
this division point corresponds to a small fault step over [Beltran et al., 1996; Baumbach et al., 2004;
Audemard, 2006]. Baumbach et al. [2004] do not recognize this step over as a major fault segment bound-
ary (in their map of the fault trace our boundary corresponds to the middle of their segment 3).
According to their map, one may argue that the limit could instead be defined at longitude 63°25′W,

Figure 6. InSAR velocitymap (2007–2011 period) and associated uncertainties. AA′, BB′, CC′, andDD′ are fault-perpendicular
profiles, the red line indicates the position of the fault trace. Each plot displays the topography (blue line), the InSAR
velocities projected onto the horizontal fault-parallel direction (weighted average over 16 pixels width (or 480m)) (dark
red line), 1 sigma deviation (gray zone), and the best fit of InSAR velocity values by the equation (1) (black line).
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corresponding to the Guarapiche fault bend. Nevertheless, our following analysis and conclusions remain
valid for both definitions.

Regarding the distribution of the deformation across the fault, Figure 7b shows that most of the steps across
the fault are distributed over less than 500m. The velocity steps are thus essentially extremely localized, and
this indicates that at least the shallow part of the fault is creeping, as suggested by Reinoza et al. [2015].
It should be noted that the step width estimation is limited at its lower boundary not only by the spatial
resolution of the InSAR velocity map, which is 30m, but also by the prior interferogram filtering done on
the basis of 6 pixel size windows, which is 180m (see section 3). Taking that limit into account, it is likely that
in some places the creep could reach the surface, which is supported by field observations [Audemard, 2006;
Jouanne et al., 2011].

4.2. Temporal Variation of Creep Rate

To estimate the temporal variations of the velocity steps across the fault, we follow the same method applied
to the mean velocity map but applied to each time step of the smooth cumulative displacement time series.
Using cumulative displacement profiles across the fault (same profile characteristics as in the section 4.1),
displacement steps at the fault are estimated using equation (1) for each time increment (i.e., between
two consecutive acquisition dates of SAR images) and are converted into incremental velocity steps
(Figure 8). Some dates, for instance, 19 December 2008, contain profiles, which are too noisy to be fitted
by equation (1), and explain the numerous gaps in velocity step estimations in Figure 8.

Figure 7. (a) InSAR mean velocity map (2007–2011 period), the El Pilar fault mapping of Beltran et al. [1996] is shown in
red. Car., city of Cariaco; Que., Quebrada del Tigre; Cas., Casanay; and Caru., Carupano. (b) Spatial variation of velocity
steps across the fault (U in equation (1)), as a function of longitude along the fault. (c) Spatial variation of step width
(D in equation (1)), as a function of distance along the fault. For each estimation, the standard deviation (error bars) and
the χ2 value (dot colors) are plotted.
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Comparing the velocity step variations along the fault and earthquakes (Mw> 2) recorded between 2007 and
2011 (Figure 8), we do not observe a clear spatial and temporal correlation between velocity step variations
and the occurrence of these events, which means that the observed creep is mostly aseismic. The main seis-
mic event is the January 2010 earthquake (Mw 5.5 at 2.4 km depth) with a dextral focal mechanism [FUNVISIS,
2010] which will be discussed below in section 6.2. Regarding the distribution of the deformation (parameter
D in (1)), despite some noisy data, our results indicate that the deformation width remains stable through
time, localized over less than 1 km (see Figure S8 in the supporting information).

Along the western segment, for each time interval, a spatial variation of the cumulative displacement steps
across the fault is observed. In addition to these spatial variations, for each profile across the fault, we can see
a temporal variation of the creep rate. It should be noted that short-term variations cannot be detected due
to the low temporal sampling of ALOS-1 data (ranging from 1 to 6months, see Figure S1 and Table S1 in the
supporting information). According to our analyses, two phases can be distinguished (Figure 9a). Although
the beginnings and endings of each phase are not well constrained due to the low temporal sampling, the
two phases can be defined as Phase I between June 2007 and June 2009, with an average velocity of
15.2� 6.4mm/yr, and Phase II from June 2009 to February 2011, during which time average velocity signifi-
cantly increased and reached 30.2� 18.0mm/yr. Such an acceleration has been already observed in the field
based on measurements of local displacement markers during the 2002–2003 period following the 1997
earthquake [Audemard, 2006; Jouanne et al., 2011]. Velocities during the Phase II locally are higher than the
relative plate motions [Pérez et al., 2001; Weber et al., 2001; DeMets et al., 2010]. This strongly suggests that
it is a transient phenomenon.

No significant temporal variation in the velocity step is detected on the eastern segment (Figure 9b). We
can notice that there is an exception for two profiles that cannot be included in the western segment
which seem to be affected by similar temporal variations. However, these exceptions are isolated, and
our conclusions remain valid. The step seems to be constant at 13.4� 6.9mm/yr over the time period
from 2007 to 2011 (which is consistent with the rate of 13.4� 7.3mm/yr found in the mean velocity
map over the 2007–2011 period).

5. Slip Distribution Model

Among the numerical models performed by Reinoza et al. [2015], their slip distribution inversion shows that
the interseismic aseismic slip is not uniform in the seismogenic layer. However, the spatial resolution of their

Figure 8. Velocity steps across the fault calculated between two consecutive dates; white area corresponds to areas where
cumulative displacement could not be estimated. Black dots correspond to the seismicity provided by the International
Seismological Centre [2013] (Mw> 2). There is no clear general correlation between seismicity and creep rate increases. One
sigma deviation of the creep rate is shown in Figure S7 in the supporting information. Car., city of Cariaco; Que., Quebrada
del Tigre; Cas., Casanay; and Caru., Carupano.
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model was limited by the amount of available data. To improve the resolution, we carried out a similar inver-
sion, but adding in our InSAR results. The GNSS velocity data used in the inversions result from three GNSS
campaigns (2003–2005–2013) [Reinoza et al., 2015]. For InSAR, the LOS mean velocities (2007–2011 period)
from this study are used. LOS values are projected onto horizontal fault-parallel components (assuming no
vertical displacement and only fault-parallel displacements as discussed in part 3) and are downsampled
(weighted by RMS pixel values) at 400m spacing and restricted to data points located in near field within
5 km of the El Pilar fault. We chose to restrict InSAR data coverage to a 10 km wide band around the
El Pilar fault to mitigate possible longer wavelength residual orbital error or atmospheric perturbation, and
because our data analysis had shown that most of the creep velocity jump signal across the fault was
distributed within less than a few kilometers from the fault trace.

The slip distribution model was performed using the SDM software [Wang et al., 2013a, 2013b], which has
been successfully used to invert coseismic slip and afterslip [e.g., Motagh et al., 2008, 2010; Wang et al.,
2009; Diao et al., 2010, 2011; Xu et al., 2010]. This inversion first performs a sensitivity-based iterative fitting
approach; it calculates the portion of the data which can be explained per unit slip by a single patch. The slip
distribution inversion uses an elastic half-space model [Okada, 1985] to calculate Green’s function. To choose
between the many possible slip models, the code chooses a slip model with an appropriate roughness in the
slip distribution. Thus, the code solves a minimization problem applied to an objective function defined as

F bð Þ ¼ Gb� yj jj j2 þ α2 Hτj jj j² (2)

where G is the Green’s function, b is the slip of subfaults, y is the ground observation, α is a positive smoothing
factor, H is the finite difference approximation of the Laplacian operator multiplied by a weighting factor
proportional to the slip amplitude, and τ represents the shear stress drop related to the slip distribution on
the whole fault plane [Wang et al., 2009].

We use a homogeneous Earth model with a Poisson ratio of 0.25 and a smoothing factor of 0.1 (see
supporting information Figure S10). The fault is modeled by three vertical planes, with each plane segment
separated into two parts: an upper part (0–20 km depth), which represents the seismogenic layer, and a lower
part which represents the ductile layer. We considerably extended in depth and width the area of the model
to avoid boundary effects. We considered only right-lateral slip (180° rake) on those planes. The upper part is
discretized into square patches whose size is 1 km in length in the area covered by InSAR and 20 km
elsewhere. The lower part is discretized into squares 10 km in length. The bend of Guarapiche (localized in
Figure 7) is discretized separately. We fixed a threshold for the maximum of slip magnitude in the lower part

Figure 9. Cumulative displacement steps (in centimeters) across the El Pilar fault for each time step of the time series.
Cumulative step estimation involves fitting the times series values weighted with RMS for each 480m (or 16 pixels). For
each estimation using 1, the standard deviation (error bars) is plotted. The dot color corresponds to the longitude along the
fault. (a) Cumulative displacement steps (in centimeters) across the western segment. The average velocity of the two
phases was defined using linear regression between cumulative displacement and the date at each longitude along the
fault. Red star marks theMw 5.5 earthquake in January 2010. (b) Cumulative displacement steps (in centimeters) across the
eastern segment. X2 value for each dot is plotted in Figure S9. Car., Cariaco and Cas., Casanay.
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at 20mm/yr in agreement with GPS far
field velocities [Pérez et al., 2001;
DeMets et al., 2010; Jouanne et al.,
2011; Reinoza et al., 2015]. We also
apply a threshold on the upper part of
70mm/yr. We choose to use a relative
weight for GNSS and InSAR data. The
weight has been chosen in order to
satisfy two criteria: allowing the model
to reach long-term (geologic) slip rates
below 20 km and to reduce residual
errors for InSAR data. In order to invert
velocities measured in 2007–2011
which is probably a transient event
we give a low weight to the near field
SMI1 station (0.01). Indeed, this station
influence our inversion as the velocity
estimated in 2003–2005–2013 repre-
sents an average fault behavior and
not the transient behavior during the
2007–2011 period.

We tested several parameters in order
to evaluate the robustness of coupled
and uncoupled areas. For example, we
tried several weightings for the GNSS
and InSAR data, various slip magnitude
thresholds (e.g., Figure 10), and change
in dip for the upper dislocation (e.g.,
65° northward, vertical, or 75° south-
ward); we also tried using the InSAR
data without first removing the large
wavelength (the one shown in the sup-
porting information Figure S6). The slip
is not uniform in all our inversions, and
the spatial distribution of slip is similar

within ~5 km location uncertainty. For instance, in all inversions there is a zone between the western and
eastern segments characterized by a slip rate lower than 3mm/yr (Figure 10). Segmentation is also observed
in all inversions: the western segment exhibits a widespread uncoupled area (characterized by a slip rate
close to 30mm/yr) reaching the surface, whereas the eastern segment slips at ~20mm/yr. These patterns
are in the same location in all the tests; thus, slip distribution inversions shown in Figure 10 are robust
(see InSAR map of residuals in Figure 11 and simulated GNSS velocities in Figure S11). Our inversions show
that during the ~3.5 year period, the aseismic slip (~17–18mm/yr) released a moment of ~ 8.5 × 1017 Nm
which is equivalent to an earthquake of Mw~6.27 (or Mw 6.25 for test C in Figure 10).

In addition, we inverted slip rates before and after the creep acceleration with the same method by keep-
ing the same parameters and the same GNSS data (Figure 12). Slip distribution inversions show that the
coupled zones are broadly at the same place during the two phases. These zones become smaller in
Phase II (characterized by an increase of slip rate). These inversions are broadly consistent with cumulative
displacement profiles across the fault (Figure 9), even if in the eastern segment profiles do not exactly
match to the slip variation in the two inversions. Regarding residuals (shown in Figure S12), simulated
GNSS velocities are similar to those of the first inversions (Figure S11); however, residuals for InSAR data
are almost the double of the residuals in the slip distribution inversions of the velocities measured during
the whole spanning interval (2007–2011). This difference is most important along the Guarapiche bend
area in Phase II (Figure S11b).

Figure 10. (a) Upper part 3-D view of western and eastern segments
discretized for the slip distribution mode, with the seismicity recorded
between 2007 and 2011 shown as black dots; the inversion displayed is the
same than in Figure 10b. Slip distribution inversions performed with SDM.
In these inversions, we used the LOS mean velocities measured during the
2007–2011 period (whole time span) and we remove the large wavelength
from the InSAR data. (b) Slip distribution with a correlation of 95.20% for an
inversion where GNSS data weight is 50 compared to InSAR data, and the
slip magnitude cannot exceed 70mm/yr. (c) Slip distribution with a
correlation (or fit to the data) of 95.18% for an inversion where GNSS data
have a weight of 100 compared to InSAR data, and the slip magnitude
cannot exceed 70mm/yr. Cer., Cerezal; Car., Cariaco; Cas., Casanay; and
Caru., Carupano.
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6. Discussion
6.1. Short-Term Segmentation and Fault Properties

Detectionofspatial variations in creep rate for the2007–2011periodallowsus toestablish that two fault segments
undergodifferentbehavior. Theshallowsurface rateof thewesternsegmentreaches25.3� 9.4mm/yronaverage
(deduced from InSAR data) and has transient variations. On the contrary, slip in the eastern segment reaches
13.4� 6.9mm/yr on average and does not present significant temporal variations. This segmentation observed
in the short term (3.5 years) may not be persistent over longer timescales. For instance, it is possible that at other
periods thewestern segment could return to a lower steady state valuewhile theeastern segment couldundergo
acceleration. Nevertheless, GNSS campaigns (2003–2005–2013) show a consistent segmentation pattern (a wes-
tern segment creeping faster than the eastern segment) [Jouanne et al., 2011; Reinoza et al., 2015].

Figure 11. Map of residuals for three inversions. (a) InSAR velocity input. (b and c) Map of residuals for InSAR data for the
two tests (displayed in Figures 10b and 10c). Simulated and observed GNSS velocities are displayed in Figure S11 in the
supporting information.

Figure 12. Slip distribution inversions before and after the acceleration (Phase I and Phase II in Figure 9). Inversions per-
formed with SDM where GNSS data have a weight of 50 relative to InSAR data, and the slip magnitude cannot exceed
70mm/yr. (a) Slip distribution inversions for InSAR velocities measured during the Phase I with a correlation of 91.50%.
(b) Slip distribution inversions for InSAR velocities measured during the Phase II with a correlation of 90.82%. See residual
map and simulated GNSS velocities in Figure S12. Cer., Cerezal; Car., Cariaco; Cas., Casanay; and Caru., Carupano.
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Neotectonicanalysisofgeologicalmarkers
shows evidence of fault geometry varia-
tions between the western and eastern
creeping segments. As shown in Figure 7,
the fault mapped in Beltran et al. [1996] is
almost linear along the western segment,
whereas the eastern segment is distribu-
ted along several parallel traces (e.g., bend
of Guarapiche). Thus, the fault geometry
could control the distribution of the creep
as proposed by Lindsey et al. [2014] for
the San Andreas fault.

Frictional properties could control the
creep rate as predicted by the empirical
law of the rate and state formalism
[Dieterich, 1979; Ruina, 1983]. As the fric-
tion coefficient is related to the material
characteristics surrounding the fault,
there could be a lithological control on
creep rate variations. Along the El Pilar

fault, the presence of serpentine lenses, with quartzite and schist [Vierbuchen, 1984] along a fault plane char-
acterized by an important creep (Figure 3), can be compared to experiments of shearing serpentinite ultra-
mafic rocks juxtaposed against quartzite under hydrothermal conditions (200°–350°) carried out by Moore
and Lockner [2013]. This experimental setup promotes aseismic slip at seismogenic depth more than serpen-
tinite shearing experiments without quartzite rocks, and it also shows that long-term shearing of serpentinite
against crustal rocks produces extremely weak minerals such as saponite and talc. Additionally, Moore and
Lockner [2013] and Scuderi et al. [2015], among others suggest that faults can be characterized by strength-
ening and aseismic slip in the presence of high groundwater flow rates. This may be correlated to the exis-
tence of swamps near the western segment of the fault and also to the high number of hot springs and
fumaroles [Urbani, 1989; D’Amore et al., 1994; López, 2013]. Lastly, we note the concentration of microseismi-
city (Mw< 2) in the area where there are no serpentinite lenses at the surface (Figures 3 and 10). This concen-
tration in the eastern segment could be due to a concentration of small asperities which are loaded by
adjacent creep and cause failure. Presence of numerous asperities can be thus correlated to the lack of ser-
pentines. Another explanation could be the variation in pore fluid which would reduce the effective normal
stress and therefore the apparent coefficient of friction [Gratier, 2011; Richard et al., 2014].

6.2. Link With Seismicity

Slip distribution models on the onshore segment of the El Pilar fault allow us to estimate that between 2007
and 2011 the slip released a moment of 8.0–8.5 × 1017 Nm, which corresponds to an earthquake ofMw ~6.26.
Since moment released by the recorded seismicity during the same period of time is 1.55 × 1017 Nm, the slip
was mostly aseismic. This aseismic slip may control the distribution of microseismicity. Slip distribution mod-
els show that the microseismicity (Mw ~2) seems to occur in the transitional area between the uncoupled and
coupled zones especially at the east (Figure 10a). In these areas, microseismicity could result from failure of
asperities (coupled areas) loaded by adjacent creep in the surrounding uncoupled areas. The seismicity
resulting from these failures is often linked to the creep rate [e.g., Nadeau and McEvilly, 2004] and can be
defined as characteristically repeating earthquakes, although the waveforms and magnitudes of microseis-
mic events would be needed to confirm this here.

Despite the low temporal resolution of InSAR analysis, it seems that there is no correlation between recorded
seismicity and temporal slip rate variation (Figure 8). However, it should be noted that aMw 5.5 event (January
2010), at the edge of the western segment, occurred after a period of creep rate acceleration. This may indi-
cate that it was triggered by a rise in creep rate (Figure 13). A sequence of slow slip events followed byMw> 5
earthquakes has been observed in subduction zones, where slow slip events probably induce abrupt stress
changes and then earthquakes [e.g., Radiguet et al., 2016]. However, this sequence is unusual along strike-slip

Figure 13. Profiles perpendicular to the fault showing smoothed cumu-
lative displacement for each acquisition date (see Figure S13 in the sup-
porting information for a version of this plot without smoothing). The
profile crosses the fault at longitude 63°30′W, which is the location of the
epicenter of the January 2010 Mw 5.5 earthquake (red star). Gray zones
around curves correspond to the 1 sigma deviation.
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faults, and in fact, the opposite is often observed; for instance, along the San Andreas fault and the Haiyuan,
Mw 4–5.5 events promote aseismic slip in the adjacent areas [e.g., Murray and Segall, 2005; Taira et al., 2014].

At the regional scale, no significant seismic eventswere recorded in the vicinity of the El Pilar fault (Mw> 4.5) or in
the neighboring countries (Mw >7) [International Seismological Centre, 2013]. Therefore, local or remote earth-
quakes cannot explain the temporal creep variation that occurred in 2009. Slip distribution inversions from
InSARvelocitiesmeasuredbefore andafter June2009 showan increase of slip belowCariacobetween the surface
and 10 kmdepth (Figure 12). Changes in groundwater flow ratesmay explain this variation in the shallowest part
(see section 6.1), especially as the western segment is close to swamp and hot springs. However, for the deepest
part, the transientbehavior couldbeexplainedby stress interactionswithneighboring faults orby variationof fric-
tion properties [e.g., Lienkaemper et al., 1997; Scholz, 1998;Wei et al., 2013].

6.3. Aseismic Slip Types and Seismic Hazard

The 1997 event released a seismic moment of Mo= 3.1 × 1019 Nm. The surface rupture was mapped in the
field 2 days after the event over a distance of 30 km (Figures 14a and 14b). During this field investigation,
the displacements measured yielded an average total slip ranging from ~ 20 cm to ~ 40 cm, assuming a
crack-like rupture [Pérez, 1998; Audemard, 1999, 2006; Baumbach et al., 2004]. Considering earthquake fault
scaling laws of Leonard [2010] a seismic moment of Mo= 3.1 × 1019 Nm corresponds to an average fault dis-
placement of ~1.1m. Therefore, only 20–35% of the expected displacement was accounted by the total
“coseismic” slip observed. This discrepancy could be explained in part by the occurrence of off-fault deforma-
tion [Zinke et al., 2014;Milliner et al., 2016] or by aseismic slip (after the earthquake) on the shallow part of the
fault as proposed in Hussain et al. [2016].

Actually, localized aseismic slip was detected in the field during the 6 years following the 1997 event
(Figures 14a–14b). The total measured slip triples the surface coseismic slip and ranges from 50 to 120 cm
[Audemard, 2006; Jouanne et al., 2011], which is 50 to 100% of the expected average fault displacement cor-
responding to a Mw 6.9. This period of rapid slip after the earthquake is thus interpreted as an afterslip.
Moreover, the logarithmic decay characterizing the afterslip phenomenon [Marone et al., 1991; Chang
et al., 2013] has not been seen in the records from the 2003, 2005, and 2013 geodetic campaigns along
the El Pilar fault segments (Figure 14a). This decay was also not detected by the temporal slip rate investiga-
tion between 2007 and 2011 carried out in this study; on the contrary, a rise in slip rate was observed. We can
therefore hypothesize that short-term transient afterslip (during few years) may have been induced by the
1997 earthquake and it is over since 2002–2003.

In 2005 and 2013 two GNSS campaigns was carried out, considering stations ARI0-PER0 the El Pilar fault is
creeping in average at 13mm/yr. Between 2007 and 2011 the eastern segment showed a similar veloci-
ties (~13mm/yr). However, in the western segment the creep is in average double (~26mm/yr). This
implies that the fault undergoes strong temporal variation to be in agreement with GNSS measurements.
For example, along the western segment, between 2005 and 2007 and between 2012 and 2013 the creep
rate had to decrease significantly (~0mm/yr) to be in agreement with the 13mm/yr deduced from GNSS
measurements (Figure 14a). The El Pilar fault seems thus to be locked during several years and then
undergoes transients of creep during several months. This transient behavior is also supported by the fact
that the creep exceeds the plate relative velocity motion. This pattern was also observed in 2000–2003 in
the western segment (markers b and d in Figure 14a). Several creeping fault around the world had a
transient-like behavior: for example, the North Anatolian fault underwent a transient of 31 days [Rousset
et al., 2016] or the Haiyuan fault [Jolivet et al., 2015b]. Moreover, along the 1999 Izmit surface rupture
of the North Anatolian fault, Hussain et al. [2016] proposed that the steady state afterslip will probably
undergo transient acceleration during the earthquake cycle. The installation of a creep meter will provide
temporal coverage which could inform us about the duration creep events (i.e., several creep events
during days or one creep event during several months).

Although it is not known if the El Pilar fault was creeping before 1997, 10 years after 1997 the aseismic slip is
still high and undergoes accelerations. Thus, it is possible that the succession of locked and of large transients
lasts during the interseismic period (before and after the 1997 events). To test this hypothesis, earthquake
return periods can be evaluated for the cases with or without persistent creep and compared with available
information about return period. For instance, considering a fully locked fault that is affected only by episodic
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partial coupling due to transient aseis-
mic afterslip during a short period of
time (for example, less than 20 years)
and a long-term slip rate of 20mm/yr,
the return period of a characteristic
earthquake similar to the 1997 event (1
to 4m of slip) would range from 50 to
200 years. However, assuming a station-
ary partial coupling of 12–13mm/yr
during the interseismic period, and a
long-term slip rate of 20mm/yr, the
return period would increase from ~80
to 500 years. The latter case is more con-
sistent with relevant paleoseismology
studies which inferred return periods of
~ 400 years for large events [Audemard,
2006, 2011]. Thus, a short-term (several
years) afterslip induced by an earth-
quake, succession of locked and of large
transients during the interseismic period
could better represent the seismic cycle
of the El Pilar fault.

Considering that since 2003 the rapid
afterslip decay has finished, we observe
in Figures 14c and 14d the aseismic slip
occurring during the earthquake cycle.
We can thus propose that the coupled

Figure 14. Fault slip along the 1997 surface
rupture. (a) Total slip measured after the
1997 event. Lines a, b, c, d, e, and f are
localized in Figure 14b. These lines corre-
spond to field measurements reported by
Audemard [2006] and Jouanne et al. [2011].
Lines ARI0-PER0 display the total slip mea-
sured by GNSS between stations ARI0 and
PER0 [Reinoza et al., 2015]. (b) Field slip
measurements along the 1997 surface rup-
ture since 2–3 days after the 1997 event
(Single asterisk and double asterisks signify
that slip was measured in Audemard [2006]
and Jouanne et al. [2011], respectively.) These
measurements are the same than those
plotted in Figure 14a. (c) InSAR velocity slip
along the 1997 surface rupture (measured in
this study from June 2007 to December 2011
in Figure 7). (d) Upper part of the slip distri-
bution inversion performed in this study (see
Figure 10). The figure displays the seismo-
genic layer until 20 km depth. The red area
corresponds to the hypocenter of the 1997
event [Baumbach et al., 2004, and references
therein]. Figures 14b–14d are at the same
scale (in longitude along the fault) and are
located at the same localization (1997 surface
rupture). Cer., City of Cerezal; Car., Cariaco;
and Cas., Casanay.
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area below Casanay corresponds to an asperity which may have been responsible for the 1997 earthquake
(Figure 14d). At that time, the surrounding slipping areas could thus have been activated by the weakening
dynamic triggered by the failure of this asperity. This could explain the existence of ground deformations
(observed 2–3 days after the event) over a length exceeding the length of this asperity. Three months before
the El Pilar 1997 event, a Mw 6.7 occurs in Tobago (~350 km from Casanay) [Weber et al., 2015]. Despite this
earthquake had a normal cinematic, it could have induced stress variation along the El Pilar which triggers
the event.

Considering a long-term slip rate of 20mm/yr and a seismogenic depth below the 1997 surface rupture (of
20 km), the slip deficit estimated from our model corresponds to an earthquake of Mw 5.1–5.5 (accounting
for the seismic moment release due to seismicity over the 3.5 year period of observation). This implies that
the fault accumulates strain and can release it during an earthquake. Therefore, to accumulate a slip deficit
equivalent to the seismic moment of Mo=3.1 × 1019 Nm released during the 1997 event requires more than
800 years. This period is higher than the return period which confirms that we observe a large transient epi-
sode along the western segment.

Regarding seismic hazard, along the western segment, as we inferred increases and decreases in the slip rate
over the 3.5 year study period, it would probably be necessary to perform a time-dependent seismic hazard
forecast, as it has been proposed for the San Andreas fault [e.g., Khoshmanesh et al., 2015] or for the Haiyuan
fault [e.g., Jolivet et al., 2015b]. The bend in the eastern segment, which has a constant and lower creep rate,
has been considered a seismic barrier by Audemard [2006]. However, it could be interesting to perform an
accurate seismic hazard evaluation, because this kind of fault can generate large seismic slips, as explained
by Noda and Lapusta [2013]. Particular attention should also be paid to the transition area between these seg-
ments. Indeed, this zone seems to be coupled and able to provoke failures due to loading by adjacent creep,
as it certainly happened in the case of the Mw 5.5 event.

7. Conclusion

In this paper, we use InSAR analyses in order to characterize the spatial and temporal variation of creep rate
along the El Pilar fault. InSAR velocity profiles across the fault show a large step (greater than 2mm/yr when
projected into horizontal fault-parallel velocity), and demonstrate the continuity of creep localized along the
El Pilar fault trace at the surface. Slip distribution inversions using GNSS velocities from three campaigns
(2003–2005–2013) and the LOS mean velocities (estimated here on the 2007–2011 period) show that the
aseismic slip releases a moment of ~ 8.0–8.5 × 1017 Nm between the surface and 20 km depth during the
3.5 year observation period. Considering a long-term slip rate of 2 cm/yr, this implies that the fault accumu-
lates strain (equivalent to a Mw 5.4–5.6 over 3.5 years) which can be released during an earthquake.

Analysis of the spatial variability of the creep rate between 2007 and 2011 allows us to distinguish two fault
segments of the El Pilar fault which showed different behavior. The creep rate of the western segment
reached 25.3� 9.4mm/yr on average and underwent transient behavior. On the contrary, slip on the eastern
segment reached 13.4� 6.9mm/yr on average and did not show significant temporal creep variation. Locally,
creep rates are higher than the relative plate motions which strongly suggest that it is a transient phenom-
enon. We investigated the geometrical and lithological characteristics which could explain this difference,
and it appears that the faster creeping segment corresponds to a linear and unique trace which crosscuts
a province containing quartzite and serpentinite. Future geodetic monitoring (ALOS-2, Sentinel SAR data)
and installation of a permanent creep meter will further constrain the link between the fault geometry and
lithology [e.g., Thomas et al., 2014a].

Despite the relatively low temporal resolution (18 dates) of our study, the observation of transient behavior
indicates that these segments were affected by episodic interseismic aseismic slip between 2007 and 2011.
The rise in creep rate cannot be explained by a postseismic afterslip mechanism. The creep is thus interpreted
as into interseimic creep showing transients.
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Series at Regional Scale: Application
to the 2017–2018 Slow Slip Event
in Guerrero (Mexico)

L. Maubant1 , E. Pathier1 , S. Daout2 , M. Radiguet1 , M.-P. Doin1 , E. Kazachkina3 ,
V. Kostoglodov3 , N. Cotte1 , and A. Walpersdorf1

1Université Grenoble Alpes, Université Savoie Mont Blanc, CNRS, IRD, IFSTTAR, ISTerre, Grenoble, France, 2COMET,
Department of Earth Sciences, University of Oxford, Oxford, UK, Institute of Geophysics,3National Autonomous
University of Mexico, Mexico City, Mexico

Abstract Separating different sources of signal in Interferometric Synthetic Aperture Radar (InSAR)
studies over large areas is challenging, especially between the long-wavelength changes of atmospheric
conditions and tectonic deformations, both correlated to elevation. In this study, we focus on the
2017–2018 slow slip event (SSE) in the Guerrero state (Mexico) where (1) the permanent GPS network has
a low spatial density (less than 30 stations in an area of 300 × 300 km) with uneven distribution; (2) the
tropospheric phase delays can be as high as 20 cm of apparent ground displacements, with a complex
temporal evolution; (3) the tested global weather models fail to correct interferograms with enough
accuracy (with residual tropospheric signal higher than the tectonic signal); and (4) the surface
displacement caused by the seismic cycle shows complex interactions between seismic sequences and
aseismic events. To extract the SSE signal from Sentinel-1 InSAR time series, we test two different
approaches. The first (parametric method) consists of a least squares linear inversion, imposing a
functional form for each deformation or atmospheric component. The second uses independent
component analysis of the InSAR time series. We obtain time series maps of surface displacements along
the radar line of sight associated with the SSE and validate these results with a comparison to GPS.
Combining those two approaches, we propose a method to separate atmospheric delays and tectonic
deformation on time series data not corrected from atmospheric delays. From the extracted ground
deformation maps, we propose a first-order slip inversion model at the subduction interface during
this SSE.

1. Introduction
At regional scale (typically larger than 250 km× 250 km), Interferometric Synthetic Aperture Radar (InSAR)
is a powerful tool to get a spatially continuous measurement of the ground deformation through time with a
high sensitivity to vertical displacements and without in situ measurements (e.g., Bürgmann, 2000; Simons
& Rosen, 2015). It is a good complement to the temporally dense but spatially sparse measurements from
regional Global Navigation Satellite Systems (GNSS) networks. These measurements allow the deformation
to be observed during all stages of the seismic cycle (e.g., Elliott et al., 2016; Floyd et al., 2016; Mackenzie
et al., 2016). In spite of large data set available from recent satellite constellations like the European
Sentinel-1 constellation, which provides images with return periods of 6 to 12 days, extracting transient tec-
tonics deformation from InSAR is still challenging at regional scale. Apart from unwrapping issues linked
to high surface displacement gradient or phase decorrelation (e.g., Daout et al., 2017; Doin et al., 2015),
the atmospheric contribution to InSAR signal is the main source of disturbance for ground deformation
measurements (Zebker et al., 1997), especially in a large study area.

The atmospheric phase screen (APS) contained in InSAR data is a combination of ionospheric signal as well
as tropospheric signal. The latter can be described as a turbulent component (randomly variable in time
or space) and a stratified component correlated with the topography and coherent in time (with temporal
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seasonal variations) (Cavalié et al., 2007; Doin et al., 2009; Hanssen, 2001). The tropospheric signal is the
result of spatiotemporal variations of atmospheric pressure and water vapor concentration present in the
atmosphere, which modify the air refractivity and thus induce a phase delay (Hanssen, 2001). The iono-
spheric signal depends on the radar wavelength and is less important in C-band than in L-band. However,
significant ionospheric perturbations with long-wavelength signals have been identified in Sentinel-1 inter-
ferograms (Gomba et al., 2017). The APS can dominate the InSAR signal and mask the tectonic signal
(Bekaert et al., 2015a; Daout et al., 2018; Doin et al., 2009; Jolivet et al., 2011).

Therefore, the separation of the tectonic signal from the atmospheric signal contributions in InSAR data is
a key challenge, and several correction approaches have been proposed. Atmospheric perturbations can be
estimated empirically (Béjar-Pizarro et al., 2017; Bekaert et al., 2015; Cavalié et al., 2008; Doin et al., 2009; Lin
et al., 2010; Shirzaei & Bürgmann, 2012) by characterizing the relationship (linear or nonlinear) between the
phase and the topography, or from atmospheric meteorological models (Doin et al., 2009; Jolivet et al., 2011,
2014; Yu et al., 2018). However, empirical estimation of tropospheric effects can be biased by deformation
signal correlated to the topography, and global atmospheric model have limitations related to their poor
spatial resolution and their uncertainties on water vapor content. Other approaches consist in using the
estimations of atmospheric parameters from GPS network, like Zenithal Total Delay (ZTD) (Li et al., 2003;
Williams et al., 1998) or multispectral satellite data (e.g., Li et al., 2006, 2005; Walters et al., 2013).

In addition to atmospheric delay perturbations, different sources of crustal deformation (coseismic, postseis-
mic, and seasonal loadings) can be mixed in InSAR time series. To separate all these sources, one approach
is to perform a parametric least squares regression on InSAR time series (e.g., Daout et al., 2019; Hetland
et al., 2012), where the temporal evolution of each source is imposed, and its amplitude is inverted for. One
important limitation arises when the temporal evolution of the source is unknown, which can be the case for
atmospheric delays, seasonal loadings, or transient deformations. To overcome this problem, blind source
separation approaches aim at unmixing signals without a priori information about the signal sources. Inde-
pendent component analysis (ICA) (Comon, 1994; Hyvarinen & Oja, 1997; Stone, 2004) is a classical method
for blind source separation. It has the advantage over the principal component analysis (PCA) to decompose
the signal in a set of statistically independent components, which are more likely to represent independent
sources. ICA has been used for GPS data analysis (Gualandi & Belardinelli, 2015; Gualandi et al., 2017) to
decompose seasonal loading from other transient or earthquake signals. Recent studies have shown that
ICA decomposition has been successful to analyze InSAR time series in small areas (Chaussard et al., 2017;
Cohen-Waeber et al., 2018).

In this paper, we investigate different approaches to extract slow tectonic rates of surface displacements,
including transient deformation, in a large-scale region where atmospheric signals are dominant. We first
investigate the accuracy of global atmospheric models to correct InSAR time series. Second, we compare a
parametric decomposition with an ICA approach to identify the signal of interest. We focus on the Guerrero
area of the Mexican subduction zone, where large slow slip events (SSEs) occur regularly along the plate
interface generating transient surface displacements at long-wavelength (hundreds of kilometers) and over
several months duration. In section 2, we will present the study area and the SSEs characteristics. We then
detail in section 3 the InSAR data used and the processing method to get InSAR time series for this region.
In section 4, we present the parametric and ICA approaches for the decomposition of the InSAR time series,
with or without correction from a global weather model. Finally, in section 5, we compare the different
methods. We validate them by comparison with the GPS signal in the region and perform a first inversion
of the SSE slip distribution on the plate interface.

2. Context of the Study of SSEs in the Mexican Subduction Zone Mexico
Continuous geodetic observations, especially GNSS, over the last two decades, have allowed to discover and
characterize SSEs, which correspond to transient aseismic slip events of variable magnitudes, durations,
and recurrence times. They have been identified in many subduction zones worldwide like Cascadia, New
Zealand, and Japan (Beroza & Ide, 2011; Schwartz & Rokosky, 2007). These SSEs correspond to transient
shear slip events that occur along the plate interface of subduction zone, generally in regions downdip or
adjacent to the so-called locked patches, where large thrust earthquakes occur (e.g., Obara & Hirose, 2006;
Rousset et al., 2017; Wallace et al., 2018). Associated with these SSEs activities tremors and low frequen-
cies earthquakes have been detected, as it is the case for the Japan, Cascadia, Mexico, and the New Zealand
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subduction zones (Bartlow et al., 2014; Frank et al., 2015; Husker et al., 2019; Obara & Hirose, 2006; Rogers &
Dragert, 2003; Villafuerte & Cruz-Atienza, 2017). Precise assessment of the spatial extension of slip at depth
during SSEs, as well as understanding the possible interactions between SSEs and seismic rupture is impor-
tant for a better understanding of the impact of those events on the seismic cycle and remains an important
challenge. Due to their sparsity and uneven distribution, GNSS stations are not always sufficient to correctly
measure surface deformation associated with SSEs. InSAR measurements represent a complementary tool,
which could enhance the spatial coverage of measurements (Bekaert et al., 2016). Since the launches of
Sentinel-1 satellites, temporal recurrence of image acquisition (6 to 12 days) has greatly increased, and it
thus became possible to investigate the temporal variations of transient signal with InSAR time series (e.g.,
Rousset et al., 2016).

Along the Mexican subduction zone, in the Guerrero region, long-term SSEs of equivalent magnitude
around Mw 7.5, among the largest worldwide, occur with a recurrence time of about 4 years, with durations
between 6 to 14 months (Kostoglodov et al., 2003; Radiguet et al., 2012). These SSEs produce surface dis-
placements up to 5 cm on the horizontal (southward) and up to 3 cm on the vertical components (Radiguet
et al., 2012) (Figure 1). The first event observed using GPS was in 1998 (Lowry et al., 2001), and since then
successive SSEs have occurred in 2001–2002 (Kostoglodov et al., 2003; Larson et al., 2004), 2006 (Larson
et al., 2007; Radiguet et al., 2011; Vergnolle et al., 2010), 2009–2010 (Walpersdorf et al., 2011), and 2014
(Gualandi et al., 2017; Radiguet et al., 2016). In this region, two types of interactions between SSE and earth-
quakes were previously observed. On one hand, the triggering of the 2010 SSE and associated tremors by a
large distant earthquake (Maule Mw 8.8) has been suggested (Walpersdorf et al., 2011; Zigone et al., 2012).
On the other hand, the spatiotemporal proximity between the 2014 SSE occurrence and the Mw 7.3 Papanoa
earthquake hypocenter (UNAM Seismology Group, 2015) suggests the triggering of the thrust event by the
ongoing SSE (Radiguet et al., 2016).

The last SSE of the region, which began in May 2017 and ended in June 2018, occurred during the period
of intense seismic activity in the region. In September 2017, two large intraslab earthquakes take place, in
Chiapas area (Mw 8.1, 07 September 2017) and in Puebla state (Mw 7.2, 19 September 2017) (Figure 1a)
(Melgar, Pérez-Campos, et al., 2018; Melgar, Ruiz-Angulo, et al., 2018; Mirwald et al., 2019; Segou & Parsons,
2018; Suárez et al., 2019). In February 2018, an interface thrust earthquake occurred in Oaxaca state
(Pinotepa earthquake, Mw 7.1, 16 February 2018). GPS observations in the region (Figure 1b) show a possi-
ble impact of the earthquake occurrence on the SSE evolution, as after the September 2017 seismic sequence,
some GPS stations, like the TCPN station, show a change in slope corresponding to a deceleration of the
SSE (Figure 1b).

In this study, we investigate the spatiotemporal characteristics of the 2017–2018 SSE in Guerrero, using
InSAR in order to enhance the spatial coverage in this region where the GPS network is unevenly distributed
causing data gaps like in the Tierra Caliente region (Figure 1a). Two previous studies analyzed the 2006 SSE
with InSAR (Bekaert et al., 2015; Cavalié et al., 2013), the main difficulty in these studies was the correction
of the atmospheric signal, with amplitudes up to 20 cm and partly controlled by two topographic barriers:
the southern border of the Mexican Plateau and the Sierra Madre del Sur (Figure 1a). The second issue is
that the long-wavelength SSE signal is correlated to the topography. The presence of vegetation is another
difficulty, as it reduces the InSAR coherence.

3. InSAR Data and Processing
We use Sentinel-1 (ESA) TOPSAR data in interferometric wide-swath mode (swath width of about 250 km)
between January 2016 and August 2018, with acquisitions separated by 6 days to 1.5 months. Two tracks
have been processed (Figure 1a) spanning from the coast to the TMVB (Trans-Mexican Volcanic Belt), one
450 km long swath in ascending orbit (A078) and another 330 km long swath in descending orbit (D041). We
choose not to process the data acquired before 2016 for two reasons. First, the time span between successive
acquisitions was longer (24 days) before 2016 than after (12 days), resulting in poorer InSAR coherence. Sec-
ond, the Papanoa earthquake (18 April 2014 Mw 7.3; Radiguet et al., 2016; UNAM Seismology Group, 2015)
has a long postseismic signal (at least until the end of 2015) that complicates the time series analysis. For
the ascending data, acquisitions are missing between 08 August and 25 September 2017, resulting in a data
gap during the initial stage of the SSE before the Mw 8.1 and 7.2 earthquakes. We use, respectively, 90 and
67 acquisitions for the descending and ascending tracks to create a short baseline interferometric network
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Figure 1. (a) Setting of the Mexican subduction zone around the Guerrero area and location of InSAR and GPS data
coverage. The black rectangles represent the coverage of the two InSAR tracks processed in this study. The black
arrows indicate the convergence velocities of the Cocos plate with respect to the North America Plate from the PVEL
model (DeMets et al., 2010). The black line with triangles represents the Middle American Trench (MAT). Black
dashed lines are isodepths (interval of 10 km) of the subduction interface. Red lines are the 5 and 10 cm slip contours
of the average of the last three SSEs (2006, 2009–2010, and 2014) occurring on the subduction interface (Radiguet et al.,
2012, 2016). The triangles represent the GPS stations (UNAM, IGF, SSN, and TLALOCNet), the yellow and pink filled
triangles show the position of TCPN and CAYA GPS stations, respectively. The stars represent the epicenters of Puebla
earthquake in red (17 September 2017) and of Pinotepa earthquake in orange (16 February 2018). The blue lines are the
topographic barriers (1: Trans-Mexican Volcanic Belt (TMVB), 2: Sierra Madre del Sure (SMdS)). The hatched region
(3) represents the Tierra Caliente depression. (b) Example of times series of surface displacements along two different
radar lines of sight (top: for descending track D041, bottom for ascending track A078) reconstructed from a time series
of TCPN GPS station (yellow triangle on map) between 2015 to October 2018. The timing of the three earthquakes are
displaying by dashed vertical lines.
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with, respectively, 624 and 431 selected pairs (Figure S1 in the supporting information). We invert those two
networks into two independent time series (one for the descending track and one for the ascending), using
the New Small Baselines Subset processing chain (Doin et al., 2011; Grandin, 2017), which is based on the
ROI_PAC software (Rosen et al., 2004). We provide below some specifications of the data processing strategy.

Once the stack of coregistered interferograms is created (with a spatial resolution reduced by multilooking
with two looks in range and eight looks in azimuth) and corrected using an implementation of the enhanced
spectral diversity method (Grandin, 2015), the first challenge is to unwrap them. The difficulty arises from
the combination of two effects: (1) low coherence in mountains and vegetated areas, especially during sum-
mer months and for long interferograms duration, and (2) narrow fringes due to strong atmospheric delays,
particularly along steep topography relief. In order to facilitate unwrapping, we use four main procedures:
(1) We select in priority the interferograms with better coherence than the average or with limited atmo-
spheric patterns including a few 1 year apart winter-winter pairs (Figure S1), (2) we remove tropospheric
delays correlated to the topography (Figure 1a) and spatial ramps before unwrapping, (3) we multilook to
16 looks in azimuth and 4 × 16 in range (620 m pixel spacing) and filter the interferograms (the filter is a
weighted average of the gradient of the phase in sliding windows), and (4) we check possible unwrapping
errors using network adjustment (López-Quiroz et al., 2009). For step (2) we first tested, for a few dates,
the correction from ERA-Interim predictions (Doin et al., 2009; Jolivet et al., 2011). However, we decide to
not use this correction because we noticed that for numerous corrected interferograms, the fringe gradi-
ent was not significantly decreased and sometimes even increased because of inaccuracy of ERA-Interim
model. Instead, we estimate, on each wrapped interferogram, an empirical relation between the wrapped
phase and the elevation (e.g., Doin et al., 2015; Grandin et al., 2012). To do that, we begin to search the local
linear ratio in subwindows (15 km × 15 km) between the phase and the elevation. These ratios are fitted by
the following equation:

𝜙(z, 𝑦) = (a + b ∗ 𝑦) ∗
(z − zre𝑓 )2

2
+ (c + d ∗ 𝑦) ∗

(z − zre𝑓 )3

3
(1)

where 𝜙 is the interferometric phase a, b, c, and d are adjusted parameters evaluated by calculating the
relation between the phase and the altitude, z is the local altitude, zre𝑓 (8,000 m) is the altitude where we
assume the convergence of phase delays, and 𝑦 is the azimuth coordinate. Inconsistencies of parameters (a,
b, c, and d) are detected and then reestimated by least squares network adjustment. Then equation (1) is
used to correct interferograms with the reestimated parameters. Similarly, in order to flatten the interfero-
gram before unwrapping as much as possible, a linear ramp in range and a quadratic ramp in azimuth are
estimated on wrapped interferograms, inverted on the interferograms network, before being used to correct
the interferograms.

In the Step 3, the corrected interferograms are multilooked and filtered with a weighting based on colinearity,
a modified estimate of coherence, which does not take into account the radar backscatter (Pinel-Puysségur
et al., 2012). In natural environment, variations of amplitudes are indeed uncorrelated with the variance of
the phase, and it is, therefore, better to not take into account the amplitude as weighting in coherence mea-
surements. We choose to apply a filter with a sliding window of 12 pixels, on which the complex phase is
averaged taking into account the local phase gradient. Then the data are filtered and unwrapped as done
by Doin et al. (2015). Unwrapping proceeds spatially with a path based on the coherence associated to
the filtering step (Grandin et al., 2012). Some remaining unwrapping errors affecting large patches can be
identified by visual checking and corrected by imposing the unwrapping path (López-Quiroz et al., 2009).
Once unwrapped, we finally reintroduce all previously removed corrections (ramp and atmospheric) to each
interferogram to reconstruct the full unwrapped phase signal. The purpose of these corrections was not to
separate the source of the signals but to flatten the interferogram to help for unwrapping. Indeed, those
corrections estimated on wrapped phase are possibly less accurate than those done on unwrapped phase
and may contain some tectonic signals, which is why they are reintroduced. An estimation of the orbital
ramps (linear in range and azimuth) is then applied on the less noisy and continuous unwrapped interfer-
ograms and adjusted to be consistent within the interferometric network before performing the time series
analysis. The phase of the unwrapped interferograms is referenced with respect to a common area where
we expect more phase stability, which is the northern part of the track covering the TMVB (see extent
in Figure S3). Finally, interferograms are inverted into time series that allows us to detect corresponding
remaining unwrapping errors in the interferometric network. If necessary, the processing is then iterated
again from the unwrapping step by imposing by hand the right wrapping paths of faulty interferograms.
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We construct a phase time series using the New Small Baselines Subset method (Doin et al., 2015;
López-Quiroz et al., 2009) relative to the first date.

𝜙i = 𝜙de𝑓 + APS + 𝜙error (2)

The phase time series𝜙i is a mix of contributions from surface displacement,𝜙de𝑓 , and from the atmosphere,
APS, and 𝜙error , which contain the orbital errors and DEM errors; 𝜙de𝑓 includes at least a linear term and
transient term related to SSE. Once the time series is created, we estimate a spatial linear ramp per date
as a function of azimuth and range for each acquisition epoch and set to 0 the average phase delay in the
nondeforming area, helping to flatten and refer cumulative displacement maps to a common area. All these
processes are done in radar geometry, before geocoding. The next challenge consists now in separating the
atmospheric signal from tectonic deformation.

4. Signals Decomposition
Once the InSAR time series have been obtained, we intend to extract the tectonic signal despite the fact that
the atmospheric contribution is dominant. We are looking for a method that can be applied in most of the
active tectonic areas and at regional scale. We first investigate the benefit of using a global weather model to
estimate the tropospheric contribution in the InSAR signal by comparing the prediction of existing global
weather models to GPS-ZTD (Zenital Total Delay) data. At regional scale, it is rather common in active
tectonic areas to have, at least, a few permanent GPS stations available from which time series of ZTD can be
estimated. The comparison between global weather models and observed ZTD helps us to validate the model.
Then, the objective is to see what is the gain for our source separation approaches of using tropospheric
correction of InSAR time series based on global weather model or ZTD measurements. For this purpose, two
different data sets are produced: InSAR time series corrected from a global weather model and InSAR time
series without any tropospheric correction. On these two data sets we will test two different approaches of
source separation: the parametric decomposition and the ICA.

4.1. Tropospheric Correction Using External Data
In a first step, we test the corrections of our time series using two global atmospheric models with different
spatial resolutions: the ERA-Interim model (grid with spatial resolution of 0.75◦ and a time interval of 6 hr)
and the HRES-ECMWF model interpolated by GACOS (Yu et al., 2018) with a grid resolution of 0.125 and
a time interval of 6 hr). Note that these GACOS data were not including GPS measurements at the time
we downloaded them from the GACOS website. The acquisition hour of our SAR data is similar to the
calculation hour of the different models (00 hr for the ascending and 12 hr for the descending track). For
simplicity, we hereafter refer to these models as ERA-I and GACOS. For each acquisition date, we map the
vertical profiles predicted by ERA-I or GACOS along the radar line of sight (LOS) and compute the phase
delay at each pixel elevation in radar geometry. In addition, we extract the ZTD obtained from the GPS
stations located inside the footprint of the radar images, at the time of each SAR acquisitions. For each
station, the values of the ZTD are reprojected in LOS. We will call these data reprojected GPS-TDLOS. ZTD
provide a direct estimate of the temporal evolution of the atmospheric effects in the region of interest, and
can be compared with the temporal evolution of the two global weather models along the radar LOS.

For the 21 GPS stations considered in the descending track area, all the GPS-TDLOS time series show similar
temporal evolutions (Figure 2d). The dispersion depends mainly on the altitude and the latitude of the sta-
tions. To compare the temporal evolution of global weather models and of GPS-TDLOS, we perform a PCA on
all three data sets to extract the common signal. For GPS-TDLOS, ERA-I, and GACOS models, the first princi-
pal component (PC1) accounts for 98%, 89%, and 88% of the data variance, respectively. The PC1 amplitude
comparison is displayed in Figures 2a and 2b, whereas the temporal evolutions are shown in Figure 2c. The
temporal evolution is coherent between the three PC1 (Figure 2c). The dominant signal in the InSAR time
series is the tropospheric signal (Figure 2e). It is relative in time and space, and coherent with the topog-
raphy, which makes it more difficult to extract and the global weather models seem to underestimate the
amplitude of this signal. The amplitude and the sign of the tropospheric delays will therefore depend of
the reference point. Concerning the amplitudes of PC1, both models show limitations in reproducing the
amplitude of phase delay extracted from GPS-TDLOS (Figures 2a, 2b, and S2c). ERA-Interim shows its main
limitation at high altitude (higher than 1,800 m), on the Mexican Plateau, and close to the coast where the
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Figure 2. Comparison of LOS phase delay from global weather model and GPS-TDLOS using PCA. (a) Amplitude map of the first component of the principal
component decomposition of ERA-I delay maps in centimeters along LOS (referenced relative to the CAYA location, black circle); the colored circles represent
the amplitude of the zenithal delay (convert along LOS of the satellite) relative to CAYA station in centimeters. Black crosses give locations of pixel for time
series in plot e. (b) Same as (a) but for the GACOS delay maps. (c) The blue line is the temporal evolution of the first component of the TDLOS from GPS data
present in the footprint of the track, extracted with a PCA. Red: the first component of GACOS model. Orange: the first component of ERA-Interim.
(d) Temporal evolution of GPS-TDLOS for 21 stations located in the footprint of the InSAR tracks, relative to the first date. (e) In black, phase temporal
evolution (mm) of two pixels of the InSAR time series (Crosses 1 and 2 in the plot a) referenced to the first date, and the comparison with GACOS (red dots)
and ERA-I (orange dots) time series. Up: time series for pixel 1, located in the SSE area. Down: time series or Pixel 2, located in the Mexican Plateau, where the
tectonic signal is expected to be smaller.
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tectonic signal is expected (Figures 2a and S2a). The GACOS model seems to be able to reproduced bet-
ter the spatial variability of the tropospheric delay (Figures 2b and S2b). Overall the GACOS model looks
better than the ERA-I, in agreement with a previous study from Murray et al. (2019). Consequently, in the
following, we will only test corrections of the InSAR time series with the GACOS model.

For the decompositions performed in the following part, we consider two data sets: the first one is the InSAR
time series previously computed with equation (2), and corrected from spatial ramps, and the second one is
the same time series but with an additional correction from the GACOS weather model.

4.2. Parametric Decomposition
In the Guerrero area, during the period 2016–2018, the surface deformation signal we would like to separate
from tropospheric signal in our InSAR time series, mainly consists into an linear trend (called inter-SSE),
and a slow-slip event (SSE) signal. To extract the inter-SSE long-wavelength surface displacement rate from
our time series and the map of the first-order spatial pattern of the SSE, we perform a parametric decomposi-
tion of our time series. The temporal evolution of each component is imposed, and we invert the amplitude
of each basis function. We decompose temporally the time series for each pixel, considering two tectonic
contributions (inter-SSE and SSE), and an atmospheric signal (for the data set not corrected from GACOS).
Based on the signal observed on GPS surface displacement time series (Kazachkina et al., 2018), we model
a two phases SSE (one phase before the September 2017 earthquakes and a second after, see Figure 1b and
section 2). Each pixel can thus be described as

𝜙(t) = a ∗ t + b ∗ APS(t) +
C1

2

(
tanh

(
t − T1

𝜏1

)
+ 1

)
+

C2

2

(
tanh

(
t − T2

𝜏2

)
+ 1

)
+ d (3)

where t is the time and a, b, C1, C2, and d correspond, respectively, to the amplitudes of the linear term, the
seasonal tropospheric signal, the first and second phases of the SSE and a constant. To represent the seasonal
tropospheric term APS(t), we take the normalized eigenvector of the first principal component estimated
from the GPS-TDLOS time series (Figure 2c). This signal contains most of the temporal variations present on
the tropospheric signal, as it explains 98% of the GPS-TDLOS. For the data set that is already corrected from
GACOS, we suppress the APS term in equation (3). Following Larson et al. (2004), the SSE is modeled with
two tangent hyperbolic functions that represent the two phases of the event and allow to model the observe
change in slope in the time series (Figure 1c). With this approach, we suppose that the beginning and the end
of the SSE are the same for all pixels of the tracks, which means that there is no migration during one phase
of the SSE. However, a migration can be taken into account by combining between two phases of the SSE.
The temporal scaling (𝜏1, 𝜏2) and median time (T1, T2) of the two phases are imposed based on observation
of GPS time series in the region (Kazachkina et al., 2018). We determine the 2𝜏 value from which 76% of
the surface displacement is produced. We impose T1 = 2,017.5 (1 July 2017), with 𝜏1 = 0.25 (3 months):
Thus, the first phase began in May 2017 and finished in September 2017. For the second phase, we impose
T2 = 2018.1 and 𝜏2 = 0.3 (from the end of September 2017 to April 2018).

For each SSE phase, we obtain an amplitude map of the surface displacement (Figures S4 and S7), which
we sum up to produce the cumulative map of the SSE amplitude (Figure 3, without GACOS correction,
and Figure S3a, with GACOS correction). This amplitude modulates the temporal evolution associated to
each function in equation (3), it must not be confused with the radar amplitude. Additionally, we obtain
an amplitude map for the inter-SSE trend (Figure 3c) and the atmospheric signals (Figure S6b). We also
calculate the residual map between the data and the parametric model (Figures 3b and 3d) using equation (4)
to compute the residual for each pixel.

RMSE =

√∑N
t=1 (𝜙data(t) − 𝜙model(t))2

N
(4)

where N is the number of acquisition dates and 𝜙model is the result of the parametrized decomposition.

Let us first describe the amplitude map of the SSE for the descending track D041. As the horizontal
displacements related to SSE in the Guerrero region are almost parallel to the descending track, InSAR
measurements for D041 are expected to be mainly sensitive to the vertical displacement of the SSE. The
amplitude map of the SSE (Figure 3) shows an uplift pattern well located on the Sierra Madre del Sur
(Figure 1a) as well as a subsidence pattern north of this area, as already shown by previous studies
(Bekaert et al., 2015; Cavalié et al., 2013). The maximum amplitude for the SSE is 4 cm for the two data sets
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Figure 3. LOS surface displacement of the 2017–2018 SSE estimated from parametric method for descending (top row) and ascending (bottom row) tracks
(without prior global weather model corrections). (a and d) Amplitude map of the SSE in centimeters along LOS calculated with the parametric method.
Colored dot show the same amplitude but estimated from GPS displacements time series. (b and e) Residual map of the time series. (c and f) Inter-SSE
displacement map. The small black points represent the location of GPS stations; the dashed line represents the coast limitation.

(not corrected or corrected with GACOS, Figures 3a and S3a). Regarding the residual maps associated with
each data set (Figures 3b and S3b), we observe residuals that are reduced by 20% for the noncorrected data
set compared with the data set corrected from GACOS, especially in areas where they are large variation of
topography (e.g., bottom of the valleys and volcanoes), like in the Tierra Caliente region. This observation
suggests that GACOS weather model is less efficient at capturing the seasonal signal than a parametric esti-
mation of the atmospheric delay based on GPS-TDLOS (APS term in equation (3)). Using GACOS correction
and no parametrization of the atmospheric term introduces a larger dispersion of the residual time series
induce and therefore a higher error in the estimation of the amplitude of the SSE. We obtain a better fit for
the time series data set not corrected from global weather models and decomposed with the GPS-TDLOS
vector. We therefore apply this approach based on ZTD measurements for the ascending track, with results
shown in Figures 3d and S6 and S7. For this track, we observe a spatial pattern similar to the descending
track in the Sierra Madre del Sur (with a displacement toward satellite). In both tracks, the amplitude map
of the inter-SSE term (Figures S6 and S8) is opposite to the SSE map. Although this result is expected in
the Guerrero region where inter-SSE and SSE with surface displacement of opposite signs alternate (e.g.,
Cavalié et al., 2013), it is also observed in the northern part of the track, which suggests a trade-off between
the SSE and inter-SSE parameters. This trade-off can be due to the fact that in our InSAR time series the
main period without SSE is quite short (about 1 year before the SSE) and with less frequent data acquisi-
tions than during the SSE period. We expect this trade-off to be reduced when longer InSAR time series will
be processed in the future. The amplitude map of the GPS-TDLOS term is clearly correlated to the topogra-
phy (Figures S6 and S8). The comparison of the amplitude maps of the two phases of the SSE (Figures S4
and S7) suggests a possible migration toward the east of the event. Reconstruction of the temporal evolution
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using these two terms (C1 and C2 in equation (3)) also suggests a migration of the event in the eastern part
of Guerrero (Figure S5).

To conclude, in the Guerrero area, the parametric decomposition applied here is able to separate the
first-order seasonal tropospheric signal from the inter-SSE trend and the SSE signal, with consistent results
in ascending and descending tracks. It also provides uncertainties associated with each of these compo-
nents. However, the main limitation is that this method depends on the imposed parameterization, which
requires some a priori knowledge and assumptions. In this particular case, the SSE is parameterized using
two subevents of fixed timing and duration. GPS observations suggest that timing and duration of the SSE
have some variations depending on the GPS station location due to the SSE migration (Kazachkina et al.,
2018), which can bias our parameterization. Moreover, with this approach, we are limited to analyzing tran-
sients of already known duration using independent measurements such as GPS. To go further a nonlinear
exploration of the SSE timing could be implemented. In the following, we explore an ICA decomposition on
the detrended time series of surface displacements.

4.3. ICA Decomposition
4.3.1. Method
The ICA method has the potential to overcome some of the limitations of the previous method, because as
it allows the signal to be decomposed without any assumptions. The statistical independence is assumed
by considering that each component has a non-Gaussian probability distribution and that the sum of each
non-Gaussian component tends toward a Gaussian distribution (Hyvarinen et al., 2004). The InSAR data
matrix X is assumed to be described by the following equation:

X(t∗p) = A(t∗n).S(n∗p) (5)

where A is the mixing matrix and S is the matrix of independents components, n is the number of indepen-
dent components considered, p the number of pixels, and t the number of dates. We are performing here a
temporal ICA, where we are searching for temporally independent sources as in Gualandi and Belardinelli
(2015).

ICA algorithms are more effective on detrended data sets (Gualandi & Belardinelli, 2015). Removing a linear
trend in the time series reduces the correlation between the different sources and improves the decomposi-
tion of the data. Although the removal of a temporal linear trend may help to separate the SSE signal from
other sources, this term corresponds in our case to the inter-SSE signal and implies a prior estimation of it
before the decomposition. To be consistent with the parametric approach previously presented, so that the
SSE amplitudes obtained using the two methods can be compared, we use the InSAR time series of sur-
face displacements, corrected from the same long-wavelength spatial ramps and the inter-SSE linear trend
obtained from the parametric decomposition (Figures S6a and S8a). This step requires an a priori knowl-
edge of the beginning and end of the SSE. However, the trend estimate is not very sensitive to the SSE date
estimations in our joint inversion of the parameters. We use the FastICA algorithm (Hyvarinen & Oja, 1997)
to determine the independent sources and the corresponding mixing matrices. Note that contrary to PCA,
the output components of this algorithm are not ordered and are given in random order. As this algorithm
does no support data gap in the times series, we perform a spatial averaging of the data with a mean slid-
ing window on 5 × 5 pixels, in order to fill the small data gaps in our images and to keep more pixels in our
data matrix. Determining the appropriate number of independent components to be considered is one of the
main challenges of the ICA method (e.g., Cohen-Waeber et al., 2018; Ebmeier, 2016; Milliner et al., 2018).
Selecting too few components may mix different sources together, and selecting too many will result in the
splitting of the sources of interest over many components with large errors making their identifications
more difficult.

To determine the appropriate number of components, we propose two approaches. First, we use the eigen-
spectrum derived from a PCA, as previously proposed by Chaussard et al. (2017), and select the number of
components that explain at least 80% of data variance (Figure 4). This procedure allows the number of inde-
pendent components, n, for each track to be selected consistently, based on the data complexity estimated by
a PCA. For the Track D041, we select six components, whereas five components are sufficient for the Track
A078 to account for the same data variance (Figure 4). In the second approach, we take advantage of the GPS
stations present in the area to get some knowledge on the temporal evolution of the signals contained in our
InSAR data (displacement and tropospheric). As previously explained, the GPS-TDLOS extracted from GPS
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Figure 4. Statistical criteria used to choose the number of components for ICA for both INSAR tracks. (a and c) Track
D041. (b and d) Track A078. (top) Percentage of the signal variance explained as a function of the component number
with a temporal PCA. Gray histograms are the variance explained by each component, and the red curves are the
cumulative variance explained. (bottom) Maximum correlation coefficient for the SSE and the GPS-TDLOS components
extracted from the GPS data and their corresponding independent components as a function of the number of
components chosen. Vertical red lines indicate the number of components chosen.

(via a PCA, see Figure 2c) gives a good first-order estimate of the tropospheric-related InSAR phase variation
with time. We perform an ICA on the detrended GPS data (present in the footprint, 8 stations in descending
and 10 in ascending) projected into the radar LOS to extract two independent components, one represents
the main features of the tectonic signal in the GPS time series (SSE-ICA), while the second one is a noisy
component. We then compare the GPS-TDLOS and SSE-ICA temporal signals with the temporal evolution
of the independent components from ICA of the InSAR data time series. To do so, for each imposed num-
ber of components in the decomposition, we calculate their correlation coefficient (CC) with GPS-TDLOS
and with SSE-ICA. We keep the maximum of these correlation coefficients for GPS-TDLOS and SSE-ICA and
plot them as a function of the total number of components used in the decomposition (Figures 4c and 4d).
Doing so, we can check the proximity of the extracted InSAR signals to the independent GPS measurements,
in order to identify more objectively the InSAR IC that can be representative of the SSE displacement and
the one that can be representative of the tropospheric effects. This also allows us to select quantitatively the
optimal number of components: We choose the optimal number of components as the one for which the
sum of the two CC (CCZTD and CCSSE) is maximum. The second approach gives results consistent with the
first one based on PCA, which reinforces confidence in our final choice of the number of components.

For the descending track, we observe an increase of CCSSE with the number of components between one and
four, then a plateau between four and eight components, and a decrease for a larger number of components.
The CCZTD is almost constant (with small variations) up to 12 components and strongly decrease afterward.
Our interpretation is that for too few components (less than 4), the SSE signal cannot be separated from the
noise, the atmospheric signal, however, has a large amplitude and always appears on a single component.
When the number of components is really large (more than 12), the atmospheric signal is then separated
in more than one component and becomes more difficult to identify. The sum of both CC is maximal at six
components, so we take that value as our optimum number of components. For the ascending track, CCZTD
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Figure 5. Independent components analysis of InSAR data on descending Track D041 without prior global weather model correction. Middle plot: temporal
eigenvectors for the six independent components. The vertical lines show the timing of three major earthquakes that occurred since September 2017. Left and
right: maps representing a spatial pattern for each independent component. The IC4 component is consistent with a SSE signal (both phases of the SSE period
known from GPS measurements is highlighted in blue). The IC6 component is very consistent with tropospheric temporal variations showing clear seasonal
changes. IC1, IC2, IC3, and IC5 are certainly mainly related to the turbulent troposphere, ionosphere or residual orbital error signals, but it is difficult to
interpret them individually. All maps are displayed in radar coordinates with an E-W flip to help comparison with other maps.

is larger than 0.6 for three to five components and decreases afterward. CCSSE is maximal for six to eight
components (around 0.85). The sum of both CC is maximal for four components; however, this value is very
close to the one for five components (1.42 and 1.38). As these values are very close, and because the PCA
estimation gives five components, we decide to choose five components as the best compromise.
4.3.2. Results
The results of the ICA applied on InSAR time series without previous atmospheric correction from the global
weather model are presented in Figures 5 and 6 for descending and ascending tracks, respectively. Results
for data previously corrected from GACOS model are presented in Figure S9. Note that the IC numbers
in those results are random and their order has no particular meaning. To identify the signals of inter-
est among the ICs, we analyze their temporal evolution using the previously computed CCLTD and CCSSE,
and we also analyze their spatial distribution. For D041, the IC6 (Figure 5) presents a temporal evolution
with seasonal oscillations that are very similar to the GPS-TDLOS vector shown in Figure 2 (CCZTD = 0.86),
and its amplitude is highly correlated with the topography, as expected for the seasonal variations of the
stratified troposphere. We thus interpret IC6 as representing the main contribution of the troposphere. IC4
has a temporal evolution that shows a clear decrease between May 2017 and April 2018, and flatter trend
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Figure 6. Independent components analysis of InSAR data on ascending Track A078. Same legend as in Figure 5, but here, the SSE pops up in the first
component (IC1), and the tropospheric signal in the fourth component (IC4). Maps are in radar geometry with a north-south flip to help comparison with
other maps.

segments before and after those dates, as expected for the large SSE transient deformations in the Guerrero
area. CCSSE is 0.9 for this component, which indicates a good agreement with the surface displacement sig-
nal measured by the GPSs. The spatial pattern is opposite to the inter-SSE signal (Figure S6a) and is similar
to its spatial distribution of previous SSE in this region (Bekaert et al., 2015; Cavalié et al., 2013). This com-
ponent is thus interpreted as the main surface deformation signal from the SSE. The spatial distributions
of the amplitude of the first, third, and fifth components (IC1, IC3, and IC5) show long-wavelength signals,
and their associated temporal evolutions appear to be varying randomly. Those three components could
be related to long-wavelength signals of the turbulent troposphere, ionospheric effects, or residual orbital
errors. The second component (IC2) has a spatial distribution showing some correlation with the topogra-
phy but not everywhere and has a random temporal evolution. This component is more difficult to interpret.
However, its amplitude is really small compared to IC6 and explains only 12% of the signal.

The decomposition of the data previously corrected from the GACOS model (Figure S9) has also a compo-
nent (IC6) with a temporal evolution similar to the GPS-TDLOS vector (CCZTD = 0.83) and a spatial pattern
correlated with the topography. However, the amplitudes are smaller than when the data are not previously
corrected from GACOS. Thus, the GACOS atmospheric model has only partially corrected the seasonal
atmospheric contribution. IC5 (Figure S9) has a spatial pattern close to the one obtained without GACOS
correction, except in the northern part of the image where there are larger values. It has a temporal evo-
lution similar to the SSE, but with a lower correlation coefficient with the ICA-GPS compared to the case
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Figure 7. Comparison of ICA components from InSAR (descending Track D041) with respect to ICA components extracted from GPS displacement time
series and from GPS-TDLOS time series. (a) Map of amplitude of the SSE (IC4) in centimeters, from InSAR ICA, identified as extracting the SSE surface
displacement. Black points show the location of GPS stations. The colored circles represent the SSE displacement extracted from the GPS stations. (b) Temporal
evolution. Dashed blue line: SSE-IC4 temporal evolution; dashed red line, ICA-GPS temporal evolution (SSE temporal evolution extracted with ICA from GPS
data); solid lines, temporal evolutions smoothed with a mean sliding window. The vertical lines show the timing of the three major earthquakes. The black
arrows highlight a change in the slope of the time series that could be associated with earthquakes occurrence. (c) Amplitude map of the tropospheric signal
extracted with ICA in centimeters. (d) Red line: tropospheric-ICA vector (IC6) from InSAR; blue line: the GPS-TDLOS from the GPS stations located in the
image footprint.

without GACOS correction (CCSSE= 0.78, against 0.9). In the following, we thus decide to consider the case
in which the data are not previously corrected from the global weather model.

The ICA for the ascending track A078 (Figure 6) also isolates a component, IC1, with the same temporal
and spatial evolution as the expected SSE (with CCSSE = 0.76). IC2 and IC3 show spatially long-wavelength
pattern (not correlated to the topography) associated with temporal random evolution. IC4 appears spatially
correlated to the topography, and temporally correlated to the GPS-TDLOS vector (CCZTD = 0.625). IC5 also
displays spatial correlation to the topography but temporally the evolution looks noisy, dominated by a few
dates.

These results give good confidence that it is possible to isolate the SSE signal and the main atmospheric
contribution from the InSAR time series. To get more confidence in our interpretation of the IC, we compare
the IC interpreted as the main SSE and tropospheric signals with respect to GPS derived measurements.
The IC corresponding to the tropospheric signal is compared with temporal evolution of the GPS-TDLOS
(Figures 7d and 8b), showing a good correlation (CCZTD = 0.83 for descending track and CCZTD = 0.625 for
ascending track). The SSE temporal evolution is shown in Figures 7b and 8b. To facilitate the comparison
between the IC obtained by InSAR and GPS, we smooth the vectors with a mean sliding window over five
InSAR acquisition dates. After smoothing, we observe a change in the slope of the SSE signal, which occurs
at the end of September 2017, with a deceleration (velocity 1.5 and 1.8 times smaller for D071 and A048
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Figure 8. Comparison of ICA components from InSAR (ascending track A078) with respect to ICA components extracted from GPS displacement time series
and from GPS-TDLOS time series. Legend as in Figure 7.

respectively). This change of slope occurs just after the September seismic sequence. For both tracks, we
were not able to identify in the ICA components that could be clearly related to a possible SSE migration,
the latter being likely too small or mixed in several components making its interpretation more difficult.

5. Comparison and Modeling
5.1. Comparison: Parametric Decomposition Versus ICA
Our results show that the two approaches (parametric decomposition and ICA), can isolate a signal which is
in agreement with the GPS observations of the 2017–2018 SSE in Guerrero. For both methods, the extracted
measurement can be related to slip on the subduction interface, a horizontal displacement toward SSW com-
bined with an uplift around the Sierra Madre del Sur (SMdS, Figure 1a) and a subsidence north of it. In both
parametric and ICA results the uplift and subsidence surface displacements are well seen in descending
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track, which is mainly sensitive to the vertical displacement, as the horizontal ground deformation is almost
orthogonal to the radar LOS (Figures 3a and 7). The maximum is 4 cm for the parametric method and
3 cm for the ICA results, in descending track. In ascending track, both approaches are spatially consistent
(Figures 3a and 8). As in descending, the maximum is 4 cm for the parametric method and 3.5 cm for the
ICA results. In this case, north of the SMdS, the horizontal displacement causes displacements toward the
satellite that is partially compensating the subsidence signal going away from the satellite. There are nev-
ertheless some differences between the results of both methods. For the descending track, in the western
part of the track, along the coast, we observe, with the ICA decomposition, a gradient of LOS displacement
in agreement with motion away from the satellite (∼−2.5 cm; Figure 7) that is less considerable than in the
parametric decomposition (Figure 3a). On the other hand, the parametric decomposition shows in northern
most part of the track (latitude >20.5◦N), a larger signal (∼2 cm away from satellite), which could be asso-
ciated with a wrong estimation of the tropospheric temporal pattern by GPS-TDLOS affecting the SSE term
estimations. Indeed, this area close to the Gulf of Mexico coast may have different tropospheric temporal
pattern than south of it, which could not be well sampled because of the lack of GPS stations here included
in the GPS-TDLOS estimation. For the ascending track and for the first phase of the SSE (Figure S7a), we
observe in the eastern part of the track a subsidence/uplift bowl pattern close to the epicenter of the Puebla
earthquake, which corresponds to the surface displacement of this event. This signal cannot be attributed to
the SSE but may be the result of the Puebla earthquake (19 September 17, Mw 7.1). However, the parametric
approach cannot separate the SSE from the coseismic signal by adding a Heaviside function (step function)
in the parametric decomposition without inducing a trade-off between the functions. This may arise from a
lack of data during the initial stage of the SSE and before the earthquake.

Another observation is seen across the Tierra Caliente basin region (see location in Figure 1) from 19.5◦N
to 18.5◦S of latitude. There, the northern part of the basin is moving toward the satellite with respect to the
southern part of the basin (Figures 7a and 8a). As the measurements are similar in ascending and descend-
ing tracks (but with a lower amplitude in the ascending results), it could be interpreted as a relative uplift.
The signal is not well correlated to the topography and is difficult to explain by SSE slip. It may be related
to a residual atmospheric signal in that region at the time of the SSE. If the temporal evolution of the atmo-
spheric signal during the SSE is different in that region compared to the rest of the studied area and shows
some residual seasonality, there could be a trade-off between the SSE and the atmospheric signal in the
decomposition. Alternatively, it may be caused by hydrological or unknown tectonic signal but so far the
geophysical interpretation of this pattern remains unclear.

We reconstruct the SSE signal for each method, and we then compare the amplitude for a pixel window (of
5× 5) fixed at the location of the CAYA GPS station (close to the coast, Figure 1a), which is one of the stations
mostly affected by the SSE. To reconstruct the signal, for the parametric method, we multiply the SSE time
vectors (for the two phases) by the amplitudes (C1 and C2) of the pixel at CAYA station coordinates. For the
ICA decomposition, we multiply the temporal evolution of the IC corresponding to the SSE by the value of
the amplitude map at CAYA location. At this point, the amplitude of the parametric decomposition is 3.9 cm
in descending, and 3.1 cm in ascending track. The amplitude of the ICA method is 3.5 cm in descending and
2.9 cm in ascending. We compare these two reconstructions with the displacements observed at the CAYA
GPS station, detrended and converted in LOS (Figure 9).

For the descending track, both methods are in agreement with the GPS data revealing a slope change in
the SSE displacement curves around the date of the September earthquakes. The dates are similar in both
methods, but both methods overestimate the amplitude of the first phase of the SSE compared to the GPS
data (Figure 9). However, ICA amplitudes are close to the GPS data considering the complete time series.
For the ascending track, the parametric decomposition is not in agreement with the GPS time series for the
first phase of the SSE. In this case, the shape of the basis function does not seem appropriate. The second
phase of the SSE looks more coherent with the GPS data. The cumulative amplitude is coherent with the
GPS data for this station location.

Despite some minor discrepancies, our results show that both approaches are overall coherent in terms of
SSE amplitudes and spatial distribution, which gives us confidence in the robustness of the extracted sig-
nal. The temporal evolution is more difficult to analyze concerning the parametric decomposition since it
is constrained by the initial parameterization, which could be biased. Indeed, ICA has the advantage of not
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Figure 9. Comparison of the surface LOS displacement of the 2017–2018 SSE, at the location of the CAYA GPS station,
estimated from three different approaches. (top) For descending Track D041. (bottom) For ascending Track A078. Blue
dots: CAYA GPS time series reprojected along LOS; orange line: parametric reconstruction of the SSE; red dots:
displacement reconstructed from the SSE extracted with the ICA method applied to InSAR data (IC4 for descending,
and IC1 for ascending) identified as extracted component of the ICA method, applied to InSAR data, identified as
representing the SSE surface displacement (IC4 for descending, and IC1 for ascending, see Figures 5 and 6). Some
increase of the scatter in GPS data (around 2,016.5) occurred by the sudden change of transmitted data from raw to the
Trimble RTX.

requiring a priori information about the form of the transient signal. However, because ICA needs a detrend-
ing of the time series prior to the decomposition, we used in our ICA decomposition the data previously
detrended from the inter-SSE trend using the parametric approach. This detrending step, which in this case
requires an assumption on the SSE dates (because it was done for the inter-SSE period), could also be per-
formed by computing the velocities over the entire time series (detrending from the long-term trend instead
of the inter-SSE trend). We tested this approach and observe that it does not change our results significantly.
We prefer here to detrend the data from the inter-SSE velocity to be consistent with the parametric approach
and with previous studies and models in the regions (Cavalié et al., 2013; Radiguet et al., 2012). Concerning
the requirement of having GPS stations in the studied area, with a purely parametric approach, having GPS
time series in the region is useful to have an initial guess on the transient time and duration. Regarding the
correction from atmospheric delays, ZTD from the GPS data are also used to extract seasonal variations of
the atmospheric delays. However, as shown in Figure 2, a temporal evolution extraction with a PCA on the
GACOS or ERA-I atmospheric model gives very similar temporal evolutions. With the ICA approach, the
GPS data (ZTD and displacements) are used to help choosing the number of components and identifying
them. Afterward, only to validate the results of the decomposition in the area where the density of the GPS
network is not sufficient to observe with an efficient spatial resolution, the results of the ICA decomposition
can be validated with few stations.

5.2. Modeling
In order to make an additional confirmation that the LOS displacement extracted by ICA and parametric
approach can be attributed to the SSE, we invert the SSE amplitudes extracted with both methods to esti-
mate the slip distribution of this event on the subduction interface and compare then the estimated slip
distribution with previous SSE.
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Figure 10. Cumulative slip distribution on the subduction interface for the 2017–2018 SSE inverted from the ICA
results. This slip distribution has an equivalent magnitude Mw = 7.2. The green contours represent 5 and 10 cm
isocontours of the mean slip distribution of the three past SSEs (2006, 2010, and 2014) (Radiguet et al., 2012, 2016).
The thin cyan contours show approximate rupture areas of the major historical earthquakes that occurred on the
subduction interface. Stars represent epicenters of the Puebla (MW 7.1, 19 September 2017, in red), and Pinotepa (Mw
7.2, 16 February 2018 in yellow) earthquakes. The orange and dark blue rectangles represent the footprints of the two
InSAR tracks. The thin black lines are the isodepth of the plate interface every 10 km, the medium black line the coast,
and the bold black line the Middle America Trench.

The SSE surface displacements consist of the two amplitude maps extracted by ICA (IC4 for ascending
and IC1 for descending). We perform a static inversion in an elastic medium, using a linear least squares
algorithm (Tarantola, 2005) with the regularization scheme of Radiguet et al. (2011). The 3-D slab geom-
etry is similar to Radiguet et al. (2016) and takes into account the flat-slab segment of the plate interface
(Pérez-Campos et al., 2008), with a ramp between the trench and 150 km north of the trench, then the slab
is flat at 40 km depth. Our forward model (Green's functions) assumes an elastic half-space and is computed
using the Okada (1992) dislocation model. For numerical reasons, we reduce the number of pixels for the
inversion. We resample the amplitude map from 5.105 to 2,770 pixels for the descending track and 2,234 pix-
els for the ascending one. Because our SSE signal is long-wavelength, we choose a uniform downsampling
rather than quadtree algorithms (Jónsson et al., 2002). To associate an uncertainty at each InSAR sampled
data sets, we average the residual map of the parametric method in each subsampled zone (Figures S3b and
S3d). This measure gives an estimate of the dispersion of our data through the complete time series. These
errors provide relative weight between pixels, and allows us to weight each track relatively. Note that we
neglect covariance between pixels in our inversion. This gives more weight to the data, and thus tends to
produce higher 𝜒2 (Text S1) and rougher solutions with respect to solutions accounting for covariance.

We test the variability of our model to the smoothing parameters through L curves: We perform an explo-
ration of the damping value (𝜎m0), and then we choose the best compromise between the 𝜒2 (Text S1) and
small L2 norm of the solution (Figure S10). We impose to the model a non-negativity constraint, as well as a
fixed rake perpendicular to the trench. The data misfit of the selected model is 𝜒2 = 0.23. We also implement

MAUBANT ET AL. 18 of 24



Journal of Geophysical Research: Solid Earth 10.1029/2019JB018187

Figure 11. Comparison between observed and inverted surface SSE displacements. (a) The data used for the inversion.
(b) Modeled surface displacement. (c) Profile A along the D041 track (width of 5 km). The black dots are the data, the
blue dots display the model, and brown dots the topographic profile in this area. (d) Profile B along the D041 track. The
annotations are the same as in (c).

a model using the results of the parametric method as input data with the same model parameters than with
ICA data and obtain a data misfit of 𝜒2 = 0.85.

Our inversion results, for both inverted data sets, show a slip pattern along the subduction interface similar
to previous SSE models (Figures 10 and S11) (Bekaert et al., 2015; Cavalié et al., 2013; Radiguet et al., 2012).
The main SSE slip patch is located in the coastal area, between 20 and 40 km depth, on the deep part of the
ramp located above the flat segment of the slab, and extend 250 km along strike.

The equivalent moment magnitude calculated for the 2017–2018 SSE event, using ICA data set, is Mw =
7.2 and slightly lower than the magnitudes of past events (past events have magnitudes between 7.3 and
7.5). This is expected as the surface displacements observed for this event are lower than previous ones. For
comparison, the model obtained using the results of the parametric decomposition is shown in Figure S11.
The main slip patch is quite similar to a slightly larger magnitude (equivalent Mw 7.4) in this case.
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Figure 12. Comparison between observed and modeled SSE displacements for inversions. (a) The data used for the
inversion for Track A078. (b) Surface displacement predicted by the model. (c) Profile B perpendicular to the trench
with the data as black dots with uncertainties in gray, and the model in blue dots (width of 5 km). The brown dots
represent the topography in meters. (d) Profile C along the A078 track with in black dots are the data, in blue dots the
model and down the associated topographic profile.

Overall, the model (with both methods) explains well the data, with the same pattern of displacement toward
the satellite at the coast and away from the satellite further north. However, the deformation signal in the
south of the Tierra Caliente area (see section 5.1) cannot be explained by our model (Figures 11 and 12).
As discussed in section 5.1, it is not clear if this signal is a real displacement or due to residual tropospheric
signal leaking into the SSE component. In any case, it cannot be modeled by slip on the interface and con-
sequently may be responsible for an artificial deep slip in the northern part of the slip model. We analyze
three profiles along the track (a–c in Figures 11 and 12). Profile B is common to both tracks. As previously
explained, Profile A shows that the model does not reproduce the Tierra Caliente signal. We observe that the
model using ICA results underestimates (∼15%) the amplitude of the uplift (at the coast) for the descending
track (Figure 11) but overestimates (∼45%) the amplitudes in the ascending track (Figure 12). Those varia-
tions are also observed in the inversion using parametric results, suggesting that some residual atmospheric
signal probably related to the topography of the Sierra Madre del Sur may have leaked into the SSE sig-
nal in that region. Nonetheless, the first-order deformation signal extracted with the ICA decomposition is
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compatible with the slip on the subduction interface along the convergence direction and with a slip
distribution similar to previous SSEs.

6. Conclusion
The temporal densification of the InSAR data with Sentinel-1 makes it possible to generate interferograms
of good quality, which can be unwrapped over large regions and results in improved spatial coverage of
InSAR measurements. However, separating tectonic deformation from the atmospheric signal remains a
challenge, especially in large mountainous areas, as in the Guerrero state of Mexico. In such regions, the
atmospheric signal can be larger than the transient deformation and can have complex temporal behavior.
It is therefore difficult to extract SSEs deformation signals, like those caused by SSE in subduction zones.
Despite these difficulties, we show here that using appropriate InSAR source separation techniques, we can
extract from InSAR, at regional-scale, slow aseismic transient signal. To achieve this, we first explore the
benefits of correcting the InSAR time series using predictive estimations from global weather models (ERA-I
and HRES ECMWF models). We conclude that, for the two methods investigated in our study (parametric
and ICA), initial corrections on time series from global weather models does not improve the separation
of atmospheric from tectonic signals, mainly because amplitudes of atmospheric delays are not accurately
predicted by these models. However, we show that the temporal evolution of atmospheric delays captured
by the GPS-TDLOS data, or extracted from global weather models are very similar and can be used as an
input to the parametric decomposition to correct the InSAR time series.

The second objective of this study was to compare the benefits and limitations of two methods of signal
decompositions (parametric and ICA) to extract the SSE signal in the Guerrero area, Mexico. For the para-
metric decomposition, the principal limitation is the requirement of some a priori knowledge about the
searched signal (SSE time and duration and atmospheric component), which strongly controls the results.
However, it has the advantage to be simple, linear, and to provide uncertainties associated with the esti-
mated parameters. Alternatively, the ICA, being a blind approach, does not require any a priori of the signal
parameters. Its limitations are the necessity to assess the adequate number of independent components and
the subsequent interpretation of these components. We show in this paper that the ICA approach can be
powerful to extract the SSE spatial pattern and its temporal evolution. We propose an original approach to
validate the component identification by comparison with external GPS data. We also show the possibil-
ity with the ICA to extract complex atmospheric delays without a priori information on the evolution of
this signal, which can be validated with the GPS-TDLOS. Despite some limitations due to possible trade-off
between parameters in the parametric approach or due to the need to detrend the time series for ICA, both
methods are complementary and several possibilities can be envisioned depending on the study area. ICA
alone appears as a reasonable choice in the case when there is no a priori knowledge on the deformation
and no other data are available. In large tectonically active areas like subduction zone, it is likely to have
some a priori about expected deformation and also to have data from a few permanent GPS stations. In this
case, a hybrid approach can be conducted combining ICA with a parametric model as done in this study.
If no GPS-ZTD data are available or if they are not representative of the seasonal atmospheric variations of
the studied area, the ZTD time series can be replaced by the temporal evolution of global weather models
despite their poor spatial resolution. Obviously, a large number of permanent GPS stations well distributed
across the study area and in a large altitude range is more beneficial; however, we have shown that using
the PCA combining the ZTD time series of a dozen of stations using the ZTD in the parametric approach
is enough to capture the first order of the atmospheric signal. In the best configuration, some GPS stations
can capture the tectonic signal of interest. Even if it is not required, it will help to design the parametric
approach or to choose and identify the number of components in the ICA approach. For both approaches, it
can help to validate their result and provide estimations of their uncertainties. Using a hybrid approach has
also proved to be interesting when performing inversion to get the slip distribution model. Comparing the
model results inverted from surface displacement provided by each method helps in determining the robust
features, which should be common in both models.

Our data show some complexity in the temporal evolution of the SSE, with a change of displacement velocity
around September 2017. This reflects a possible interaction between the slow slip and the September 2017
seismic sequence, which deserves further investigations. We provide a preliminary model of slip distribution
on the subduction interface and observe that the main slip patch occurs between 20 and 40 km depth at
the plate interface. The SSE has an equivalent moment magnitude of Mw 7.2. Its amplitude and spatial
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extension are slightly lower but compatible with the previous events (2006, 2009–2010, and 2014). However,
several second-order features extracted in the surface displacement (either in the inter-SSE component or
in the SSE component) are not consistent with the expected interseismic and SSE signals and remain to be
explained. Some of those could be related to residual atmospheric signal present in the displacement signal.
One way to estimate better those ambiguities will be to involve more GPS data, and also to use the adjacent
Sentinel-1 tracks that are partially overlapping the ones we have just processed, and also to use other InSAR
data like ALOS-2 images.
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• September 1998 - August 1999 : D.E.A. (Equivalent to Master of Sciences) with specialization 
in GIS at ENSG (national engineering school of geographic sciences), ENST (national engineering 
schools of telecommunication) and University Paris-Est Marne-la-Vallée, France. 

• September 1996 – June 1998 : Licence and Maîtrise in geology and geophysics (equivalent 
to Bachelor of Sciences), University of Nantes, France.  

https://www.osug.fr/en/
https://www.isterre.fr/english/research-observation/teams-1105/seismic-cycle-and-transient-deformations/
https://www.isterre.fr/english/research-observation/teams-1105/seismic-cycle-and-transient-deformations/
https://www.univ-grenoble-alpes.fr/english/
https://phitem.univ-grenoble-alpes.fr/
mailto:erwan.pathier@univ-grenoble-alpes.fr
https://comet.nerc.ac.uk/
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Appendix 3: 
Table of study-areas since 2004 

Table of the different study areas I have work on since my PhD. The Supervision column 
indicated when the work was involving a Master student (M), PhD student (PhD) or Post-doc 
(Post-D). 

Area Short Description Geodetic techniques 
(sensor if InSAR) 

Supervision Publications 
and selected 
communications 

Ta
iw

an
 

Longitudinal Valley Fault 
(Creep) 

Envisat 
ALOS-1 
GNSS 

Champenois J.(PhD) 
Chararaa R. (Post-D) 
Peng W. (Post-D) 

A11, A19,  
C37 

SouthWest Taiwan 
tectonics. Aseismic 
deformation. 

ERS-1/2 
Envisat 
ALOS-1 
Sentinel-1 
ALOS-2 
GNSS 
Levelling 

Champenois J. (PhD)  
Liao Y.-T. (M) 
Abraham C. (M) 
Zhou Y. (Post-D) 

A5, A7, A20 
C53, C59, C70, C77 

Jiashian EQ, 2010-03-04, 
Mw 6.4 

ALOS-1 
 

 C59 

Meinong EQ, 2016-02-05, 
Mw 6 .4 

ALOS-1 
Sentinel-1 
GNSS 

 C70 

Global Taiwan 
deformation map 

ALOS-1 
Sentinel-1 
ALOS-2 
GNSS 

Fekouani M. (M)  C61, C66 

Ir
an

 

NE Iran and the South 
Caspian region  

GNSS 
Envisat 

Clouvel G. (M) 
Mousavi Z. (PhD) 

A14 

Interseismic Sharoud 
Fault 

Envisat 
GNSS 

Mousavi Z. (PhD) A16 

Interseismic Doruneh 
fault 

Envisat 
GNSS 

Mousavi Z. (PhD) A25 

Teheran Subsidence Envisat 
Levelling 

 O4 

M
e

xi
co

 

Guerrero 
2006 Slow Slip Event 

Envisat 
GNSS 
 

Cavalié O. (Post-D) 
Balti H. (M) 

A13 

Guerrro 
2010 Slow Slip Event 

Envisat 
GNSS 

Bacques G. (PhD) C40, C48 

Petatlan EQ, 2014-04-18, 
Mw 7.5 

Radarsat-2  - 

Guerrero 2017-2018 SSE Sentinel-1 
GNSS 

Maubant L. (PhD) A24 

Chiapias EQ, 2017-09-08, 
Mw 8.2 

ALOS-2, Sentinel-1  - 

Puebla EQ, 2017-09-19, 
Mw 7.1 

Sentinel-1 Maubant L. (PhD) - 

Oaxaca EQ, 2018-02-16 Sentinel-1 Maubant L. (PhD) - 
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La Venta Fault system Envisat 
GNSS 

Rojo-Limon G. (M) C67 

Interseismic, all along the 
mexican subduction 

Envisat (stripmap and 
ScanSAR) 
Sentinel-1 
ALOS-2 
TDX-DEM 
GNSS 

Reverso T. (M) 
Diomandé A. (M) 
Maubant L. (PhD) 

Article in prep. 
(Maubant et al.) 

V
e

n
e

zu
e

la
 

El Pillar fault system ALOS-1,  
ALOS-2, 
GNSS 

Pousse L. (PhD) A18 

intersismiqueBocono 
fault system 

ALOS-1 
GNSS 
TDX-DEM 

Pousse L. (PhD) A21 

Ec
u

ad
o

r Interseismic Quito fault 
system 

Sentinel-1 Espin P. (M) C75 

It
al

y 

Apennines (interseismic 
strain and hydrological 
signal) 

Sentinel-1 
GNSS 

Gaubert-Bastide T. (M) - 

Norcia  EQ (2016 Italy  Sentinel-1 
HR Optical imagery 

Maubant L. (M) C82 

Tu
rk

e
y Izmir EQ (2005 Western 

Turkey), Mw=5.8 
Envisat  - 

V
ar

io
u

s 
Ea

rt
h

q
u

ak
e

s 
st

u
d

ie
s 

2005 Pakistan EQ Envisat 
GNSS 
Aster 

Perrin J. (M) 
Yan Y. (PhD) 

A06, A10, A12 

Sichuan EQ (2008, China) ALOS-1  A08 

Palu EQ (Indonesia 2018) ALOS-2 
Optical Imagery 

 A23 

Le Teil EQ (2019 France)  
Mw=5 

Sentinel-1  - 

Li
b

an
 Beyrouth subsidence Envisat Roussel C. (M) - 

G
re

n
o

b
le

 a
re

a 
(F

ra
n

ce
) 

Rock-Fall ERS-1/2 
 

Barnavol J. (M) - 

City Sudsidence  ERS-1/2 
Envisat 
Levelling 

Kniess U. (PhD) 
Michel S. (M) 

C23, C24 

Landslides in Trièves Lidar, 
Aerial photo,  
GNSS, 
Sentinel-2 
Envisat 

Kniess U. (PhD) A09, A17, A22 

Belledonne massif 
geomorphology 

Lidar Ngouegne-Okouma J. 
(M) 

- 

Buidling seismic 
vulnerability in city  

Lidar, 
Aerial photo 

Matsuka P. (PhD) P05, A15 
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Appendix 4: 
Research projects listing 

Since 2007, I participated to 3 european projects (FP6, FP7, H2020), 5 ANR projects (French 
National Research Agency), 6 projects from National program, 6 international bilateral projects 
(Taiwan, Iran), around 20 projects with space agencies (ESA, JAXA, CNES, DLR) and a dozen of 
project from local calls for project (e.g. from University, OSUG, ISTerre). 

 

European Projets 

 FP6 Marie-Curie Research Training Network (2007-2011): “Mountain-Risks”. Involved in  
working block WB1 “Hazard Analysis”. 

 FP7-ENV-2008-1 Projet SHARE (2009-2013): “Seismic Hazard Harmonization in Europe”. 
Involved in Task 4.4 « Europe-wide proxies to site conditions ».  

 H2020-INFRADEV-2014-2015/H2020-INFRADEV-1-2015-1, EPOS IP project (2015-2019, 
European Plate Observing System, Implementation Phase). Involved in WP12 Satellite 
Data. implementation of an on demand Service for producing ground deformation 
product from Satellite data. 

ANR Projets (French National Research Agengy): 

 EFIDIR (2007-2011): « Extraction et Fusion d’information pour la mesure des 
déplacements en imagerie radar ». Involved in Work-package 4 “Development of a New 
Small temporal and spatial baselines (NSBAS) processing chain” and Work-package 5, 
“Large displacement measurements from multivariate SAR data”. 

 GGAP (2008-2012): « Nouvelles perspectives sur le risque sismique associé à la 
subduction : transitoires, tremors, monitoring passif, tectonique et scénarios ». Involved 
in Task1 « Geodesy ». 

 LIBRIS (2009-2014): « Contribution à l’étude du risque sismique au Liban ». Involved in 
workpackage 4 «site effects and strong ground motion prediction » in order to use 
subsidence map from InSAR to infer information about sediment depth and site effects.  

 URBASIS (2009-2014): « SISmologie URBAine: évaluation de la vulnérabilité et des 
dommages sismiques par méthodes innovantes ». Involved in work-package 1 « Analyse 
à l’échelle de la ville » with the goal to estimate remote-sensing technique capacity to 
assess building seismic vulnerability at the city scale. 

 EQTIME, (2020-2024): « Quantifying the temporal and spatial slip variability in the 
earthquake cycle spanning months to million years timescales”.  
Responsible of work-package 2 “Seismic cycle and slip distribution”. 
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Projects from other national programs 

 CNRS-INSU 3F (2007-2008): « Nature et rôle des ‘séismes lents’ dans le cycle sismique: 
cas de la lacune de Guerrero, Mexique ». Coordinator of Geodesy-InSAR task. 

 CNRS-Post-doc grant (2007-2008): CNRS « séismes lent au Mexique par approche InSAR ». 
Olivier Cavalié got the position. 

 CNRS-INSU PNTS-AO2006, (2007-2011) (PI) : « Mesure des déplacements du sol par 
interférométrie radar satellitaire en bande C et L : optimisation pour les déplacements 
liés au cycle sismique ». 

 CNRS-INSU PNTS_AO2013 (2013 -2016): « Caractérisation de la variabilité spatiale et 
temporelle du cycle sismique de subduction par la combinaison cGPS et InSAR : un enjeu 
méthodologique » 

 CNRS-AO Mastodons (2013-2017): « Massification du calcul des déformations de surface 
par imagerie radar multi-temporelle, multi-spectrale et haute résolution ». 

 CNRS-MITI 80|Prime (2019) : « DeformVis, Visualisation interactive de séries temporelles 
et de réseaux d'interférogrammes pour la qualification et l'analyse de données 
d'interférométrie radar 

International Bilateral Projects 

 PHC Orchid Projet Hubert Curien France-Taiwan, (2015-2016) (PI), “Active tectonic 
deformations in Southwestern Taiwan: combined geodetic and seismological approach”. 

 PRC- CNRS France –Taiwan (2017-2018) (PI), Relationship between slow and fast slip 
events in southwestern Taiwan 

 PHC Gundishapur (2018-2019):“Déformation active et aléa sismique à l’Est de l’Iran” 

 INSU-LIA France-Taiwan LIA :  involved in LIA-Adept (2007-2014), LIA- D3E (2015-2019) 

 INSU-GDRI France-Iran (2017-2020) : TRIGGER, Trans-disciplinary Research on Iranian 
Geology, Geodynamics, Earthquake and ressources. 

 MOST Taiwanese Dragon Gate Program 2018-2020, (Partnership Program for the 
Connection to the Top Labs in the World) funded by MOST (Ministery of Science and 
Technology of Taiwan). Collaboration with the research team led by CHEN Hui-Hsuan Kate 
(NTNU) and Prof. HU Jyr-Ching (NTU) 

Projects with space agencies: 

Those projects (except the CNES ones) were mainly aiming to get satellite data from Space 
Agencies, when they are/were not freely available. 

 European Space Agency (ESA) :   
o # 1041 AO-Cat-1 : « Interferometric study of the tectonic ground displacements of 

the sismogenic zone of Taiwan » 
o # 5036 AO-Cat-1 (PI) “Study of slow earthquakes in Southern Mexico using SAR 

interferometry”, 
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o # 6124 AO-Cat-1 (PI), “Testing and improving InSAR processing strategies for 
measuring ground motions: applications to landslide and subsidence in the 
Grenoble area (French Alps)” 

o # 6937 AO-Cat-1 “Present-day fault kinematics in Lebanon and subsidence in 
Beirut, derived from SAR interferometry : toward a better seismic hazard 
assessment” 

o # 7023 AO-Cat-1 “Slip rate estimation of the Doruneh and Dashte-Bayaz faults 
(Iran) using InSAR” 

o # 21294 ESA Third Party Mission : « Request for Interferometric RADARSAT SAR 
data to study the 2014 Guerrero (Mexico) Slow Slip Event in relation to the Mw 
7.2, 18 April 2014 Petatlan Earthquake. for RADARSAT » 
 

 Japan Aerospace Exploration Agency (JAXA) :  
o ALOS-1 1st RA #112: “Active Tectonics and Earthquake Mechanisms in Taiwan 

From Image Correlation and Insar Techniques”. 
o ALOS-1 3rd RA #600: “Land subsidence in Taiwan from L-Band SAR 

interferometry” 
o ALOS-2 4th RA #1294 (PI): “Monitoring slow-slip events along the Mexican 

subduction zone by ALOS-2 SAR interferometry” 
o ALOS-2 4th RA #1288 : “Consistent measurements of crustal deformation of the 

Taiwan Island by ALOS-2 SAR interferometry.”   
o ALOS-2 6th RA  #3223: ”Insights into creep and interseismic deformation along El 

Pilar and Central Range Fault active strike-slip faults from D-INSAR” 
o ALOS-2 6th RA #3255: “Validation of active deformation along Taiwan collisional 

orogenic belt by ALOS-2, Sentinel-1 and continuous GPS measurements” 
o ALOS-2 6th RA  #3328 (PI): “Validating ability of ALOS-2 InSAR time series analysis 

to quantify Slow-Slip Events in the Mexican subduction zone. 
o EO-ERA2 #ER2A2N021 (PI) : « Source separation in INSAR time-series analysis with 

application to large-scale ground deformation related to earthquake cycle » 
 

 French Space Agency / Centre National d’Etude Spatiale (CNES): 
o CNES-APR (2012-2014): « SAR_ready: outils de mesure des déformations liées aux 

failles, volcans ou glaciers, par imagerie radar multi-temporelle, multi-spectrale et 
haute résolution ».  

o CNES-APR (2014-2020) (PI): «“SSEMEX” : study of the slow earthquakes in the 
Mexican Subduction zone using GPS and satellite SAR interferometry technique.». 

o CNES-APR (2015-2017): “TerrSol Glob-Taiwan” project aiming to produce a global 
coverage map of ground deformation of Taiwan, using satellite SAR 
interferometry technique. 

o CNES-APR-(2018-2020) « DeformIran : Caractérisation du comportement des 
failles actives en Iran de l’Est pour une évaluation réaliste de l’aléa sismique par 
combinaison de géodésie (GNSS, InSAR), tectonique et modélisation » 

o CNES-APR-(2018-2019) « Temis: Contraindre la variabilité spatiale et temporelle 
du glissement au cours du cycle sismique de l’échelle du mois à celle du million 
d’années dans les Apennins Centraux (Italie). » 

o CNES-APR-(2019-2020) « InSAR-VIZ ». 
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 German Space Agency (DLR): 
o TandemX IDEM_GEOL0130 (2014-2016) / DEM_OTHER1338 (2017-2018) (PI) : 

« Study of Slow-slip events along the Mexican subduction zone by SAR 
interferometry » 
 

 CEOS seismic risk Pilot (international Committee on Earth Observation Satellite) 
o 2015-2018, involved in CEOS DRM seismic risk Pilot,.international initiative to 

enhance the contribution of Earth observation satellites to earthquake risk 
mitigation. Coordinating role for JAXA data acquisitions 
http://ceos.org/ourwork/workinggroups/disasters/earthquakes 

 

Projects from local research calls 

Since 2017, I have been involved in a dozen of projects in response to local calls for tenders, 
most of them as a project investigator (PI) (IDEX, Labex OSUG@2020, Pôle Grenoblois pour les 
Risques Naturels, AO Interne ISTerre). 

  

http://ceos.org/ourwork/workinggroups/disasters/earthquakes
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Appendix 5: 
Activities as supervisor 

In the course of my career I have had the opportunity to supervise several PhD students either 
as an official PhD co-supervisor (5), or as an unofficial but very involved supervisor of the thesis 
(2). I have supervised about fifteen Master's or engineering school students. I have also helped 
to train post-doctoral researchers or engineers on fixed-term contracts. In my publication list, 
the publications whose first author is related to these supervision are marked with an asterisk 
(*). 

I was thus able to gain experience of different ways of supervising a thesis through the 
different thesis directors I have worked with, but also experience of different sources of funding 
that may have implications for the course of a thesis. I have also gained experience on the 
recruitment phase which is crucial, especially when you need to recruit students you have never 
worked with before. 

List of PhD students that I have co-supervised 

 Louise Maubant (Oct. 2017- Defense expected in Nov. 2020). «Slow earthquakes and 
interseismic coupling variability: the mexican subduction as seen from satellite geodesy ». 
Sources of funding : CNES (50%) and Doctoral School TUE of Univ. Grenoble Alpes (50%). 
Thesis Director: Erwan Pathier, co-director: Mathilde Radiguet. She already have one 
published journal article (A24) and another one is in preparation. 

 Zahra Mousavi (Oct. 2010 – Nov 2013, 37 months). « Characterization of active fault 
behavior in eastern Iran using a combined geodetic (GPS and InSAR) and tectonic approach; 
implications on seismic hazard”. Source of funding: Doctoral School TUE of Univ. Grenoble 
Alpes.  Thesis Director: Andrea Walpersdorf, co-director : Erwan Pathier. Zahra was an 
Iranian student I had the opportunity to supervised with A. Walpersdorf for her Master 
internship. Her PhD work I supervised has been valued in 2 Journal articles (A14, A16). In 
2015, Zhara got a Lecturer position at the recognized «Institute for Advanced Studies in Basic 
Sciences » of Zanjan in Iran (http://www.iasbs.ac.ir). We are still collaborating with her. 

 Panagiota Matsuka (Oct 2010, abandonned in Dec. 2012). «Seismic risk analysis in urban 
areas by very high resolution remote sensing and multivariate data analysis”. Source of 
funding: ANR project Urbasis. Thesis Director: Jocelyn Chanussot co-director: Erwan Pathier.  
Her abondonment at the end of the second year was the result of a growing gap between 
the expectations of the supervisors and the motivation and above all Panagiota's ability to 
provide a sustained level of work. The preliminary results were nevertheless the subject of a 
proceeding (P05) and communication at international congresses and could be taken up and 
developed in the thesis of Ismaël Riedel resulting in a journal article (A15). I have not heard 
from Panagiota since she left. 

 Guillaume Bacques (Feb. 2010 – Nov. 2013, 45 months). «Study of spatio-temporal 
variations of aseismic landslides along major faults by satellite Differential RADAR 
interferometry. Sources of funding : CNES (50%), BRGM (50%). Due to the funding, the PhD 
was on two location ISTerre (first 1.5 year) and then BRGM (Orléan), explaining the large 
number of supervisors, which retrospectively was not a good solution. Thesis director: 

http://www.iasbs.ac.ir/
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Fabrice Cotton, co-directors : Erwan Pathier, Cécile Lasserre, Daniel Raucoules and Marcello 
de Michele.  His thesis work was valued late by a publication in Nature Scientific Report on 
the part about the Parkfield fault creep (Bacques et al., 2018). Guillaume found in 2016 a 
CDD position as a pedagogical engineer at Pierre and Marie Curie University. Between 2017 
and 2018, he worked for the company Buzar Drone Solution. Since 2018 he has been working 
as a CDD engineer at the OPGC with Philippe Labazuy on Virtual Reality for the teaching of 
Geosciences and at the same time working on radar on board drones. 

 Ulrich Kniess (May 2007 to Oct 2011, 53 months). « Quantification of the evolution of clay 
landslides using remote sensing techniques, Application to the Trièves region (Western 
French Alps) ». Source of funding : Marie-Curie Research Training Network EU project 
« Mountain Risks ». PhD director: Denis Jongmans, co-director : Erwan Pathier and Stéphane 
Schwarz. His PhD work has resulted in 3 Journal Articles (A09, A17, A22). Ulrich is now 
geotechnical engineer est maintenant ingénieur en géotechnique dans la société 
Ingenieursgesellschaft von Lieberman GmbH. 

List of PhD students with active supervsion without 
being an official PhD director. 

 Léa Pousse (Oct. 2013 – Dec. 2016, 38 months). « Seismic hazard along major strike slip faults 
in Venezuela ». Source of funding: Doctoral School of Univ. Savoie Mont-Blanc (USMB). I 
actively participated by supervising the InSAR work done in her thesis. Thesis Director: 
François Jouanne, co-director Riccardo Vassalo. Her PhD work I supervised resulted into two 
Journal articles (A18, A21).After her PhD, Léa has done a first Post-doc at CEREGE (Univ. Aix-
Marseille), and she’s now post-doc with Ed Nissen at University of Victoria (School of Earth 
and Ocean Sciences).   

 Johann Champenois (Oct. 2008 – Dec. 2011, 38 months). «Characterization of interseismic 
tectonic deformations of Taiwan by radar interferometry ». Source of funding: Doctoral 
School of Univ. Paris Est Marne-la-Vallée (now Univ. Gustave Eiffel) allocation doctorale de 
l’université Paris-Est Marne-la-Vallée. I actively participated by supervising the InSAR part 
and some field work. Thesis Director: Benoit Deffontaines, co-director : Fruneau Benedicte. 
Her PhD work I supervised resulted into two Journal articles (A11, A19). After his PhD, Johann 
did a post-doc at Institut de Radioprotection et Sûreté Nucléaire (IRSN) up to 2014, then did 
a post-doc at the Laboratoire Télédétection et Surveillance de l’Environnement (LTSE, CEA) 
and then at IPGP, and finally got a permanent position in 2017 as researcher at CEA. 

Master students or engineering school students 
projects I have supervised 

 Corentin Abraham, Master1 Sciences de la Terre de l’Environnement et des Planètres de 
l’Univ. Grenoble Alpes (05/2019 - 07/2019). « Etude de déformations de plis en front de 
chaîne de montagnes à l’aide de modèles cinématiques et de modèles élastiques ». 
Supervisor at 100%. Pursued in Master 2 STPE at UGA. 

 Pedro Espín Bedón Pedro, Master 2 Sciences de la Terre de l’Environnement et des Planètres 
de l’Univ. Grenoble Alpes (02/2019-06/2019). « Surface deformation monitoring from InSAR 



230 
 

Sentinel data in Quito, Ecuador ». Co-Supervisor at 25%. Pursued in PhD thesis at University 
of Leeds (UK). 

 Thomas Gaubert-Bastide, Master 2 Sciences de la Terre de l’Environnement et des Planètres 
de l’Univ. Grenoble Alpes (02/2018-06/2018). “Characterization of interseismic strain rate 
and hydrological interannual signals in Southern Apennines (Italy) from a combined analysis 
of GNSS and InSAR time series”. Supervisor at 40 %. Pursued in PhD thesis at Université de 
Pau. 

 Miloud Fekaouni, Master 2, Ecole Nationale Supérieur de Geographie / Univ Paris Est Marne-
la-Vallée (05/2018 - 08/2018). « Cartographie des déformations de surface sur l’île de Taiwan 
par interférométrie RADAR Sentinel-1 ». Supervisor at 40%. Went back to his position in 
Algeria after his Master. 

 Arthur Roussel, summer internship from IUT (06/2017 – 08/2017). « Création d'un plugin 
QGIS facilitant l'interprétation d’interférogrammes ». Supervisor at 40%. 

 Aïcha Diomandé, Master 1 Sciences de la Terre de l’Environnement et des Planètres de 
l’Univ. Grenoble Alpes (29/05/2017-31/08/2017). « Evaluation de la qualité de Modèles 
Numériques de Terrain (MNT) au Mexique et développement d’une méthode pour réaliser 
un MNT amélioré pour une application à l’interférométrie radar satellitaire ». Supervisor at 
100%.  

 Graciela Rojo Limon, Master MEEES (Master international Erasmus Mundus en Earthquake 
Engineering & Engineering Seismology) Univ. Grenoble Alpes (fév. 2016 à juil. 2016). 
“Intraplate Deformation in the Guerrero Region (Mexico): Testing the Hypothesis of an 
Activation of the La Venta Fault System”. Supervisor at 70%. Pursued in PhD thesis at ETH 
Zurich. 

 Johanne Ngouegne-Okouma, Master 1 Sciences de la Terre de l’Environnement de 
l’Université de Grenoble (01/02/2015-16/06/2015). « Recherche d’indices morphologiques 
de l’activité de la faille de Belledonne (Isère) à partir d’un Modèle Numérique de Terrain 
Lidar haute résolution.». Supervisor at 100%. Pursue in Master 2 (specialty Géosciences : 
Explorations, Risques). 

 Clément Roussel, Master 2 de l’Université de Bretagne Occidentale (01/04/2014 - 
01/09/2014). « Etude de subsidence urbaine au Liban pour l'estimation des effets de sites 
sismiques ». Encadrement 25%. Pursued in PhD thesis at IFREMER and Victoria University of 
Wellington (NZ). 

 Yu-Tzu Liao, Master 1 Sciences de la Terre de l’Environnement de l’Université de Grenoble 
(01/02/2014 - 12/06/2014). « Identifying active tectonic structures in South-Western Taiwan 
from geodetic data (GPS – InSAR) ». Supervisor at 100%. She want back to Taiwan finishing 
her Master of Science at NTU (National Taiwan University). 

 Thomas Reverso, Master 1 Sciences de la Terre de l’Environnement de l’Université de 
Grenoble 1(01/02/2011 - 20/05/2011). « L’estimation du potentiel de l’interférométrie radar 
satellitaire à large fauchée (mode Scansar du satellite Envisat) pour l’étude de séismes lents 
dans la zone de subduction de Guerrero (Mexique) ». Supervisor at 70%. Pursued in PhD 
thesis at Univ. Savoie Mont-Blanc. 

 Zahra Mousavi, Master MEEES (Master international Erasmus Mundus en Earthquake 
Engineering & Engineering Seismology) de l’Univ. Grenoble 1 (fév. 2010 à juin. 2010). 
“Interseismic deformation of two major active faults in eastern Iran: contribution of satellite 
radar interferometry (InSAR)”. Supervisor at 50%. Pursued in PhD Thesis at ISTerre with 
Andrea Walpersdorf and me as supervisors. 
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 Jonathan Perrin, Master 1 Sciences de la Terre de l’Environnement de l’Université de 
Grenoble 1 (fev. 2010 – mai 2010). « Méthode de télédétection optique du champ de 
déplacement du séisme au Cachemire en 2005 ». Supervisor at 70%. Pursued in PhD thesis 
at CINaM (Centre Interdisciplinaire de Nanoscience de Marseille). 

 Grégory Clouvel, Master 1 SDUEE (spécialité : OACOS) at Univ. Paris 6 (2010). « Extraction 
des délais troposphériques GPS en Iran de l’Est pour la correction des images InSAR ».  
Supervision at 20%. 

 Hayethem Balti, 3rd year of Engineering School, Ecole Supérieure Telecom Tunis, (janv. 2009 
– juin 2009). « Correction atmosphérique des images radar en interférométrie 
différentielle ». Supervision at 40%. 

 Sylvain Michel, 3rd year of Engineering School, Ecole et Observatoire des Sciences de la Terre 
de l’Université de Strasbourg (juil. 2009 - dec 2009). «La subsidence peut-elle servir de proxy 
aux effets de site ? ». Supervision at 30%. After a second master at ENSG, and a geologist 
position at BM Geological Services Pty. Ltd, He pursued in PhD thesis at Caltech avec J-P 
Avouac (2014-2018) and he is now post-doc at ENS-Paris. 

 Jérémie Barnavol, Master 1 STE, Univ. Grenoble 1 (fév. 2008 – mai 2008). « Potentiel de 
l’imagerie radar satellitaire pour la détection d’éboulement rocheux ». Encadrant principal, 
coencadrant Didier Hantz. Pursued as geologist-geotechnician engineer at Egis international. 

Post-doc and training of Engineers :  
 Yang Zou  (Jan. to Dec. 2020) : 1-year post-doc with research project about « Numerical 

modelling of aseismic folding deformation in Taiwan using Discrete Element Method ». In 

collaboration with Frederic Donzé. Source of funding : UGA IDEX-ISP project (PI : Erwan 

Pathier). 

 Wei Peng (2019-2020): 20 months post-doc with research projects about « Swarm 

sequence detection in Taiwan using declustering method » in collaboration with David 

Marsan and Kate Chen and « Integrating Repeating Eartquake constraints in geodetic 

inversion of the creep of the Longitudinal Valley fault (Taiwan) in collaboration with 

Mathilde Radiguet. Source of funding : MOST-Taiwan Dragon Gate project. 

 Ranaa Charara (2011-2012) : post-doc with research project about « Using cGPS data to 

mitigate atmospheric perturbations in spaceborne SAR interferometry for ground 

deformation measurement. Application to the Longitudinal Valley (Taiwan) ». In 

collaboration with A. Walpersdorf, J. M. Nocquet, J.-C. Hu. Source of funding : ANR project 

EFIDIR. 

 Olivier Cavalié (2007-2008): post-doc with research project about «Using InSAR to study 

the 2006 slow earthquake in the Guerrero gap of the mexican subduction zone». Source of 

funding : CNRS-InSU. Olivier is now Maître de conférences at Université de Nice. 

I also participated in the recruitment and/or training in satellite radar interferometry for three 
engineers who worked in our research team: Félicity Lodge (2010-2012, CDD, IR), Mathieu Volat 
(2013-2016, CDD, IR), Franck Thollard (IR-CNRS in the team since September 2016), and 
Christophe Laurent (2018-2020, CDD IR).  
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Appendix 6: 
Research animation and responsabilites 

Responsabilités Au niveau National 

 Membre depuis 2019 du groupe de travail Terre Solide du comité TOSCA (Terre solide, 
Océan, Surfaces Continentales, Atmosphère) du CNES   

 Participation à plusieurs projets dans le cadre du pole ForM@Ter de l’Infrastructure de 
recherche nationale DataTerra (Etalab, EPOS, FlatSIM). Ces projets sont portés par 
ForM@Ter avec une forte implication du groupe InSAR d’ISTerre.  

Responsabilités Au niveau local 

 Responsable adjoint de l’Equipe Cycle sismique et déformation transitoire d’ISTerre  

2015-2019. 

 Membre du Comité de Pilotage du Centre de données de l’OSUG. 2014 -

2016.  

Membre de jurys de thèse 

 Examinateur dans le jury de thèse de Johann CHAMPENOIS, dec. 2011 (Université Paris-

Est Marne-La-Vallée) sur le sujet « Caractérisation des déformations tectoniques inter-

sismiques de l’île de Taiwan par interférométrie radar »   

 Examinateur dans le jury de thèse de Romy Schlögel, fev. 2015 (EOST, Université de 

Strasbourg) sujet « Quantitative landslide hazard assessment with remote sensing 

observations and statistical modelling » 

 Examinateur dans le jury de thèse de Eric Henrion, dec. 2019 (EOST, Université de 

Strasbourg) sujet « Suivi géodésique des réservoirs souterrains» 

Membre de jury de recrutement de Maître de 
conférences 

 Membre de 5 comités de sélection à des postes de Maîtres de conférences depuis 

2010 :  

Univ Paris 7 (poste n°1508) 2010, INPG-Gipsalab (poste n°600) 2011, Univ Grenoble 1 
(poste n°1416) 2011, INPG-Gipsalab (poste n°600) 2012,  Univ. Joseph Fourier (poste 
n°1111), 2015, 
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Membre de comités scientifique et de comités 
d’organisation de conferences ou workshop 

 Comité d’organisation du Colloque 2007 du Groupement de Recherche G2 (geodesie 

Geophysique), Grenoble, 21-23 novembre  

 Comité d’organisation du Workshop MDIS, 17-18 Octobre 2013, Autrans,  

 Comité scientifique colloque SAGEO 2014   

 Comité d’organisation du Workshop MDIS, 7-8-9 octobre 2015, Autrans,  

Comité scientifique colloque WEGENER 2018,  https://wegener2018.sciencesconf.org/ 

Membre de comités de suivi de thèse  

Lin Kuan-Chan (2011), Gohkan Aslan (2016-2018), Anta-Clarisse Sarr (depuis 2016-2017) , Lea 
Pousse (2016), Hugo Sanchez (2016-2018). 

Autres responsabilités 

 Responsable scientifique du Service commun Système d’information 

Géographique (SIG) de l’OSUG,   2013-2018 (participation au groupe de travail 

depuis 2007). 

 Membre de la commission informatique de l’Observatoire des Sciences de l’Univers de 

Grenoble (OSUG) 2014-2015.  

 Membre suppléant élu au conseil de laboratoire d’ISTerre depuis janvier 2016 

 Correspondant Informatique de l’Equipe Cycle sismique dans la Commission des 

Utilisateurs Informatique d’ISTerre, depuis 2011 (inclus la gestion de la liste de 

diffusion de l’équipe et la gestion du projet NSBAS sur le mesocentre de calcul de 

l’UGA.) 

  

https://wegener2018.sciencesconf.org/
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Appendix 7: 
Teaching activities 

En tant que Maître de Conférences, j’effectue un service d’environ 192h/an d’enseignement, 
à l’exception de l’année 2012-2013 où j’étais à temps partiel à 90% pour des raisons familiales et 
de l’année 2014-2015 où je n’ai fait qu’un demi-service en raison d’un semestre de CRCT. Depuis 
2006, j’ai acquis une large expérience d’enseignement avec des publics très variés (Licence 1 et 
2, Licence Pro (en alternance), Master1 et 2 STE, Master en Géographie, Ecole d’Ingénieur 
Polytech, Master international, Ecole Doctorale). J’ai participé à la création de nouvelles unités 
d’enseignement, avec notamment le souci d’introduction les outils numériques notamment en 
TP. J’ai aussi expérimenté de nouvelles méthodes pédagogiques (ateliers tutorés, utilisation de 
boitier de votes …). 

Responsabilités liées à l’enseignement 

•Responsable de la 1ère année de licence du parcours géosciences (Mention Sciences de la 
Terre et de l’Environnement) de 2008 à 2014. Rôle d’accueil, de suivi et d’orientation, 
impliquant notamment la participation à la commission pédagogique de DLST la participation à 
la commission d’enseignement de l’OSUG ainsi que la participation à l’élaboration des contrats 
quinquennaux (2011-2015 et 2016-2020 en cours). 

•Responsabilité d’Unité d’Enseignement (UE) :  

 Master 1 STPE : UE « Télédétection et SIG pour la Terre Solide » (depuis 2013). 

 Master Erasmus Mundus « Earthquake Engineering and Engineering Seismology » : UE 
« Active Faults and Remote Sensing » (2011-2016). 

 Licence Professionnelle « Protection et Prospection des Ressources Naturelles » : 
UE PPSTE304 : Géologie structurale, géométrie, cartographie 3D (depuis 2011). 

 1ere année de Licence Science et Technique : UE STE204 « Système Terre, Dynamique 
de la Terre (depuis 2016) 

 2eme année de Licence Science et Technique : UE STE401, « geothermie, gravimetrie, 
geodesie ». Co-responsable de l’UE (2016-2018) avec M. Radiguet. 

 1ere année d’école d’ingénieur Polytech (Geotechnique/Genie Civil) : UE KAGG6M19, 
« introduction aux SIG (depuis 2015) 

 

Autres activités liées à l’enseignement 

 Participation aux actions d’orientation des Lycéens et Etudiant: Journée des Lycéens 
(depuis 2009), Journée Forum des Masters. 

 Entretiens pédagogique lors de l’inscription des étudiants en première année de licence. 

 Portage de projet pédagogique  pour améliorer les conditions 
d’enseignements (DLST, UFR PHITEM, Labex OSUG@2020 AO Formation.  
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 Tuteur de moniteurs (LABEL RES) : 2008-2011 Charlotte Fillon, 2009-2011 Romain 
Jolivet,  2010-2012 Ainhoa Lincot, depuis 2011-2013  Marie Macquet, 2012-2014 
Gabrielle Helio, 2015-2016 Simon Daout,   2014-2017 Yacine Benjelloum et  2015-2018 
Laura Airaghi et Olivier Passalacqua.   

 Tuteur de sportif de haut niveau en licence (2008-2009 Leila Simonet, 2009-2010, 
Matthieu Ringot et Amandine Monterrat, 2011-2013, Thibaut Rey, 2013 Sylvain Franco )  

 Suivi d’étudiant handicapé en collaboration avec le service Accueil Handicap de 
l’université de Grenoble (2009-2013) 

 Fête de la science  oct/nov 2015 : participation au Village de Sciences (Commune de 
Pont de claix) sur le thème « Observer la Terre & l'Univers avec la complicité de la 
lumière ! » 

 

Activités d’Enseignements lors de workshop.  

 Ecole de printemps, Les Houches, 1-6 mai, 2011, 

http://efidir.poleterresolide.fr/index.php/efidir-seminars/spring-school-2011. Practical 

Work on NSBAS processing chain. 

 Ecole d’automne MDIS 2017  à Clermont-Ferrand Clermont 

https://mdis2017.sciencesconf.org/resource/page/id/1   Chaine de traitements 

interferométriques de la plateforme Form@Ter 

 Ecole d’Automne MDIS 2019 à Strasbourg https://mdis-

2019.sciencesconf.org/resource/page/id/2 On-demand NSBAS processing chain for S1 

data 

 Course on  InSAR Processing, 3rd France-iran Trigger Conference, 8-10 Octobre 2019, 

Zanjan, Iran https://iasbs.ac.ir/~trigger/pages/work-shop.html 

  

http://efidir.poleterresolide.fr/index.php/efidir-seminars/spring-school-2011
https://mdis2017.sciencesconf.org/resource/page/id/1
https://mdis-2019.sciencesconf.org/resource/page/id/2
https://mdis-2019.sciencesconf.org/resource/page/id/2
https://iasbs.ac.ir/~trigger/pages/work-shop.html
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Récapitulatif des enseignements effectués depuis 2006 

Le tableau ci-dessous récapitule les différents enseignements que j’ai effectués depuis mon 
recrutement en 2006 (la signification des abréviations est donnée ci-après). 

Niveau Intitulé  Description  Type et volume 
horaire annuel  

Années 
exercées  

L1 (divers  
parcours)  

TUE110, 
STE110 

Introduction au Sciences 
de la  Terre  

TP intégrés  :  38h 2006-2013 

L1 SVT TUE121,  

STE121/20
3 

Tectonique et 
sédimentation 

Terrain 12h à 24h 
suivant les années  

2007-2018 

L1 PCMM STE204 Syteme Terre,  
Dynamique de la Terre  

9h à 15h de CM 

20 à 30h de TP  

2016-2020 

L2 GSC STE244 Applications sur le terrain : 
(Auvergne) 

Terrain 30h  2008 

L2 GSC/PGM/PHY STE232 

 

Physique de la Terre  CM 4.5h TD 3h à 9h  

TP 6h, terrain 4.5h  

2010-2016 

L2 STE/PM STE401 Geothermie Gravimétrie 
Geodesie  

CM 4.5h 

TP 8h, terrain 12h  

2016-2020 

IUT-1 Mesure 
Physique 

JE2MPH Géophysique de Terrain  TP 12h 2012 

L3Pro PPRS TUE302 Capteurs, Mesures sur le  
Terrain,  Données  

Terrain 3h  

TP 3h 

2009, 2010 

L3Pro PPRS TUE304 

STE304 

Géologie Structurale ,  
SIG, et Carto 3D 

CTD  3h 

TP  12h 

2009-2015 

L3Pro PPRS PARSCUA
D 

Valorisat ion et  
représentation des données 
en géosciences  

CTD 4h  

TP 26h 

2015-2020 

Master 1,  STE  TUE42R Séismes et  Risques 
Sismiques  

CM 3h 2010 

Master 1,  STE  TUE402,  

TUE 416 
STE4123 

PAX8STAB 

 

Télédétection et  
Système d’ information 
Géographiques 

Remote Sensing and GIS  

(en 2019 passage en 
anglais )  

CM 18 à 21h  

TP  18h à 39h 
suivant les années  

En 2018 passage de 
12 h de TP en mode 
mini-projet   

2006-2020 

Master 1 STE  TUE407 Exploration du Globe  :  
Gravimétrie  

CM 9h 

TD 6h 

2006, 2007 



237 
 

Master 1 STE TUT410 Atel iers Tutorés  

Sur les SIG  

12h 2009, 2010 

M2P GER TUE521,  

TUE53P1 

STE53G1  

Positioning :  GIS and 
Geodesy with Field work  

TP 12h à 24h 
suivant années  

2006-2013 

MEEES TUE531 Positioning and GIS  Terrain 9h  2006-2008 

MEEES/M2R TS STE535E 

STE536c 

Active Faults  and 
Remote sensing  

CM 7 à 12h 

TP 3h à 9h  

2010-2019 

1ere année école 
d’ ingénieur Polytech  

KAGG6M1
9 

Introduction au SIG  CM 3h, TP 24h 2014-2020 

Ecole Doctorale 
Terre Univ.  Env.  

PCED Introduction au SIG  CM  3h  

TP  9h  

2011, 2013 

Abréviat ion s :  

GSC/PHY/PGM : parcours de Licence : Géosciences / Physique / Physique Géosciences et Mécanique 

L3pro PPRS: Licence Pro en alternance “Prospection et Protection des Ressources Naturelles” 

MEEES: Master Erasmus Mondus  Earthquake Engineering et Earthquake Seismology 

M2P GER: Master 2 Professionnel  Géosciences Exploration et Risques 

M2R TS: Master 2 Recherche  STE Terre-Solide 

PCMM : Physique, Chimie, Mécanique, Mathématiques 

SIG : Système d’Information Géographique 

STE : Sciences de la Terre et de l’Environnement 

TUE : Terre Univers Environnement 

DLST : Département de la licence Siences et Technologie 
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