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Zusammenfassung

Alfred Wegeners Thesen des Kontinentaldrifts fanden erst in den 1960er und 1970er Jahren Akzeptanz, als die
krustalen Polarisationswechsel auf dem atlantischen Meeresboden entdeckt wurden und Erdbebenkataloge das
Abtauchen von ozeanischer Kruste unter kontinentale Kruste abbildeten (Wadati-Benioff-Zone). Es dauerte jedoch
weitere 20 Jahre, bis die Geodäsie erstmals Plattenbewegung sicht- und quantifizierbar machte. Seit dann sind
satellitengestützte Messmethoden aus der neotektonischen Forschung nicht mehr wegzudenken.

Dank einer stetig (zeitlich und räumlich) wachsenden Anzahl instrumenteller Beobachtungsdaten wird unser
Verständnis des Erdbebenzyklus—das Wechselspiel zwischen tektonischem Spannungsauf- und -abbau—immer
komplexer. Das klassische Konzept, nur Erdbeben setzten die zuvor linear aufgebaute Spannungsenergie instantan
frei, wird heutzutage durch eine Vielzahl von zusätzlichen schnelleren und langsameren Prozessen ergänzt.
Beispiele dafür sind getriggerte Versätze (triggered slip), Nachbeben (afterslip), postseismische und visko-
elastische Relaxation der tieferen Kruste, dynamische, elastische Veränderungen des Gesteins-Porendrucks,
aseismisches Kriechen sowie Spannungsabbau durch kleine Erdbebenschwärme.

Anhand von elf begutachteten und bereits veröffentlichten Arbeiten präsentiere ich in meiner Habilitationsschrift
die Diversität krustaler Deformationsprozesse. Ich analysiere Zeitreihen von Radar-Satellitenaufnahmen und
satellitengestützten Positionierungssystemen um die tektonische Oberflächenbewegung zu quantifizieren. Der
Vergleich von kinematischen Beobachtungen mit geologischen und seismischen Indizien sowie die Simulation
ebenjener durch rechnergestützte Modelle ermöglichen mir, die verursachenden krustalen Prozesse besser
verstehen.

Der Hauptteil meiner Arbeiten beschreibt rezente, krustale Bewegungen im Pamir, Hindu Kush und Tien Shan,
welche zusammen das westliche Ende der kontinentalen Kollisionszone zwischen dem indischen und eurasischen
Kontinent bilden. Rund um ein starkes Erdbeben, welches 2015 das Zentralpamir erschüttert hat, zeige ich
vielseitige Beispiele von hochaktiver krustaler Deformation. Verursacht werden diese Bewegungen durch
den nordwestindischen Kontinentalsporn, welcher (fast) ungebremst in den Pamir hineinrammt, ihn auftürmt,
zusammenquetscht, und ihn gravitationsbedingt gegen Westen ins tadschikische Becken kollabieren lässt.
Der zweite thematische Schwerpunkt liegt auf Prozessen, welche durch Megathrust-Erdbeben, also Beben
mit einer Magnitude>8, hervorgerufen werden. Diese Anwendungen fokussieren sich auf die ozeanischen
Subduktionszone von Chile und zeigen die Wichtigkeit vertikaler Hebungsdaten um, beispielsweise, den Einfluss
tektonischer Prozesse auf den Gesteins-Porendruck zu verstehen.

Zusammenfassend veranschaulichen und bestätigen meine Arbeiten, wie stark und komplex die oben beschriebe-
nen Prozesse räumlich und zeitlich korrelieren, und dass das klassische Konzept des Erdbebenzyklus überholt ist.
Letztere Einsicht hat grossen Einfluss auf probabilistische seismische Gefährdungsanalysen, welche grundsätzlich
statistische Vorhersagbarkeit annehmen.
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Abstract

Alfred Wegeners ideas on continental drift were doubted for several decades until the discovery of polarization
changes at the Atlantic seafloor and the seismic catalogs imaging oceanic subduction underneath the continental
crust (Wadati-Benioff Zone). It took another 20 years until plate motion could be directly observed and quantified
by using space geodesy. Since then, it is unthinkable to do neotectonic research without the use of satellite-based
methods.

Thanks to a tremendeous increase of instrumental observations in space and time over the last decades we
significantly increased our knowledge on the complexity of the seismic cycle, that is, the interplay of tectonic
stress build up and release. Our classical assumption, earthquakes were the only significant phenomena of
strain release previously accumulated in a linear fashion, is outdated. We now know that this concept is actually
decorated with a wide range of slow and fast processes such as triggered slip, afterslip, post-seismic and visco-
elastic relaxation of the lower crust, dynamic pore-pressure changes in the elastic crust, aseismic creep, slow slip
events and seismic swarms. On the basis of eleven peer-reviewed papers studies I here present the diversity of
crustal deformation processes. Based on time-series analyses of radar imagery and satellited-based positioning
data I quantify tectonic surface deformation and use numerical and analytical models and independent geologic
and seismologic data to better understand the underlying crustal processes.

The main part of my work focuses on the deformation observed in the Pamir, the Hindu Kush and the Tian
Shan that together build the highly active continental collision zone between NW-India and Eurasia. Centered
around the Sarez earthquake that ruptured the center of the Pamir in 2015 I present diverse examples of crustal
deformation phenomena. Driver of the deformation is the Indian indenter, bulldozing into the Pamir, compressing
the orogen that then collapses westward into the Tajik depression. A second natural observatory of mine to study
tectonic deformation is the oceanic subduction zone in Chile that repeatedly hosts large subduction earthquakes
of magnitude 8 and more. These are best to study post-seismic relaxation processes and coupling of large
earthquake.

My findings nicely illustrate in a how complex fashion and how much the different deformation phenomena
are coupled in space and time. My publications contribute to the awareness that the classical concept of the
seismic cycle needs to be revised, which, in turn, has a large influence in the classical, probabilistic seismic
hazard assessment that primarily relies on statistically solid recurrence times.

3





1 Introduction

1.1 Towards a better understanding of the seismic cycle

Driven by mantle convection, tectonic plate drift causes crustal deformation and strain accumulation at the
margins and – to a minor extent – also within tectonic plates (Figure 1.1b). Once the accumulated strain energy
excels the frictional strength of the crust it is usually released instantaneously in an earthquake. Both sides of the
ruptured fault exhibit permanent translation and the whole region is moved by elastic waves traveling through the
crust and along the surface. By nature, plate-boundaries provide access to fresh water and other georesources and
thus are popular regions for large cities (Figure 1.1a). Therefore earthquakes with moment magnitudes of M6
and above often cause high fatalities and infrastructure damage. As consequence, a better understanding of the
kinematic and dynamic processes controlling the build up of strain and of the physics of the brittle, upper crust
are needed to mitigate the effect of such natural disasters and to build the base for a safe and thriving society.
Thus, a better understanding when and how earthquakes occur is a basic prerequisite to achieve the UN’s 2030
Agenda for Sustainable Development (United Nation Resolution, 2015).
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Figure 1.1: Spatial correlation between a) the most destructive earthquakes since 1900 (US Geological Service) and b) densely populated
regions and high tectonic strain (Kreemer et al., 2014). Figure modified from Elliott et al. (2016).

Plates drift with a quasi-constant rate over the course of millions of years (Bunge et al., 1998), but the spatio-
temporal behavior of evolving and inherited faults in the brittle upper crust are highly complex. They comprise a
repeating series of fast, intermediate and slow-moving epochs, known as the seismic cycle (Benioff , 1951). In its
most simple form, the cycle begins with a long, inter-seismic period of slow strain accumulation across a locked
fault system that is then instantaneously released by an abrupt co-seismic rupture. Given the geologically short
instrumental time-series it is still unclear if these cycles are periodic, random, or clustered in time. For large (M7+)
earthquakes the cycle is extended by a significant, stress-driven readjustment of the rupture surface (afterslip,
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CHAPTER 1. INTRODUCTION

often caused by seismic aftershocks) within the days/weeks following the earthquake, and by post-seismic,
visco-elastic relaxation processes of the more plastic, lower crust within months and decades following the event
(Amos and Gerald, 1974; Wang et al., 2012).

The occurrence of large earthquakes is so irregular in space, size and time, and depends on so many unknown
parameters that the predictive power to forecast the location and size of the next big event is depressingly low as
the following examples of larger earthquakes show: The 2010 Haiti (M7) and the 2011 Tohoku-Oki, Japan, (M9)
earthquake, for example, occurred in regions that were unexpected to host such devastating earthquakes (e.g.
Huang and Zhao, 2013; Kagan and Jackson, 2013; Stein et al., 2012). The 2015 Gorkha, Nepal, earthquake (M7.8)
produced much lower ground acceleration than anticipated (Takai et al., 2016) and than compared to the (much
smaller) Haiti earthquake. The 2016 Kaikoura, New Zealand, earthquake (M7.8) caused by an more complex,
multi-fault rupture than ever imagined, including several fault systems with sub-faults oriented unfavourably to
the preferred slip direction (Figure 1.2a). High-resolution radar satellite imagery of the recent 2019 Ridgecrest
earthquake sequence (M6-7) showed that fault damage zones are much wider than anticipated (Figure 1.2b). And
finally, the recent improvement on dense temporal data sampling provide evidence of highly variable, aseismic
fault slip, usually referred to as fault creep or silent slip events. These data vaporize the concept of a inter-seismic,
steady-state phase in the seismic cycle, but also raise hope for the detection of precursory earthquake signals (e.g.
Bedford et al., 2015, 2020; Socquet et al., 2017). On a larger time scale, the analysis of sea shore data (Sieh et al.,
2008) and multi-cycle models using analog material (Kosari et al., 2022) suggest that, if observed long enough,
multiple seismic cycles group together in supercycles.
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Figure 1.2: Examples of complex earthquake fault ruptures. a) The 2016 M7.8 Kaikoura, New Zealand, earthquake activated a muti-fault
system that offsets from the high-strain region and includes unfavourable fault orientations. b) Radar phase gradient map highlighting
the broad damage zone of the 2019 Ridgecrest, California, earthquake sequence. Figures modified from a) Lamb et al. (2018) and b) Xu

et al. (2020).

Naturally, more geodetic observations provide insight into more complex fault loading processes than previously
thought of, and it becomes clear that the seismic cycle is a highly non-linear process. As consequence, the concept
of probabilistic seismic hazard models must be revisited. It is not sufficient to incorporate seismic catalogs and
the current state of crustal strain only, but also more knowledge on the dynamic behaviour of faults and their
interaction with their environment, e.g. adjacent fault systems, rheological properties and pore pressure.
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1.2. TACKLE CRUSTAL DEFORMATION SOURCES FROM SPACE
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Figure 1.3: Detection range
of InSAR and GNSS ap-
plications, inspired by a
figure of Massonnet and

Feigl (1998), in relation
to the strength of the de-
forming source. Limiting
factors are GNSS network
sparsity (fading green back-
ground), InSAR signal res-
olution, and geometry lim-
itations. The numbers re-
fer to my own publications
where these phenomena are
discussed (Chapter 3).

1.2 Tackle crustal deformation sources from space

Aseismic fault loading significantly contributes to the current state of stress and is best studied using using modern
geodesy. The interdisciplinary research field of tectonic geodesy (Section 2) combines geodetic measurement
techniques, geophysical signal analysis, and knowledge of the geologic structures and rheology to observe and
interpret recent tectonic deformation using kinematic and dynamic modeling. The most popular observation
techniques are Global Navigation Satellite System (GNSS) positioning and synthetic-aperture radar (SAR) data,
where the latter is often analyzed as differential interferograms (InSAR, Chapter 2). To study deformation over
time these can be analyzed by simply measuring the offset signal between before- and after-event data, or by
applying time-series analysis to a whole series of observations to extract also second-order signals that vary in
time (transients). Installed on solid ground, GNSS receivers record pointwise positioning offsets or deformation
rates in three dimensions (East, North, Up) relative to a geo-centered tectonic plate reference model. Space-borne
radar data is confined to two line-of-sights of the ascending and descending orbit passes and are provided in
a local reference frame restricted to the satellite’s footprint. If combined, these two observation techniques
provide surface deformation data with mm-accuracy, sampled at ∼10-100 m in space and seconds to days in time
covering areas of 100+ km. I will show in several case studies (Chapter 3) that they are capable to detect nearly
all phenomena of the seismic cycle, if their deformation signal is propagated to the surface (Figure 1.3).

The observations are validated by numerical and analytical models to constrain key parameters of the responsible
deformation source. Of key interest are rupture dimension and geometry, amount and timing of co-seismic slip
and afterslip, and accumulation of slip deficit during the interseismic period. Rupture size and slip are valuable
information to better constrain the seismic energy release. In the interseismic phase, the amount of locking
and the slip deficit provide key aseismic information on seismic hazard estimates. Space-borne observations
are preferrably ground-truthed by e.g. structural, geomorphologic and seismic observations, which add further
constraints to the model assumptions and data/model interpretation. A comparison to the geologic archive (e.g.
for slip rates) improves our understanding of long-term (plastic) and short-term (elastic) deformation processes.
So far, this so-called deformation partitioning was not-well resolved and conventional, but spatio-temporally
sparse strain analyses probably overlooked fundamental patterns contributing to permanent deformation. This is
also relevant from the perspective of a seismic hazard assessment that is mostly influenced by the short-term,
elastic energy release on faults.
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CHAPTER 1. INTRODUCTION

1.3 Tectonic settings and personal scientific achievements

The studies presented in my habilitation thesis mostly focus on convergent plate-boundaries in the greater Pamir
region (Central Asia) and the Chile Subduction Zone, which are two key natural laboratories of my current
employer to study earthquake, plate-boundaries and mountain building. A smaller part of the work presented here
deals with the tectonic phenomena observed at volcanic systems at divergent plate-boundaries (North Iceland)
and transform plate-boundaries (California Shear Zone).

The Pamir continental collision zone (Figure 2.1) is a N–S converging system located at the western tip of
the India-Asia collision zone and the Himalayan orogenic belt (Burtman and Molnar, 1993). It is a rugged and
highly active orogen in a remote, politically instable region of Central Asia. Currently, the Pamir accommodates
a third of the Eurasia-India convergence and hosts decadal M7 earthquakes that occur mostly along its northern
margin, less in the center, where the most recent, 2015 M7.2 Sarez earthquake ruptured the main NE-trending
sinistral, strike-slip fault. To the north the Pamir is confined by the Tian Shan mountains, to the west by the
Tajik Basin. The latter forms, together with the Alai valley (embedded between the Pamir an the Tian Shan and
nearly consumed by them) two remnants of the Paleo-Tethys ocean (e. g. van Hinsbergen et al., 2012). Towards
southwest, the Pamir links to the Afghan Hindu Kush. I have quantified the kinematics of the most active faults
bounding the Pamir (Bloch et al., 2022; Kufner et al., 2018, 2021; Metzger et al., 2017, 2020, 2021a; Perry

et al., 2018; Zubovich et al., 2016, 2022). I made use of a new GNSS network crossing the northern and western
Pamir and the transition to the Hindu Kush along five dense observation profiles, filling a prominent data gap
in the West Pamir. The 2015 Pamir earthquake occurred during the observation period, which is why I could
use those data to not only learn about the interseismic, but also the co-seismic behaviour of the most important
faults in the Pamir region. I show that several of those faults exhibit 10-20 mm/yr of interseismic slip (which
is surprisingly high for a continental setting), that the 2015 earthquake had an impact on many of those, and
that oceanic evaporites play an important role in the regional strain accumulation. Thanks to the combination of
GNSS with supra-regional InSAR time-series, the surface deformation of the Pamir and the fold-thrust-belt in
the Tajik basin is resolved at great detail, and we can observe not only tectonic signals but also halokinesis and
seasonal, hydrological effects.

The Chile oceanic subduction zone is the central part of the oceanic subduction system stretching along almost
the full western margin of the South American continent. Here, the oceanic Nazca plate subducts under the
South American plate in a ENE-direction of 65-70 mm/yr (Angermann et al., 1999; Norabuena et al., 1999). My
contributions to the recent studies on this region deal with phenomena related to the postseismic phase following
the 2014 M8.1 Iquique-Pisagua earthquake (Hoffmann et al., 2018), the 2010 M8.8 Maule megathrust earthquake
(Peña et al., 2022) and the 2016 M7.6 southern Chile earthquake that ruptured a plate-boundary segment that
was seismically quiet since the great 1960 M9.5 Chile earthquake (Moreno et al., 2018). These works highlight
the importance of satellite-geodetic observations to better understand aseismic processes like plate-relocking, or
large-scale fluid processes that are best seen in vertical deformation data.

Two additional studies deal with strain accumulation in the California continental shear zone and an analysis
of frequent seismic swarms in the Icelandic rift zone. The Californian study was conducted at the Parkfield
fault segment, a creeping section of the dextral San Andreas fault in the Western US, separating the Pacific and
the North American plate. This segment is famous for M6 earthquakes repeatedly occurring over the last 150
years (Bakun and Lindh, 1985). By correlating temporal changes in the b-values and in the observed surface
creep we showed that microearthquakes might reflect the loading stage of a fault (Tormann et al., 2013). The
multi-disciplinary study of repeated seismic swarms at the Húsavík Flatey fault, a transform fault in the Tjörnes
Fracture Zone just offshore North Iceland tried to tackle the question how significant the contribution of those
swarms is to release tectonic loading (Passarelli et al., 2018).
8



1.4. THESIS OUTLINE

1.4 Thesis outline

Chapter 2 provides a brief account on the data provenience, the more technical aspects of geodetic data processing
and tectonic source modeling strategies. I first introduce three projects, in which I could install and monitor my
own, respectively, get access to existing GNSS networks in the regions of interest. Then I briefly outline how
GNSS and InSAR data are processed into (relative) positioning time-series and how those can be used to extract
various types of deformation signals. The last part documents source modeling strategies to constrain best-fitting
model parameters using linear inversion and non-linear optimization techniques.

The core of my habilitation builds Chapter 3, which reprints eleven independent publications in peer-reviewed
journals, of which six are first-authored by me or count as equal-first-authorships. Together they form a
comprehensive documentation of all seismic and aseismic deformation sources currently known (Figure 1.3).
Each publication is preceded with a short synthesis of the scientific application, the methodological advances and
the individual contributions of all authors.

The habilitation ends with a synthesis of all my works presented here (Chapter 4) and an outlook discussing the
potential of space-based geodesy and its relevance to tackle societal problems, to the geoscientific curriculum at
Potsdam university in general, and to study mountainbuilding in a systemic fashion (Chapter 5.1).
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2 Tectonic geodesy

2.1 Data collection, archives and processing software

The ESA Copernicus radar archive

The European Space Agency (ESA) Earth observation program Copernicus launched two radar satellites –
Sentinel-1A in 2014, Sentinel-1B in 2016 – to build the first comprehensive data archive of tectonically active
regions worldwide (Torres et al., 2012). Since then, the two satellites provide new acquisitions every 6-12 days of
the said regions in two view angles (ascending and descending mode)1. The satellites operate in the micro-wave
domain (C-Band) with a radar wave length of 5.6 cm that can penetrate clouds and work also at night, but is
significantly affected by air pressure and water vapor changes in the atmosphere (causing signal delay) and surface
changes due to snow and vegetational growth (causing signal destruction and image decorrelation). The data
are distributed via the open-access Copernicus Open Access Hub2 as unit tiles stretching over 240 km×200 km
(blue/red polygons in Figure 2.1). The original ground resolution is ∼2.3×12 m, but for large-scale, tectonic
applications the SAR images are often downsampled (multi-looked) to ∼100 m. If used in combination with
GNSS data providing ground-truth in a continental reference frame, the resulting time-series of now up to 8 years
can be used to derive continent-scale tectonic deformation maps (Ou et al., 2022; Weiss et al., 2020).

To compute single interferograms and estimate amplitude offsets (via cross-correlation techniques) as in Metzger

et al. (2017); Peña et al. (2022) I used the GAMMA SAR processing software (Werner et al., 2000). When
working with large interferometric time-series covering the whole greater Pamir region (Metzger et al., 2021a) I
used automatically-generated interferograms provided by the LiCSAR initiative (Lazecký et al., 2020) and the
LiCSBAS time-series analysis code written in python (Morishita et al., 2020). The deformation maps of the
large-scale time-series analysis in the greater Pamir region are available in 400 m resolution as data publication
(Metzger et al., 2021b).

Overview of GNSS surveys and instrumentation in the Pamir

The rugged topography in the Pamir impedes instrument maintenance, thus, data transfer is difficult and
continuously-operating instruments are sparse. The first handful of GNSS stations across the greater Pamir region
were installed in 2006 (Mohadjer et al., 2010). A second network in 2009 initiated by the international “Central
Asian Water” project (CAWA, Schöne et al., 2013) added a few more stations in the whole region, plus two dense
continuous GNSS (cGNSS) profile across the northern margin of the Pamir. The latter build the base of the work
presented in Zubovich et al. (2016) and Zubovich et al. (2022).

The survey GNSS (sGNSS) data presented in Zubovich et al. (2010) and Ischuk et al. (2013) provided the most
detailed insight into the regional kinematics of the greater Pamir before my research activities and field surveys
(Figure 2.1). But the existing sGNSS networks did not resolve detailed kinematics in the highly active NW-Pamir
and its transition to the Tajik Depression, and the kinematics in the remote Hindu Kush were unclear. In 2013, I
built a constantly-growing sGNSS network and supervised the data surveys to close this spatial data gap. Today,
∼40 markers on five new sGNSS profiles cross the most prominent active faults in the Hindu Kush, and the
western, northwestern and northern margin of the Pamir. Their positions were repeatedly measured between 2013

1Sentinel-1B stopped transmitting data at the end of 2021 and will be replaced by Sentinel-1C (launch planned for April 2023).
2scihub.copernicus.eu
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Figure 2.1: Surface deformation rates, crustal seismicity and main active faults (brown lines) in the Greater Pamir area. The yellow
triangles mark sites with new positioning data that were collected between 2013 and 2019, the colored polygons outline the radar data
used for the individual publications (labeled by numbers).

and 2019 (Figure 2.1) with support of Anatoly Ischuk (Tajik network), Alexander Zubovich (Kyrgyz network)
and Najibullah Kakar (Afghan network). The positioning markers were surveyed each year for two consecutive
days with a sampling rate of 30 s, using short-braced, two-legged spike mounts, Trimble R7 receivers and Trimble
Geodetic Zephyr Model 1 antennas in Tajikistan, respectively, Trimble NetR9 receivers in Afghanistan (Metzger

et al., 2020, and supporting information therein). In Kyrgyzstan we used a different set up that included a Topcon
GB-1000 receiver and Topcon PG-A1 antenna stabilized by a triangular instrument table that was horizontally
adjustable by three extendable screws (Zubovich et al., 2022, and supporting information therein). Including
inherited data from the above-mentioned networks and international, open-access GNSS data, the acquired data
were processed to positioning time-series by Zhiguo Deng (GFZ) and – to compare independent solutions – by
Olga Mosienko (Zubovich et al., 2022) and Mason Perry (Perry et al., 2018). Survey reports and raw data in
receiver-independent exchange format (RNX) are archived and accessible (Metzger et al., 2019, 2021c).

Overview of GNSS surveys and instrumentation in Northern Chile

The Integrated Plate-boundary Observatory in Chile (IPOC, Klotz et al., 2017; Moreno et al., 2017) offers
multi-parameter observation data of the northern part of the Chile subduction zone. It has been installed as a
continuously-operating network in 2007 by an international effort to study upper-plate deformation phenom-
ena related to subduction. IPOC also extends existing sGNSS time-series that were initiated in 1993 by the
South American Geodynamic Activities (SAGA, Klotz et al., 1999). The data are distributed freely among all
collaboration partners3.

3ipoc-network.org
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2.2 Geodetic time-series analysis

GNSS positioning data are derived from trilateration, that is, by minimizing distance errors between a GNSS
receiver with an unknown position on the ground and at least four GNSS satellites that constantly emit timing
information, while orbiting the earth at 25’000 km distance. By including apriori positioning information from
reference stations the problem is solved network-wise. The results provide geo-centric positioning information
in three dimensions with a precision of a few millimeter. Data are usually sampled at 1-30 s, depending on
the scientific focus (static/slow/interseismic vs. dynamic/coseismic/fast phenomena). In static observations, all
signals collected within 24 hrs are combined in one single daily positioning measurement.

Radar data, on the other hand, provides information on surface displacement that occurred between two acqui-
sitions, relative to an arbitrarily chosen reference point within the radar images. The measurements provide
phase and amplitude information along the satellite’s look direction (line-of-sight). Deformation data can be
extracted two-fold, either by amplitude offset tracking (Figure 2.2a, Kääb and Vollmer, 2000), applying cross
correlation along azimuth (flight direction) and range (look direction) between the primary and secondary radar
image, or by calculating the interferometric phase difference (Figure 2.2b, Massonnet et al., 1993). Due to its
cyclic nature, the interferometric phase is ambiguous and represents deformation as colored fringes, similar to
contour lines (Figure 2.2c). To measure the full extent of deformation observed within one interferogram one
must unwrap the data, that is integrate over all fringes. This process can be challenging if large parts of the
interferogram are decorrelated (showing white noise) due to snow cover, vegetational growth or a complete
destruction of the surface. Offset tracking provides significant results only, if the observed deformation that is
larger than ∼10% of the radar’s ground resolution. The most prominent application for offset tracking is glacial
flow and large earthquakes, where interferometry fails either due to a complete destruction of the surface or a
fringe density larger than the Nyquist frequency. In addition, offsets measured along the flight direction (azimuth)
nicely complement interferometric phase measurements along range (line-of-sight).

GNSS and InSAR record also other types of signal such as transient ground motion caused by (ocean tides)
or seasonal effects (freeze-thaw-cycle), and are sensitive to atmospheric signal delay due to pressure, water-,
and electron-content. InSAR data primarily images topography - for which it was originally developed (Farr

and Kobrick, 2000; Graham, 1974). Many of the above contributions can be corrected for or suppressed using
appropriate filtering, modeling or differential techniques, such as weather conditions, tide models and digital
elevation models. The most problematic signal contribution in GNSS data are transient artefacts, caused often
by one single , temporarily unreliable reference station, but transported through a whole network solution. For
InSAR, the largest problem poses the highly dynamic turbulent atmosphere (also known as weather) particularly,
if gentle, inter- and post-seismic deformation signals are to be observed. To get rid of these unwanted signals it is
most helpful to analyze whole geodetic time-series rather than single measurements.

GNSS time-series analysis monitors temporal changes in the positioning. Its most simple realization is to
apply a linear regression to the time-series and interpret the slope as a secular (in tectonics: interseismic) trend
representing plate motion or constant deformation. A more complex approach is trajectory modeling where the
signal is decomposed into different trajectories, such as abrupt offsets or cyclic and transient deformation, caused
by processes like earthquake offsets or antenna replacements, seasonal signals or (post-seismic) relaxation signals
(Bevis and Brown, 2014; Metzger et al., 2013a). These processes can be analytically described by

x(t) = AH(t) + Bt + C(sin ωt + cos ωt) + D arctan



t − tc

td



+ E log



1 +
t − t0

T



, (2.1)

where x is the object position sampled at time t and A, B, C, D, and E the individual signal strengths of each
contributing process, such as an offset represented by a Heaviside step-function H, a secular trend, seasonal
oscillation signals represented by a combination of a sine and cosine functions (and multiples thereof), transient
acceleration processes represented by an arctan-function centered around tc for the duration of td, and, finally,
logarithmic relaxation processes starting at t0 with a non-linear decay defined by T (Figure 2.3). Depending on
the number of processes expected to be present in the time-series, this equation can be extended or simplified,
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Figure 2.2: Concept of a) amplitude tracking and b) radar interferometry. c) wrapped interferogram and amplitude offsets highlighting
displacement caused by the 2015 Mw7.2 Sarez, Central Pamir, earthquake that caused a ∼80-km surface rupture (pink line) between
Lake Sarez (LS) and Lake Karakul (LK). Black arrows mark the measurement unit direction, black lines additional mapped faults. LOS:
line-of-sight. Note the different color scales. Figure compiled from a) Kääb and Vollmer (2000), b) lecture material of S. Metzger & H.
Sudhaus and c), Metzger et al. (2017).
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bottom) earthquake
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deformation, season-
als, transients and
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and be solved by linear inversion (Menke, 1989) respectively, non-linear optimization (Metzger et al., 2013b;
Moreno et al., 2018, supporting information). It goes without saying that cGNSS time-series can be decomposed
into more complex trajectory models than temporally sparse sGNSS time-series, which are normally described
using a linear rate only.

Radar interferograms provide no direct positioning information, but relative displacement occurring between two
radar acquisitions. If M radar images span a network of N unwrapped interferograms (Figure 2.4a), the observed
phase information d results from a system of linear equations represented by d = G · m, where m corresponds to
the M − 1 incremental displacements between the M individual acquisition times and the Green’s functions G

are an N × (M − 1) matrix containing mostly zeros, but +1 and −1 at the positions of the primary and secondary
radar image spanning the interferogram (Figure 2.4, Berardino et al., 2002; Schmidt and Bürgmann, 2003). This
is an overdetermined problem (M < N ) and can be solved for the incremental displacements m using linear
inversion (or least-square fit). The individual solutions of m provide the base for the subsequent time-series
analysis (e.g. Metzger et al., 2021a). To add spatial constraints for neighboring pixels and smooth the deformation
time-series over time, one can apply a spatio-temporal (Gaussian) filter (Berardino et al., 2002).

A Sentinel-1 radar image has a size of 4 GB, asking for powerful machines to process multiple images efficiently
and in an automatized fashion. If the respective infrastructure is not at hand, it is most convenient to use external
services, such as the mentioned LiCSAR service that provides automatically processed, downsampled, filtered,
atmosphere-corrected (Yu et al., 2018) and unwrapped interferograms (Lazecký et al., 2020). Those can then
directly and easily be digested by LiCSBAS, a python-based time-series analysis software (Morishita et al.,
2020). Given the dense sampling in time of less than two weeks, Sentinel-1 time-series for the first time also map
seasonal processes.

In summary, the combination of GNSS and InSAR data enables us to collect deformation data even in remote
places at unprecedented resolution. GNSS data provide reliable, point-wise, three-dimensional data in a geo-
centered reference frame and high temporal resolution (cGNSS), offering a detailed account on the static and
transient deformation processes. Complementary, InSAR time-series provide high spatial resolution (100 m) even
at remote places. Thus, modern geodetic data is capable to capture first and second-order signals related to the
full seismic cycle at mm-scale adn high spatio-temporal resolution.

2.3 From fault slip observations to source models

Tectonic faults are the weakest objects at plate boundaries (and interiors) and release strain that is constantly being
build up by ongoing plate motion. Faults host a variety of slip and deformation processes, each of them taking
place at a different rupture speed, time period and slip amplitude. The slip (or deformation) type depends on
multiple parameters: If it occurs in the more rigid, upper or the more viscous, lower part of the crust; at an early
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Figure 2.4: a) Geometrical representation of a (disconnected) interferometric small-baseline network (Metzger et al., 2021a). Each radar
acquisition is displayed as a function of acquisition date and relative satellite position within the orbital tube (B⊥). b) The observed
phase d of each interferogram (ifg) is inverted pixelwise for incremental displacements m at the given acquisition dates (lecture material
S. Metzger & H. Sudhaus).

or late stage of the earthquake cycle; if water is involved or not; the fault rheology in general. Fault slip can also
be aseismic and therefore undetectable by seismic instruments. In the following, I summarize the most important
fault processes, all being observable by space-based geodesy. The brief presentation of each phenomena includes
original references plus references to my own papers presented in Chapter 3. Note that many of the original
papers refer to observations related to the 1992 Landers, California (M7.3), and the 1999 Îzmit, Turkey, (M7.6)
earthquakes, showing the importance of those two events for the research discipline of tectonic geodesy.

• Interseismic loading: secular slip along the unlocked (viscous) lower part of the fault and synchronous
strain accumulation along the locked (brittle), central (and sometimes upper part) of the fault, causing
elastic deformation and strain accumulation (e.g. Liu et al., 1992; Metzger et al., 2011; Wright et al.,
2004). The amount of slip (or slip deficit) is equal to or less than the full plate-motion and locking occurs
on single faults or whole plate segments.

• Co-seismic slip: instantaneous strain release at the (interseismically) locked fault portion, leading to an
earthquake rupture (e.g. Bock et al., 1993; Massonnet et al., 1993; Metzger et al., 2017). The rupture lasts
seconds to minutes, with a fault slip of up to 30-50 m. The rupture dimension can reach up to 1000 km
along strike (M9 earthquakes) and ∼30-100 km along-dip down the lower end of the seismogenic depth,
conserving scaling laws (Mai and Beroza, 2000).

• Post-seismic, visco-elastic relaxation: static equilibrium processes in the lower, viscous part of the fault,
the upper mantle, and/or the surrounding crust (e.g. Hoffmann et al., 2018; Massonnet et al., 1994; Peña

et al., 2022; Pollitz et al., 2000). These processes become instrumentally significant at M>7 earthquakes
and decay logarithmically within weeks to decades (depending on the preceding earthquake magnitude).
Observed deformation reaches approximately a tenth of the co-seismic offsets.
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• Afterslip: seismic (aftershocks) or aseismic stress reduction (often) at the fringes of the main fault rupture
(e.g. Bloch et al., 2022; Bürgmann et al., 2002; Ergintav et al., 2002; Hoffmann et al., 2018; Peña et al.,
2022). Afterslip cedes much faster than visco-elastic relaxation.

• Creep: aseismic, relatively slow slip on individual (smaller) fault segments occurring during longer periods,
sometimes permanently (e.g. Hearn et al., 2002; Tormann et al., 2013). The slip rates are comparable to
interseismic slip-rates.

• Poro-elastic flow: fluid transport to reinstall an equilibrium pressure state after an earthquake (e.g. Peltzer

et al., 1998; Peña et al., 2022). The signal is comparable to the afterslip signal (maybe with a somewhat
smaller amplitude).

• Slow slip events: periodical slow slip, often observed at oceanic subduction systems (e.g. Cavalié et al.,
2013; Dragert et al., 2001) and sometimes linked to seismic tremor. Has also been observed in a continental
setting (Jara et al., 2022).

• Tectonic earthquake swarms: Earthquake sequences without a clear (triggering) mainshock, often
migrating along a fault, could be related to fluid or magma migration, also to slow slip events (Passarelli

et al., 2018; Peng and Gomberg, 2010).

Some of these processes occur simultaneously in space or time, and/or produce similar deformation patterns at
the surface (Hearn, 2003; Savage, 1990). It is thus necessary to resolve the dynamic deformation in space and

time to correctly identify the processes ongoing at depth.

In its most simplest form, the above fault processes are described as a dislocation source in a media with layered
material properties. The finite dislocation is often a rectangular fault plane (Figure 2.5a, Okada, 1985), defined
by ten parameters. The slip applied to the dislocation is either in meters (millimeters) or, as a rate, meter/year
depending on the process to be studied. Interseismic locking is often mimicked by two freely moving plates
(step function), while plate locking is mimicked by backslip on the locked fault segment (Savage, 1983). In a
co-seismic slip model the fault rupture area scales linearly with the seismic energy release (Mai and Beroza,
2000) and can be discretized into any number of sub-fault patches to increase the resolution. Preferably, the patch
size scales inversely by the distance to and density of surface observations (Figure 2.5b).
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Figure 2.5: a) Rectangular dislocation model after Okada (1985). The rupture is described by ten parameters, of which three define
the location (x, y, depth), two the dimension (length, width), two the orientation (dip, strike) and three direction of slip (along-strike,
along-dip, out-of-plane). b) Example of an upscaled slip model with data-driven patch resolution that seeks a depth-independent slip
stability, respectively, slip uncertainty (modified from Metzger et al., 2017).
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If the process of interest occurs in the upper, brittle crust, the model space is usually defined as an elastic
half-space with one parameter describing the elasticity of the medium (Christensen, 1996; Zandt and Ammon,
1995). For deeper sources the model space is upscaled to a multi-layered media with an additional viscous layer at
depth. If the model is used to study pore pressure changes, respectively, pore-fluid migration, it must be upscaled
to account for those as well.

A set of Green’s functions (introduced by George Green in 1828, see Cannell and Lord, 1993) describes a
finite spatio-temporal source that excites force inside the Earth model, here for example, describing unit slip at
each fault patch in each unit direction. To constrain the source parameters this physics-based, analytical set of
equations has to be solved such, that it best-represents the observations. If the problem remains linear, it can
be inverted using least-squares techniques, where often a quadratic criterion is used to measure the misfit. This
holds true for problems with a known fault geometry, example given, by the SLAB 2.0 model (Hayes et al.,
2018) for the case of great megathrust earthquakes along plate-boundaries, and an elastic model space. The
problem links the observations d to a set of model parameters m with the above mentioned Green’s functions
in a linear fashion, d = G · m, or W · d = W · G · m, if data weights W are included. This is solved using a
least-squares-approach,

m = (GT Σ−1G)−1GT Σ−1d, (2.2)

where Σ−1 represents the data variance-covariance matrix based on the data weights or uncertainties σ,

Σ−1 = W T W = 1/σ2. (2.3)

Non-linear problems must be solved using optimization algorithms. This applies to problems with unknown
fault geometry, for example a blind fault, or an unknown structure of a continental earthquake, or also, if the
model is multi-layered. Most popular optimization algorithms are Monte-Carlo techniques, e.g. direct search
using simulated annealing (from random sampling to more directed search Cervelli et al., 2001), Markov chain
(random walk and survival of the fittest Mosegaard and Tarantola, 1995) or Bayesian inference (producing
probabilistic ensembles of the best-fitting model parameter choices, e.g. Tarantola, 2005). If combined with
statistical data uncertainty analysis, the Monte Carlo techniques provide the same results as Bayesian probability
density functions of the best-fitting parameter choices (cf. Figure 7 in Metzger et al., 2013a) and provide an
estimate on the model robustness. The incorporation of observation weights in the search of the best-fit model
parameters (Equations 2.2 and 2.3) also provides more realistic fault models as the data fit is predominantly steered
by high-quality observations. This is particularly important when using a squared misfit criterion (L2-norm),
otherwise the models are biased by particularly poor observations.
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3 Applications

3.1 Continental collision: Coseismic, long-term, and triggered slip

3.1.1 The 2015 Mw7.2 Sarez strike-slip earthquake in the Pamir interior:

Response to the underthrusting of India’s western promontory

Published as: S. Metzger, B. Schurr, L. Ratschbacher, H. Sudhaus, S.-K. Kufner, T. Schöne, Y. Zhang, M. Perry,
R. Bendick (2017), The 2015 Mw7.2 Sarez strike-slip earthquake in the Pamir interior: Response to the
underthrusting of India’s western promontory, Tectonics, 36, 2407–2421. doi:10.1002/2017TC004581

Supporting information: available online

Scientific application: In this project I constrained the source kinematics and mechanism of the 2015 earthquake
that ruptured the center of the Pamir. We found that the event occurred at a fault separating the gravitationally-
collapsing West Pamir and the internally-stable East Pamir, and that this structure acts as a surface expression
of the Indian indenter at depth.

Methodological advances: Based on co-seismic offset data derived from radar phase interferometry, radar
amplitude tracking, and GNSS time-series, I carefully designed a distributed slip model of the rupture
kinematics including model parameter uncertainties. I have adapted fault patch sizes such that the model
resolution varies with depth and distance to the non-homogeneously distributed surface observations.

Individual Contributions: The study was designed, conducted and written by me. I have processed the radar
data and designed the model (under the supervision of HS), whose results were confirmed by an independent,
but unpublished a-priori seismogeodetic model of YZ. MP, RB and TS provided supporting observation
data; LR and SK contributed field evidence. BS and LR helped with the tectonic interpretation. All authors
commented on the writing.

https://www.doi.org/10.1002/2017TC004581
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The 2015 Mw7.2 Sarez Strike-Slip Earthquake in the Pamir

Interior: Response to the Underthrusting

of India’s Western Promontory
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Sofia-Katerina Kufner1 , Tilo Schöne4, Yong Zhang5 , Mason Perry6 , and Rebecca Bendick6
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Abstract The Pamir orogen, Central Asia, is the result of the ongoing northward advance of the Indian

continent causing shortening inside Asia. Geodetic and seismic data place the most intense deformation

along the northern rim of the Pamir, but the recent 7 December 2015, Mw7.2 Sarez earthquake occurred in

the Pamir’s interior. We present a distributed slip model of this earthquake using coseismic geodetic data

and postseismic field observations. The earthquake ruptured an ∼80 km long, subvertical, sinistral fault

consisting of three right-stepping segments from the surface to ∼30 km depth with a maximum slip of

three meters in the upper 10 km of the crust. The coseismic slip model agrees well with en échelon

secondary surface breaks that are partly influenced by liquefaction-induced mass movements. These

structures reveal up to 2 m of sinistral offset along the northern, low-offset segment of modeled rupture.

The 2015 event initiated close to the presumed epicenter of the 1911 Mw ∼7.3 Lake Sarez earthquake, which

had a similar strike-slip mechanism. These earthquakes highlight the importance of NE trending sinistral

faults in the active tectonics of the Pamir. Strike-slip deformation accommodates shear between the rapidly

northward moving eastern Pamir and the Tajik basin in the west and is part of the westward (lateral)

extrusion of thickened Pamir plateau crust into the Tajik basin. The Sarez-Karakul fault system and the two

large Sarez earthquakes likely are crustal expressions of the underthrusting of the northwestern leading

edge of the Indian mantle lithosphere beneath the Pamir.

Plain Language Summary The Pamir mountains in Central Asia are being piled up by the

northward advancing Indian continent. Nowadays most of the deformation occurs at the Pamir’s rim, but

on 7 December 2015, a large earthquake struck the interior of this mountain range (magnitude 7). We use

radar satellite data with centimeter accuracy to measure the coseismic displacement of this earthquake

and find that an 80 km long segment of the Sarez-Karakul fault was ruptured. This fault splits the Pamir in

a western and eastern part. Our geologists, who visited the area 9 months after the earthquake, confirmed

our observations and further reported that the rupture was heavily damped at the surface by permafrost.

The area was already once struck by a large earthquake in 1911. The question arises if also this event

activated the Sarez-Karakul fault, as this fault is the only known large structure in the Pamir’s interior. But the

center of the Pamir deforms only little, and it is unlikely that this fault ruptures twice in 100 years. Finally, we

show that both earthquakes occurred directly on top of the Indian promontory bulldozing into the Asian

crust underneath the Pamir.

1. Introduction

The Pamir, situated northwest of the Tibetan Plateau, is part of the India-Asia collision zone (Figure 1).

The region is seismically active producingmagnitude>6 earthquakes approximately every 10 years. Over the

last 50 years, those occurred mainly along the Pamir’s northern perimeter, the Pamir thrust system, which

accommodates 13–19 mm/yr of the India-Asia convergence (Ischuk et al., 2013; Zubovich et al., 2010, 2016).

ThePamir interior is seismically less active, both in long-termglobal earthquake catalogs (Storchak et al., 2013)

and observed by a dense local seismic network (Schurr et al., 2014). On 7 December 2015, a Mw7.2 strike-slip
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Figure 1. (a) Tectonic setting of the Pamir with main active faults (brown) (Schurr et al., 2014), microseismicity (2008–2010 and 2012–2014) (Kufner et al., 2017;

Sippl, Schurr, Yuan, et al., 2013), instrumentally recorded seismicity (1900–2012) above magnitude 5 (Storchak et al., 2013), and GPS rates of Ischuk et al. (2013)

(red) and Zubovich et al. (2010) (green) in a stable Eurasia reference frame. The focal mechanisms indicate the locations and mechanisms for the 1911 (green)

(Kulikova et al., 2015) and the 2015 (red) earthquake (USGS, 2015). A-MFS: Aksu-Murgab fault system, DF: Darvaz fault, KF: Karakorum fault system, KST: Kongur

Shan-Tashkorgan normal fault system, MR: Muzkol range, OR: Officers range, PTS: Pamir thrust system, SKFS: Sarez-Karakul fault system. (b) The Pamir and the

Tibetan plateau are a result of northward advancing India (arrow). Regions above 2500 m sea level are shaded. (c) Block diagram, modified from Schurr et al.

(2014), illustrating kinematics (green arrows), resulting stresses and type of faulting. The eastern Pamir is pushed north en bloc; the western Pamir deforms

internally by conjugate strike-slip faulting under north-south compression, causing—together with normal faulting—westward extrusion.

earthquake occurred in the interior of the Pamir along the Sarez-Karakul fault system (SKFS) with the epicen-

ter near Lake Sarez (Figure 1a) (Sangha et al., 2017; USGS, 2015). The earthquake killed two persons and left

more than a thousand homeless. In 1911, an earthquake of similar size (Mw∼7.3) and mechanism occurred

in the same region as the 2015 event (Ambraseys & Bilham, 2012; Bindi et al., 2014; Kulikova et al., 2015).

This earthquake triggered a massive rockfall forming the Earth’s highest dam, the Usoi dam, which confines
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today’s 17 km3 Lake Sarez (Ischuk, 2006; Schuster & Alford, 2004). The proximity and similarities inmechanism

and size of the two earthquakes (Kulikova et al., 2015) are striking and the question arises if the 2015 event

repeated the 1911 earthquake. Herein, we present an analysis of fault location, geometry, slip distribution,

and amplitude of the 2015 earthquake based on space-geodetic and field data. We discuss model parameter

uncertainties and fault model resolution and compare our findings to geomorphologic near-field observa-

tions acquired 9 months after the earthquake. Finally, we interpret both earthquakes in the framework of the

late Cenozoic tectonics of the Pamir.

2. Tectonic Setting

The crust of both Tibet and Pamir formed by the accretion ofmicrocontinents, arcs, and subduction-accretion

complexes to Asia’s southern margin during the Paleozoic and Mesozoic (Schwab et al., 2004). During the

late Miocene (∼12–11 Ma), the Pamir began indenting the lithosphere of the formerly connected Tajik-Tarim

basin (Kufner et al., 2016) (Figure 1). Northward displacement and crustal shortening is accommodated along

the Pamir thrust system in the north, the sinistral-transpressive Darvaz fault system in the (north)west, the

dextral Aksu-Murgab and Karakorum fault systems in the southeast, and the Kongur Shan-Tashkorgan normal

fault system in the Chinese Pamir, which has a weak dextral component (Chevalier et al., 2015) (Figure 1a).

Plate-scale processes at depth likely drive Pamir crustal tectonics (Figure 1c). Beneath the Pamir, Asian litho-

sphere forms a 90∘ arc that is retreating northward and westward as traced by intermediate-depth seismicity

(60–300km, Figure1c) (Schneider et al., 2013; Sippl, Schurr, Tympel, et al., 2013; Sippl, Schurr, Yuan, et al., 2013).

Kufner et al. (2016) suggested that Asian slab retreat is forced by indentation of the Indian lithosphere,

bulldozing into the cratonic lithosphere of the Tajik-Tarim basin at mantle depth.

The high recent shortening rates across the Pamir thrust system cause frequent thrust earthquakes with

the 2008 Mw6.7 Nura (Sippl et al., 2014; Teshebaeva et al., 2014) and 2016 Mw6.4 Sary Tash (USGS, 2016)

earthquakes being the most recent. In the Pamir interior, thrusting has ceased and the displacement field is

composed of bulk northwardmovement combined with E-W extension (Ischuk et al., 2013; Zhou et al., 2016).

The latter is driven by westward gravitational collapse of thickened Pamir plateau crust into the Tajik basin,

where it causes approximately E-W shortening of the sedimentary strata of the Tajik basin above an evaporitic

décollement (Nikolaev, 2002; Schurr et al., 2014; Stübner et al., 2013) (Figure 1c). Within the Pamir, the brittle

crust responds to this deformation by sinistral strike-slip faulting on NE trending or conjugate planes and to a

lesser degree by normal faulting on N-S striking planes contributing to N-S shortening and westward escape

(Schurr et al., 2014) (Figure 1c). Distributed strike-slip faulting, particularly in the western Pamir, also takes up

shear between the northward moving Pamir and the Tajik basin lithosphere. The current deformation field

has not yet left a strong imprint on the structural grain of the Pamir interior. Here the only NE striking sinistral

fault system, which has a clear morphological expression and is seismically active, is the transtensional SKFS

that stretches from Lake Sarez to north of Lake Karakul (Figure 1) (Rutte et al., 2017; Schurr et al., 2014; Strecker

et al., 1995).

The SKFS (Figure 1) is little studied in detail by field surveys. Nöth (1932) mapped the Lake Karakul depres-

sion as a horst-graben structure. Strecker et al. (1995) traced these structures southward, outlining three

stages of late Cenozoic deformation. The youngest—likely active one—has right-steppingnormal faultswith

a minimum offset of 1–2 m, cutting alluvium in the river plain south of Lake Karakul. Here unconsolidated

fluvial and aeolian sands fill the hanging wall depressions. Sippl et al. (2014) suggested that the faults at the

northern end of the Karakul graben interact with active deformation along the Pamir thrust system. Overall,

thenorthernSKFSwas interpretedas ahorst-graben structurewithdominantnormal and subordinate sinistral

strike-slip displacements.

Schurr et al. (2014) and Rutte et al. (2017) traced sinistral-oblique normal faulting to the eastern escarpment of

theOfficers range (Figure 1a), where a series ofWNWdipping, en échelon range front normal faults separate a

hangingwall basin at∼3700m from a footwall range peaking at>6000m. At the range front, sinistral-normal

slip scarps mark events along the central section of the SKFS prior to the 2015 earthquake (Figures 6b and 6c

in Schurr et al. (2014) and Figures 4e–4h in Rutte et al. (2017)). The southern segments, crossing the remote

Muzkol range (Figure 1a), are interpreted based on geological maps and satellite images. Structural data of

late Cenozoic deformation from these studies is compiled in Figure S1 in the supporting information; these

constrain the overall sinistral-oblique normal slip along the SKFS.
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Figure 2. (a, b) Wrapped Sentinel-1A interferograms and (c, d) pixel offsets in range (i. e., line of sight) and (e, f ) azimuth direction (i. e., flight direction) showing

the color-coded, coseismic deformation of the 2015 Sarez earthquake. The direction of deformation is indicated in all panels by arrows, with Figures 2a–2d being

also sensitive to vertical displacements. Additional features are mapped faults (black) (Schurr et al., 2014), the trace of highest deformation gradient (pink), the

earthquake epicenter (yellow star), and the focal mechanism (USGS, 2015). To highlight the details near the epicenter, we only show an excerpt of the full data

set that was used as model input (see Figure 1 for orientation). LK: Lake Karakul; LS: Lake Sarez.

3. Geodetic Analysis
3.1. Input Data

In this study, we use synthetic aperture radar (SAR) data from the Sentinel-1A satellite mission to extract

earthquake-induced ground displacements. Displacements from SAR data aremeasured along the radar line-

of-sight (LOS) direction as interferometric phase changes, or by cross correlation of the radar intensity signal

(amplitude pixel offset tracking) along LOS and horizontally along the satellite flight direction (azimuth)

(Michel & Rignot, 1999; Strozzi et al., 2002). By combining two preevent and two postevent scenes in the

ascending and descending acquisition modes, we retrieved independent coseismic observations in three

dimensions and complemented these observations with GPS data.

Each interferogram and pixel offset map covers a time span of 24 days (Table S1). The postevent SAR images

were acquired 5 and 23 days after the earthquake, hence comprising a fraction of postseismic deformation.

We concatenated two contiguous SAR scenes for each acquisitionmode to cover the full surface deformation

pattern and processed the data with the GAMMA software (Wegmüller & Werner, 1997). We used the 90 m

digital elevationmodel of the shuttle radar topographymission (Farr et al., 2007; Jarvis et al., 2008) to build dif-

ferential interferogramsandcorrected for theheight-dependent, atmosphericphase contributionempirically.

More details on the interferometric data processing are given in the supporting information.

The quality of the wrapped interferograms is good for the ascending and satisfactory for the descending

acquisition mode (Figures 2a and 2b). Particularly, the mountainous western Pamir exhibits interferometric

phase-coherence loss, probably due to snow. East of the earthquake epicenter, on the more arid eastern

Pamir plateau, the interferometric phase is highly coherent but topography-related signal contributions are

apparent, e.g., in the east trending valleys southeast of the epicenter. However, their short spatial wavelength
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Figure 3. (a) Eastward displacement near the surface ruptures (obtained from a linear combination of Figures 2c and 2d). The dashed line marks the sign

change in the data and thus the rupture surface trace. (b) Eastward and (near-)vertical displacements at the cross-fault profiles P1 to P4 (marked with black

lines in Figure 3a). Each profile contains the measurements of a ∼500 m wide corridor.

signals differ from the coseismic deformationpattern anddonot influence themodeling results. Approaching

the rupture from the undeformed area, we count more than 20 fringes on both sides of the fault. This trans-

lates to more than 56 cm of LOS displacement or over 100 cm of ground displacement (Figures 2a and 2b) on

both sides, if we assume pure horizontal motion.

Displacements are highest in the near field of the rupture, where the fringe density exceeds the spatial

sampling and causes interferometric phase decorrelation (Figures 2a and 2b). We unwrapped the data in a

conservative fashion by masking out the near-fault area (10–20 km around the surface rupture) to prevent

unwrapping errors (Figure S2). Here in the presence of large ground displacement, the pixel offset estima-

tions deliver valuable near-fault information in range direction (i. e., LOS) and azimuth (i. e., flight direction).

Given the higher spatial SAR resolution in range we average more offset estimates, which results in a

better signal-to-noise ratio compared to the azimuth offsets (Figures 2c–2f ). All offset data trace a sharp sign

change of ∼40 km length that stretches from just north of Lake Sarez northeastward toward Lake Karakul,

possibly induced by a surface rupture. Eastward and near-vertical displacement profiles obtained by a linear

combination of the range offsets show a relatively sharp offset of ∼2 m in LOS across 1 kilometer (Figure 3).

More details on the amplitude pixel offset estimation are provided in the supporting information.

Only 13 GPS markers in the Pamir region are equipped with continuously operating instruments, and they

are mostly located along the active northern rim (Mohadjer et al., 2010; Schöne et al., 2013; Zubovich et al.,

2016). In this study, we used the data of eight GPS stations at distances from 100 to 500 km of the epicenter

(Figure 1a). The daily solutions of FAYZ and MANM were processed with GaMIT/GLOBK (Herring et al., 2010a,

2010b, 2010c); the (1 Hz) data of the other stations were analyzed with the Precise Point Positioning (PPP)

software from the Canadian Spatial Reference System (CSRS) (Kouba & Héroux, 2001). Only the stations

ALA6 and MANM observed a measurable coseismic displacement (Table S2 and Figure S3); all other sta-

tions are located outside the deformed area. In the modeling, we used these results as maximum constraints

on the coseismically affected area. Further details on the GPS data processing are given in the supporting

information.
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3.2. Modeling

All SAR data were subsampled based on the phase gradient, following Jónsson et al. (2002) (Figure S2).

The position of each subsampled cell was defined by the center of mass (of all coherent data samples within

the cell) rather than the geometrical center. Each cell was given a weight based on the data error calculated

with a full variance-covariancematrix (Figure S4) (Sudhaus & Jónsson, 2009) (we refer to the supporting infor-

mation for more information). For the GPS offset data, we estimated the uncertainties based on the standard

deviations of the time series and used their inverse as weights (Table S2). The distributed slip model was

obtained in a two-step procedure. First, we constrained the fault location and geometry, using a nonlinear

optimization routine. The amplitude pixel offsets show a clear double bend of the fault surface trace

(Figures 2c–2f ), so we solved for a geometry of three fault segments. Then, we linearly inverted for a variable

slip on discretized fault patches, using rectangular dislocations in an elastic half-space (Okada, 1985) with a

Poisson’s ratio of 0.25 and an empirically derived smoothing factor resulting from a trade-off curve between

data fit andmaximum slip (see Figure S5 and the supporting information for further explanations). We tested

two different fault-patch resolutions, namely, a uniform and a data distribution driven one. Finally, we esti-

mated themodel parameter uncertainties by propagating the data uncertainties through both the nonlinear

geometry optimization and the linear slip inversion.

To constrain the fault geometry, we used a Monte Carlo type, simulated annealing approach (Cervelli et al.,

2001) that first samples the model space in a random fashion and then gradually favors model parameter

sets producing low misfits (Creutz, 1980; Metropolis et al., 1953). We solved for the parameters that define

size, position, orientation, and lateral slip of the three fault segments and included six parameters con-

trolling the phase ambiguity and potential tilt signal of the interferograms due to imprecise satellite-orbit

information. We constrained the segments to connect at the up-dip end but all other parameters could

converge freely within the given boundaries. Finally, we estimated the model geometry uncertainties by

propagating the data—including a randommanifestation of the data uncertainties—500 times through the

optimization and performed statistics on the outcome (Figures S6 and S7) (Metzger et al., 2011; Metzger &

Jónsson, 2014). The resulting best fit fault geometry contains a central fault segment of 18.5+0.2
−2.8

km length

with a strike of 047.6+2.0
∘

−0.0∘
. It is bounded by a northeastern segment with a length of 23.8+0.9

−0.8
km and a strike

of 025.6+0.7
∘

−0.6∘
, and a southwestern segment with a length of 23.5+2.4

−0.2
km and strike of 037.4+0.1

∘

−0.3∘
(Table S3).

Our solution agrees well with the fault model of Sangha et al. (2017) (Figure S6), except that all our model

segments dip more steeply. In addition to the Sentinel-1 interferograms presented here, Sangha et al. (2017)

included three interferometric pairs from the ALOS-2mission. The longer wavelength (L band) of ALOS-2 pro-

vides valuable near-field information, similar to the pixel offset data used in this study. From SW to NE, our

segments dip 87.7+1.3∘
−0.8∘

northwest, 81.8+0.9∘
−3.0∘

northwest, and 89.3+0.9
−1.1

southeast; those of Sangha et al. (2017)

89.0+2.3∘
−6.8∘

southeast, 80+9.3∘
−7.2∘

northwest, and 83+8.2∘
−3.5∘

northwest.

To constrain the fault slip distribution, we first extended the modeled fault planes vertically from 0 to 60 km

and elongated the outer two segments north and south for 60 km in order to capture the full slip pattern.

Then, we partitioned the three fault segments using two different approaches: (1) 336 uniform subpatches

of 5 × 5 km width and length (4.6 × 5 km for the central fault segment) and (2) 284 subpatches subdivided

optimally with respect to their data sensitivity (Atzori & Antonioli, 2009). This subdivision process relies on

three criteria, that is, patch depth, data coverage, and presence of adjacent patches that already have passed

the optimum resolution threshold. In addition, we constrained the patch size to be in the limits of 1–25 km.

This data-driven, “optimal-patch” resolution allowsonly asmuchdetail as canbe resolvedby thedata and thus

aims at suppressing artifacts (Page et al., 2009). We inverted for the slip on each of these patches, allowing for

slip with a rake of ±45∘ only. We again solved for the best parameters representing SAR phase ambiguities

and orbital signal components. The slip parameter uncertainties were estimated statistically by inverting slip

on the 500 perturbed geometry realizations of the prior optimization approach (Figure S7 and text in the

supporting information). Atmospheric signal contributions in the southwestern corner of the ascending inter-

ferogram would cause a significant amount of slip on the lower southwestern corner of the rupture plane.

Therefore, we set the slip on the deepest patches to zero. For the optimal-patch resolution, this means that

only slip above 30 km was allowed, which is in agreement with the thickness of the seismogenic layer in the

Pamir (Schurr et al., 2014).
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Figure 4. Perspective view on the fault-rupture plane with color-coded slip magnitudes. Mapped faults are shown in

black (Schurr et al., 2014), the star marks the 2015 hypocenter (USGS, 2015), and green diamonds the closest GPS

stations. We refer to Figure S8 for the rakes of the slip patches. PTS: Pamir thrust system; SKFS: Sarez-Karakul fault system.

Both slip model parameterizations reveal significant fault slip (>50 cm) on an 80 km long fault from ∼25 to

30 km depth to the surface (Figures 4 and S8). Slip >2 m is confined to the upper 7.5 km of the crust

(10 km for the uniform-patch slip model) along a 30 km stretch; the maximum slip is 3.1 m (2.5 m). This is less

than the 4.3mmaximumalong-strike slip fromLandsat-8 offset estimations and less than themaximummod-

eled slip (3.5 m) observed by Sangha et al. (2017). The slip sense is sinistral with a minor dip-slip component

at the southwestern and northeastern end of the rupture (Figure S8).

The model of Sangha et al. (2017) and our uniform and our data-driven patch slip model all show a similar

slip pattern (Figure S8), but the derived slip parameter uncertainties highlight the strength of the data-driven

patch resolution. The slip parameter uncertainties are generally lower and depth independent. For the

uniform-patch model, the slip uncertainties are highest at deep patches, where the fault-patch resolution

is suboptimal. These patches are most distant to the data samples; their patch size should be increased.

Accordingly, shallow patches could be subdivided further (Figure S8). Hence, we favor the data-driven patch

partitioning to the common-practice uniform fault patches. Themisfit betweendata andmodeledpredictions

(Figure S9) average into root-mean-square (RMS) values of 4.7± 0.1 cm (data-driven patches) and 4.9± 0.1 cm

(uniform patches), respectively.

Some signal characteristics could not be reproduced, for example, the long-wavelength signal in the north-

eastern corner of the ascending interferogramand various areas in the descending interferogram,whichwere

probably caused by turbulent atmospheric conditions (Figure S9). Given the poor quality of the descending

amplitude pixel offsets (Figure S4), it was anticipated that the model struggles to reproduce these data well.

The total slip is equal to a seismicmomentM0 of 6.2±0.2⋅10
19 Nm(data-drivenpatches) and5.7±0.1⋅1019 Nm

(uniform patches), which are equal to moment magnitudes Mw7.12±0.01 and Mw7.10±0.01, respectively.

Both of our modeled seismic moments are slightly smaller than the results from the global seismic moment

tensor inversion (7.8 ⋅1019 Nmof the Global CentroidMoment Tensor catalog, 10.1 ⋅1019 Nm, USGS, 2015) and

from the study of Sangha et al. (2017) (13.7 ⋅1019 Nm).

4. Surface Expression From Field Data: Structural Features and Their Interpretation

Field studies of surface expressions of the 2015 earthquake north of Lake Sarez are difficult to execute due to

the remoteness of the glaciated Muzkol range (Figure 1a). We accessed the northern segment of the rupture,

which exhibited lower slip in our model compared to the two southern segments (Figure 4). Our field studies

at the southwestern tip of the Officers range (Figure 1a) aimed on mapping earthquake-related surface

breaks and possible precursors, addressing fault reactivation versus neoformed breaks, fault geometry,

kinematics, and coseismic offsets. Because the previous work (Rutte et al., 2017; Schurr et al., 2014; Strecker

et al., 1995) indicated regional en échelon fault segmentation, we further aimed to determine the tips of one
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Figure 5. Overview map of (a) field observations including (b) site locations. Images from Google Earth. In Figure 5b we provide coordinates for the two key sites

16831A and 16831C (see Figure 6). The black arrow in the lower left corner marks an apparent riverbank offset. The approximately NW trending white lines are

the across-fault amplitude pixel offset tracking profiles shown in Figure 3, and the black crosses on these lines mark the best estimates for the 2015 rupture trace.

segment of the 2015 event to verify its segmentation. As this event affected frozen ground, another goal

was the understanding of secondary effects, that is how far liquefaction-inducing mass movements affected

earthquake-induced features.

The studied area (Figure 5a) colocates with the southern 15 km of the northeastern fault model segment

with near-surface slip of to 1–2 m (Figure 4) and a steep, 2 m gradient in the E-W direction across the SAR

amplitude pixel offset data (Figure 3). Wemapped surface breaks characterized by a right-stepping geometry

indicating sinistral strike-slip displacement on the bulk structure. At sites 16831A and 16831C (Figures 5

and 6), the surface breaks cross alluvial fan deposits on subhorizontal ground,making gravitationally induced

ground motion overprint unlikely. The structures at these sites (Figure 6) are en échelon secondary fractures

that show sinistral offset of small-scale alluvial channels and levees and are characteristically connecting open

tension fractures. The latter are mostly longer than the strike-slip fractures. The mean orientations of these

secondary structures are similar between these sites (separated by∼3.7 km). The in-site orientation variability

is ∼45∘, with pure-tension fractures and others with a measured or assumed strike-slip component. The frac-

turewalls are uneven and reach up to 1.5mdeep (e.g., image top right in Figure 6a). When crossing vegetated

creek beds (e.g., Figure 6c), identical small-scale segmentation is observed. Subordinate features are pressure

ridges (≤0.5mhigh, Figures 6a and 6c), again arranged en échelon, and rare antithetic fractures.Wemeasured

the trend of the enveloping surfaces of the largest en échelon secondary features, which likely approxi-

mates the orientation of the underlying primary fault. The ∼045∘ trend is similar at both sites, ∼019∘ off the

model-determined trend of ∼026∘, which is better reflected by the mean trend of the secondary features

(Figures 6a to 6c). At the southern end of site 16831C, the fault zone narrows and offsets a levee ridge by∼2m,

providing the best field-based offset estimate.
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At the northern end of site 16831A, the surface breaks run into a hillside where earthquake-induced mass

movements expose grayish-black fault gouge of a preexisting fault zone. Southwest of this site, the riverbank

appears sinistrally offset by∼30mon both sides. On the orographic right riverbank (black arrow in Figure 5b),

the terrane promontory caused damming and a vegetated floodplain. The only traces of the 2015 event are

several meters long fissures with a few centimeters of E-W opening; there are no surface breaks on the oro-

graphic left side and on the hilly terrane farther southwest. This “offset” either marks an erosional feature or

pre-2015 events; we favor the latter, as this riverbank offset is along strike of the gouge zone observed in

16831A. At site 16831C, we mapped the ∼10 m wide zone of surface breaks southwestward up a hillslope

(Figure S10a, subsite 1), where it narrows to less than one meter and reactivates a preexisting fault zone that

cuts consolidated moraine and alluvial fan material and forming a scarp. Slickenlines on different faces of

the polished master fault allow the calculation of the reduced stress tensor (e.g., Angelier, 1984), revealing

a strike-slip solution with a ∼35∘ trending fault plane, similar to the modeled 2015 fault plane. Sites 1692B

and 1692C characterize the northernmost surface breaks of the 2015 earthquake. These comprise a few

meters long, ∼N trending tension fractures with sinistral strike-slip offset of a few centimeters in horizontal

gravelly riverbank deposits (Figure S10b). An ∼2 m high, pre-2015, ∼NE trending scarp was not reactivated.

The piedmont-hillslope transition, partly comprising moraine material, shows several en échelon fractures,

some >10 m long and with up to 0.5 m wide dilatant offset that are likely gravitational mass flow controlled.

Farther north, where Schurr et al. (2014) and Rutte et al. (2017) mapped pre-2015 range front faults, we did

not find surface breaks.

Sites 16831E to 16831J (Figures 5b and S10c) characterizemassmovement overprinted fault segmentswest of

the main, continuous zone of surface breaks. Although these sites show the typical en échelon arrangement

of tensional fractures, they are shorter and wider than those on the horizontal sites and are characteristi-

cally downhill concave. At least sites 16831F and 16831J follow older gouge zones. Sites 16831K to 16831M

(Figures 5b and S10c) are on an abandoned riverbank above the recent one and mark the westernmost

observed surface breaks. The structures at these sites reactivate down-to-the-west, prerecent scarps that can

be traced across alluvial fans on pre-2015 Google Earth imagery. The strike of the 2015 features, dominantly

pure-tension fractures with up to 0.75mdisplacement, but also including en échelon strike-slip and transten-

sional segments, is approximately NNE and parallel to the riverbank edge; we suspect a mass movement

overprint.

Figure 5b summarizes the structures that are expected to be initiated in cohesive material by a small incre-

ment of regional shear strain along an approximately NW trending sinistral strike-slip zone. The mapped

surface breaks resemble this idealized structural inventory. In our natural case, antithetic strike-slip faults are

nearly absent and the secondary structures show a large orientation variation. We attribute the latter mostly

to the difficulty to discriminate tensional from strike-slip faults and possibly to rotation during progressive

deformation. The mapping shows that the 2015 earthquake created an array of surface breaks compatible

with the focal mechanism (Figure 1a) (USGS, 2015) and the geodetically derived fault slip model (Figure 4);

they outline a sinistral strike-slip fault zone characterized by segmentation. No primary surface breaks—

parallel to the inferredmajor fault trend—are developed, but the envelope of the secondary features (marked

as primary in Figure 6) likely approximates the trend of underlying fault zone. Clearly, the 2015 surface rupture

reactivated preexisting faults. The field-derived offset of ≤2 m agrees with the observed SAR amplitude pixel

offsets (Figure 3). Short-time liquefactionof the frozenground facilitated theoverprint of earthquake-induced

structures by gravitationally induced mass movements across a zone much wider than the actual rupture.

Figure 6. Details of the field observations. (a) Site 16831A (see Figure 5b for location and coordinates). The dominant

structures are en échelon secondary fractures that show sinistral offset of small-scale alluvial surface morphology.

They are characteristically connecting open fractures (top right). These tension fractures are mostly longer than the

strike-slip fractures (bottom right), and the fracture walls are uneven and reach up to 1.5 m deep (top right). Pressure

ridges are uncommon (top left). Structures are plotted as great circles in lower hemisphere, equal area stereoplots.

(b) Idealized summary of structures expected to be initiated in cohesive material by a small increment of regional shear

strain along an approximately NW trending sinistral strike-slip zone. The mapped surface breaks resemble this idealized

structural inventory. (c) Sites 16831B and 16831C (see Figure 5b for location and coordinates). Vegetated creek beds

show identical small-scale segmentation of structures as alluvial fan deposits. The fractures cut grass and small bushes

and their root network razor sharp, emphasizing displacement under frozen-ground conditions. Pressure ridges

(top right) are arranged en échelon.
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Figure 7. Close-up of the Sarez-Karakul fault system including shallow seismicity (2008–2010 and 2012–2014,

purple) (Kufner et al., 2017; Sippl, Schurr, Yuan, et al., 2013), main active faults in brown, focal mechanisms of selected

earthquakes in pink (Schurr et al., 2014), the 1911 event in green (Ambraseys & Bilham, 2012; Bindi et al., 2014; Kulikova

et al., 2015; Storchak et al., 2013), and the 2015 earthquake in red (USGS, 2015). The color-coded line represents the

modeled slip of the 2015 earthquake in the upper 2.5 km of the crust (only slip >0.5 m is shown). The inner frame

marks the area of the field observations (Figure 5a), and the blue star (near 73.1∘E/38.4∘N) highlights the fault offset

measurements discussed in section 4 and Figure 5b.

5. Discussion

The 2015 Sarez earthquake rupture appears to have initiated near Lake Sarez based on estimates of its

epicenter. It then spreads northeastward crossing theMuzkol range and tapered out between Lake Sarez and

Karakul (Figure 7). Seismic back projection of high-frequency emitters confirms the rupture direction (Sangha

et al., 2017). Our preferred slip model exhibits highest displacements in the uppermost ∼5 km. This is in con-

trast to other large strike-slip earthquakes (e.g., 1992 Landers and 1999HectorMine, California, USA, and 2003

Bam, Iran), which exhibited a slip deficit in the upper few kilometers of the fault (Fialko et al., 2005), possibly

due to off-fault inelastic deformation. The amount of slip deficit scales with low values of rock cohesion in

dynamicmodels (Kaneko & Fialko, 2011). Low cohesion occurs, for example, in the damage zone surrounding

a fault core. The fact that the southern and central segments of the 2015 rupture—where we modeled the

largest offsets—brokemidcrustal crystalline rocks, whichmake up the currently exposed crust of the Muzkol

range (Rutte et al., 2017), may have promoted slip reaching the surface. However, whether the earthquake

broke the surface and occurred in pristine rocks along these two segments is still unclear, because this part

of the rupture was not accessible in our field reconnaissance. The northeastern segment, where wemade our

field observation, likely is different. There, weakly to nonmetamorphic upper crustal rocks crop out, and we

observed preexisting fault zones (gouge, pre-2015 scarps) nearly along the entire rupture. Characteristically,

the modeled total slip increases downward along this segment (Figure 4). In addition, the more northerly

trend of this rupture segment is akin to the bulk SKFS trend. Thus, we speculate that the preexisting SKFS

structure controlled the northeastern segment of the 2015 earthquake (Figure 7).
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Figure 8. Perspective view of the Indian lithosphere promontory (blue) underthrusting Asian crust (white) beneath

the southern and central Pamir. Intermediate-depth seismicity is marked in blue (both 2008–2010 and 2012–2014)

(Kufner et al., 2017; Sippl, Schurr, Yuan, et al., 2013) and the surface projection of the rupture plane and focal mechanism

of the 2015 event in red. The SKFS and faults that likely formed in the same strain field are in green. A-MFS: Aksu-Murgab

fault system, PTS: Pamir thrust system, SKFS: Sarez-Karakul fault system, and S-MTS: Sarez-Murgab thrust system.

The morphologically expressed trace of the SKFS ends at the southeastern termination of the Officers range

(Figure 7). Farther south, Stübner et al. (2013) and Schurr et al. (2014) mapped an array of distributed,

morphologicallyweakly expressed, en échelon, right-stepping faults across the southwestern Pamir (Figures 1,

7, and 8). Themodeled southern segment of the 2015 rupture lines upwith this system of NNE to NE trending

faults (Figures 7 and 8). We infer that the southern segment of the 2015 rupture is transitional to this array

and connects deformation along the SKFS to the active, sinistral NNE trending faults of the Hindu Kush farther

southwest (Schurr et al., 2014).

The southern end of both the 2015 rupture and the SKFS roughly coincide with a kink in the deep Pamir

seismic zone where its strike changes from NE to east (Figures 1 and 8). This kink is overlain by a cluster of

shallow seismicity detected during the 2008–2010 campaign (Figure 7) (Schurr et al., 2014), indicating that

deformation was active there before the 2015 event.

The deep seismic zone traces the top of the delaminating and retreating Asian lithosphere between about

80 and 150 km depth (Schneider et al., 2013). According to Kufner et al. (2016), an indenter, likely the north-

western edge of the Indian lithosphere (Figure 8), molds the arc shape of this slab. The southern tip of both

the 2015 Sarez rupture and the SKFS would hence coincide with the leading northwestern edge of India that

has been thrusted several hundred kilometers underneath Asian crust. The NE striking fault zones traversing

the Pamir may therefore be the crustal manifestation of a plate boundary at mantle depth (Schurr et al.,

2014). The fault zones are thus likely accommodating displacement between Asian crust carried on top of

Indian lithosphere northward andmore stationary Asian crust andmantle fartherwest. Left-lateral shearmea-

sured with the global positioning system between the eastern Pamir and Tajik basin amounts to ∼15 mm/yr

(Ischuk et al., 2013). Most of this shear has been attributed to the Darvaz fault zone separating the western
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Pamir and Tajik basin (Figure 1) (Ischuk et al., 2013; Trifonov, 1978). In view of the two most recent large

earthquakes, 1911 and 2015, the NE striking shear zones in the western and central Pamir may play a more

important role in accommodating this shear. In this context, the 2015 Sarez rupture may be the most recent

manifestation of the activation of this shear zone at the northwestern tip of indenting India.

The sign change on the pixel amplitude offset maps show that the rupture stepped right north of the Muzkol

range to merge with the range front sinistral-oblique normal faults of the southern SKFS (Figures 3, 4,

and7). TheapproximatelyNE trendof the southernSKFS, as emphasizedby the2015Sarez earthquakeand the

geodetic and field-based analysis, changes to an approximately north trend at Lake Karakul with increasing

importance of normal faulting.We attribute this to a northward increase in the activewestwardmotion of the

Pamir plateau into the Tajik basin. This northward increasing rotational component in the westward gravita-

tional collapse of the Pamir crust is traced by (1) (north)westward increasing seismicity (Schurr et al., 2014),

(2) (north)westward increasing anticlockwise rotation derived from the GPS velocity field (e.g., Ischuk et al.,

2013; Zubovich et al., 2010, 2016), (3) larger paleomagnetically derived anticlockwise rotations in the north-

eastern than southeastern part of the eastern Tajik basin (Thomas et al., 1994), and (4) a higher abundance of

the dextral strike-slip faults along the Pamir thrust system (e.g., range front segmentation) (Sippl et al., 2014;

Strecker et al., 2003) than in the Pamir interior.

In 1911, an earthquake of similar size struck the Sarez region. This raises the question of the spatiotemporal

andmechanical relationship between this and the 2015 event. Analyzing digitized paper seismograms of the

1911 event, Kulikova et al. (2015) reestimated the magnitude and determined a source mechanism. With a

surface wave magnitude Ms7.7 and a moment magnitude Mw7.3, this event was slightly larger than the 2015

one (Ms7.6, Mw7.2, USGS, 2015). Its mechanismwas also similar to the one of the 2015 event and, considering

uncertainties, could have been the same. Based on intensity reports, the 1911 event was placed slightly west

of Lake Sarez (Figure 7) (Ambraseys & Bilham, 2012; Bindi et al., 2014); the instrumental Global Earthquake

Model catalog (Storchak et al., 2013) placed it close to Lake Sarez. Kulikova et al. (2015) relocated the event

relative to the 2015 event using absolute arrival times and arrival time differences between P and S phases.

The 2015 event served as a master event that provided traveltime corrections for the historical stations. This

procedure located the event∼40 kmwest of Lake Sarez and about 50 kmwest of the 2015 epicenter (Figure 7).

Earthquakes of this size with rupture dimensions of∼100 kmdo not break intact rock but need faults of some

maturity. As faults grow, they cast a stress shadow, in which parallel faulting is impeded, setting a lower limit

to the separation of the events, if they occurred on separate structures. Stress drop fades at distances away

from the fault somewhat smaller than fault length. This would make a rupture at the epicenter of Kulikova

et al. (2015) possible, considering its separation from the 2015 event. However, the locations of the 1911 event,

based on both intensities and travel times suffer from significant uncertainty due to the sparse, unevenly

distributed, and low-quality data available from that time. Considering just the scatter of publishedepicenters,

a location close to or at the 2015 epicenter seems possible.

Could the 2015 event have been a repeater of the 1911 event? The relatively low strain rates in the central

Pamir are hardly enough to reload the same fault in slightly more than 100 years: Compared to average GPS

rates in the West Pamir, the East Pamir block exhibits 5 ± 2 mm/yr of increased NNE motion (Figure S11).

S-P phase arrival times measured at European stations are about 6 s less for the 1911 event compared to the

2015 event (Kulikova et al., 2015), indicating that they did not occur at the same location but that the 1911

event was closer to Europe. From a stress perspective, a location of the 1911 event contiguous north or south

of the 2015 rupturewould bemost plausible, albeit less consistentwith intensities of shaking and travel times.

This question may ultimately be resolved, if a surface rupture of the 1911 event could be found. Given that

nearly 10 field expeditions to the Pamir have—albeit the difficulties in accessing remote terranes—not

encountered well-expressed, subrecent, NE trending fault scarps in the central Pamir except along the SKFS,

we prefer to locate the 1911 event along and NW of the range front faults of the Officers range (Figure 7).

This speculation would hint to a reactivation of a pre-2015 fault zone (the SKFS) and locate it along the most

prominent mapped, prerecent scarps. It would place the 2015 event in an area strongly loaded by the 1911

event, and interpreting it as the most recent manifestation of the building of a continuous fault zone along

the western edge of the deep Indian intender (connecting the Hindu Kushwith the SKFS) (Schurr et al., 2014).
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6. Conclusion

We have presented a finite-fault slip model of the 7 December 2015, Mw7.2 Sarez, Pamir, earthquake, using

SAR interferometry, SAR amplitude pixel offsets, and GPS data. The earthquake ruptured on a right-stepping,

∼80 km long NE trending fault, accommodating sinistral slip of up to 3.1 m in the uppermost part of the

fault. Our data-distribution-driven slip-patch model showed less variance in the slip parameter uncertainties

compared to a model with uniform slip patches.

The results of the geodetic modeling were compared to field observations acquired 9 months after the

earthquake. Where the rupture was accessible, the field observations such as fault strike and sense and

amplitude of slip agree well with what we observed in the seismic and geodetic data.

The 2015 Sarez earthquake rupture shows a compelling geometric relation to the deep Pamir earthquake

zone. In a geodynamic context, we suggest that the 2015 Sarez rupturemay be themost recentmanifestation

of a shear zone at the northwestern tip of the Indian indenter at mantle depth.
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Tectonic interaction between the Pamir and Tien

Shan observed by GPS
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Abstract The complex tectonic interplay between the Central Asian Southwest Tien Shan and the north

advancing Pamir as well as the role of the Pamir Frontal Thrust (PFT) separating these two orogens along

the intervening Alai Valley is yet unclear. In this paper we present data of the newly installedWestern Alai GPS

profile (WAGP), capturing the deformation signal of both mountain ranges. The 20 km long WAGP records a

maximum displacement rate of 9.3 ± 0.8mmyr�1. The lion ’ s share of displacement (6.0 ± 0.8mmyr�1) is

accommodated between the two stations located directly north and south of the PFT in 5 km distance. The

WAGP data nicely complement the existing South Tien Shan and the Pamir GPS network data, which we

present here in a combined reference frame and use it as input for horizontal block rotation/strain models.

The model results show that both the Southwest Tien Shan and the Pamir behave as uniformly strained

blocks and rotate counterclockwise (with respect to Eurasia) by 0.93 ± 0.11°Myr�1 and 0.62 ± 0.05° Myr�1,

respectively. The Southwest Tien Shan undergoes NNE-SSW shortening of �22.1 ± 1.5 × 10�9 year�1 with

an insignificant perpendicular extension. The Pamir is shortening with a rate of �10.2 ± 3.8 × 10�9 year�1

in a NNE-SSW direction, which is nearly 2.5 times less than its lateral extension rate. A band of increased

deformation along the PFT is bounded to the north by the northern rim of the Alai Valley and extends up to

30– 50 km south into the Pamir.

1. Introduction

Located in the northwestern part of the India-Asia collisional belt, the Pamir and Tien Shan aremountain belts

formed by the same tectonic processes as the ongoing Indian-Eurasian collision (Figure 1). The Tien Shan is a

mountain belt of ~2000 km length consisting of alternating ranges and valleys striking W-E to WSW-ENE. The

belt width varies between ~100 km in the east and ~350 km in the west, where it is parted by the NW-SE

oriented, right-lateral Talas-Ferghana fault (TFR). West of the TFR the Ferghana Valley splits the Southwest

Tien Shan into the northern Chatkal-Kurama range system and the South Tien Shan with the series of E-W

oriented, narrow ranges, and valleys (Figure 1). The Pamir is a high-mountain plateau elevated to 4000m

and more with a complex interior structure of an arcuate northward convex shape. Today, it acts as a

relatively rigid indenter penetrating northward into the Eurasian plate and thus overriding the former

Tajik-Tarim basin [Burtman and Molnar, 1993; Sobel et al., 2013].

The Pamir links to the western flank of the massive Tibetan Plateau with a mean altitude of 5000m [Fielding

et al., 1994]. The Pamir-Tien Shan region accommodates a higher deformation over a shorter distance

compared to the Tibetan Plateau [Schmidt et al., 2011; van Hinsbergen et al., 2011] and is capable to produce

magnitude 7 earthquakes in nearly decadal repeat times (ISC-GEM catalog) [Storchak et al., 2013]. The last

large seismic event in the vicinity was the 2008 magnitude 6.6 Nura earthquake with an epicenter just east

of the Alai Valley [Sippl et al., 2014; Teshebaeva et al., 2014]. The seismic data indicating an inclined zone at

the northern Pamir front and matching high strain rate at the surface suggest a subduction of the Tien

Shan lithosphere beneath the Pamir [Burtman and Molnar, 1993; Strecker et al., 2003; Zubovich et al., 2010;

Sobel et al., 2013] excluding the upper crust [Mechie et al., 2012; Sippl et al., 2013a, 2013b]. The Alai Valley,

the last remnant of the formerly connected Tajik-Tarim basin, is squeezed between the South Tien Shan

and the Pamir. It has an extent of ~120 km in lateral and ~20 km in longitudinal directions, an average eleva-

tion of 3000m, and the Neogene sediment thickness reaches at least 3 km adjacent to the Trans Alai range

(Figure 2a) [Arrowsmith and Strecker, 1999]. Its main tectonic features are the recently active Pamir Frontal

Thrust (PFT) system (Figure 1), which runs parallel to the Pamir’ s front and, a 10– 15 km farther south but

rooting in the same decollement, the Main Pamir Thrust (MPT) that was activated ~25Ma ago [Sobel and

Dumitru, 1997; Coutand et al., 2002; Sobel et al., 2013; Thompson et al., 2015]. Published displacement rates
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Figure 1. Topographic map of the Pamir and Southwest Tien Shan located at the northwestern end of the India-Asia

collisional belt (inset). Brown lines here and on other figures are faults from Schurr et al. [2014]. The red line indicates the

location of the Western Alai GPS profile (WAGP). The red arrow on the insert represents the northeastern advance of India

(IGS station IISC) relative to the Eurasian plate.

Figure 2. (a) View of the Alai Valley from its western toward its eastern end (3-D Google™ image). The blue pins mark the

WAGP stations along the Altyndara River. The stations are named from north to south as ALA1, ALAI, ALA2, and ALA3. The

white dashed lines illustrate the data transfer directions and the brown line marks the PFT surface fault trace. (b) Simplified

sketch of the N-S cross section of Alai Valley illustrating the Pamir overthrusting the Tien Shan. Topography after Figure 12d

of Coutand et al. [2002].
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across these marginal features span a wide range. Coutand et al. [2002] reconstructed rates of 0.6– 0.8mm/yr

from balanced cross sections. Burtman and Molnar [1993] estimated rates of ~3.5mm/yr based on the seismic

moment release calculation of earthquakes between 1963 and 1988, and Arrowsmith and Strecker [1999]

found ~6mm/yr rates during the Holocene by measuring the displaced river terraces. The highest observed

rate of the N-S convergence is between 10 and 15mm/yr as derived from Global Positioning System (GPS)

measurements [Zubovich et al., 2010].

The tectonically highly interesting area of the Pamir and Tien Shan was subject of various GPS research

projects [Abdrakhmatov et al., 1996; Reigber et al., 2001; Mohadjer et al., 2010; Zubovich et al., 2010; Ischuk

et al., 2013]. First GPS observations in the Tien Shan were carried out in 1992, and since then more than

300 GPS points were installed and measured. Tajik GPS observations started in 2007 and covered the

Pamir and Tajik depression, although the Northeast Pamir was measured earlier within the campaigns

mentioned above. The obtained data showed that the internal deformation of the Pamir is minor and that

E-W elongation exceeds the N-S shortening [Ischuk et al., 2013]. The highest deformation rates in the

Pamir-Tien Shan region are observed across the Alai Valley with at least 10mmyr�1 to possibly 15mmyr�1

[Zubovich et al., 2010]. The authors suggested that this high velocity gradient is accommodated by the PFT.

However, due to the sparse spatial data sampling it has so far been impossible to define the exact distribution

of the deformation. This motivated us to study the high deformation zone in the Alai Valley in more detail in

order to better understand the Pamir-Tien Shan interaction and also the relation between tectonic faults like

the PFT and seismicity.

2. West Alai GPS Profile

The Alai Valley with the PFT fault system located at its southern rim is a suitable area to study active fault strands

and their behavior using GPS data. Some of the highest shortening rates in central Asia are observed here.

Displacement rates of more than 10mmyr�1 over 20 km and data uncertainties of less than 1– 2mmyr�1 allow

relatively quick and reliable rate estimates.

In fall 2013 we installed a profile of four continuously operating GPS stations in the western part of the Alai

Valley (Figure 2a and Table 1) to better identify the recent deformation pattern between the Pamir and the

Tien Shan. The profile layout was partly chosen by the location of a clearly identified surface trace of the

PFT system [Arrowsmith and Strecker, 1999; Strecker et al., 2003] (Figure 3). The area is relatively easy accessible

and inhabited, which allows regular station maintenance. Limiting factors for the installation were the spatial

extent of the profile (~20 km), the topography (high-frequency data transfer), and restricted site access due to

the nearby state border.

The stations ALA3 and ALA1 mark the southern and northern ends of the profile. They were installed on

bedrock outcrops of the Pamir Trans Alai and Tien Shan Alai ranges, respectively, on a metallic tube of

8 cm diameter and ~100 cm length. The inner stations ALAI and ALA2 were installed on sediment on a

350 cm long metallic tube driven and concreted 160�180 cm into the ground. All stations are equipped with

Septentrio (Global Navigation Satellite Systems) GNSS receivers and NavXperience antennas. Power supply of

each of the stations ALA1, ALA2, and ALA3 is ensured by a 120Wp solar panel and a 30 Ah battery for backup.

The power management is controlled by a solar regulator, which also provides fail-over prevention and

reboots the system every other day. The sampling rate is 10 s. All three stations are connected to the main

station, ALAI, by 2.4 GHz radio communication links. While ALA1 and ALA3 send the data directly to the main

station, ALA2 is routing the data through ALA1, using it as a bridge (Figure 2b). Being the master station, ALAI

is built as consistent as possible with the Remotely Operated Monitoring Station concept [Schöne et al., 2013].

Table 1. Locations, Horizontal Rates and Uncertainties of WAGP Stations

Station

Coordinates Velocities in a Eurasian-Fixed Reference Frame (mmyr
�1

) Velocities Relative to ALA1 (mmyr
�1

)

Longitude Latitude East North East North

ALA1 72°10.748′ 39°33.179′ �0.7 ± 1.6 8.4 ± 1.6

ALAI 72°09.953′ 39°31.592′ �1.4 ± 1.5 9.5 ± 1.5 �0.5 ± 0.6 1.1 ± 0.7

ALA2 72°15.104′ 39°26.596′ �2.8 ± 1.6 11.0 ± 1.6 �2.1 ± 0.7 2.6 ± 0.8

ALA3 72°16.472′ 39°24.134′ �7.5 ± 1.6 14.8 ± 1.6 �6.8 ± 0.8 6.4 ± 0.8
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It transfers the data of all four stations to our processing center via the satellite system VSAT. ALAI is also

equipped with a low-bandwidth satellite system link (Iridium) that is used for information reception and

station management during VSAT outages. The ALAI GPS data are sampled at 1Hz in accordance to

Schöne et al. [2013].

3. Data Processing and WAGP Velocity Results

Standard GPS processing with GAMIT/GLOBK is generally performed in three steps [Herring, 2004; Herring

et al., 2009]: (1) Calculation of daily solutions including station coordinates and covariance matrices (H files),

(2) combination of the daily solutions to one campaign solution for the time period of each field campaign,

and (3) the computation of velocity vectors on the basis of the campaign solutions. For the continuous

Western Alai GPS profile (WAGP) data we skipped step (2) and combined the WAGP daily solutions with

the GPS campaign data of the Tien Shan-Pamir region acquired since 1995 [Zubovich et al., 2010; Ischuk

et al., 2013] into a common Eurasian-fixed reference frame tied by the 15 IGS (International GNSS Service)

stations VILL, MADR, IRKT, NRIL, NVSK, POL2, ARTU, GLSV, POTS, WTZR, ONSA, NYAL, CAGL, WSRT, and

KOSG (http://igs.org/network). By doing so, we can compare the current WAGP displacement rates with

the existing campaign GPS rates. The resulting data set covers the vast territory from the Tarim basin and

the Tajik depression to the Kazakh platform including the Tien Shan and the Pamir. The resulting relative rates

of the WAGP stations sufficiently exceed the signal-to-noise ratio and can be used for further analysis. In

Table 1 they present by the east and north velocity components parallel and perpendicular to the Pamir

front— one of the main structures here.

The endpoints of the GPS profile ALA3 and ALA1 are located in the Pamir and the Tien Shan, respectively, and

measure the relative motion of the margins of these mountain belts. They show a total relative displacement

of 9.3 ± 0.8mmyr�1 with an azimuth of�43° (measured clockwise from north). This is slightly less but within

the error of the 10– 15mmyr�1 of shortening observed at the eastern end of the Alai Valley [Zubovich et al.,

2010]. Reasons for this lower shortening rate might be the fact that the motion of ALA3 is affected by the

partially or fully locked MPT, or that there exist other active fault strands farther south in the Altyndara

Valley, outside the WAGP. The highest rate change is observed between stations ALA3 and ALA2 with 6.0

± 0.8mmyr�1 over a distance of only 5 km along an azimuth of �39°. We assume that the observed

difference is associated with an active fault branch of the PFT system located between both stations

(Figures 3 and 4).

Figure 3. PFT surface fault trace, highlighted by white arrows in Google™ aerial imagery and on personal field observations

(a) with a view to the northwest.
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Google™ aerial imagery nicely delineates

the surface trace of this active fault

with an azimuth of �61° inside the

ALA3-ALA2 sector (Figure 3). From this,

we calculate a right-lateral fault-parallel

rate component of 5.6 ± 0.8mmyr�1

and a fault-perpendicular shortening of

2.2 ± 0.8mmyr�1 between ALA3 and

ALA2. Despite the relatively low short-

ening rate across the fault there is field

evidence of at least 3m of vertical offset

on its southern side (insert on Figure 3).

Undoubtedly, this fault was described

by Arrowsmith and Strecker [1999] as

clearly shown by a 4m vertical offset

(115°– 120° strike, south side up). The

fault was reactivated several times dur-

ing Quaternary time, and Quaternary

slip rate for this zone was defined at

least 2.5mm/yr and could be as high

as 6mm/yr.

The relative displacement rate between

the stations ALA2 and ALAI is 2.2

± 0.6mmyr�1 with an azimuth of �42°

over a distance of ~12 km. The data do not give evidence whether this deformation is due to another active

fault strand north of ALA2 as published on several maps [e.g., Coutand et al., 2002; Strecker et al., 2003;

Kalmetieva et al., 2009] or if this is a gradient due to a (partial) locking of the PFT. Finally, the relative displace-

ment rates between the northernmost stations ALAI and ALA1 is 1.2 ± 0.7mmyr�1 to the direction of an

azimuth of �66° over a distance of slightly more than 3 km. Although for both ALA2-ALAI and ALAI-ALA1

segments the velocity differences are hardly distinguishable from the uncertainties, they do not conflict

with the right-lateral strike-slip shift of the Pamir relative to the Tien Shan and the total trend of the

their convergence.

4. Interaction of the Pamir and Tien Shan

The last two large earthquakes occurred nearly two decades before the beginning of the GPS time series (the

1974,mb= 6.4 Markansu earthquake) [Jackson et al., 1979] or at the outer extent of the study area, just east of

the Alai Valley (the 2008, magnitude 6.6 Nura earthquake [Sippl et al., 2014; Teshebaeva et al., 2014]). We

therefore assume that the GPS observations represent the interseismic phase of the current seismic cycle,

where the faults are either locked or exhibit creeping. Using the full GPS data set, we model the Pamir and

Southwest Tien Shan mountain belts as flat, uniformly strained bodies [Zubovich and Mukhamediev, 2010]

(also see Appendix A for mathematical details), estimate the strain rate uniformity of these belts and define

how the deformation on the WAGP relate to them. We thereby applied an iterative inversion procedure: First,

we calculated the rotation and strain rate parameters separately for the Pamir and Southwest Tien Shan using

two GPS data subsets. The resulting best fit parameters were used to forward model the horizontal velocity

vectors. Then, we discarded the point with the largest residual between the modeled data and the observa-

tions. The procedure was repeated until the remaining data points showed residuals below a certain

threshold. For the Pamir region we selected 10 GPS points with residuals below 1.3mmyr�1 (black dots in

Figure 5) and for the Southwest Tien Shan region 24 GPS points with residuals below 1mmyr�1 (Figure 6).

The stricter criterion for the Southwest Tien Shan data is justified by the larger amount of available GPS data

and smaller data uncertainties. In addition, we propagated the GPS data uncertainties through the inversion

(using the best fit model parameters) by adding a random Gaussian noise (normalized by the single data

uncertainties) to the input data and repeated this procedure 1000 times, in order to obtain a statistical model

parameter uncertainty estimation following [Metzger et al., 2011].

Figure 4. GPS velocities and 95% confidence ellipses of the WAGP

stations relative to the station ALA1. The fault surface trace of the PFT

system is identified by field observations and aerial photographs (see

Figure 3).
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For the Pamir region, the best fit model nicely matches the input GPS observations in terms of azimuth and

amplitudes (Figure 5). This leads to the conclusion that the interior of the Pamir is uniformly strained within

data uncertainties. This observation does not support the findings based on microseismicity of Schurr et al.

[2014] about the NNE-SSW trending Sarez-Karakul sinistral normal fault system (SKF on Figure 5). However,

the recent 2015 magnitude 7.2 earthquake with the epicenter near Lake Sarez most probably reactivated

exactly this fault (U.S. Geological Survey). One explanation might be that the deep seismic processes

observed by Schurr et al. [2014] did not yet reach the Earth ’ s surface.

Figure 6. Observed (in black, with 95% confidence levels) andmodeled (red) GPS velocities in the Southwest Tien Shan in a

Eurasian-fixed reference frame.

Figure 5. Observed (in black, with 95% confidence ellipses) and modeled (blue) GPS velocities of the Pamir region in a

Eurasian-fixed reference frame. Black dots mark the GPS points used for the inversion.
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The best fit strain rate parameters for the Pamir have a maximal strain rate E1 = 26.6 ± 1.8 × 10�9 year�1 and a

minimal strain rate E2 =�10.2 ± 3.8 × 10�9 year�1 with an E2 axis azimuth of 17.5 ± 2.4° in NNE-SSW direction

(positive strain rates represent extension and negative rates are shortening). The extension rate is thus nearly

2.5 times larger than the orthogonal shortening rate, which can indicate gravitation-driven, lateral mass

outflux of the Pamir as proposed by, e.g., Burtman [2013], Stübner et al. [2013], and Schurr et al. [2014]. The

faster ESE-WNW lengthening with respect to the NNE-SSW shortening could be a sign of crustal thinning

of the Pamir but that is apparently compensated by the subducting Tien Shan below the Pamir. The angular

velocity of the Pamir rotation with respect to Eurasia is estimated with 0.93 ± 0.11°Myr�1 counterclockwise

around a pole at 61.2 ± 1.7° east and 33.1 ± 0.6° north.

The Pamir GPS data points, which were not used for the inversion but forward modeled (cyan dots, Figure 5),

are located along the active northern perimeter of the Pamir, where strain is not uniform anymore. The closer

the data points are to the Pamir’ s margin, the higher the difference between the observed data and the

model. This indicates that the northern frontal strip of the Pamir is deformed more rapidly than its internal

parts. It might be possible that one or more active fault strands south of the PFT system (e.g., the Main

Pamir Trust [Sobel et al., 2013]) absorb parts of the strain rate along the Pamir’ s front. Another explanation

could be that the Pamir’ s front has a greater capability to be strained than its interior, due to the decreasing

crustal thickness toward the north. In addition, the farther the Northern Pamir data points (except SHKA) are

to the west, the smaller the east component of the observed velocities are compared to the model.

For the Southwest Tien Shan region the fit betweenmodel and observations is very good (Figure 6). We find a

maximum strain rate E1 =�0.7 ± 1.1 × 10�9 year�1 and a minimal strain rate E2 =�22.1 ± 1.5 × 10�9 year�1

with an azimuth of �19.8 ± 2.4°. We thus observe a NNW shortening in the Tien Shan without any

lengthening in ENE direction. The angular velocity of the Southwest Tien Shan with respect to Eurasia is

estimated with 0.62 ± 0.05°Myr�1 counterclockwise around a pole at 62.6 ± 0.8° east and 39.0 ± 0.3° north.

This result agrees well with calculations of Zubovich and Mukhamediev [2010], where the field of horizontal

velocity gradient was determined by a method of superimposed triangulations, as well as with the previously

derived angular velocity of the Fergana Valley of 0.73 ± 0.08°Myr�1 [Zubovich et al., 2010]. From this we

conclude that the mountain parts of the Southwest Tien Shan covered by the GPS data presented here

and the Fergana basin are in fact one uniform strain unit.

We also forward modeled the GPS points in the Alai Valley including WAGP stations and using the best fit

model parameters both for the Pamir and for the Southwest Tien Shan (Figure 7). The Southwest Tien

Shan model nicely predicts the data of the GPS points north of the valley, but it clearly overestimates the

southern points located at the foot of the Trans Alai Range. The GPS velocities acquired close to the PFT

system differ from themodeled velocities both in amplitude and azimuth. This couldmean that the uniformly

deformed, differently rotating moving Pamir and Tien Shan interact with each other along the PFT and

Figure 7. (a) Observed (black, with 95% confidence ellipses) and modeled (red for the Southwest Tien Shan and blue for

the Pamir model parameters) velocities in the Alai Valley with respect to stable Eurasia. The stations KKB4, RRAB, and

UBLA (black dots) were used as input data for the Southwest Tien Shan and Pamir model inversion, respectively. (b) Close

up of the western Alai Valley with WAGP stations.
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thereby produce strike-slip and thrust displacements. A partial or complete locking of the faults enforces

these displacements to be nonuniformly distributed around the PFT.

5. Conclusion

In this paper we present the first observations of the Western Alai GPS profile (WAGP, Figure 4 and

Table 1), a profile of four continuous GPS stations installed in 2013 across the West of the Alai Valley,

and the surface trace of the Pamir Frontal Thrust (PFT), where the highest deformation rates in the

Pamir-Tien Shan region are revealed. These new GPS data help to better localize areas of high strain

and identify the nature of slip of the local strand of the PFT system. In addition, the data nicely comple-

ment the existing GPS networks in the Pamir and the Southwest Tien Shan, which we present here in a

combined reference frame.

Inversions of block rotation/strain models show that the inner part of both the Southwest Tien Shan

(including the Ferghana Valley) and the Pamir behave as uniformly strained blocks rotating in horizontal

plane with respect to Eurasia counterclockwise with the angular velocities of 0.62 ± 0.05°Myr�1 and 0.93

± 0.11°Myr�1, respectively (Figures 5 and 6). This agrees well with previous results using different methods

and data sets [Zubovich and Mukhamediev, 2010; Zubovich et al., 2010]. The Southwest Tien Shan exceeds a

NNE-SSW shortening of �22.1 ± 1.5 × 10�9 year�1 without any extension in perpendicular direction. The

best fit model parameters for the Pamir region show that its shortening in a NNE-SSW direction of

�10.2 ± 3.8 × 10�9 year�1 is nearly 2.5 times lower than its lateral extension. This is further evidence for

gravitational-driven lateral mass outflux of the Pamir as it was suggested before [Burtman, 2013; Stübner

et al., 2013; Schurr et al., 2014]. A faster ESE-WNW lengthening than NNE-SSW shortening could lead to

crustal thinning of the Pamir, but that is apparently compensated by subduction of the Tien Shan below

the Pamir. The GPS data observed in and near the Alai Valley, which marks the Southwest Tien Shan and

the Pamir border area, agree poorly with the model predictions. We conclude that along the PFT we find

a zone of increased deformation, which is bounded by the northern rim of the Alai Valley on the north

and in the south enters 30– 50 km into the Pamir.

The 20 km long WAGP reveals a maximum displacement rate of 9.3 ± 0.8mmyr�1 between the outermost

stations. Considering the fact that the southernmost station is located only 3 km from the fault surface

trace, this agrees well with the 10– 15mmyr�1 measured earlier across the eastern end of Alai Valley

[Zubovich et al., 2010]. The spatial resolution of the data points, however, does not give clear evidence if

the total deformation on the PFT is accommodated by a single, locked fault or if the PFT is creeping freely

and additional active strands without clear surface expressions exist. To answer this question and assess the

locking degree of the PFT we extend the WAGP particularly toward the south and densify the station

spacing with additional GPS points. From the deformation rates provided by the stations directly north

and south of the PFT, however, we can separate the fault slip into a stronger right-lateral, fault-parallel

component of at least 5.6 ± 0.8mmyr�1 and a less dominant fault-perpendicular shortening of at least 2.2

± 0.8mmyr�1.

Appendix A: Inverting 2-D Linear Velocity Field

In the following, vectors and second-order tensors are designated by bold Latin small and uppercase letters.

Symbols ·, ×, and⊗ stand for the scalar, vector, and tensor (dyadic) products, correspondingly. Superscripts T

and �1 denote the transpose and inverse tensor.

Let a linear velocity field v(x) be realized in a plane material domain Ω, i.e.,

v xð Þ ¼ x�Gþ b; x∈Ω; (A1)

where v is the horizontal velocity of a material point possessing the radius vector x, and the second-order

tensor G and the vector b are constants throughout Ω. By differentiating v with respect to x it is apparent

that G is the velocity gradient (i.e., G=grad v) which can be uniquely decomposed into symmetric and

antisymmetric parts by

G ¼ EþW E ¼ ET ; W ¼ �WT
� �

: (A2)
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Here E is the constant strain rate tensor of the homogeneously deformed domainΩ;W is the spin associated

with the angular velocity vector w by equation

x�W ¼ x � w; w ¼ ωnð Þ; (A3)

which is valid for arbitrary vector x. In equation (A3) n is a unit vector orthogonal to the deformation plane

and ω is the angular velocity of the domain which is positive for counterclockwise rotation when looking

from the end of n.

Information about the real horizontal velocity field vreal(x) in Ω is represented by the velocity vectors v(i)

specified at the set of K discrete points (GPS stations) x(i) ∈Ω, i=1, … , K. The problem is to determine G

and b in equation (A1) in such a way as to find the best fit between vreal(x) and the model field v(x). For this

purpose one can minimize the residual functional J,

J ¼
X

K

i¼1

v ið Þ � x ið Þ�G� b
� �

� v ið Þ � x ið Þ�G� b
� �

→min (A4)

for which the following equations should be solved

∂J

∂G
¼ 0;

∂J

∂b
¼ 0: (A5)

The solution of equation (A5) can be expressed as

G ¼ C�1 � A; b ¼ v0 � x0 � C�1 � A; (A6)

where

x0 ¼
1

K

X

K

i¼1

x ið Þ
; v0 ¼

1

K

X

K

i¼1

v ið Þ (A7)

A ¼
X

K

i¼1

x ið Þ
⊗v ið Þ

� �

� Kx0⊗v0; C ¼
X

K

i¼1

x ið Þ
⊗x ið Þ

� �

� Kx0⊗x0: (A8)

The desired result for the model field v(x),

v xð Þ ¼ v0 þ x� x0
� �

� C�1 � A; (A9)

exists if det C≠ 0, i.e., the GPS stations are not located along а strait line.

The seeking strain rate E and the angular velocity ω are determined from the first relation in equation (A6) by

using equations (A2) and (A3). The E’ s eigenvalues E1 and E2 (E1 ≥ E2) and orientation of principal axes are

found from E by conventional methods.
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1. Introduction

It is generally assumed that faults are either locked and accumulate strain elastically, which is then released instantly 
in an earthquake, or that they behave more plastically by accommodating constant (or transient) slow slip. They 
may also accommodate a mixture of both. If lithospheric strain is released in large earthquakes, stress-release 
continues during the post-seismic period. The postseismic phase includes (a) afterslip on the ruptured fault (e.g., 
Marone et al., 1991; Perfettini et al., 2010), (b) poro-elastic rebound due to pore fluid pressure changes (e.g., 
Jónsson et al., 2003; Peltzer et al., 1998) and (c) viscoelastic mantle relaxation (e.g., Nur & Mavko, 1974; Wang 
et al., 2012). These processes can last months to decades depending on earthquake magnitude and rheological 
properties, with relocking taking place simultaneously (Bürgmann & Dresen,  2008). Eventually, the seismic 
cycle returns to the interseismic stage, where strain is being accumulated in a quasi-linear fashion.

Unlike oceanic subduction zones with a well-defined plate interface, the geometry of intercontinental faults 
is often unknown and slip rates are significantly slower thus leading to an underestimation of the regional 
seismic hazard potential. In the plate interior, the lithosphere is fractured in a most complex way, probably 
pre-stressed and can be triggered by small transient stress perturbations (Calais et  al.,  2016). Consequently, 

Abstract The constant increase of geodetic instrumentation over the past decades enables us to not only 
detect ever smaller tectonic signals but also to monitor their evolution in time and space. We present spatial and 
temporal slip variations observed on a fault affected by a large, intermediate-field earthquake: the 2015 Mw7.2 
Sarez, Central Pamir, earthquake ruptured the sinistral, NE-trending Sarez-Karakul fault system. 120–170 km 
North of the main rupture, the thin-skinned, E-trending Pamir thrust system bounding the Pamir to the North 
was co-seismically activated. We derived co-seismic offsets and post-seismic rates observed by two dense, 
high-rate Global Positioning System (GPS) profiles crossing the Pamir thrust system at different longitudes. 
The continuous GPS observations of the western profile focus on the dextral, NW-striking Aramkungey 
fault segment that connects two thrust faults with opposite dip. We compare inter-, co- and post-seismic 
displacement rates by complementing the continuous data with survey-mode GPS data and East rates derived 
from satellite radar interferometric displacement time-series. All the GPS stations were shifted toward the 
epicenter against the direction of the interseismic load with an increased gradient in the Aramkungey fault 
segment. During the postseismic stage, the fault-parallel and fault-perpendicular rates were affected differently, 
suggesting gradual re-locking of the Aramkungey fault after its unlocking by right-lateral co-seismic slip.

Plain Language Summary The 2015 Mw7.2 Sarez earthquake, occurred in the Central Pamir, 
caused m-scale displacement of the Earth’s surface. This earthquake also affected another system near the 
northern Pamir front at 120–170 km distance from the epicenter where the Pamir thrust system separates the 
Pamir from the Alay valley (a testimony of an ancient ocean) and the adjacent Tien Shan mountain range to 
the  North. Time-series analysis of accurate positioning data (GPS) showed 10–20 mm displacements of the 
Alai crust surface toward the earthquake epicenter with an increased level of deformation near the western 
segment of the system—in the zone of the Aramkungey right strike-slip fault. As a result of the earthquake, 
this fault was unlocked, but then gradually began to be relocked, accelerating the strain accumulation in the 
following 4.5 years.
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continental earthquakes are often unexpected and most fatal, as they often also initiate secondary effects, like 
landslides or flooding due to blocked rivers. Continental collision zones often behave more like intercontinental 
than plate-boundary faults; large earthquakes can create highly complex fracture patterns due to dynamics and/
or static stress changes (Xu et al., 2020).

The Pamir and the Tien Shan in Central Asia belong to the tectonically most active regions of the India-Eurasian 
collision zone and are known to host devastating earthquakes (Figure 1a). Examples in the northern Tien Shan 
are the 1,911 moment magnitude MW8.0 Kebin earthquake (Kulikova & Krüger, 2015) and the 1946 Chatkal 
earthquake with a body wave magnitude of MB7.5 (Kulikova, 2016), and in the South Tien Shan the 1949 Mw7.6 
Khait earthquake (Evans et al., 2009; Kulikova, 2016). The 1911 MB7.3 (Kulikova et al., 2016) and 2015 Mw7.2 
Sarez earthquakes (Metzger et al., 2017; Sangha et al., 2017) ruptured the center of the Pamir and the 1974 Mw7.1 
Markansu earthquake its northwestern rim (ISC-GEM catalog, Di Giacomo et al., 2015).

A prerequisite for seismic hazard assessment are accurate fault-slip estimates and space-based positioning data 
(e.g., Global Positioning System [GPS]) are most helpful to constrain them with mm-accuracy. The data is either 
collected episodically or continuously, and there is a trade-off between spatio-temporal data density and measure-
ment cost: many regional GPS networks comprise either a low station density (∼100 km) or rare measurements 
(∼once a year). To improve our understanding of fault slip behavior over the full seismic cycle and detect complex 

Figure 1. (a) Tectonic map of the Alai valley and its enclosing mountain ranges, the South Tien Shan and the 
north-advancing Pamir, at the northwestern tip of the India-Asia collisional belt. (b) The western and eastern Alai GPS 
profiles (green triangles) are located in a tensional quadrant of the sinistral 2015 Mw7.2 Sarez earthquake (dashed blue lines, 
focal mechanism from USGS, color-coded co-seismic slip of Metzger et al., 2017). Violet focal mechanisms represent all 
Mw ≥ 5.5 earthquakes (GEOFON, 2006), labeled by year and magnitude, that occurred during GPS data acquisition; red 
mechanisms relate to earthquakes mentioned in the text. Green arrows indicate interseismic GPS rates (Zubovich et al., 2010, 
2016). Mapped faults (in brown) from Mohadjer et al. (2016); AF—Aramkungey fault, DF—Darvaz fault, MF—Markansu 
fault, PFT—Pamir frontal thrust, SKFS—Sarez-Karakul fault system, VF—Vakhsh fault.
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rupture patterns in this tectonically active region in Central Asia we need high-resolution data both in space and 
time.

We present new GPS data acquired in continuous- (cGPS) and survey-mode (sGPS) from the Alai valley in south-
western Kyrgyzstan that separates the Pamir in the South and the Tien Shan in the North (Figure 1b). Two ∼N-S 
oriented GPS profiles cross both the Alai valley and the Pamir thrust system representing the active front of the 
north-advancing Pamir orogen with dense instrumentation. The 4–6 years long GPS time-series provide inter-, 
co- and postseismic rate estimates in the context of the 2015 Mw7.2 Sarez earthquake. This event ruptured the 
Sarez-Karakul fault system (Figure 1b), a sinistral, NE-trending fault not directly connected to the Pamir thrust 
system. Our observations provide new insights on the kinematic response of a fault activated by a nearby large 
earthquake. After a brief introduction to the tectonic setting and the instrumental setup we present the coseismic 
offsets and post-seismic rate changes caused by the event, compare them to interseismic East rates obtained by 
satellite radar interferometric (InSAR) time-series and discuss the implications for the faults at the Pamir front.

2. Tectonic Setting

The E-W trending Alai valley is a 150 km long, asymmetric intermountain depression of up to 25 km width 
that is embedded between the two largest orogenic belts of Eurasia: the Tien Shan in the North and the Pamir in 
the South (Figure 1). While the Tien Shan is an intraplate orogen, the Pamir belongs to the Alpine-Himalayan 
belt that was formed as a result of the closure of the Tethys paleo-ocean (van Hinsbergen et al., 2012). During 
the late Oligocene/early Miocene (∼25–20 Мa) the former Tarim-Tajik basin was separated by the Pamir. In 
mid-Miocene (∼16–12 Ma) N-S-shortening localized along the Pamir thrust system, consequently forming the 
Trans Alai range, followed by basin annihilation as already observed West and East of the Alai valley (Coutand 
et al., 2002). The Cenozoic infill of the Alai valley exhibits a southward increase in thickness from 3.5 to 5.5 km 
(Coutand et al., 2002.).

The south-dipping Pamir thrust system delimits the Pamir to the North and comprises the Main Pamir thrust, 
located within the Trans Alai Range (e.g., Gubin, 1940; Nikonov, 1988), and the Pamir frontal thrust (PFT) that 
separates the Alai valley from the Trans Alai range with a clear morphological expression (e.g., Arrowsmith & 
Strecker, 1999; Strecker et al., 1995; Sobel & Dumitru, 1997) (Figure 1). The PFT in our study region was formed 
∼0.7 Ma ago and has remained active since then (Coutand et al., 2002; Strecker et al., 2003). It is divided in three 
segments that are separated by two transfer zones (Figure 2), all exhibiting kinematic variations of absorbing 
plate convergence (Arrowsmith & Strecker, 1999). The eastern segment witnesses no Quaternary tectonic activ-
ity; fan surfaces are smooth and intact (Arrowsmith & Strecker, 1999; Strecker et al., 2003). Quaternary deforma-
tion and background seismicity is offset further South to the E-trending Markansu fault (Schurr et al., 2014). The 
eastern transfer zone shows evidence for major Quaternary deformation but significant displacement is scarcely 
found (Arrowsmith & Strecker, 1999). The central segment contains thrust faults, covered in some places by 
late-Holocene landslides (Arrowsmith & Strecker, 1999). Movement along the fault with a southward dip of 
30°–45° is mainly dip-slip with a Holocene slip rate of up to 6  mm/yr (Strecker et  al.,  2003). The western 
transfer zone is tectonically the most complex of all segments and consists of en-echelon faults (Arrowsmith & 
Strecker, 1999). NW-striking, dextral strike-slip faults alternate with SW-trending thrust faults. The westernmost 
dextral Aramkungey fault (Figures 1b, 3a, and 3b) (Nikonov, 1988) exhibits a dip-slip along-strike across the 
Altyndara valley (see next paragraph) and accommodates an interseismic slip rate of at least 6.0 ± 0.8 mm/yr 
(Zubovich et al., 2016) and a Holocene slip rate of 2.5–6 mm/yr (Arrowsmith & Strecker, 1999). At the west-
ern segment of the PFT, the Alai valley narrows to 3 km before the Pamir and Tien Shan unite orographically. 
Holocene displacements emphasize thrusting, but the fault surface trace is often buried by landslide sediments 
(Strecker et al., 2003).

Although the surface trace of the NW-SE-striking Aramkungey fault is not continuously evident, it very probably 
connects two thrust faults striking WSW-ENE to E-W (Figure 3): A western one emplacing Lower Cretaceous 
strata on Pliocene to Quaternary and an eastern one emplacing Lower Cretaceous on Upper Cretaceous strata. 
While the western thrust dips south and has a little deformed succession of the Alai valley foreland in its footwall, 
the eastern thrust has a more internal (southern) position and dips north, functioning as a “passive” backthrust 
that borders the large Pik Sverdlova (Figure 3b) triangle zone (Voigt et al., 2020). From west to east, the Aram-
kungey fault thus mediates a southward step of proven active deformation by about 7.5 km and a change in the 
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thrusting direction from North to South (Figure 3b). No strata older than Lower Cretaceous are exposed anywhere 
North of the thrust fault labeled “TJ” in Figure 3a. This indicates a thin-skinned structural style where all thrust 
faults branch from a gently south-dipping basal décollement near the base of the Lower Cretaceous succession. 
As the Aramkungey fault separates two parts of the thrust wedge sliding on the décollement, it should itself also 
terminate on this low-angle thrust plane (Figure 3b) at a maximum depth of 2–3 km below the surface.

Both West and East of the Aramkungey fault (Komansu fault scarp, Arrowsmith & Strecker, 1999), the active 
deformation front is located further north. However, deformed and uplifted strata North of the Aramkungey fault 
must also be underlain by a décollement fault. Whether this fault (approximate trace dashed in Figure 3a) is pres-
ently active together with the Aramkungey fault or the deformation front has stepped back onto the Aramkungey 
fault from a more external position is unknown.

A detailed seismotectonic analysis of Schurr et  al.  (2014) revealed a predominant dextral slip along E(SE) 
trending planes of the PFT, arranged in sub-vertical clusters underneath a décollement layer. Trenching data 
provide evidence of at least two full ruptures of the central PFT segment within the last 5,000 years and a few 
partial ruptures at the western end of the segment (Patyniak et al., 2021). In instrumental times the 1974 Mw7.1 
Markansu earthquake and the 2008 Mw6.6 Nura earthquake (Figure 1) ruptured thrust faults East of the eastern 
PFT segment (Sippl et al., 2014) (Figure 1b). Slip might also occur on faults below the sedimentary layer further 
North, or historic surface expressions might have been eroded (Patyniak et al., 2021).

GPS data suggest that the eastern Trans Alai range accommodates more than a third (10–15  mm/yr) of the 
India-Asian convergence and 5–6 mm/yr dextral shear. The western Trans Alai Range accommodates a similar 
amount of shortening (12–13 mm/yr) but increased dextral shear (8–9 mm/yr) (Zubovich et al., 2010). At least 
7.0 ± 0.8 mm/yr shortening and 7.0 ± 0.8 mm/yr shear are accommodated at the PFT (Zubovich et al., 2016) with 
the largest portion of slip being attributed to the dextral Aramkungey fault between the two stations ALA3 and 
ALA2 in 5 km distance (3.8 ± 0.8 mm/yr, respectively, 4.7 ± 0.8 mm/yr) (Figure 1). These rates are in agreement 
with the kinematics derived from structural and stratigraphic field data (e.g., Coutand et al., 2002) and the grav-
itational, westward mass outflux of the West Pamir into the lower Tajik depression (Ischuk et al., 2013; Metzger 
et al., 2020; Schurr et al., 2014; Zubovich et al., 2016). Highest slip rates are observed on the Vakhsh and Darvaz 

Figure 2. Coseismic displacement from the 2015 Mw7.2 Sarez earthquake observed by cGPS (black arrows with two-sigma-
confidence ellipses) and interseismic satellite radar interferometric. Wrapped interferometric co-seismic fringes in descending 
view mode (LOS), pointing away from the satellite (Metzger et al., 2017). Gray and red arrows mark sharp interferometric 
offsets, the pink ellipse highlights deformation fringes, vertical dashed lines separate the Pamir frontal thrust segments, the 
red rectangles mark the extent of Figures 3 and 5.

CHAPTER 3. APPLICATIONS

54



Tectonics

ZUBOVICH ET AL.

10.1029/2022TC007213

5 of 17

faults (Figure 1) forking from the PFT at the western end of the Alai valley toward WSW and SW, respectively, 
squeezing out the intervening triangular block to the southwest. The dextral-transpressive Vakhsh thrust accom-
modates 22 + 5/-4 mm/yr of slip, and the sinistral-transpressive Darvaz fault accommodates ∼18 mm/yr of slip 
(Metzger et al., 2020; Mohadjer et al., 2010). The East Pamir, in contrast, moves northwards nearly en-bloc and 
we do not observe an eastward escape toward the Tarim basin (Avouac et al., 1993; Reigber et al., 2001). The 
NE-trending, sinistral Sarez-Karakul fault system in the central Pamir presumably accommodates this kinematic 
difference of East and West Pamir by 3–4 mm/yr of sinistral slip (Metzger et al., 2017).

During our GPS data collection, the region was struck by several M6+ earthquakes, of which three are relevant to 
our analysis: the 7 December 2015, Mw7.2 Sarez, Central Pamir, earthquake ruptured an 80 km-long segment of 

Figure 3. (a) Simplified geological map of the frontal Pamir thrust belt around the Aramkungey fault, based on 1:50,000 
maps (Zaalaian Exploration Team, 1993) and own observations (see Figure 2 for spatial extent). Only major faults are shown. 
The Aramkungey fault (AF) connects a north-vergent thrust fault in the West (TW) with a south-vergent backthrust in the 
East (TE). (b) Two transverse cross-sections “W” and “E” and central section “C” crossing the Aramkungey fault, shown 
as a fence diagram. Section locations in Figure 3a. The Aramkungey fault is expected to terminate on the basal décollement 
surface of the thrust belt.
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the Sarez-Karakul fault system with as much as ∼3 m of sinistral slip (Figure 1) (Metzger et al., 2017). High-rate 
GPS stations GPS stations in NE-Afghanistan (250 km from the epicenter) and the western Alai valley (Metzger 
et al., 2017) observed cm-displacement and survey GPS dy GPS data in the West Pamir also support the assump-
tion of co-seismic activation (Metzger et al., 2020). Six, respectively 12 months later, the Mw6.4 Sary-Tash thrust 
event (Funning & Garcia, 2019; Vajedian et al., 2017) and the Mw6.6 Aketao (Muji) dextral-slip earthquake (e.g., 
Wang et al., 2017; Feng et al., 2017) ruptured the Pamir's northern rim. It is debated, if they form a sequence or 
not (Bloch et al., 2021; Jin et al., 2022; Li et al., 2019).

3. The Alai GPS Network and Data Processing

To better understand the kinematic behavior of the PFT in 2013 we installed four continuously-operated GPS 
stations along a N-S oriented profile in the western Alai valley (WAGP, Figure 1) (Zubovich et al., 2016). In 2014 
this profile was densified and elongated by six sGPS markers and in 2015 by another three cGPS stations. The 
WAGP stretches over 40 km from the southernmost Tien Shan across the Alai valley and the Trans Alai range 
and thus covers the surface expressions of the full Pamir thrust system, with the smallest inter-station distance 
(∼2.5 km) across the Aramkungey fault. A second N-S profile with three cGPS stations was installed in the east-
ern Alai valley (EAGP). It has a total length of 27 km and crosses the PFT.

The WAGP was designed such that we can quantify the relative convergence between the South Tien Shan and the 
North Pamir with a particular focus on the slip mechanism on the PFT fault strand as well as eventual shortening 
within the Trans Alai Range and the sediments of the Alai valley. If compared to data from the WAGP, the sparse 
EAGP allows to identify slip variations along the PFT.

The limiting factor of the network design was the terrain that impedes (direct) visibility between the stations 
to enable data transfer, and solar power supply, particularly during winter time. Primary, independent stations 
(ALAI/ALA6/SARY) that collect data from secondary stations via wireless ethernet transmission are built as 
Remotely-Operated Multi-Parameter Stations (Figure S1 in Supporting Information S1) (Schöne et al., 2013; 
Zech et  al.,  2021). All stations are operating autonomously and automatically and maintenance is limited to 
summer and autumn. They are equipped with Septentrio AsteRx2e GPS receivers and NavXperience antennas. 
Three stations (ALAI, ALA2 and ALA4) are installed in alluvial conglomerates. To improve their stabilization, 
the metal antenna mounts were cemented into a buried cube of 70 cm length. The antenna mounts of all other 
stations were anchored to bedrock. More information on the instrument setup and communication can be found 
in the supplementary material. The stations sample at 1 Hz and transmit the raw data automatically to our data 
storage facilities during daytime. Data loss occurred mostly in the first year (see the full time-series in Figures 
S3a and S3b in Supporting Information S1).

The sGPS markers were measured annually from 2014 to 2019 in the time period between July and Septem-
ber (Metzger, Kakar, et  al.,  2021). All but two markers were installed by drilling and glueing a 10 cm-long 
stainless-steel bolt of 1 cm diameter into bedrock. Two markers (WA02 and WA03) were installed in alluvial 
conglomerates; they consist of a 1.5 m-long and 2 cm-wide steel rod, hammered and cemented into the ground 
(Figures S2a and S2b in Supporting Information S1). Each point was measured at minimum for 48 hr using 
Topcon PG-A1 antennas fixed on a vertical rod 15 cm above ground (Figures S2c and S2d in Supporting Informa-
tion S1). The rod was centered in a triangular instrument table that was horizontally adjusted by three extendable 
screws. The quasi-four-legged setup was a challenge to stabilize and might have caused repeatability noise. The 
data was sampled at 30 s using Topcon GB-1000 receivers; power supply was ensured by car batteries and solar 
panels.

We processed the data with the GAMIT software using standard parameters (Herring et  al., 2009, 2018) to 
obtain daily positions (Figure S3 in Supporting Information S1). We included data from all CAIAG/GFZ and 
IGS regional GPS stations (in the area from 66° to 80° in longitude and from 34° to 45° in latitude) as well as the 
Eurasian reference stations of the IGS network (43 in total) (Johnston et al., 2017) available at https://cddis.nasa.
gov and http://garner.ucsd.edu. The time series were derived by combining the daily GAMIT solutions with the 
GLOBK software (Herring et al., 2009, 2015).
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4. The Seismic Cycle, Observed by GPS and InSAR

The 2015 Mw7.2 Sarez and the 2016 Mw6.4 Sary-Tash earthquakes (Figure 1) caused significant seismic offsets in 
our GPS time-series (see time-series in Figures S3 and S4 in Supporting Information S1), providing insight into 
the full seismic cycle of a fault activated by a nearby large earthquake. We analyzed the co- and postseismic GPS 
rates and compared them to interseismic rates constrained before the Sarez earthquake, and rates derived from 
satellite interferometric radar (InSAR) time-series starting at least 8 months after the Sarez earthquake.

4.1. Coseismic Offsets

The cGPS time-series show that the 2015 Mw7.2 Sarez earthquake caused static offsets at all stations in the Alai 
valley, located at 120–170 km distance from the epicenter. The observed offsets are on cm-level or less, hence, it 
is crucial to properly estimate the offset overlaid by secular fault loading. We therefore first calculated baselines 
between our network stations and other regional stations unaffected by the earthquake (Wdowinski et al., 1997) 
to reduce the systematic noise (Figure S5 in Supporting Information S1). We then built linear regressions of data 
acquired 60 days before and 60 days after the earthquake to determine the coseismic offset. This time window 
represents a good trade-off to limit daily scatter but suppress the influence of seasonal effects. Daily solutions 
with large deviations or uncertainties were excluded from the regression. For each station of the Alai network we 
created 25 baselines, extracted the individual, and calculated the mean offset for each component while excluding 
anomalous results (Table 1, exemplary baseline plots are shown in Figure S5 of the Supporting Information S1). 
The corresponding uncertainties were derived by the standard deviation of the individual offsets.

We found that the EAGP stations moved 12–17 mm southwards during the Sarez earthquake; the WAGP stations 
moved 3–8 mm eastward and 10–18 mm southward (Figure 2 and Table 1). The stations closest to the epicenter 
observed the largest co-seismic offsets. Largely within the respective uncertainty ranges (5–12 mm), all stations 
were coseismically uplifted by 2.4–3.7 mm, except for station ALA4 that exhibits subsidence of −3.6 ± 2.0 mm. 
The offsets are also presented along profiles that cross the Pamir front perpendicular to the Pamir front strike 
(Figure 4).

In the same fashion we searched for potential offsets caused by the other nearby Mw5.5+ events (Table S1 in 
Supporting Information S1) and identified the 2016 Mw6.4 Sary-Tash earthquake as a second event, detected by 
station SARY on the EAGP profile only, where we measured a southward offset of 8.1 ± 1.2 mm and an eastward 
offset of 4.8 ± 1.3 mm. The other two EAGP stations were not operating at that time. We conclude that in the 
western Alai valley the co-seismic response to the Sary-Tash earthquake is below the cGPS detection threshold.

We also estimated the co-seismic offsets using a trajectory model that accounts for a linear trend, (semi-)annual 
oscillation and offsets (Figures S3a and S3b in Supporting Information S1) (Metzger et al., 2013). This independent 

Station

Coordinates

Epicent. distance (km)

Displacement (mm)

Lon. (°) Lat. (°) East North Up Horizontal

SARY 73.19371 39.70529 169.7 1.3 ± 0.6 −11.8 ± 0.9 3.0 ± 5.8 12.4

SAR1 73.26953 39.51603 151.0 1.0 ± 0.9 −16.9 ± 0.9 3.4 ± 6.1 17.2

SAR2 73.26478 39.46850 145.8

ALA1 72.17914 39.55298 157.8 3.6 ± 0.7 −10.1 ± 0.8 2.6 ± 9.5 11.9

ALAI 72.16589 39.52653 155.4 4.8 ± 0.6 −11.0 ± 0.9 3.1 ± 5.8 12.7

ALA4 72.23589 39.46355 146.8 5.5 ± 0.6 −14.4 ± 0.8 −3.6 ± 2.0 15.4

ALA2 72.25173 39.44326 144.2 6.1 ± 0.7 −15.2 ± 0.8 2.8 ± 7.8 15.9

ALA5 72.25779 39.42136 141.7 6.9 ± 0.6 −15.8 ± 0.9 3.7 ± 5.3 17.0

ALA3 72.27453 39.40224 139.2 7.8 ± 0.6 −17.2 ± 0.9 2.4 ± 4.0 19.4

ALA6 72.23272 39.21072 120.7 8.0 ± 0.7 −18.0 ± 0.9 3.5 ± 6.7 19.7

Note. Station SAR2 was out of service during the event.

Table 1 

cGPS Locations, Epicentral Distances and Co-Seismic cGPS Displacements Caused by the 2015 Mw7.2 Sarez Earthquake
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approach resulted in a consistently higher eastward offset of 1–3 mm and lower southward offset of ∼2 mm 
(Figure S6 in Supporting Information S1). This systematic bias is caused by the (unmodeled) visco-elastic relax-
ation component that affects the data only in the 1–2 months following the earthquake with amplitudes just at the 
detection threshold (Figures S3c and S3d in Supporting Information S1). But—as we show later—both methods 
do reproduce the local, residual deformation pattern. In the following, we only show the offsets derived from the 
baseline estimates.

4.2. Post-Seismic Rates Following the 2015 Sarez Earthquake

To better understand the crustal response to the 7 December 2015 Mw7.2 Sarez earthquake we analyzed two 
postseismic phases of the cGPS time-series, starting from July 2016, respectively, 2018 and lasting two years 
each. We excluded data collected in the first 7 months after the event, because they either were contaminated by 
postseismic relaxation during the first 1–2 months following the earthquake (Figures S3c and S3d in Supporting 
Information  S1), the 26 June 2016 Mw6.6 Sary-Tash earthquake (Table  1, Figure S2 in Supporting Informa-
tion S1) and/or the stations were temporarily out of service.

We used the GLOBK software (Herring et al., 2009, 2015) to uniformly constrain the apriori daily positions 
derived from GAMIT (Herring et al., 2018) and selected a subset of stable stations using the glorg program. We 
then estimated the rates and their uncertainties from our time-series of the cGPS observations, while excluding 
outliers and removing seasonal variations. The resulting rate uncertainties were normalized by their length of 

Figure 4. Co-seismic cGPS offsets (dark red circles) along (a) the WAGP and (b) the eastern Alai valley, in comparison to horizontal model predictions on-site 
(diamonds) and along a straight N-S profile (dashed line) (Metzger et al., 2017). The offsets are rotated by 5°, resp. 15° counterclockwise and correspond to ∼northward 
(or PFT-perpendicular), ∼eastward (or PFT-parallel) and vertical offsets. Minimum, median and maximum elevation of a 10 km wide swath is indicated in blue. AF: 
Aramkungey fault, PFT: Pamir frontal thrust.
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2 years (Geirsson et al., 2006). The rates are presented in map view (Figure 5) and in profile view (Figure 6), 
both relative to ALA2 (Table 2)—the central station in the profile and closest to the fault trace—to highlight the 
detailed kinematics at the Aramkungey fault segment.

4.3. Complementary Rates From Survey GPS and InSAR Time-Series

Interseismic rates of the WAGP prior to the Sarez earthquake have already been published (Zubovich et al., 2016); 
we complement them with linear sGPS rates (Metzger, Kakar, et al., 2021) and high-resolution East rates obtained 
from InSAR time-series analysis (Metzger, Gągała, et al., 2021; Metzger, Lazecky, & Maghsoudi, 2021).

Figure 5. Interseismic sGPS and inter- (Zubovich et al., 2016) and post-seismic cGPS rates of phase 1 and 2 of the western 
Alai valley, all relative to station ALA2. Background map and color-coded squares are interseismic GPS, respectively 
interseismic satellite radar interferometric East rates relative to stable Eurasia (Metzger, Lazecky, & Maghsoudi, 2021).
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Figure 6. Post-seismic cGPS rates during phase 1 (month 8–31) and phase 2 (month 32–55) along the (a) WAGP and (b) EAGP, in comparison to minimum, median 
and maximum height of a 10 km wide topographic swath (in blue). Rates are relative to station (a) ALA2 and (b) SAR1, rotated counterclockwise by (a) 5°, respectively 
(b) 15° and thus correspond to PFT-perpendicular (∼northward), PFT-parallel (∼eastward), and vertical rates. AF: Aramkungey fault, PFT: Pamir frontal thrust.

Station Distance (km)

North (mm/yr) East (mm/yr) Up (mm/yr)

Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2

SARY −21.1 −0.9 ± 0.9 −1.1 ± 0.8 2.0 ± 0.8 1.8 ± 0.8 0.8 ± 3.5 0.1 ± 3.0

SAR1 0.0 – – – – – –

SAR2 5.3 2.1 ± 1.0 2.1 ± 0.9 −0.3 ± 1.0 −0.5 ± 0.8 0.9 ± 4.4 2.0 ± 3.4

ALA1 −12.2 −0.5 ± 1.6 −2.0 ± 1.2 1.3 ± 1.4 2.0 ± 1.1 1.4 ± 6.6 1.0 ± 4.2

ALAI −9.3 −1.9 ± 1.1 −2.0 ± 0.9 1.5 ± 1.0 2.0 ± 0.9 0.3 ± 3.8 1.3 ± 3.4

ALA4 −2.3 −1.1 ± 0.8 0.5 ± 0.6 0.3 ± 0.9 1.1 ± 0.6 1.8 ± 3.1 0.7 ± 2.1

ALA2 0.0 – – – – – –

ALA5 2.4 2.0 ± 0.8 1.7 ± 0.6 −3.7 ± 0.8 −3.4 ± 0.6 −1.6 ± 3.2 0.6 ± 2.3

ALA3 4.6 2.5 ± 0.9 2.8 ± 0.8 −3.4 ± 1.0 −3.5 ± 0.8 −1.7 ± 3.8 0.0 ± 2.9

ALA6 25.9 3.3 ± 1.1 3.5 ± 1.1 −5.4 ± 1.2 −5.4 ± 1.0 0.2 ± 3.8 0.9 ± 3.4

Table 2 

Postseismic cGPS Rates Relative to the Station SAR1 (EAGP) and ALA2 (WAGP) for Months 8–31 (Phase 1) and 32–55 

(Phase 2) After the 2015 Mw7.2 Sarez Earthquake
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The sGPS positions resulting from the combined GAMIT processing were visually checked for outliers. Linear 
rates and corresponding uncertainties were extracted using a weighted linear regression and averaged standard 
deviations. All sGPS positioning data collected after the 2015 Mw7.2 Sarez earthquake were corrected for the 
expected co-seismic offset using interpolated cGPS offset data (Table 1 and Figure S4 in Supporting Informa-
tion S1). The standard deviations are rather large due to significant data scattering, probably caused by the rickety 
instrument setup (Figure S2c in Supporting Information S1), and consider these rates as inferior.

The InSAR East rates are derived from C-band (i.e., 5.6 cm wavelength) radar data of the European Coperni-
cus Sentinel-1 radar mission (Metzger, Gągała, et al., 2021; Metzger, Lazecky, & Maghsoudi, 2021). Imagery 
was acquired in ascending (orbit number 100) and descending (005) view mode, starting from eight, respec-
tively 16 months after the Sarez earthquake, both ending in June 2020. The differential interferograms usually 
cover 12–48 days and were automatically generated, multi-looked (downsampled) to ∼100 m, filtered using an 
adaptive-phase filter and unwrapped to provide relative displacement data in two look directions of the satellite 
(Lazeckỳ et al., 2020). After an additional multilooking to ∼400 m the interferograms served as database for a 
small-baseline time-series analysis (Morishita et al., 2020) that automatically accounts for atmospheric signal 
contributions (Yu et  al.,  2018), suppresses interferometric noise, identifies outliers using a variety of quality 
markers and estimates rates using a linear fit to the time-series. The final rates were Gaussian-filtered in space 
(2 km) and time (∼2 months) (Hooper et al., 2007). We used interpolated GPS rates (Zubovich et al., 2010) to 
fix the North component, extract the East rate component and tie the rates to a Eurasian stable reference frame 
(Figure 6) (Ou, 2020). Rate uncertainties are ∼1.5 mm/yr. More details on the processing and results can be found 
in Metzger, Gągała, et al. (2021).

5. Discussion

Our analysis and interpretation of along-strike slip behavior of the Pamir frontal thrust and the dextral-transpressive 
Aramkungey segment in particular lean on different data types with different sampling rates covering various 
time spans of the seismic cycle embracing the 2015 Mw7.2 Sarez earthquake. Co-, post- and interseismic signals 
are at mm- to cm-scale and thus close to the noise level; isolating the tectonic signal from unwanted instrumental, 
atmospheric, seasonal or near-surface effects is most crucial and the data treatment differs for each data type or 
sampling rate. We only consider observations to be significant for interpretation if they are supported either by 
adjacent stations or independent data covering the same period. We rank the cGPS observations as being most 
reliable, followed by InSAR rates and, finally, the interseismic sGPS rates.

5.1. Static Displacements

The static, co-seismic cGPS displacements (Figure 3) image the detailed response of the Earth's crust to the Sarez 
earthquake in 120–170 km distance. All stations are located in the same tensional quadrant of the rupture mech-
anism (Figure 1b) and were pulled toward the earthquake epicenter and its NE-striking rupture plane (Metzger 
et al., 2017), that is the WAGP stations toward SSE, the EAGP stations toward South. The epicentral drag of all 
stations is similar and stations closest to the epicenter exhibit the highest offset. Amplitudes agree to the first 
order with co-seismic offset predictions based on a homogeneous half-space model (Metzger et al., 2017).

When the offsets are displayed along profiles crossing the Pamir front and decomposed into a front-parallel and 
-perpendicular component, the offsets decay distinctly across the front (Figure 4). This is obvious in particular 
at the dense, western profile: while the southernmost two stations (ALA6, ALA3) are offset  almost equally, 
we observe a significant offset decrease at the stations further North. The co-seismic slip model of Metzger 
et al. (2017) assumes a homogeneous substrate, slightly underpredicts the ∼southward offset by ∼3 mm and fails 
to represent the ∼eastward offset by up to ∼4 mm of the cGPS stations near or South of the Aramkungey fault. It 
also does not foresee such a rapid offset decrease. This is significant since the EAGP predictions and observations 
fit much better. Our observations could be explained with a co-seismic, sinistral (retrograde) reorganization of 
the heavily fractured fault zone, which could only be satisfyingly modeled using a inhomogeneous model setup 
allowing for slip on local structures, for example, the PFT and/or the Aramkungey fault. Given the sparse amount 
of cGPS data, the high uncertainties of the sGPS and InSAR offsets and the highly three-dimensional nature of 
the local fault geometry, we refrain from any rather speculative modeling attempt.
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The observation of co-seismic offset across the PFT is also supported by local surface deformation observed by 
a co-seismic radar interferogram (Metzger et al., 2017) exhibiting a range decrease of ∼1 fringe (corresponding 
to ∼2.8 cm) on the hanging wall toward the surface trace of the PFT, just East of the Aramkungey fault segment 
(pink ellipse in the Figure 2). At the central PFT segment we observe sharp offsets of 5–10 mm in line-of-sight, 
indicating that the hanging wall of the PFT was displaced away from the satellite relative to the footwall over 
remarkable tens of km (marked by gray arrows in Figure 2). We rule out atmospheric errors as the sharp offsets 
are also observed on a second, independent interferogram with a different view angle (Metzger et al., 2017). We 
also rule out a bias caused by a poor digital elevation model as the signal cannot be reproduced in, for example, 
postseismic interferograms (Bloch et al., 2021).

Most interestingly, the sign of the offset seems to flip along-strike. We can limit the occurrence of these offsets 
to the time window of 19 days before and 5 days after the Sarez earthquake, which are the acquisition dates of 
the two radar images forming the interferogram. Thus, the PFT activation observed in the interferogram must 
have occurred during the earthquake (as constrained by cGPS time-series) and/or in the subsequent 5  days. 
These signals could be explained by the lowering of the hanging fault wall, relative to the footwall, due to its 
greater displacement toward the epicenter. Faults in the region are generally assumed to exhibit co- (Teshebaeva 
et  al., 2014) or interseismic (Metzger et  al., 2020) slip on low-friction décollements (e.g., Chen et  al., 2004; 
Hamburger et al., 1992; Schurr et al., 2014).

Co-seismic activation of neighboring faults has already been reported using InSAR data (e.g., Fialko et al., 2002; 
Elliott et al., 2016; Wright et al., 2001). A particularly impressive example is the complex fracture pattern caused 
by the 2019 Mw7.1 Ridgecrest earthquake that induced slip and creep on the conjugate Garlock fault as observed 
by radar interferograms (Ramos et al., 2020; Xu et al., 2020). Both GPS and InSAR data testimony that the Pamir 
thrust system was co-seismically activated and exhibits retrograde mm-slip along tens of km. Conjugate slip can 
be triggered either dynamically by the seismic waves passing by (Velasco et al., 2008), or mechanically, in our 
case by pulling the upper crust material toward the epicenter inducing slip along neighboring faults with low 
friction properties.

If we assume that the PFT accommodates at least 9 mm/yr of slip during the interseismic period, our observations 
indicate that the Sarez earthquake set back the system's stress level equal to ∼1 year of constant loading.

The northernmost stations of the WAGP (ALAI and ALA1) are clearly positioned North of the Pamir frontal 
thrust, but nevertheless exhibit a slightly different offset. If their difference is significant, this could either be 
due to co-seismic relaxation of a fault hidden under the alluvial sediments (Coutand et al., 2002), or caused by a 
relaxation of the latter that are under constant, interseismic N-S-compression.

Except for station ALA4, located at the footwall closest to the Aramkungey fault, all stations of the WAGP 
exhibit a co-seismic uplift between 2.4 and 3.7 mm, which lies within the respective measurement uncertainties 
(Figure 4). If this consistency in uplift is to be trusted, it would mean that the whole Northern Pamir Front was 
slightly uplifted by the earthquake, possibly, due to partial compressional stress release (Figure 2).

5.2. Post-Seismic Displacements

Postseismic rate changes across the Pamir front are subtle in map view (Figure 5) and, again, better visualized 
if the rates are plotted along profiles and decomposed into front-parallel (∼eastward) and front-perpendicular 
(∼northward) components (Figure 6). As the rates are derived from baselines to a station roughly at the center 
of the profile and closest to the fault trace,—ALA2 in the WAGP, and SAR1 in the EAGP—all rates are plotted 
relative to these. The slip sense of the Aramkungey fault flipped from sinistral (during the co-seismic phase) to 
dextral. Both, front-parallel and -perpendicular WAGP rate changes show a slight, absolute increase from phase 1 
to phase 2 to a final 6 mm/yr of ∼N-S-shortening, and 7 mm/yr of dextral shear, suggesting an increase in strain 
accumulation. Interestingly, dextral shear varies more across the Aramkungey fault than shortening. The two 
stations closest to the Aramkungey fault on the southern side—ALA3 and ALA5, at only ∼2.5 km distance—
exhibit the same front-parallel motion. In phase 1, the stations ALA2 and ALA4, closest to the fault on the 
northern side, behave similarly to the southern stations, suggesting that the Aramkungey fault is either completely 
unlocked by the Sarez earthquake and its sides slide freely relative to each other, or the fault locking has only yet 
affected a corridor up to 2.5 km width.
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Jin et al. (2022) used forward and inverse models, a subset of the GPS time-series presented here, and post-seismic 
InSAR data to quantify the individual spatio-temporal contribution of afterslip, poro-elastic rebound and 
visco-elastic relaxation following the Sarez earthquake. It appears that the postseismic deformation affected only 
the near-field (10–100 km), ceased after ∼5 years, and was mostly caused by afterslip at the northernmost rupture 
segment. Visco-elastic contributions were below the geodetic detection threshold, which can be explained with 
a relatively strong lithosphere containing amalgamated blocks and deep-rooted faults that accommodate most of 
the internal deformation (Avouac & Tapponnier, 1993; Hubbard & Shaw, 2009). These findings are supported 
by a GPS trajectory model (Metzger et al., 2013) indicating that an additional viscoelastic relaxation term would 
improve the data fit during the first ∼1–2 months following the Sarez earthquake (Figure S3 in Supporting Infor-
mation S1), so we may exclude viscoelastic behavior while interpreting the velocities estimated 8+ months later.

Elastic screw dislocation models predict that the steepness of the rate gradient across a locked strike-slip fault 
relates to the locking depth such that 50% of the rate change across the fault occurs within a corridor sized twice 
the locking depth (Savage & Burford, 1973). For the Aramkungey fault this would suggest a locking depth of 
1–2 km or less, which is approximately half of the distance to the basal décollement.

Sliding can not occur across the fault due to its verticality, so in this direction distributed elastic strain arises in 
an unconsolidated volume in a strip no less than 7.5 km (distance ALA3-ALA4) wide around the fault, explain-
ing the gentler gradient. During phase 2, the behavior of ALA2 and ALA4 slightly changes, which suggests the 
expansion of the deformation zone toward North.

The strongest rate variation between the two postseismic phases is observed at the northernmost station of the 
western profile, ALA1, with a significant front-perpendicular rate increase of 1.5  mm/yr, but no significant 
change in the front-parallel direction. If significant, this may suggest that one of the thrust faults hidden in the 
sediments of the Alai valley was active during the first post-seismic phase with a reverse sense of slip.

Both Alai GPS profiles were affected by similarly-sized offsets (Figure 4, Table 1), but the EAGP time-series do 
not show significant non-linear, post-seismic effects (Figure 6b). This might indicate that the eastern PFT is not 
affected by the westward escape of the West Pamir, and is kinematically decoupled from the western PFT.

In the vertical rates we observe—within uncertainties—an increased uplift of WAGP stations located in the PFT 
footwall and an opposite behavior in the EAGP. If this pattern is real, it might represent postseismic alluvial sedi-
ment compression in the western Alai valley.

5.3. Transition to the Interseismic Stage

Once postseismic rates equal interseismic rates, a fault system has returned to the interseismic stage of the seis-
mic cycle. This is best checked by overlying postseismic and interseismic rates (acquired prior to the Sarez 
earthquake (Zubovich et al., 2016)) in map view (Figure 5). We complement those with postseismic sGPS rates 
acquired between 2014 and 2019, and high-resolution InSAR East rates. To highlight the kinematics near the 
Aramkungey fault and mitigate potential reference frame shifts, we plot the rate vectors relative to station ALA2, 
the cGPS station located closest to the Aramkungey fault surface trace. cGPS stations ALA4, ALA5 and ALA6 
were installed only shortly before the Sarez earthquake and lack interseismic rate estimates. Given the relatively 
large uncertainties of the interseismic rates we focus on general trends in space and time rather than a quantitative 
interpretation of each station. The sGPS rates are in general agreement (within uncertainties) with the other data 
sets, and serve as supporting information.

The stations far North from the Aramkungey fault seem to have returned to the interseismic stage rather quickly, at 
least in the post-seismic phase 2 (Figure 5). The stations next to the Aramkungey fault (ALA3, maybe ALA4 and 
ALA5) have probably not yet fully returned to the interseismic stage where we observe a larger rate change across 
the fault. Rate differences across the fault before and after the earthquake show that the relative rate ALAI-ALA3 
temporarily dropped to 78%, and then reached 85% in phase 1 and 2, and the relative rate ALA2-ALA3 tempo-
rarily dropped to 70%, respectively 73% of the pre-event rate difference. Thus, near the Aramkungey fault and 
4.5 years after the earthquake pre-event strain conditions have not yet been fully recovered.

The InSAR East rates exhibit average surface deformation between 8 months to 4.5 years after the Sarez earth-
quake (Figure 5). The rates show the westward motion of the Trans Alai range with respect to the Alai valley and 
the adjacent South Tien Shan. Average rate differences between the Trans Alai and the Alai valley deposits are 
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∼6–8 mm/yr, which is at the lower boundary of observed interseismic fault slip rates of the Pamir frontal thrust 
(Metzger et al., 2020; Zubovich et al., 2016), agreeing to the postseismic cGPS rates. Further East, at the longi-
tude of the WAGP, dextral slip on the Pamir front has been constrained to be of ∼7 mm/yr (Metzger et al., 2020). 
The InSAR rates show a sharp eastward rate change across the Aramkungey fault, supporting a shallow locking 
depth of 1–2 km or less. As the input interferograms were strongly filtered (Lazeckỳ et al., 2020) we cannot 
resolve potential shallow fault creep. East and West of the Aramkungey fault, mapped faults (Schurr et al., 2014) 
also show significant rate changes, which could indicate that these strands are also active. The InSAR rate map 
also shows a strong gradient at the southern end of the Trans Alai range and the WAGP. Most probably, these  are 
strong near-surface effects due to slope processes and seasonal water load of the Muksu river valley draining 
the ∼70 km-long Fedchenko glacier, one of the largest glaciers on Earth. It is worth noting, however, that these 
slopes also seemed to be activated during the Sarez earthquake as observed in the coseismic interferogram (red 
arrow in Figure 2).

6. Conclusion

As a follow-up of Zubovich et al. (2016) we densified and elongated the western Alai continuous GPS profile 
and installed the eastern profile to monitor the kinematics of the Pamir thrust system. The improved western 
profile extends far South into the Trans Alai range and is most densely spaced (∼2.5 km) near the surface trace 
of the Aramkungey fault, a dextral-transpressive fault segment that links two right-stepping thrust segments with 
opposite dip and unites with the basal décollement of the thin-skinned Pamir thrust system. In addition, survey 
GPS data were collected over six consecutive years to further densify the network and extend it northward into the 
South Tien Shan. The Alai GPS network captured co-seismic displacement during and post-seismic rate changes 
following the 2015 Mw7.2 Sarez earthquake. 4-6 years-long, continuous high-rate GPS time-series provide 
insight in the kinematic response of a fault exposed to a large earthquake occurring at 120–170 km distance. 
These time-series exhibit co-seismic station offsets of 10–20 mm toward the epicenter of the Sarez earthquake 
in agreement with its slip mechanism, indicating a slight load decrease of the Pamir frontal thrust. In the west-
ern transfer PFT segment, the offsets rapidly decay across a > 7.5 km-wide zone around the Aramkungey fault. 
Further east we observed interferometric offsets of 5–10 mm in line-of-sight tracing a 20–30 km-long, central 
segment of the PFT. Both observations suggest a co-seismic activation of the PFT during the Sarez earthquake.

Postseismic cGPS rates show that relocking of the Aramkungey fault, unlocked by the Sarez earthquake in a 
retrograde fashion, began already ∼0.5–2.5 years after this event and increased in the following ∼2.5–4.5 years, 
but did not yet reach the full level observed before the earthquake. This is most apparent at the stations closest 
to the Aramkungey fault, where the profile-parallel and profile-perpendicular post-seismic rate change patterns 
differ. The front-parallel rates suggest either creep movements along the Aramkungey fault, or initial locking in 
the upper part. The front-parallel rates indicate a continued accumulation of elastic deformation, slightly reduced 
by the Sarez event and the following, postseismic processes. The findings are supported by InSAR East rates 
that, on top, highlight retrograde slip activity on the northernmost fault strands of the Pamir frontal thrust system, 
again suggesting rather shallow slip.

We rule out a significant kinematic contribution to the north-advance of the Pamir of the thick-skinned structures 
buried underneath the (western) Alai valley sediments. The major shortening and dextral shear is accommodated 
by the Pamir thrust system under the Trans Alai range.

The comparison of East and West Alai GPS profile rates confirms that the eastern and western segments of 
the Pamir thrust system are kinematically decoupled due to the westward escape of the West Pamir. Our study 
showcases an example of co-seismic retrograde activation of neighboring faults during a large earthquake. At 
the latest since the well-observed 2019 Mw7.1 Ridgecrest earthquake we know that such events evoke complex 
faulting patterns reaching out to conjugate faults at the boundary between near- and far-field. The implications of 
this to the overall fault loading states and consequent seismic hazard assessment will be a key question in future 
research.
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Data Availability Statement

Interferometric data were processed on JASMIN, the UK's collaborative data analysis environment. They 
are originally based on Copernicus Sentinel data. The cGPS data are archived at Zenodo (https://zenodo.
org/record/6555931). Some figures were created using GMT (Wessel et  al.,  2013) and scientific color maps 
(Crameri, 2020). The cGPS reference data are made available by the IGS (Johnston et al., 2017). We also would 
like to thank our colleagues who helped with the installation and maintenance of the ROMPS stations as well 
as with the data acquisition, namely Julia Illigner, Nico Stolarczuk, Torsten Queisser, Matthias Köppl (all GFZ 
Potsdam), and Abdysamat Shakirov, Mikhail Borisov, Joldosh Okoev (all CAIAG).
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Abstract At the northwestern tip of the India‐ Asia collision zone, the Pamir orocline overrides the Tajik

Depression and the Tarim Basin and collides with the Tian Shan. Currently, the Pamir's northern edge

exhibits localized shortening rates of 13 – 19 mm/yr. While the eastern Pamir and the Tarim Basin move

northward nearly en block, north ‐ south shortening decreases westward along the Pamir front into the Tajik

Depression. In the northeastern Tajik Depression, the wedge‐ shaped crustal sliver of the Peter the First

Range is squeezed between the dextral‐ transpressive Vakhsh and the sinistral‐ transpressive Darvaz faults.

Global Navigation Satellite System (GNSS) data collected along two densely surveyed profiles detail the

kinematics of north ‐ south shortening and westward lateral extrusion in the northwestern Pamir. The 2016

campaign data suggest a short‐ duration dextral‐ slip activation of the Darvaz fault, which we interpret as a

far‐ field effect triggered by the 2015, Mw7.2 Sarez, Central Pamir earthquake. 2013 – 2015 interseismic

GNSS velocities and kinematic modeling show that the Darvaz fault zone accommodates ~15 mm/yr

sinistral shear and ~10 mm/yr fault ‐ normal extension below a locking depth of 9.0 + 0.4/−1.1 km. The

Vakhsh fault shows shortening rates of 15 + 4/−2 mm/yr and dextral shear rates of 16 ±3 mm/yr. Jointly,

these faults accommodate NW‐ SE shortening and southwestward material flow out of the Peter the First

Range into the Tajik Depression. Together with seismic and geologic data, our and published geodetic

surveys showcase the prolonged interaction of shortening and lateral material flow out of a plateau margin.

Plain Language Summary The Pamir Mountains, Central Asia, are the result of the northward

indentation of the Indian continent into Eurasia. In average, the Pamir Plateau is ~3,000 m higher than the

adjacent Tajik Depression to the west. We present time‐ series of high ‐ precision point positioning data

that show in great detail how the upper crust of the Pamir is flowing out into the lower lying Tajik

Depression. This westward transport occurs on shallow ‐ dipping, low ‐ friction sedimentary layers that reach

surface at the beginning of the Tian Shan Mountains further north. These sediments accommodate a

total slip of around 2 cm, which is extremely high for continent‐ continent plate boundaries. In addition, our

data observed a few centimeters of slip on the Darvaz fault that most probably was triggered by a large

earthquake occurring in some 200 km distance. Such phenomena have so far rarely been observed.

1. Introduction

The Pamir at the northwestern tip of the India‐ Asia collision zone (Figure 1a) is a seismically active orogen,

producing magnitude M6 – 7 earthquakes approximately every 10 years. Over the last 50 years, those

occurred mainly along the Pamir's northern perimeter (Figure 1b). Seismicity in the Pamir interior is less

frequent, as recorded in both long ‐ term, global (Storchak et al., 2013) and temporary, local catalogs

(Schurr et al., 2014). Modern geodetic observations show that the Pamir thrust system along the Pamir's lead-

ing edge has the highest shortening rates of the whole India ‐ Asia collision zone, accommodating 13– 19

mm/yr across a ~75 km N ‐ S distance (Ischuk et al., 2013; Zubovich et al., 2010, 2016). This corresponds to

~50% of the total shortening rate between India and Asia (DeMets et al., 2010).

©2020. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

RESEARCH ARTICLE
10.1029/2019TC005797

Key Points:

• New survey ‐ GNSS data record
gravity ‐ driven, lateral material flow
out of the Pamir Plateau and
shortening of the Tajik Basin
deposits

• The Vakhsh fault accommodates
15 + 4/−2 mm/yr shortening and
16 ±3 mm/yr dextral shear, the
Darvaz fault ~15 mm/yr
sinistral shear

• The 2015 Mw7.2 Sarez earthquake
may have triggered ~2 cm of slip on
the Darvaz fault reverse to its
interseismic loading sense

Supporting Information:

• Supporting Information S1
• Data Set S1
• Data Set S2

Correspondence to:

S. Metzger,
metzger@gfz‐ potsdam.de

Citation:

Metzger, S., Ischuk, A., Deng, Z.,
Ratschbacher, L., Perry, M., Kufner,
S.‐ K., et al. (2020). Dense GNSS profiles
across the northwestern tip of the
India ‐ Asia collision zone: Triggered slip
and westward flow of the Peter the First
Range, Pamir, into the Tajik
Depression. Tectonics, 39,
e2019TC005797. https://doi.org/
10.1029/2019TC005797

Received 31 JUL 2019
Accepted 24 JAN 2020
Accepted article online 26 JAN 2020

METZGER ET AL. 1 of 20

3.1. CONTINENTAL COLLISION

71



The eastern Pamir, that is, the Pamir east of the Sarez ‐ Karakul fault system, and the Tarim Basin advance

toward stable Asia at nearly the same rate (Zubovich et al., 2010), allowing little shear along the easternmar-

gin of the Pamir. In contrast, the western Pamir— west of the Sarez‐ Karakul fault system— moves both north

and west, involving lateral extrusion (cf. Ratschbacher et al., 1991) of material from the Pamir Plateau into

the Tajik Depression (Ischuk et al., 2013). The latter hosts the Tajik Basin that was inverted in the Neogene

to form the thin‐ skinned Tajik‐ basin fold ‐ thrust belt, which is detached along a basal décollement in Jurassic

evaporites (Figure 1b) (e.g.,Bourgeois et al., 1997 ; Chapman et al., 2017 ; Nikolaev, 2002).

While today's shortening at the northern edge of the Pamir is mainly accommodated across the Pamir thrust

system (Zubovich et al., 2010, 2016), two fault systems accommodate the more complicated relative motion

between the western Pamir and southwestern Tian Shan, confining the northeastward narrowing Tajik

Basin (Figure 1c): The N to NE striking, sinistral‐ transpressive Darvaz fault zone separates the Pamir from

the Tajik Basin (Leith & Alvarez, 1985; Trifonov, 1978); the WSW striking, dextral‐ transpressive Vakhsh

fault zone constitutes the leading thrust of the Tajik‐ basin fold‐ thrust belt in the northwestern Pamir and

marks the boundary to the southwestern Tian Shan. How exactly surface motion is partitioned between

these two faults is unclear (Ischuk et al., 2013). The Vakhsh fault transitions westward into the approxi-

mately east striking, dextral Ilyak fault zone (Babaev, 1975; Leith & Simpson, 1986) and continues eastward

along the southern border of the Alai valley as a south dipping décollement along Jurassic evaporites

(Nikolaev, 2002; Skobelev & Florenskiy, 1974). In between the Vakhsh and Darvaz fault zones, the

wedge‐ shaped Peter the First Range hosts focused seismicity, indicating its NW‐ SE shortening and NE‐

SW lengthening (Hamburger et al., 1992; Kufner et al., 2018) (Figures 1b and 2).

Figure 1. (a) Tectonic setting and main tectonic structures of the Pamir (in brown, Schurr et al., 2014) and published GNSS rates (Eurasia‐ fixed arrows, Ischuk et al.,
2013; Mohadjer et al., 2010; Zubovich et al., 2010). TB = Tajik Basin; TMB = Tarim Basin. (b) Close‐ up of (a), highlighting the main active faults and their slip
sense. (c) Close up of (a), highlighting (re)measured GNSS sites installed in 2013 (yellow squares) or earlier (black) along Profiles P1 and P2, seismicity observed by a
regional network (2008– 2010 and 2012– 2014, bright blue, Kufner et al., 2018) and by teleseismics (1970– 2008, dark blue, Engdahl et al., 1998), focal mechanisms
of instrumentally recordedM6– 7 earthquakes (Dziewonski et al., 1981; Ekström et al., 2012; Kulikova et al., 2015; Sippl et al., 2014) and the rupture extent of theMw7.2
Sarez earthquake (orange line, Metzger et al., 2017). DF = Darvaz fault; VF = Vakhsh fault; PTS = Pamir thrust system; SKFS = Sarez‐ Karakul fault system.
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The long‐ term history of bulk N‐ S shortening and westward material flow at the northwestern Pamir‐ Tibet

plateau margin is evident from the geologic record in the Pamir interior and shortening in the Tajik‐ basin

fold‐ thrust belt (Chapman et al., 2017; Nikolaev, 2002; Rutte et al., 2017; Stübner et al., 2013;

Worthington et al., 2019). Paleogene fold nappes in the Central Pamir record crustal thickening but accom-

panying along‐ strike flow lineations imply orogen‐ parallel material transport. Dextral wrenching and fold ‐

axis parallel, E‐ W extension in upper crustal thrust sheets, and the pinch and swell geometry of the Pamir

gneiss domes record Neogene orogen‐ parallel material transport at shallower crustal levels. Whereas cur-

rently and over most of the Neogene, the Pamir crust has been collapsing into the Tajik Depression, lateral

material transport thickened the crust in the western Hindu Kush of Afghanistan in the Paleogene (Robert

et al., 2017; Rutte et al., 2017).

Herein, we present Global Navigation Satellite System (GNSS) time series acquired between 2013 and 2016

along two densely spaced profiles— P1 and P2— ranging from the western Pamir Plateau across the north-

eastern Tajik‐ basin fold‐ thrust belt of the Peter the First Range into the southwestern Tian Shan

(Figure 1b).We first review the regional tectonics (section 2), focusing on the regional seismicity, large earth-

quakes that were instrumentally observed in the region, geologic evidence of Quaternary fault‐ slip on the

Vakhsh and the Darvaz fault zones, and recent rate estimates by geodetic measurements. In section 3, we

introduce the new campaign GNSS data collected across the Vakhsh and Darvaz fault zones (Metzger

et al., 2019). We detail the GNSS data collection, the data processing, and the rate estimation from the result-

ing time series. This includes measures for the effect of the 2015, Mw7.2 Sarez, Central Pamir, earthquake

(Metzger et al., 2017; Sangha et al., 2017) on the rate estimates (section 4). We also assess the slip type

and slip rate of the Darvaz and Vakhsh fault zones using kinematic modeling. In section 5, we integrate

the geodetic, geologic, and seismic data and propose a conceptual model of the kinematic relationships

between the western Pamir Plateau, the Tajik Depression, and the southwestern Tian Shan.

Figure 2. Seismic setting of the western Pamir, Tajik Depression, and southwestern Tian Shan. Crustal seismicity (Hamburger et al., 1992; Kufner et al., 2018), focal
mechanisms (Dziewonski et al., 1981; Ekström et al., 2012; Kufner et al., 2018; Kulikova, 2016), and GNSS markers (yellow squares).
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2. Neotectonic Setting

In the Pamir, northward displacement and crustal shortening is currently accommodated along the Vakhsh

fault system and the Pamir thrust system in the north (e.g., Zubovich et al., 2010, 2016), the sinistral Darvaz

fault zone in the west and northwest (Ischuk et al., 2013; Mohadjer et al., 2010), the dextral Aksu ‐ Murghab

(Ruzhentsev, 1963, 1968; Schurr et al., 2014; Strecker et al., 1995), and Karakorum (Chevalier et al., 2015;

Sridevi et al., 2004) fault systems in the southeast, and the Kongur Shan‐ Tashkorgan normal fault system

in the Chinese eastern Pamir (Chen et al., 2011; Liu, 1993), which also has a weak dextral component

(Chevalier et al., 2015; Fan et al., 1994). Under the Pamir, Asian lithosphere forms a subduction arc that

is retreating north and westward as traced by intermediate‐ depth (60 – 300 km) seismicity (Schneider et al.,

2013; Sippl et al., 2013; Sippl et al., 2013). Kufner et al. (2016) suggested that Asian slab retreat is forced

by indentation of the Indian lithosphere, bulldozing into the cratonic lithosphere of the Tajik ‐ Tarim Basin

at mantle depth.

In the Pamir interior, the active displacement field is composed of bulk northward movement combined

with E‐ W extension (Ischuk et al., 2013; Zhou et al., 2016). The crust hosts both sinistral strike ‐ slip faulting

on NE striking or conjugate planes and— to a lesser degree— normal faulting on approximately north strik-

ing planes (Schurr et al., 2014). The only NE striking sinistral‐ transtensive fault system of the Pamir interior,

which has a clear morphologic expression and is seismically active, is the Sarez ‐ Karakul fault system that

stretches from south of Lake Sarez to north of Lake Karakul (Figure 1b) (Rutte et al., 2017; Schurr et al.,

2014; Strecker et al., 1995). The E‐ W extension is driven by westward gravitational collapse of thickened

Pamir‐ Plateau crust into the Tajik Depression (Rutte et al., 2017;Schurr et al., 2014 ; Stübner et al., 2013),

causing NW‐ SE shortening of the ~7 – 12 km thick sedimentary rocks of the Tajik Basin (Leith & Alvarez,

1985; Nikolaev, 2002). In the western Pamir Plateau, distributed strike‐ slip faulting accommodates shear

between the northward moving Pamir and the Tajik Depression. The Darvaz fault splays off from the

Pamir thrust system in a WSW direction and then curves south (Figures 1b and 1c). Farther southeast, the

Badakhshan fault runs in parallel to the Darvaz fault. Offset morphologic features in central Badakhshan,

Afghanistan, suggest dextral‐ transpressive slip (Schurr et al., 2014; Stübner et al., 2013), but neither geodetic

nor seismic data constrain its kinematics.

2.1. Recent Crustal Seismicity

Crustal microseismicity (i.e., events with local magnitude smaller 4; hereafter called “seismicity ”) is focused

along the perimeter of the Pamir, where it coincides with the Pamir thrust system in the north, the Peter the

First Range in the northwest and the eastern Tajik Basin in the west (Figure 1b) (Kufner et al., 2018; Schurr

et al., 2014). The interior of the Pamir also hosts seismicity following the Sarez ‐ Karakul fault system (Schurr

et al., 2014). The Badakhshan fault does not feature instrumentally recorded earthquakes.

In the Peter the First Range, seismicity is mostly located along the Darvaz fault and in between the Darvaz

and the Vakhsh faults (Figure 1b) (Hamburger et al., 1992). Along the Darvaz fault seismicity clusters along

its northern and southern segments. Three event catalogs, one combined from Schurr et al. (2014) and

Kufner et al. (2018) with events recorded in 2008 – 2010 and in 2012 – 2014, respectively, one including events

from the Soviet/US‐ CSE network operated during 1955 – 1979 (Hamburger et al., 1992), and events from tele-

seismic data recorded between 1970 and 2008 (Engdahl et al., 1998) all show the same seismically active fea-

tures and areas of quiescence (Figure 2). In the Tajik Depression, seismicity is less prominent but distributed

at the base and above the sedimentary cover at ~11 km. Sparse events occur in the basement down to 40 km

depth, plus activity at the southern end of the Darvaz fault and where the Darvaz and the Vakhsh faults run

in parallel, at ~71.5°E (Figure 1b).

Focal mechanisms available from the regional and global catalogs exhibit a nodal plane parallel to the

curved outline of the Pamir (Figure 2) (Dziewonski et al., 1981; Ekström et al., 2012; Kufner et al., 2018;

Schurr et al., 2014). The mechanisms along the Darvaz fault zone are mostly strike ‐ slip but rotate to thrust-

ing farther northeast. Earthquakes along the Ilyak fault zone have strike ‐ slip mechanisms. Farther north-

east, where the Ilyak transitions into the Vakhsh fault, thrusting becomes dominant and the epicenters

are mostly located on the southeastern, downdip side of the fault. Even farther to the east, the global

(M4.5+) CMT catalog (Storchak et al., 2013) contains a few strike‐ slip events that have similarities to the

1949, Mw7.6 Khait earthquake. A series of NW‐ SE aligned strike‐ slip events links the Darvaz and the
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Vakhsh fault just close to our GNSS profile P1. The Tajik Depression west of the southern Darvaz fault hosts

mostly thrust earthquakes with one subhorizontal nodal plane, likely indicating E‐ W oriented slip along a

horizontal interface. There, features like the 800 m high Hoja Mumin diapir 20 km SW of Kulyab (Dooley

et al., 2015) are attributed to salt tectonics (Figure 2).

Over the last 110 years, the Pamir region was struck by four M7+ crustal earthquakes: The 1949 Khait earth-

quake occurred at the northwestern perimeter of the Pamir, the 1974Markansu earthquake at the northeast-

ern perimeter and the 1911/2015 Sarez earthquakes in the Central Pamir (Figure 1b). The 1949, Mw7.6 Khait

earthquake affected the area where the Darvaz and Vakhsh faults run in parallel (Figure 1b). This earth-

quake shows a NE ‐ striking, sinistral and a NW striking dextral focal plane, probably rupturing a fault of

~60 km length (Kondorskaya & Shebalin, 1982; Kulikova, 2016; Storchak et al., 2013) either on the

Vakhsh fault or in the southern Tian Shan (Schurr et al., 2014). We did not find reports on surface ruptures,

but many landslides occurred (e.g., Evans et al., 2009), mostly in the area ~20 km northwest of the instru-

mentally derived epicenter (Figure 1b). The 1974, Mw7.1 Markansu earthquake activated the Pamir frontal

thrust (Sippl et al., 2014).

The 1911, Ms~7.7 Lake Sarez earthquake was observed by a few analog, teleseismic stations and was located

— with large uncertainties — ~80 km west of the southern Sarez‐ Karakul fault system (Kulikova et al., 2015).

Kulikova et al. (2015) and Schurr et al. (2014) argued that this earthquake ruptured the Sarez‐ Karakul fault

system. The 2015, Mw7.2 Sarez, Central Pamir, earthquake has a strike‐ slip focal mechanism comparable to

the 1911 Lake Sarez earthquake (USGS, 2015). Surface displacement maps from satellite imagery and neo-

tectonic field mapping traced the rupture surface along the Sarez‐ Karakul fault system. The earthquake

nucleated near Lake Sarez and propagated northeastward (Sangha et al., 2017). Metzger et al. (2017)

observed coseismic slip of up to 3 m and modeled the source as a subvertical ~80 × 25 km fault plane com-

prising three segments. In addition, continuous GNSS stations in the eastern Alai valley (Figure 1b), ~120

km from the epicenter, and in northeastern Afghanistan, ~250 km from the epicenter, recorded horizontal

offsets of a fewmillimeters up to 2 cm (see supporting information Figure S3 inMetzger et al., 2017). Stations

on profile P1 are in a similar distance from the epicenter and thus might have been affected by the event as

well (section 4.1).

2.2. Quaternary Deformation Rates

Quaternary faults in the western Pamir parallel the topographic margin of the Pamir Plateau (Burtman &

Molnar, 1993; Trifonov, 1978). Neotectonic mapping located their activity primarily along the Darvaz fault

zone. Offset geomorphologic markers— i.e., 20 m of late Holocene landforms, 120 – 150 m of early Holocene

terraces and alluvial fans and 300 m of late Pleistocene landforms— suggest a sinistral slip rate of 10– 15

mm/yr along the southern Darvaz fault at ~37.8°N (Trifonov, 1978). Farther north, at 38.5 – 38.7°N, the

~21 m displacement of a ~1,500 or 2,200 yr old, man ‐ made defense structure suggests 10 – 40 mm/yr of sinis-

tral slip (Kuchai & Trifonov, 1977). Offsets of Holocene (~160 m) and late Pleistocene (~800 m) valleys in the

same area suggest 5 – 16 and 4 – 12 mm/yr, respectively (Nikonov, 1975, 1977; Trifonov, 1983).

Farther northeast, at ~39°N and ~71°20 ′ E, Trifonov (1983) mapped 50– 170 m sinistral and ~10 m vertical

offsets of moraines, implying to 3 – 4 to ~8 mm/yr sinistral‐ transpressive slip rates since the last glacial max-

imum, assumed at ~20 ka (Burtman &Molnar, 1993). The mapped fault segments strike approximately E‐ W

but an association with either the Vakhsh or the Darvaz fault is unclear. Where the Darvaz fault enters the

Trans‐ Alai Range, at ~71.4°E, it seems to become inactive.

Neotectonic deformation along the Vakhsh fault comprises a 9 – 12 km wide belt of thrust and reverse faults

along the northern slope of Peter the First Range (Burtman &Molnar, 1993). Trifonov (1983) reported 10 – 15

m of dextral offsets of dry valleys at 70.5°E, east of Garm. Furthermore, 14C ages of 670 ± 40, 1470 ± 100, and

2000 ± 100 yr from swamp deposits dammed by tectonic scarps suggest recent tectonic activity.

The Tajik Basin shortens NW‐ SE, indicated by Quaternary, right‐ lateral displacements along the major

faults at its northern rim (Zakharov, 1948, 1955, 1958). Dextral displacements of Holocene landforms

(~15 m) occurred along approximately east striking faults (Legler & Przhiyalgovskaya, 1979), and of late

Pleistocene terraces (~90 m) along approximately NE striking faults (Trifonov, 1983). These faults are likely

part of the Ilyak fault system and the faults of the Tajik‐ basin fold ‐ thrust belt that are dragged right ‐ laterally

10.1029/2019TC005797Tectonics

METZGER ET AL. 5 of 20

3.1. CONTINENTAL COLLISION

75



into the Ilyak fault zone. Within the fold‐ thrust belt, sinistral offsets of late Pleistocene and Holocene land-

forms occurred along N‐ NE striking, oblique‐ reverse faults (Nikonov, 1970; Trifonov, 1983).

2.3. Geodetic Deformation Rates

The estimated geodetic slip rate for the Darvaz fault from a sparse regional geodetic array is 10 ± 1 mm/yr

(Ischuk et al., 2013). Given the interstation distance of 250 km, it is unclear whether this deformation is

accommodated by the Darvaz fault or within the Tajik ‐ basin fold‐ thrust belt. Zhou et al. (2016) estimated

~7 mm/yr of N‐ S shortening either on the Vakhsh fault, the Darvaz fault, or on any structure in‐ between.

Farther north, where the Darvaz fault approaches the Vakhsh fault and links with the Pamir thrust system,

continuous GNSS stations indicate a minimum of 5.6 ± 0.8 mm/yr dextral shear and 2.2 ± 0.8 mm/yr N‐ S

shortening on one of the fault strands of the Pamir thrust system (Zubovich et al., 2016).

Slip on the Vakhsh fault near the Garm region, the northwestern Peter the First Range (Figure 1b) was

observed using leveling and laser‐ ranging techniques since 1948/1950 and 1968, respectively. A 317° trend-

ing, 6 km long triangulation and leveling network revealed a relative rate of 16 ± 1 mm/yr between the Peter

the First Range and the southern Tian Shan (Guseva, 1986; Konolpatsev, 1971). Given the fault strike, this

corresponds to ~6 mm/yr of dextral shear along and ~15 mm/yr of shortening across the Vakhsh fault,

but this may only capture a portion of the full strain accumulation across the fault and could point to (post-

seismic) fault creep. The rates were confirmed by an independent networkmeasured in 1972 and 1980, span-

ning less than 1 km across the fault scarp: The relative horizontal rate was 15.9 ± 0.5 mm/yr with respect to

the markers in the southern Tian Shan (Guseva, 1986). A remeasurement of the original profile using laser‐

ranging devices in 1974– 1984 resulted in a more complicated pattern, with ~8 mm/yr of convergence across

the Vakhsh fault, and ~4 mm/yr of shortening within the northernmost 4 km of Peter the First Range. If the

pattern changes are significant, they might reflect the return from the postseismic (afterslip or creeping)

stage after the 1949, Mw7.6 Khait earthquake to the (locked) interseismic stage.

The leveling data acquired over 5 to 29 years showed no uplift on the northwestern side of the Vakhsh river

in the southwestern Tian Shan, but 7 – 9 mm/yr of relative uplift on its southeastern side that rapidly

decreased to 1– 4 mm/yr southeastward (Guseva, 1986), suggesting a listric geometry for the Vakhsh fault

with a rapidly decreasing southeast dip (Burtman & Molnar, 1993). Another 1 km profile across the

Vakhsh thrust revealed even higher uplift rates, 18.6 – 21.6 mm/yr. A 200 m long dense leveling profile in

a tunnel dug across the Vakhsh thrust yielded a relative uplift rate of 14.6 ± 0.3 mm/yr between 1973 and

1976, pointing to a steeply S dipping fault. Using borehole data across the Vakhsh thrust, Guseva (1986)

determined a 48° dip.

3. GNSS Data Collection, Processing, and Rate Estimation

3.1. Marker Installation and Instrument Setup

In 2013, we installed 21 GNSS markers in the northwestern Pamir with a focus on the Vakhsh and the

Darvaz faults (Figure 1b). We placed the network such that it forms two profiles (P1 and P2), crossing these

faults subperpendicularly. The network also included four stations of the survey of Ischuk et al. (2013),

where we prolonged the time series. Profile P1 crosses the Peter the First Range and includes 14 points. It

has a length of ~230 km and extends from ~50 km NW of Garm to ~40 km SE of the Panj‐ Bartang river junc-

tion (Figure 2). Profile P2 is located ~100 km farther southwest and covers the Pamir foothills and the north-

eastern Tajik Basin from the Panj river to 50 km ESE of Dushanbe with a total length of ~200 km. It contains

seven new data points, of which one was destroyed in 2014. The profile has a kink to better image fault‐

parallel and fault ‐ perpendicular rates (section 4.2). Average interstation distances are 10 km and 15 km

for P1 and P2, respectively.

The GNSS markers are 10 cm long stainless steel bolts of 1 cm diameter that were drilled and glued into the

bedrock. The minimalistic design contains only a small dimple to fix the tip of the tripod (Figure S1a in the

supporting information).

We used three Trimble Zephyr Geodetic Model 1 antennas (TRM 41249.00) and three Trimble R7

receivers to acquire the data. The antennas were installed on top of portable, short‐ braced aluminum tripods

(Figure S1b), locked to the ground with rocks to stabilize the set up (Figures S1b and S1c). The antenna was

aligned to true North. We recorded data for 40– 48 hr per campaign (i.e., two consecutive nights) with a
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sampling rate of 30 s. To minimize seasonal loading signals, we collected the data in fall (September to

November) of the years 2013 to 2016. The slope steepness near the measurement sites in the northwestern

Pamir reaches 45° leading to limited space aperture (Figures S1c and S1d).

3.2. Data Processing

The raw data were converted into daily, receiver‐ independent exchange format (RNX) files, which were pub-

lished in Metzger et al. (2019). They were processed together with 24 reference stations of the International

Global Navigation Satellite System Service (IGS) network and RNX data of Ischuk et al. (2013) and Zhou

et al. (2016), using the Earth Parameter and Orbit System software (Deng et al., 2016). The processing

includes ionosphere ‐ free linear combination, undifference carrier phase and pseudo ‐ range observables,

IGS08 absolute phase center variations (Schmid et al., 2016) and the FES2004 ocean tide loading model

(Lyard et al., 2006). Apriori zenith hydrostatic delay is obtained using the Global Pressure and

Temperature model (GPT2) and the Vienna mapping function in a grid file database. Station coordinates

and tropospheric wet zenith delays are estimated using random ‐ walk parameters for every two hours

Figure 3. East (left column), north (center), and vertical (right) GNSS time series residuals after removing a linear velocity
fitting the data until 2015. The stations are sorted along Profiles P1 (here) and P2 (continued figure). The vertical blue line
marks the Mw7.2 Sarez earthquake. Rates obtained from data acquired before the earthquake are indicated in each
subfigure.
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(Gendt et al., 2013). In order to ensure consistency in the processing, we applied reprocessed GNSS precise

satellite orbits as well as clock products obtained by the Earth Parameter and Orbit System software using

the same parameter setup as for the station coordinate estimation (Gendt et al., 2013). Additionally,

station coordinates were estimated in network mode and aligned to the IGS 2nd combined daily

coordinate product (ITRF14), reducing the impact of the Earth rotation parameter (Altamimi et al., 2016;

Rebischung et al., 2016). As a quality measure, daily observation files with continued observations shorter

than 1 hr were excluded. With very few exceptions, the data quality is very good and the positions are

consistent. The standard deviation of the daily positions per measurement is 2.1 mm (Figure 3). In the

vertical direction, the standard deviation is 4 times larger (8.1 mm).

3.3. Rate Estimates

From the daily positions, we built time series and estimated the interseismic deformation rates individually

for each station and component. By a visual inspection, we excluded outliers and then applied a two‐

parameter, linear rate estimation using a least squares inversion (Figure 3). All data points were weighted

with their instrumental error. Following (Geirsson et al., 2006), we normalized the estimated rate uncer-

tainty σ by the total observation period ΔT between the first and the last measurement of the time series,

with N being the total number of positioning data points, and the daily position yi being predicted by model

point ŷi,

σ ¼
∑N

i¼1 yi−byið Þ
2

ffiffiffiffiffiffiffiffiffiffi

N−2
p ·

1

ΔT
:

This means that for time series with a short observation period of 2 or 3 years the rate uncertainty can be

rather large. The average misfit of the rate estimation is 0.8 mm/yr in North, 0.5 mm/yr in East and 2.0

mm/yr in the vertical component, which is good, given the steep topography and limited space aperture.

The derived rates and uncertainties are provided both in the ITRF14 no ‐ net ‐ rotation (NNR) reference frame

(Altamimi et al., 2016) and in a Eurasian‐ fixed reference frame (Table 1) (Altamimi et al., 2017) in the

supporting information ( “GNSSratesITRF14_NNR.txt,” “ GNSSratesITRF14_EU.txt ”). The data show no

apparent bias in the residuals apart from a distinct offset between data collected until the 2015 campaign

and after (Figure 3), which will be discussed in section 4.1.

Figure 3. (continued)
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The obtained rates were then compared to an independent processing run using the GAMIT/GLOBK soft-

ware package (Herring et al., 2018a, 2018b). In this run, we combined positions of 25 regional continuous

and IGS stations with 66 campaign stations throughout the region using GAMIT to calculate initial daily

positions, which were then edited, averaged, and weighted over ~2 week long intervals. Then, GLOBK's

Kalman filter (Herring et al., 2015) was used to estimate linear horizontal velocities from the position

averages within the ITRF08 reference frame (Altamimi et al., 2012), incorporating a random walk noise

model to account for systematic errors. The mean difference between the two data sets is 1.7 ± 2.3 mm/yr

in the east direction and −0.3 ± 1.2 mm/yr in the north direction.

4. Results and Interpretation

4.1. Potential Influence of the 2015, Mw7.2 Sarez Earthquake on the Time Series

Some GNSS positions of the 2016 campaign show a clear offset from the (assumed) linear rate trend provided

by the measurements acquired prior to 2016 (in Figure 3 and Table S1). This is most prominent at stations

T270, GF11, GF12, GF13, GF14, and GF02, with 5– 20 mm offsets toward the west. Station GF03 exhibits

an 11 mm offset toward the east. Together, these stations suggest dextral motion on the Darvaz fault, which

is opposite the sense of interseismic loading. This signal is not a measurement bias, for example, from sea-

sonal variations, which are to be expected to be in the order of a few millimeters (Dong et al., 2002) or

neglected firmware updates. We also rule out artifacts caused by instrument types or setup (Table S1).

Therefore, we interpret the signal to reflect real ground displacements. Stations with large offsets between

the 2015 and 2016 campaigns are located near the Darvaz fault, with amplitudes generally decreasing from

SE to NW and an abrupt sign change across the Darvaz fault (Figure 4 and Table S1). Station GF15 is an

exception but was not measured in 2015. The displacement pattern resembles either a dextral slip event or

transient creep on the Darvaz fault with fault slip of centimeters to decimeters.

Table 1

Eurasian‐Stable Rates v and 1σUncertainties (Altamimi et al., 2017) for East, North, and Vertical Components, Obtained From a Combined Network Solution of New

and Updated Data (Ischuk et al., 2013; Zhou et al., 2016; Zubovich et al., 2010)

Name Lon. (°) Lat. (°)

Rates 2013– 2015 (mm/yr) Rates 2013– 2016 (mm/yr)

vE vN vU σE σN σU vE vN vU σE σN σU ΔT (yr)

GF01 70.2383 38.7988 −16.8 5.4 3.6 0.9 0.8 6.7 −17.0 6.1 0.2 0.7 0.7 5.0 3/2
GF02 70.7105 38.6884 −13.5 9.4 −5.8 1.3 1.2 3.8 −17.6 11.0 −0.9 1.7 0.9 3.0 3/2
GF03 70.6252 38.7486 −17.4 9.0 3.0 2.2 1.1 3.0 −14.0 9.2 −0.6 1.8 0.7 2.1 3/2
GF04 70.3533 38.7334 −19.4 8.1 −1.6 2.3 1.8 9.7 −20.1 8.8 3.1 1.3 1.2 6.0 3/2
GF05 70.3262 38.7770 −19.6 5.4 2.3 2.3 2.1 8.6 −18.1 6.7 −0.3 1.4 1.3 4.9 3/2
GF06 70.1889 38.8340 −15.4 1.4 7.2 1.4 1.0 3.9 −15.4 1.4 7.2 1.4 1.0 3.9 3/3
GF07 69.9355 38.9064 −2.2 3.4 9.1 0.9 1.4 8.4 −3.5 1.6 −0.4 0.9 1.0 6.1 3/2
GF08 70.1893 39.1908 −0.5 3.6 6.1 1.7 0.6 10.0 −0.5 3.6 6.1 1.7 0.6 10.0 1/1
GF11 70.7643 38.5774 −11.0 11.9 −2.3 1.3 1.0 2.7 −17.9 10.0 1.3 2.7 0.9 2.7 3/2
GF12 70.8109 38.4467 −6.1 14.2 −7.5 2.8 1.7 4.8 −12.8 13.0 −5.6 3.1 1.2 4.4 3/2
GF13 71.0280 38.4664 −5.8 11.2 4.1 5.3 3.5 9.8 −13.9 12.0 −1.7 2.4 1.0 4.1 3/1
GF14 71.2691 38.3146 −14.5 19.2 −9.2 1.5 1.8 3.9 −19.5 15.6 −6.9 2.5 1.7 2.7 3/2
GF15 71.3850 38.1908 −19.8 14.9 8.6 2.7 4.8 6.3 −20.8 13.0 −6.7 1.4 1.6 4.6 3/1
GF16 70.4449 38.1034 −10.1 17.4 4.2 1.9 1.1 10.5 −10.1 17.4 4.2 1.9 1.1 10.5 2
GF17 70.1721 37.9496 −13.5 8.9 −2.4 2.5 0.7 4.3 −16.4 7.6 −4.0 1.8 0.9 3.3 3/2
GF18 69.8604 38.0061 −15.2 6.0 −4.3 0.9 0.8 3.0 −15.2 6.0 −4.3 0.9 0.8 3.0 3
GF19 69.5762 37.9839 −5.0 6.0 2.3 1.2 0.4 4.6 −5.0 6.0 2.3 1.2 0.4 4.6 3
GF20 69.2454 38.3459 −7.0 6.7 −9.5 1.0 0.6 3.5 −7.0 6.7 −9.5 1.0 0.6 3.5 3
GF21 69.1845 38.4673 −9.3 4.2 −1.6 1.7 1.4 3.6 −9.3 4.2 −1.6 1.7 1.4 3.6 2
T120a 69.4213 38.5852 −0.9 2.4 −0.8 1.6 0.4 2.7 −0.9 2.4 −0.8 1.6 0.4 2.7 8
T170a 70.2012 39.1204 −1.2 4.3 −1.7 1.2 0.4 2.6 −1.2 4.3 −1.7 1.2 0.4 2.6 7
T200a 70.0563 38.8691 −2.9 7.0 0.1 0.4 0.3 1.0 −2.9 7.0 0.1 0.4 0.3 1.0 7
T270a 71.6630 38.0032 −11.2 13.4 3.0 1.0 1.0 6.0 −13.7 13.2 2.4 1.7 0.8 4.8 7/6

Note. ∆T indicates time series length, if the 2016 data acquisitions are excluded or included, respectively. The full network solution (with additional rates of 51
locations) is available in the supporting information (GNSSratesITRF14_EU.txt and GNSSratesITRF14_NNR.txt).
aExtended time series of Ischuk et al. (2013).
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Several instrumentally recorded earthquakes occurred between the two measurement periods in fall 2015

and 2016. To understand their effect on our time series, we investigated if these events could have caused

a coseismic displacement of the order of a few centimeters on the mentioned stations. We consider both,

the 7 December 2015, Mw7.2 Sarez earthquake discussed above (Metzger et al., 2017; Sangha et al., 2017)

and a series of crustal M4– 5 earthquakes near the Darvaz fault (Figure 4 and Table S2) (GEOFON Data

Centre, 1993). For the largest event of this series, the M5.1, 1 July 2016 earthquake, we checked, if satellite

radar interferometry (Sentinel ‐ 1, acquired on 27 May and 14 July 2016) shows a signal comparable to the

GNSS‐ derived offsets, but did not find one. We forward modeled a series of slip events with random

source ‐ parameter combinations following scaling laws (Mai & Beroza, 2000) to see if they cause a displace-

ment pattern similar to the observed GNSS offsets. We used rectangular dislocations in an elastic half‐ space

(Okada, 1985) and refer to section 4.3 for more modeling details. None of the synthetic models predict more

than 1 cm offset, unless the source is located only a few hundred meters deep. But according to these models,

a shallow source would not have affected stations at distance of 100 km, like station GF14 and T270. We

therefore suggest that the offset signal was caused by the Mw7.2 Sarez earthquake. This hypothesis is also

supported by satellite radar interferometry (Metzger et al., 2018) and 1 Hz ‐ GNSS data acquired across the

Pamir thrust system in the Alai valley (Zubovich et al., 2016) (Figure 1b): The coseismic interferograms show

a distinct surface rupture of a strand of the Pamir thrust system of a fewmillimeters to centimeters. The 1 Hz ‐

GNSS stations recorded coseismic static displacement of a couple of centimeters, with a slip‐ sense opposite

to the expected loading direction, in a similar distance to the earthquake epicenter as the stations presented

here (Metzger et al., 2018). Using the distributed slip model of Metzger et al. (2017), we predict the expected

displacement in the region of the Darvaz fault (Figure 4). The results match the amplitudes, but do not

explain the rapid signal decay across the Darvaz fault or the eastward offset of station GF03. Instead the off-

set azimuth remains constant and the amplitudes decay quasi ‐ linear with increasing distance to the Sarez

Figure 4. GNSS positioning differences between the 2015 and 2016 data surveys (yellow arrows, 2σ confidence level) in comparison to the coseismic displacements
(pink arrows) of the Mw 7.2 Sarez earthquake (green focal mechanism) as predicted using the slip model of Metzger et al. (2017). Green stars mark the M4– 5
earthquakes that occurred between the 2015 and 2016 surveys (see also Tables S1 and S2 in the supporting information).
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rupture. The GNSS observations on the sinistral‐ transpressive Darvaz fault and the dextral‐ transpressive

Pamir thrust system show a pattern which is opposite to the interseismic loading sense, suggesting fault

loading, probably triggered by the Sarez earthquake. We thus decided to exclude the data acquired in

2016 from the analysis of the interseismic deformation rates below.

4.2. Interseismic Rates 2013– 2015

Based on the acquisitions between 2013 and 2015 we present horizontal and vertical interseismic GNSS rates

relative to stable Eurasia (Altamimi et al., 2017) in map view (Figure 5). We also decompose the rates along

profiles P1 and P2, into profile ‐ perpendicular and profile ‐ parallel components, where the former roughly

represent shortening/extension and the latter shear across the Darvaz and or Vakhsh or Ilyak faults

(Figure 6). In doing so, we projected all GNSS points and seismologic data in a 120 km wide profile swath

onto the profiles.

The western Pamir‐ Plateau stations move at ~17 mm/yr toward northwest relative to Eurasia

(Figure 5a). When crossing the Darvaz fault the rates of the profile P1 stations decrease slightly and

the displacement vectors rotate from NW toward WNW (GF04, GF01, GF05, and GF06). Across the

Vakhsh fault, the rates drop to 5 mm/yr N (T200, GF07, T170, and GF08). Along profile P2, the stations

exhibit an increasingly more westerly orientated motion when crossing the Darvaz fault from east to

west (GF16, GF17, GF18, and KULC). This westerly displacement vanishes across the Ilyak fault

(T120 and OBGA). The slow rate at GF19 stands out from the adjacent stations GF18, KULK, and

LAKA. This station — located within the salt withdrawal basin near Kulyab— might be influenced by

the active salt tectonics. Overall, the strongest internal deformation is observed in the Tajik ‐ basin

fold‐ thrust belt and along its northern margin, whereas the western Pamir‐ Plateau and the southwestern

Tian Shan exhibit minor internal deformation.

Vertical velocities obtained from stations with more than two measurement campaigns (Figure 5b) are less

significant but suggest that the southwestern Tian Shan north of Dushanbe is subsiding 5– 10 mm (e.g., sta-

tion OBGA) while the southwestern Tian Shan farther east appears stable (T170 and T200). In the Peter the

First Range, uplift is gradually increasing toward the Vakhsh fault (GF05, GF01, and GF06). In the western

Pamir Plateau, the values are more heterogeneous and vary between ±10 mm/yr. Stations in the Tajik

Depression show mostly subsidence.

Along profile P1, the most significant feature of the profile ‐ perpendicular and profile‐ parallel rate

(Figures 6c and 6e) is the rate change across the Vakhsh fault, which amounts to ≥17 mm/yr in the

profile‐ parallel direction (shortening) and ≥ 13 mm/yr in the profile ‐ perpendicular direction (consistent

dextral slip sense). The profile ‐ perpendicular rate gradient is steeper than in profile ‐ parallel direction and

could be classified as an offset. In classic screw dislocation models the steepness of the rate change across

a fault is inverse proportional to the locking depth (Segall, 2010); thus, a step function suggests that a fault

is freely creeping. Consequently, shear and shortening might be partitioned in the upper part of the Vakhsh,

with its most shallow section dominated by strike ‐ slip and the deeper part by shortening. Along the Darvaz

fault, the data suggest a locked fault that accommodates ~10 mm/yr of profile‐ parallel extension and ~15

mm/yr of sinistral (profile ‐ perpendicular) shear (Figures 6c and 6e). The Badakhshan fault may accommo-

date 5 – 10 mm/yr dextral shear, but the uncertainties are large and the station spacing is large.

The geodetic data are in agreement with the focal mechanisms of Kufner et al. (2018) that suggest thrusting

with a dextral component along the Vakhsh fault and predominantly sinistral shear along the Darvaz fault

(Figures 2 and 6a). The abundant seismicity underneath Peter the First Range reaches in excess 20 km.

Below 5 – 10 km it probably outlines steeply NW dipping faults in the crystalline basement rocks underneath

the Tajik‐ basin deposits (Kufner et al., 2018). Along the southeastern margin of the Peter the First Range the

seismicity delineates a near‐ vertical structure along the Darvaz fault; it then significantly decreases toward

SE (Figure 6a). Local, vertically aligned seismicity occurs near the Badakhshan fault, but in map view, it is

apparent that this seismicity is associated with a small cluster and not outlining amajor fault zone (Figure 2).

In general, the rate changes along profile P2 are harder to interpret than along profile P1, as the station dis-

tances are larger. Both the Ilyak fault and the Darvaz fault seem to be less active than along profile P1

(Figures 6d and 6f). The Ilyak fault accommodates ~5 mm/yr of shortening and 8 – 15 mm/yr of dextral slip,

which is in agreement with the dextral focal mechanisms (Figure 6b) associated with earthquakes occurring
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Figure 5. Horizontal and (b) vertical GNSS rates measured between 2013 and 2015 with 2σ uncertainties in a Eurasian reference frame (Altamimi et al., 2017). Pink
arrows in (a) are the modeled rates (see section 4.3). Note the different rate scale in (a) and (b). Yellow lines mark Profiles P1 and P2, crustal seismicity of
Hamburger et al. (1992) in red, and Kufner et al. (2018) in blue.
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Figure 6. (a) and (b) Topography (enhanced by factor 10) and seismicity of a 120 km wide swath (Kufner et al., 2018) along Profiles P1 and P2, respectively. Violet
lines mark model Segment A and auxiliary Segment B including slip sense, dashed lines symbolize the locking depths of the Vakhsh fault and the Darvaz fault
(section 4.3). Note in (b) that the Vanj cluster is not along the Badakhshan fault (BF). IF = Ilyak fault; VF = Vakhsh fault. The GNSS velocities with 1σ uncertainties
along Profile P1 (c, e, and g) and Profile 2 (d, f, and h) are resolved in profile‐parallel (c and d), pro file‐perpendicular (e and f), and vertical components
(g and h). The gray velocities include the 2016 campaign data; the blue rates exclude them. In (c) and (e) the slip model predictions are plotted for each GNSS data
point (olive green squares) and— within 2σ uncertainties— for profile P1 (olive green band).
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in the basement rocks below the Tajik‐ basin strata (Kufner et al., 2018). The rate change between station

GF16 and GF17, at ~20 km profile ‐ perpendicular distance across the Darvaz fault zone, suggests 8 ± 1

mm/yr sinistral shear and 2 ± 2 mm/yr extension along the Darvaz fault zone. Also along profile P2, the

Darvaz fault is outlined by focused seismicity: The only constrained focal mechanism is in agreement with

its sinistral kinematics (Figure 6b).

The vertical rates along profile P1 imply a gradual increasing uplift of a fewmillimeters of the stations NW of

the Darvaz and a gradual subsidence of 5– 7 mm/yr on the SE side of the fault (Figure 6g). The stations SE of

the Badakhshan fault show uplift of 0 – 10 mm/yr. The stations along profile P2 indicate a gradual change

from uplift of 0– 5 mm/yr in the western Pamir Plateau to subsidence of 0 – 10 mm/yr in the Tajik

Depression (Figure 6h).

4.3. Kinematic Modeling

To numerically assess the kinematic parameters of the Darvaz and the Vakhsh faults, we simulated

fault slip using rectangular dislocations in an elastic half ‐ space (Okada, 1985) with a rigidity of 30

GPa. The complex geologic structure of the Peter the First Range would be best represented with a

three‐ dimensional model. However, since the GNSS data are aligned along profiles P1 and P2, with

the highest station density along profile P1, a three ‐ dimensional model would rely on strongly con-

strained geometric model parameters. Consequently, we simplified the geometry to two dimensions by

focusing on the rates observed along profile P1, which is sub ‐ perpendicular to the Darvaz and the

Vakhsh faults. We neglected the curved fault geometry while assuming infinite fault length and down-

dip extent. We tested fault geometries with up to five segments, also to come up with the potential slip

partitioning in the upper part of the Vakhsh fault (section 4.2; Figures 6c and 6e), but the amount of

data was too sparse to stabilize the results. The best data fit— using the smallest number of free model

parameters— was obtained with a 10° SE dipping plane representing the Vakhsh thrust, following the

basal décollement in the Jurassic evaporites. This geometry corresponds on first order to the geologic

cross sections of Chapman et al. (2017) and Hamburger et al. (1992) and the seismicity (Kufner

et al., 2018) (Figure 6a). Our modeling setup implies that the Darvaz fault is locked until it merges with

the basal décollement. Free parameters are the fault strike and location, the locking depth, that is, the

depth of the upper edge of the dipping plane (Figure 6a). We further solved for dip‐ slip, along‐ strike slip

and fault strike on two subsegments — Segments A and B— with the downdip extent of Segment A as

another free parameter (Figure 6a). Including two parameters for a reference frame correction we solve

for ten free parameters. The best fit model parameters were first constrained by a Monte Carlo type,

simulated annealing approach (Cervelli et al., 2001) that over time gradually favors parameter combina-

tions producing low misfits. This approach minimizes the chance to get trapped in a local minimum of

the multidimensional parameter space. Then, we used the outcome of the annealing as a starting point

for a classical nonlinear least squares inversion. The model parameter uncertainties were assessed in

500 additional runs using bootstrapping, in which the input of one GNSS station is randomly replaced

by another (Efron, 1979).

The preferred model has a fault strike of 049° + 6°/−8°, which is similar to the average strike of the

Darvaz and the Vakhsh faults along profile P1. Slip only occurs below 3.1 + 0.5/−0.8 km, meaning that

the upper part of the Vakhsh fault is locked (outlined by the dashed line in Figure 6a). Under the Peter

the First Range, Segment A accommodates 16 ±3 mm/yr of profile‐ parallel dextral shear and 15 + 4/−2

mm/yr of profile‐ perpendicular shortening. Segment B begins near station GF03 (Figure 6a) and shear

flips to a sinistral 1 + 2/−3 mm/yr rate but with a constant 16 + 1/−1 mm/yr shortening rate. Segment

B represents the northwestward (block) motion of the western Pamir‐ Plateau crust; its geometry is quite

arbitrary, except that the intersection between Segments A and B places the connection between the

Darvaz fault and the basal décollement of the Vakhsh thrust at 9.0 + 0.4/−0.8 km (dashed lines in

Figure 6a). Thus, the difference in shear between Segments A and B is interpreted to be accommodated

by the Darvaz fault; the along‐ strike slip difference is 15 + 4/−5 mm/yr. Apart from a few stations near

the Badakhshan fault, which we do not include in our model and which also exhibits large rate uncer-

tainties, the fit between the observations and the model is good (Figure 5a). In the Peter the First

Range, the shear and shortening rates are systematically underrepresented by a few millimeters (olive

green squares in Figure 5a). The model slightly underestimates the profile ‐ parallel rates of GF03 ‐ 05
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and is unable to reproduce the abrupt rate decrease, in particular the profile ‐ perpendicular rates

between T200 and GF06 across the Vakhsh fault. This shows that near the surface, the

locking regime must be more complex than our preferred model can predict; this is in accordance with

our inference (section 4.2) of slip partitioning and possible creep in the shallow section of the

Vakhsh fault.

The parameter uncertainty analysis reveals strong correlation among several parameters, manifested by

elongated and curved scatter plots of best fit parameters obtained from bootstrapping (Figure S2): A deeper

locking depth of the Vakhsh fault calls for a shorter width of Segment A, higher dextral shear rates on

Segment A and (in opposite sense) Segment B, and amore easterly fault strike. Even within the 2σ uncertain-

ties (95% confidence), themodel fails to fit the profile‐ parallel rate of GF04 and the profile ‐ perpendicular rate

of GF06 (olive green band in Figures 6c and 6e).

5. Discussion

Given the low temporal resolution of survey mode GNSS data, we cannot uniquely link the offsets observed

on GNSS stations between the 2015 and the 2016 campaigns to the 2015 Mw7.2 Sarez earthquake or other

nearby earthquakes (see section 4.1). If we include the 2016 data for the estimation of the GNSS rates, the

observed fault slip rates on the Darvaz drop to a few mm of shortening and ≤9 mm/yr of sinistral slip (gray

data in Figure 6a), which is less than what the neotectonic slip rates suggest. If true, the estimated slip rates

presented in section 4.2 would reflect an upper bound only and/or the Darvaz fault would be less active than

presumed. We also tried to correct the 2016 positions using the surface displacement predicted by the coseis-

mic slip model of the 2015 Sarez earthquake of that exhibits sinistral slip of up to 3 m on a subvertical, NE

striking, 80 km long fault (Figure S3) (Metzger et al., 2017). This increases the slip rates only slightly and

the quasi‐ linear decay of the predicted displacements from ENE to WSW (Figure 4) does not explain the

observed offsets satisfyingly. Therefore, we suggest that the Darvaz fault was activated during the

2015 Sarez earthquake and produced dextral coseismic slip of a few centimeters, opposite to its

interseismic slip.

Triggered slip phenomena are not yet well studied, as the focus of the scientific community lies on the activ-

ity of the main event. But due to an increased spatial resolution, e. g. using Synthetic Aperture Radar inter-

ferometry (Price & Sandwell, 1998; Wei et al., 2011; Wright et al., 2001) or high instrumental sensitivity, for

example, using creep meters (Bodin et al., 1994; Victor et al., 2018), we begin to observe coseismic response

on adjacent or even remote faults. A recent observation of such activity is the 2019 Ridgecrest seismic

sequence that ruptured an unmapped fault of the Eastern California Shear Zone dextrally, and simulta-

neously triggered sinistral activity along the Garlock fault that strikes subperpendicular to the unmapped

fault (Barnhart et al., 2019). If the triggered fault (in our case the Darvaz fault) is farther than a few fault

lengths away from the main fault (in our case the Sarez‐ Karakul fault zone), Coulomb failure stress changes

become insignificant (Tingay et al., 2008). Then, transient dynamic unclamping or triggering can be evoked

by the surface waves passing through, as it has been observed on faults separated by up to 5 km (Freed, 2005).

This is often the case along disconnected structures at immature fault systems (e.g., Gomberg, 1996).

Another reason may be sudden pore pressure changes (Brodsky, 2003; Brodsky & Prejean, 2005).

Significantly, the Darvaz fault (this study) and the Pamir thrust system (Metzger et al., 2018) slipped opposite

to their loading sense, which would indicate that the coseismic mass movements outweigh the local stress

field, even 150 – 200 km away from the epicenter of the Sarez earthquake in the southern Sarez‐ Karakul fault

segment. In other words, the surface displacement predicted by the homogeneous half‐ space model of

Metzger et al. (2017) (pink arrows in Figure 4) dominate the sense of displacement until they hit a structural

discontinuity— the Darvaz fault or the evaporitic décollement underneath Peter the First Range — and then

quickly drop below significance.

As we were not able to correct the 2016 campaign data for the (potential) coseismic displacement due to the

Sarez earthquake, we omitted them for the interseismic slip rate estimates. The observed ~15mm/yr sinistral

slip across the Darvaz fault zone, measured on profile P1, is consistent with the 4 – 16 mm/yr of offset in the

Holocene and Pleistocene (e.g., Burtman & Molnar, 1993). Farther south— along profile P2 — we observed 8

± 1mm/yr sinistral shear, which is less than the 10 – 15mm/yr offset measured by Trifonov, (1978, 1983). The

GNSS data further suggest extension of ~10 mm/yr across the northern part of the Darvaz fault (profile P1),
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which has not been observed in neotectonic studies. Along the southern part of the Darvaz fault, geologic

mapping indicated sinistral transtension (Kuchai & Trifonov, 1977; Trifonov, 1978, 1983), which

corresponds to our GNSS results. No neotectonic slip rates are available for the Vakhsh fault. However,

the geologic and geodetic findings agree on the slip sense.

While the sparse and widely distributed published GNSS rates (Ischuk et al., 2013; Mohadjer et al., 2010;

Zhou et al., 2016) are in general agreement with our findings, the leveling results of Guseva (1986) and

Konolpatsev (1971) acquired across the Vakhsh fault near Garm are systematically lower with 8– 16

mm/yr shortening and ~6 mm/yr dextral shear, compared to our 12 – 19 mm/yr shortening and 13– 19

mm/yr dextral shear. This might be explained by the shorter measurement profile and/or the possibility that

their data were affected by postseismic deformation following the 1949, Mw7.6 Khait earthquake.

The seismicity along our GNSS Profile 1 (Figure 6a) shows significant, vertically aligned activity underneath

Peter the First Range and along the Darvaz fault. This activity extends into the basement rocks underneath

the evaporitic décollement, which is mimicked in our kinematic model by the Segments A and B. The updip

end of Segment B ends just between these two highly active zones, probably because we have not included an

additional (subvertical) segment to account for slip underneath Peter the First Range. Our model also likely

underestimates the magnitude of the rate changes for the profile ‐ parallel and profile ‐ perpendicular GNSS

components across the Vakhsh fault. This might be due to slip partitioning in the upper segment of the fault

zone or even due to a three‐ dimensional rotation of the Peter the First Range that also includes

vertical motions.

We combine our findings with other geodesy ‐ based results (Zubovich et al., 2010, 2016; Metzger et al., 2017)

to create a conceptual model for the northeastern Tajik Basin and the western and northern Pamir, high-

lighting the kinematics of the key structures, that is, the Vakhsh and Darvaz faults, the Pamir thrust system

and the Sarez ‐ Karakul fault system (Figure 7). The Pamir is shortening approximately N ‐ S and is flowing

westward at the same time, that is, experiencing lateral extrusion from the Pamir Plateau toward the

Tajik Depression. In the Pamir interior this combined N‐ S shortening and E‐ W extension is mostly accom-

modated by the NE striking Sarez‐ Karakul fault system (Figure 1b), which interseismically exhibits ~5

mm/yr sinistral shear and 1– 3 mm/yr of extension (see Figure S11 in Metzger et al., 2017); however, the

entire western Pamir Plateau shows this deformation pattern. The due west motion of the Tajik

Figure 7. Same as Figure 1b, indicating the kinematics in the western Pamir and Tajik Depression. The gray arrows
indicate the main direction of motion with respect to stable Eurasia observed by GNSS, the orange arrows indicate
shear, the green arrows shortening or extension. The values are deducted from models and/or GNSS observations of
Zubovich et al. (2010, 2016), Metzger et al. (2017), and this study. Rates of Zubovich et al. (2016) represent a lower limit,
given the limited profile length toward south.
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Depression upper crust commences west of the Darvaz fault zone, which shows sinistral shear of ~15 mm/yr

and ~10 mm/yr E‐ Wextension. Along the northwestern rim of Peter the First Range, the SE dipping Vakhsh

fault separates the Tajik Depression from the southwestern Tian Shan; the latter marks the nearly rigid back-

stop for the material flow out of the Pamir Plateau. The Vakhsh fault absorbs dextral shear of 16 ±3 mm/yr

and 15 + 4/−2 mm/yr of NW‐ SE shortening. Along the Ilyak fault farther west, N‐ S shortening drops to ~5

mm/yr but dextral shear remains high (8– 15 mm/yr). On the Pamir thrust system farther east, dextral short-

ening (and thus Pamir‐ Plateau mass outflow) decreases to ~7 mm/yr, while the Pamir's northward advance

keeps constant at a rate of 13 – 19 mm/yr (Zubovich et al., 2016, 2010). The Peter the First Range, an upper‐

crustal wedge of strongly shortened Tajik‐ basin strata squeezed between the Vakhsh and the Darvaz faults,

extrudes as a southwestward widening crustal sliver. Although the lateral extrusion of the upper‐ crustal

wedge is facilitated by the low‐ frictional properties of the evaporitic basal décollement, subdécollement seis-

micity indicates a thick ‐ skinned sliver extrusion, demonstrated to be active within the adjacent Tian Shan

from the late Miocene to Recent (Käßner et al., 2016).

6. Conclusion

New GNSS campaign data collected over 4 years (2013– 2016) in the western Pamir and the adjacent Tajik

Depression along two profiles crossing the Vakhsh and the Darvaz faults zone show steady interseismic

motions from 2013 ‐ 2015 and static offsets of up to 2 cm between the 2015 and the 2016 measurements, con-

sistent with dextral fault slip on the Darvaz fault, opposite to its interseismic and long‐ term slip history. We

propose that the 2015, Mw7.2 Sarez earthquake triggered the dextral movements along the Darvaz fault.

Velocities obtained from data prior to the 2016 observations show that theW(SW) striking Ilyak and Vakhsh

faults and the Pamir thrust system constitute the highly active boundary zone between in the Pamir, the

Tajik Depression, and the nearly stable foreland, the southwestern Tian Shan. FromW to E, these structures

accommodate shortening of ~5 mm/yr (Ilyak fault), 15 + 4/−2 mm/yr (Vakhsh fault), and 13– 19 mm/yr

(Pamir thrust system). Dextral shear rates are high at the northern edge of the Tajik Depression (8– 15

mm/yr along the Ilyak fault; 16 ±3 mm/yr along the Vakhsh fault) but decrease eastward to ~7 mm/yr along

the Pamir thrust system. For the Darvaz fault we obtained 10 – 15 mm/yr sinistral slip and ~10 mm/yr of

approximately E‐ W extension. We further surmise that the Pamir Plateau and the hanging wall of the

Vakhsh thrust in the Peter the First Range are still growing vertically by a few millimeters per year, while

the Tajik Depression is subsiding.

Our geodetic data indicate, in accordance with the geologic and seismic record that the eastern Tajik

Depression, including the Peter the First Range, is collapsing (lateral extruding) toward the west. The south-

western Tian Shan acts as a backstop and deforms little. The gravity ‐ driven mass‐ outflow from the Pamir

Plateau to its west induces shortening of the Tajik‐ basin deposits, forming the Tajik‐ basin fold ‐ thrust belt,

facilitated by the near‐ horizontal, evaporitic basal décollement of the fold ‐ thrust belt. The Ilyak fault marks

a major tear fault, disconnecting the shortening in the Tajik basin fold ‐ thrust belt from the weakly deform-

ing Tian Shan backstop. Thus, combining the geodetic results with the geologic and thermochronologic con-

straints from the Pamir Plateau, Tajik Basin, and Tian Shan foreland, it appears that northward

displacement and westward lateral extrusion of the Pamir Plateau into the Tajik Depression have been active

since the late Miocene.
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1. Introduction

At the western end of the India-Asian collision zone, the Tian Shan, Pamir, and Hindu Kush frame the Tajik 

depression, hosting the Tajik basin (Figure 1a). Deformation rates derived from pointwise Global Navigation 

Satellite System (GNSS) data along the northern and western margins of the Pamir reach ∼20 mm/yr (Metzger 

et al., 2020; Zubovich et al., 2010), being among the highest measured inside a continent. The accommodating 

crustal structures—thrusts and strike-slip faults—host abundant seismicity (e.g., Kufner et  al.,  2018; Schurr 

et al., 2014), including six magnitude M7 and 18 M6.5 earthquakes during the past 115 years. All of these oc-

curred in the center and along the northeastern and northwestern rims of the Pamir. Geologic, geophysical, and 

geodetic observations indicate that the Pamir has moved northward, building an orocline with 65–75-km-thick 

crust beneath the Pamir Plateau (Mechie et al., 2012; Schneider et al., 2019). At the same time, the Pamir-Plateau 

crust has collapsed and has laterally (westward) extruded, thickening the crust west of the collision zone (Rutte 

et al., 2017; Stübner et al., 2013). Over the last ∼12 Ma, westward extrusion into the Tajik depression has invert-

ed the Tajik basin, forming the Tajik fold-thrust belt (FTB; Figures 1a and 1b; e.g., Abdulhameed et al., 2020; 

Abstract Using E-W and vertical deformation-rate maps derived from radar interferometric time-series, 

we analyze the deformation field of an entire orogenic segment, that is, the Tajik depression and its adjoining 

mountain belts, Tian Shan, Pamir, and Hindu Kush. The data-base consists of 900+ radar scenes acquired 

over 2.0–4.5 years and global navigation satellite system measurements. The recent, supra-regional kinematics 

is visualized in an unprecedented spatio-temporal resolution. We confirm the westward collapse of the 

Pamir-Plateau crust, inverting the Tajik basin into a fold-thrust belt (FTB) with shortening rates decaying 

westward from ∼15 to 2 mm/yr. Vertical rates in the Hindu Kush likely record slab-dynamic effects, that is, 

the progressive break-off of the Hindu Kush slab. At least 10 mm/yr of each, uplift and westward motion 

occur along the western edge of the Pamir Plateau, outlining the crustal-scale ramp along which the Pamir 

Plateau overrides the Tajik depression. The latter shows a combination of basin-scale tectonics, halokinesis, 

and seasonal/weather-driven near-surface effects. Abrupt ∼6 mm/yr horizontal-rate changes occur across 

the kinematically linked dextral Ilyak strike-slip fault, bounding the Tajik FTB to the north, and the Babatag 

backthrust, the major thrust of the FTB, located far west in the belt. The sharp rate decay across the Ilyak 

fault indicates a locking depth of ≤1 km. The Hoja Mumin salt fountain is spreading laterally at ≤350 mm/yr. 

On the first-order, the modern 20–5 and fossil (since ∼12 Ma) 12–8 mm/yr shortening rates across the FTB 

correspond.

Plain Language Summary The Tian-Shan-Pamir-Tibet-Himalaya mountain belts result from the 

Cenozoic collision of the Asian and Indian continents. Currently, the Pamir is colliding with the Tian Shan 

and collapsing westward into its foreland depression, creating the Tajik-basin fold-thrust belt (FTB). We use 

∼5-years of regularly acquired satellite radar imagery and pointwise positioning data to monitor the surface-

deformation of the whole region. The resulting rate maps visualize crustal-scale tectonic and near-surface 

processes with an accuracy of a few millimeters and a spatial resolution of ∼400 m. The FTB formed above a 

low-friction décollement, detached from the underlying basement, and terminates in the west and north along 

a kinematically linked thrust‒strike-slip fault system. In the eastern FTB, salt rises forming a salt fountain that 

spreads up to 350 mm/yr. In agricultural areas, subsidence of >10 mm/yr is partially due to anthropogenically 

caused water-level changes.
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Gągała et al., 2020; Kufner et al., 2018; Nikolaev, 2002; Schurr et al., 2014; Stübner et al., 2013). Structural 

geometries, GNSS velocities, and seismicity inside the Tajik depression suggest that the Tajik FTB is thin-

skinned, formed above an evaporitic décollement at 6–12 km depth (e.g., Bekker, 1996; Bourgeois et al., 1997; 

Gągała et al., 2020; Schurr et al., 2014). Although the distribution and age of deformation is known geologically, 

the relative short observation period used to record seismicity by high-resolution temporary networks (Kufner 

et al., 2018; Schurr et al., 2014), the sparse GNSS data (e.g., Ischuk et al., 2013; Metzger et al., 2020), and the 

paucity of detailed neotectonic observations (Trifonov, 1978) limit the quantification of how far the deformation 

field of the Pamir is influencing the Tajik depression and how the individual structures in the FTB are contrib-

uting to its active shortening. In addition, the geodetically derived rates might be influenced by salt tectonics 

(Ischuk et al., 2013; Metzger et al., 2020), anthropogenic effects (e.g., Mukhabbatov et al., 2020), disturbances 

by the recent large earthquakes (Metzger et al., 2020), and the mantle processes below the Hindu Kush and Pamir 

(Kufner et al., 2021; Sippl et al., 2013). Herein, we used a sampling method with high spatio-temporal resolution 

and large areal coverage—Interferometric Synthetic Aperture Radar (InSAR)—to assess the distribution of active 

deformation within the Tajik FTB and the surrounding mountain ranges.

Since the launch of the European Sentinel-1 radar satellite mission in 2014, InSAR data have become easily 

accessible and tectonically active regions are monitored every 6–12 days worldwide. The data—usually provided 

in single tiles—cover ∼240 × 200 km on ground (Figure 1c) and allow the detection of rate changes of ∼1 mm/

yr (e.g., Weiss et al., 2020). Herein, we present relative displacement-rate maps derived from InSAR time-series 

analysis for the Tajik FTB and the adjoining Pamir and Hindu Kush with a spatial resolution of ∼400 m. We 

derive 13 individual rate maps in two independent view angles, tied to available GNSS rates in a Eurasia-fixed 

reference frame (Figure 1d), and decomposed into horizontal (E-W) and vertical rates (Figures 2 and 3).

Linking the rate maps to land-cover data, seismicity, and geologic structures formed over the last ∼12 Ma, we 

observe and discuss the following first-order features: (a) In the Tajik and Ferghana depressions, the vertical 

rates outline stripes with >15 mm/yr subsidence, with the strongest signal following the major river valleys; this 

subsidence is partially an artifact, partially caused by water extraction for irrigation. (b) In the Pamir, the hori-

zontal rates outline a 3-D orogen-margin geometry with crustal material flowing laterally (westward) out of the 

N-S collision zone; the flow rates increase from east to west from the eastern to the western Pamir and decrease 

westward across the Tajik FTB, dissipating over its salt-rooted structures. (c) At the Tajik FTB's eastern edge 

and the adjacent western Pamir, high vertical and horizontal rates record passive roof uplift above a crustal-scale 

ramp, caused by the indentation of the leading edge of the Pamir. (d) In the northern and western Tajik FTB, 

the kinematically linked dextral Ilyak strike-slip fault and the Babatag thrust accommodate abrupt rate changes, 

marking the northern and western edge of the active Tajik FTB. (e) In the southeastern Tajik FTB, the rates trace 

active salt-tectonic structures. (f) In the Hindu Kush, large-wavelength displacement-rate changes likely record 

slab-dynamic processes in the mantle.

2. Tectonic Setting

The Tajik FTB and the bounding mountain belts of the Tian Shan, Pamir, and Hindu Kush formed due to the 

northward advance of the western promontory of India (e.g., Bloch, Schurr, et  al.,  2021; Burtman & Mol-

nar, 1993; Kufner et al., 2016; Schwab et al., 2004). Currently, the Pamir-Plateau crust moves northward, collides 

with the Tian Shan, and collapses and extrudes westward into the Tajik depression, forming the Tajik FTB (Fig-

ures 1a and 1b; Kufner et al., 2018; Schurr et al., 2014). The Tajik FTB comprises a series of westward-convex, 

∼N-trending folds and thrusts (e.g., Bourgeois et al., 1997; Chapman et al., 2017; Gągała et al., 2020) that bend 

in the north into the dextral Ilyak fault (Leith & Simpson, 1986); a similar—less pronounced—bending occurs 

in the south but no bounding strike-slip fault—akin to the Ilyak fault—has developed (Figures 2 and 3). The 

bending of the thrusts and folds into the Ilyak fault is compatible with the <50°, paleomagnetically determined, 

anti-clockwise vertical-axis rotations in the northern Tajik FTB (Pozzi & Feinberg, 1991; Thomas et al., 1994). 

The Tajik FTB, southwestern Tian Shan, and Hindu Kush reflect partitioning of the ∼N4°E-oriented India-Asia 

convergence (DeMets et al., 1994) into ∼N-S shortening accompanied by dextral slip in the Tian Shan and along 

the Ilyak fault, ∼E-W shortening in the Tajik FTB, and ∼NW-SE shortening in the Afghan platform in the foot-

hills of the Hindu Kush (Käßner et al., 2016; Kufner et al., 2018, 2021; McNab et al., 2019).
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Total ∼E-W shortening reaches ∼148 km in the north-central Tajik FTB, with decaying values toward south 

(∼93 km) and toward northeast into the narrow corridor between the Pamir and Tian Shan (>22 km; Gągała 

et al., 2020). The southeastern part of the Tajik FTB showcases salt tectonics (Bekker, 1996; Gągała et al., 2020), 

for example, at the Hoja Mumin salt fountain with vertical extrusion rates of ∼170  mm/yr (Leith & Simp-

son, 1986). The southwestern Tian Shan—the Uzbek and Tajik Gissar—constitute the thick-skinned foreland but-

tresses to the Tajik FTB (Figure 1a; Gągała et al., 2020). To the east, along the front of the Pamir, the Tian Shan 

is separated from the Pamir Plateau by the Main Pamir Thrust System with its leading fault, the Pamir Frontal 

Thrust; the western part of the Pamir Frontal Thrust—in the Peter I. Range—is the dextral-transpressive Vakhsh 

thrust that transitions westward into the Ilyak fault (Figure 1a). In the Pamir, the ∼NNW-striking, sinistral-tran-

stensive Sarez-Karakul fault system separates the western and eastern Pamir (Figure 1a). The eastern Pamir is 

dominated by en-bloc northward advance, whereas the western Pamir has a distinct westward flow component 

(Ischuk et al., 2013; Kufner et al., 2018; Metzger et al., 2020).

Abdulhameed et al. (2020) estimated—based on low-temperature thermochronologic data that incorporate dates 

from Chapman et al. (2017) and Jepson et al. (2018)—that major shortening started at ∼12 Ma, spread imme-

diately across the entire FTB, and declined at ∼9 Ma in the western FTB; younger reactivation concentrated in 

the internal (eastern) FTB with the thickest evaporites. The youngest ages (∼7–2 Ma) occur along the Vakhsh 

thrust, that is, the active erosional front of the northeastern Tajik FTB belt, where it narrows between the con-

verging Tian Shan and Pamir, and along the eastern edge of the FTB—at the western flank of the Pamir Plateau, 

dominated by the sinistral-transpressive Darvaz fault zone (Figure 1a). The onset of shortening at ∼12 Ma yields 

12–8 mm/yr average long-term shortening rates in the north-central and southern Tajik FTB (see total shortening 

values above).

GNSS survey profiles across the Pamir's northern and western margins provide insights into the large-scale defor-

mation and fault kinematics (Figure 1b). The highest differential velocities are observed across the Pamir Frontal 

Thrust (13–19 mm/yr shortening, ∼7 mm/yr dextral shear; Zubovich et al., 2010). Across the Vakhsh thrust, 

shortening is 15 + 4/-2 mm/yr, while dextral shear increases to 16 ± 3 mm/yr; the Ilyak fault accommodates 

8–15 mm/yr of dextral shear and ∼5 mm/yr of shortening (Metzger et al., 2020). Kinematic modeling indicates a 

rather shallow fault-locking depth at the Vakhsh fault of <5 km (Metzger et al., 2020). The rates across the Darvaz 

fault zone decay from north to south, that is, from ∼15 to 7–9 mm/yr sinistral shear and from ∼10 to 4–0 mm/yr 

extension. The Sarez-Karakul fault system accommodates 5 ± 2 mm/yr sinistral slip (Metzger et al., 2017). The 

sparse GNSS data in the Tajik depression show that it is shortening ∼ ENE-WSW (Figure 1b; Ischuk et al., 2013; 

Metzger et al., 2020; Mohadjer et al., 2010). The interior of the Tian Shan exhibits minor dextral shear and short-

ening (Figure 1b). The recent kinematics of the Uzbek Gissar and the Afghan platform is largely unresolved. In 

the Hindu Kush, two relatively short GNSS profiles across the NE-to NNE-striking, poorly mapped faults indi-

cate sinistral-transpressive motion of ≥2.5 ± 1.8 mm/yr in the central Hindu Kush and ≥7.3 ± 1.0 mm/yr in the 

northeastern Hindu Kush (Badakhshan, Figures 1a and 1b; Kufner et al., 2021; Perry et al., 2018).

Abundant crustal seismicity highlights the most active faults, that is, the Pamir Frontal Thrust, the Vakhsh 

thrust, the Darvaz fault zone, and the Sarez-Karakul fault system (Figures 1a and 1b; Kufner et  al.,  2018; 

Schurr et al., 2014; Sippl, et al., 2013). The earthquake focal mechanisms fit the observed fault kinematics 

(Figure 3; Kufner et al., 2018; Schurr et al., 2014). Seismicity is abundant beneath the Peter I. Range that is 

squeezed between converging Vakhsh and Darvaz faults, and north of the eastern Pamir, where the 2008 M
w
6.6 

Nura (He et al., 2018; Sippl et al., 2014; Teshebaeva et al., 2014) and the 2016 M
w
6.4 Sary-Tash earthquakes 

(Bloch, Metzger, et al., 2021; Funning & Garcia, 2019; Vajedian et al., 2017) ruptured the northern Main Pamir 

Figure 1. Tectonic setting of the Greater Pamir, Global Navigation Satellite System (GNSS) velocities, and Interferometric Synthetic Aperture Radar (InSAR) data 

coverage. (a) Major Cenozoic tectonic structures (completed from Abdulhameed et al., 2020; Käßner et al., 2016; Schurr et al., 2014) of the western edge of the 

India-Asia collision zone. Inset locates the study area in the India-Asia collision zone. Transparent gray arrows give bulk kinematics. Historical M6-7 earthquakes—

potentially influencing our analysis—are plotted as red and purple focal mechanisms (the purple mechanism refers to a mantle earthquake; references in text and 

GEOFON data center). The Kharatag earthquake is poorly located. Contours give depth of the intermediate-depth earthquakes of the Hindu Kush and Pamir slabs 

(after Schurr et al., 2014). PFT: Pamir Frontal Thrust, MPTS: Main Pamir Thrust System, SKFS: Sarez-Karakul fault system. (b) Eurasian-fixed GNSS rates (Metzger 

et al., 2020), major Cenozoic faults and folds (red lines), background seismicity—scaled by size from Kufner et al. (2018, 2021) as green and from Bloch, Metzger, 

et al. (2021) as blue circles—, and river systems. Intermediate-depth earthquakes (>200 km depth) highlight the mantle portion of the Pamir slab (pink dots) and the 

Hindu Kush slab (purple dots; Kufner et al., 2021). (c) Interferometric database containing six frames acquired in ascending line-of-sight (LOS) (blue) and seven frames 

in descending LOS (red) view direction. Yellow polygon marks region where the LOS rates were decomposed into east and vertical components using interpolated north 

rates, shown in (d), based on available GNSS rates (circles), including eight artificial (interpolated) rates to stabilize the sparsely occupied regions (black squares).
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Figure 2. (a) East and (b) vertical InSAR rates, plotted on topography and simplified fault map. (c–e) highlight areas with specific short-wavelength features discussed 

in the text. Salt diapirs are from Figure 11 in Gągała et al. (2020); the salt plug and the Hoja Mumin salt fountain are active. East rates are compared to GNSS rates 

(vectors and color-coded circles); color scales are saturated. White arrows mark GNSS rates in the Tajik depression that were excluded as outliers. Focal mechanisms 

indicate crustal (dark green, M > 6) and slab break-off (at 200 km, purple, M
w
7.5) earthquakes that occurred during the data acquisition period (references in text). 

Purple and pink dots outline the intermediate-depth earthquakes (>200 km depth) of the Hindu Kush and Pamir slabs, respectively. The transparent, light blue lines 

in (a and b) represent the modeled rupture trace of the 2015 M
w
7.2 Sarez earthquake (Metzger et al., 2017). Markers “1” to “4” locate artifacts, that is, frame-overlap 

jumps in the corners and edges of frames. Markers “a” to “j” locate features that we discuss in detail in the text. DF: Darvaz fault zone, IF: Ilyak fault, KTS: Kyzilart 

transfer zone, MF: Muji fault, OF: Officers Range, PFT: Pamir Frontal Thrust, PTS: Pamir Thrust System, SKFS: Sarez-Karakul fault system; HM: Hoja Mumin salt 

fountain, LK: Lake Karakul, LS: Lake Sarez, NR: Nurak reservoir.
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Figure 3. InSAR rates in the Tajik depression, compared to background seismicity (circles and focal mechanisms; Ekström et al., 2012; Kufner et al., 2018, 2021), 

and plotted on detailed fault-fold map. The focal mechanisms are colored according to fault type: red, strike-slip; orange, normal; blue, thrust; turquoise, thrusts with 

one sub-horizontal fault plane. Thin gray lines mark extent of interferometric frames. (a) East rates are compared to GNSS rates (color-coded squares and arrows). 

(b) Vertical rates; white frames mark agricultural land use, based on MDA US BaseVue (2013) Landsat 8 data. Cross sections A to D are shown in Figures 4a and 4b. 

Markers “d”, “h”, and “j” locate features that we discuss in detail in the text. NR: Nurak reservoir.
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Thrust System, and the 2016 M
w
6.6 Aketao/Muji earthquake (Feng et al., 2017; Wang et al., 2017) ruptured the 

Muji fault (Figure 1a). Sparse seismicity occurs in the western Tajik depression; in its eastern part, it is intense 

but diffuse with focal mechanisms indicating overall ∼ E-W shortening (Figure 3; Kufner et al., 2018). Most 

events occur at 5–25 km depth, that is, in general below the evaporite décollement, with the overlying sedi-

mentary stack deforming mostly aseismic (Gągała et al., 2020). The Ilyak fault appears to be mostly aseismic, 

apart from a cluster of seismicity southeast of Dushanbe (Figure 3; Section 4.3.2). In the Hindu Kush, crustal 

seismicity is also sparse, suggesting that crustal faults are locked, with diffuse strain accumulation (Kufner 

et al., 2021).

In the context of our data analysis, a few large earthquakes stand out (Figure 1a): the 2015 M
w
7.2 Sarez earth-

quake ruptured the central Pamir along the Sarez-Karakul fault system (Elliott et al., 2020; Metzger et al., 2017; 

Sangha et al., 2017); this event was in sequence with the two 2016 M6 earthquakes at the northern rim of the 

Pamir mentioned above (Bloch, Metzger, et  al., 2021). The 1949 M
w
7.6 Khait earthquake likely affected the 

Tian Shan region north of Peter I. Range, causing a series of landslides (Evans et al., 2009; Kulikova, 2016). 

In 1907, the poorly located M
s
7.6 ± 0.3 Kharatag earthquake occurred somewhere at the northern rim of the 

Tajik depression (Kondorskaya & Shebalin, 1982) or farther east in the Peter I. Range (Kulikova, 2016; Storchak 

et al., 2013). The Hindu Kush-Pamir region also hosts frequent intermediate-depth earthquakes at 80–300 km 

depth, which are related to the ongoing indentation of Indian cratonic lithosphere beneath the Pamir and the sub-

duction and break-off of marginal Indian lithosphere below the central Hindu Kush (Figures 1a, 1b and 2a, 2b, 

Kufner et al., 2016, 2017, 2021; Sippl et al., 2013). In 2015, during the InSAR data acquisition, the Hindu Kush 

hosted a M
w
7.5 earthquake at ∼200 km depth, related to slab break-off (Kufner et al., 2017).

3. Data Processing

3.1. InSAR Time-Series Analysis

We used data from the Sentinel-1 satellites operating in C-Band with a wavelength of ∼5.55 cm. The data were 

published as automatically pre-processed, differential interferograms as follows (Lazeckỳ et al., 2020): each 

radar scene was automatically combined with three preceding and three subsequent scenes in time, resulting in 

six interferometric products with temporal baselines of a couple of weeks to months each (assuming no time 

gaps). The interferograms were created with the GAMMA SAR software (Wegmüller & Werner, 1997; Weg-

müller et al., 2016) and multi-looked (downsampled) to ∼100 m spatial resolution. They were filtered using 

an adaptive phase filter (Goldstein & Werner, 1998), assuming that short-baseline interferograms contain no 

sudden phase changes—e.g., due to fault creep—that are naturally smeared by strong filtering. Pixels with low 

coherence values were masked and the data were unwrapped automatically using SNAPHU v2 (Chen & Zeb-

ker, 2002). The unwrapped interferograms were resampled and geocoded using the 1-arc-second, void-filled 

digital elevation model of the Shuttle Radar Topography Mission (Farr et al., 2007). Each radar scene spatially 

overlaps along-track with other data frames of the same acquisition time and along-range with time-independ-

ent acquisitions (Figure 1c).

Interferometric time-series analysis allows to single out the small, secular tectonic and/or anthropogenic signals 

from the interferometric noise. This is done frame-wise (Figure 1c) by spanning a network of all interferometric 

scenes of one radar frame (Figure S1 of the Supporting Information S1). We used a modified small-baseline 

approach (NSBAS, Doin et al., 2011; López-Quiroz et al., 2009), as implemented in the python code LiCSBAS 

v1.3 (Morishita et al., 2020) that directly integrates the above interferograms. Tropospheric noise was suppressed 

using synchronous tropospheric delay maps, which are based on extrapolated weather data of the European 

Centre for Medium-Range Weather Forecasts in a horizontal resolution of 0.125°, updated every six hours (Yu 

et al., 2018). We automatically excluded interferograms from further processing, if they contained sparse or noisy 

data or did not pass a phase-loop closure test (Biggs et al., 2007; De Zan et al., 2015) indicating severe unwrap-

ping errors. The most stable pixel over time for each frame was selected as a reference pixel (red stars in Figures 

S2a and S2b in Supporting Information S1). The whole interferometric network was then inverted for incremental 

displacements between the acquisition dates, with the mean (i.e., linear) displacement velocity being derived 

from the cumulative displacements by least squares (Morishita et al., 2020). Network gaps were overcome by 

adding a linear constraint with a scaling factor to the Green's functions (Doin et al., 2011). The standard deviation 

of the inverted rates was obtained by percentile bootstrapping (Efron & Tibshirani, 1986). The uncertainties are 

usually underestimated, particularly if the network is not fully connected (Morishita et  al., 2020; uncertainty 
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investigations are discussed in Section 4.1). The resulting rate maps are masked by several quality assessment 

criteria, such as interferometric coherence, amount of data, rate standard deviation, time period covered, number 

of network gaps, or unwrapping errors, or root-mean-square of rate residuals. Finally, the maps were high-pass 

filtered in time and low-pass filtered in space using a Gaussian filter kernel (Hooper et al., 2007).

We processed six overlapping frames in ascending flight mode and seven frames in descending flight mode 

of three adjacent satellite tracks (Figure 1c). The assembled data set covers 270,000 km2 in both view angles, 

stretching N–S from the Ferghana depression to the Hindu Kush and W–E from the Tajik depression to the east-

ern Pamir (Figure 2). When the mission's second satellite became fully operational at the end of 2016, the regular 

acquisition repeat time increased from 24 to 12 days, which drastically increased the interferogram quality. In the 

Pamir, many frames show co- or post-seismic displacements related to the 2015 M
w
7.2 Sarez earthquake (Fialko 

et al., 2021; Metzger et al., 2017). In this region, we used only data acquired one year or more after the earthquake 

(Figure S1 in Supporting Information S1). Overall, each frame contains 255–500 interferograms of 82–175 ra-

dar images spanning 2–6 years (Table S1 in Supporting Information S1). To increase the processing speed, the 

interferograms were four-times multi-looked (i.e., 4 × 4 block complex-value averaged) to a ground resolution of 

∼350 m in range and ∼450 m in azimuth. After quality assessment, the remaining 50–110 scenes spanned a net-

work of 90–350 interferograms (Table S1 in Supporting Information S1). The rates resulting from the time-series 

analysis were masked using standard threshold parameters, that is, an average coherence of >0.05, a rate standard 

deviation of <100 mm/yr, <10 network gaps, and a spatio-temporal consistency of at least 5 mm. Some of these 

parameters were modified individually after visual inspection (Table S2 in Supporting Information S1). After 

the multi-looking and atmospheric-correction procedures, we repeated each processing step iteratively, removed 

poor interferograms, or corrected unwrapping errors manually. This improved the data quality, in particular in the 

rugged western Pamir, where the rates are most difficult to retrieve. The spatio-temporal filter was set to three 

times the average sampling interval in time and 2 km in space. Topography-related phase signals were suppressed 

using a linear correction term estimated between 200 and 10,000 m elevation.

The completeness of the resulting rate maps correlates with topographic roughness (Figures S2a and S2b in 

Supporting Information S1). While the Tajik depression and the arid eastern Pamir Plateau exhibit a relative 

high coverage, the deeply incised western Pamir, Tian Shan, and Hindu Kush are mostly void, apart from 

flat-bottom, formerly glaciated valleys (Stübner et al., 2017). The obtained deformation rates range between 

±15 mm/yr in line-of-sight (LOS) relative to their respective local reference points (Figures S2a and S2b in 

Supporting Information S1). Due to data sparsity, the standard rate deviation of the descending frame 005D_053 

(Figure S2b in Supporting Information S1) is significantly larger than those of the other frames; we excluded 

this frame from further processing. The rate uncertainties are between 0.5 and 3.0 mm/yr, with higher uncertain-

ties in the descending acquisition geometry (Figure S3 in Supporting Information S1). The highest uncertainties 

are observed in the Panj valley in the western Pamir and south of the Hindu Kush, where either the topography 

or a poorly resolved elevation model foster unwrapping errors. We excluded the area south of the Hindu Kush 

from further processing, as it also lacks stabilizing GNSS information. The lowest uncertainties are found near 

the reference points. These uncertainties only reflect a lower boundary, as they do not consider atmospheric 

disturbances or systematic biases caused by spatial subsampling and saw-blade like soil-moisture variations 

(see Figure 2 in Mira et al., 2021), which are problematic to correctly unwrap and cause bias in interferogram 

networks with short temporal baselines (Ansari et al., 2021; De Zan et al., 2014; Mathey et al., 2021), as we 

further discuss in Section 4.3.1. Such biases can be suppressed to some extent if long-baseline interferograms 

are included in the interferometric network, and full resolution data are processed, which was not applicable 

in our case. However, we qualitatively estimated the spatial footprint of these biases by the phase-loop closure 

technique: for each frame, we calculated the mean of closed phase loops, that is, the sum of the interferometric 

phase difference � ��� + ��� − ��� , between three acquisition epochs i, j, and k, which is supposed to be zero (De 

Zan et al., 2015). If several of these loops are averaged, a systematic phase bias becomes apparent (Figure S4 

in Supporting Information S1). For each frame, we calculated the sum of 70–90 phase loops acquired during 

2017–2020. Significantly, mostly negative phase bias—correlated with the slow decrease of soil-moisture (see 

Section 4.3.1)—is observed in the Tajik and Ferghana depressions, and the extent of the affected regions is 

spatially well defined.

The outcome of our time-series analysis cannot only be used to derive linear rates, but also to monitor temporal 

rate anomalies, induced by seasonal processes (Figure S5 and S6 in Supporting Information S1), transients, or 
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smaller earthquakes (see discussion in Sections 4.2 and 4.3.2). Thus, the noise level and temporal information 

in InSAR time-series nearly reach the one of daily GNSS time-series, but clearly outperform them in terms of 

spatial coverage.

3.2. Reference Frame and LOS Rate Decomposition

We collapsed all LOS rate maps with their individual stable reference points (Figures S2a and S2b in Sup-

porting Information S1) into a supra-regional Eurasia-fixed reference frame (Figures S2c and S2d in Support-

ing Information S1), using published horizontal survey-mode GNSS data (Figure 1b; Ischuk et al., 2013; Kufner 

et al., 2021; Metzger et al., 2019, 2020, 2021a; Mohadjer et al., 2010; Zubovich et al., 2016). During this first 

processing step, we identified and excluded four GNSS rates in the Tajik depression and one in the eastern Pamir 

as outliers (white arrows in Figure 2a; see also sensitivity tests in Section 4.1). Next, we tied each rate map into 

the Eurasia-fixed reference frame: we applied a linear ramp to each map to optimize (a) the fit to the horizontal 

GNSS rates within a search radius of ∼4 km (or 10 pixels), and (b) the along-track overlap of the data frames 

(Ou, 2020) by inverting an over-determined, weighted design matrix, where the GNSS rates were collapsed into 

LOS (more details are provided in the Supporting  Information S1). After removal of the GNSS outliers, we 

added eight artificial data points (black squares in Figure 1d) to stabilize the frames covering the southern Hindu 

Kush, where GNSS data are sparse and which could not have been referenced otherwise. Their positions were 

placed at the edges of the respective radar frames, their rates were interpolated from the adjacent stations, and 

their uncertainties were doubled (gray arrows in Figure 1b). The individual rate maps of the descending tracks 

078 and 005 were not fitted to match the along-track overlay, because the data in the overlap area were either too 

sparse or the deviation was abnormally large (Figure S2b in Supporting Information S1; see also the sensitivity 

tests in Section 4.1). The resulting rates (Figures S2c and S2d in Supporting Information S1) contain significant 

offsets across-track, which are mostly due to the sudden LOS change (Figure S7 in Supporting Information S1). 

The westward motion of the western Pamir dominates the ascending rate maps (Figure S2c in Supporting Infor-

mation S1) with positive values and the descending rate maps (Figure S2d in Supporting Information S1) with 

negative values. Due to the right-looking acquisition geometry of the Sentinel-1 satellite, the data are sensitive to 

about 40%, 10%, and 50% of the full east, north, and vertical displacement signals. If observations are available 

from ascending and descending LOS, they can be decomposed (Wright et al., 2004) into east and subvertical 

components by making use of the Pythagorean trigonometric identity between the LOS, east, and the subvertical 

direction (see sketch in Figure S8 in Supporting Information S1). The minor north component in the subvertical 

signal can be suppressed by subtracting interpolated north rates based on independent GNSS rates (Figure 1d; 

Ou, 2020; Supporting Information S1).

The resulting east rates agree with the corresponding GNSS data (Figure 2a) and range between −20 to +10 mm/

yr in the ITRF2014 Eurasia-fixed reference frame (Altamimi et al., 2017). The vertical rates are in a data-centered 

reference frame and embrace ±18 mm/yr (Figure 2b). The rates are most coherent in the Tajik and Ferghana de-

pressions and—to some extent—in the eastern Pamir and the Alai valley. Rates in the western Pamir could only 

be extracted along the Panj-river valley and some of its tributaries. We still observe long-wavelength extrema at 

the corners and edges of some frames, for example, in the NW-corner of frames 071A_054 and 100A_050 or the 

SW-corner of 078D_052 (Figure 1c; markers “1” and “2” in Figure 2a). They are probably due to multiple un-

wrapping errors in disconnected, high-topography regions (Figures S2a and S2b in Supporting Information S1). 

The spatial data coverage decreased further after decomposition (Figure S2 in Supporting Information S1) to 

regions covered by both view angles only. The decomposed rate uncertainties—now including the GNSS data 

uncertainties—are in the range of 0.6–2.6 mm/yr (Figures S9 and S10 in Supporting Information S1). In a similar 

study on Anatolia—with slightly more data—the uncertainties are in the range of 2–3 mm/yr for wavelengths 

of 50–150 km and a 5-year-long time-series (Figure S7 in Weiss et al., 2020). For our slightly sparser data set, 

we assume that local rate changes are significant if >1.5 mm/yr, and long wavelength signals are significant if 

>3–5 mm/yr. These estimates are probably still too optimistic for the Panj-river valley, where the interferometric 

networks are short in time and repeatedly sub-divided, impeding the correct assessment of linear rates (Figure S1 

in Supporting Information S1), or where too few GNSS data points are available (Hindu Kush). There, the decom-

posed rate uncertainties are higher than in the rest of the data set and reach 4.5 mm/yr. The individual ascending 

and descending rate maps and the final decomposed east and vertical rate maps, both stable to Eurasia (Altamimi 

et al., 2017) are available as geo-referenced TIF-files in Metzger, Lazecký, and Maghsoudi (2021).
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4. Results and Discussion

4.1. Rate Map Quality Assessment

Interferometric radar analysis is challenged by several factors. Seasonal vegetation changes and (ground) water 

dynamics introduce a bias, if only short temporal baseline interferograms are used (Figure S4 in Supporting In-

formation  S1; Ansari et  al.,  2021; Mathey et  al.,  2021), or if the network density is not equally distributed 

throughout the seasons. Heavy snowfall causes interferometric decorrelation, which may apply in particular for 

the western Pamir. The partially incomplete digital elevation model (Farr et  al.,  2007) of the deeply incised 

western Pamir and southern Hindu Kush contains topographic artifacts, which makes interferograms prone to un-

wrapping errors. Given these obstacles, our LiCSBAS rate maps contain isolated data patches due to spatial and 

temporal decorrelation (Figure S2 in Supporting Information S1), which challenges the combination of the ob-

served rates of several independent acquisition frames into one single reference frame. We overcame this to some 

extent by tying the rates to the GNSS reference frame, but some sharp jumps along frame boundaries remain; 

these are in the Afghan platform, the western Ferghana depression, the Dushanbe trough north of the Ilyak fault, 

and the upper Panj-river valley (markers “1” to “4” in Figure 2a, respectively). Also, the east rates of ∼0 mm/yr 

observed in the Muksu-river valley in the northern Pamir (Muksu in Figure 2a)—conflicting with the higher rates 

in the surrounding regions—are difficult to interpret. Thus, abundant GNSS data are fundamental to correctly 

transform LOS rate maps with spatial gaps into a supra-regional reference frame. For example, the sparse GNSS 

data in the Hindu Kush do not suffice to stabilize the observed, disconnected LOS rates correctly—particularly 

in the region south of the Hindu Kush—and we can only speculate if the long-wavelength signals are rooted in 

tectonics (Figures 2a and S2 in Supporting Information S1).

To further test the stability of the decomposed, Eurasian-fixed rate maps, we performed the steps described in 

Section 3.2 three more times, using different referencing strategies. First, we included the five GNSS-rates iden-

tified and excluded as outliers in Section 3.3; then, we fitted also the along-track overlaps of frames 078 and 005, 

that originally exhibit a poor fit; finally, we combined the previous two procedures. A visual comparison of these 

tests shows that—apart from obvious sharp rate changes along frame boundaries—only long-wavelength patterns 

in the rate maps are affected (Figure S11 in Supporting Information S1). The inclusion of the GNSS-rate outliers 

increases the westward motion of the region west of the Babatag fault by up to 4 mm/yr (models A in Figure S11 

in Supporting Information S1), but introduces an obvious misfit between the InSAR and all other GNSS rates in 

the Tajik basin; it has no significant effect on the vertical rates. Fitting frames 078 and 005 along-track effects the 

southern Tajik basin strongest (models B in Figure S11 in Supporting Information S1), increasing the westward 

rate by 9 mm/yr and the subsidence by 8 mm/yr in the fold-thrust-belt; in the Hindu Kush, it yields unrealistic 

increase of east and uplift-rates by 13 and 6 mm/yr, respectively. Given the poor GNSS–InSAR misfit and the 

unrealistic rates for the Hindu Kush, we stick to the reference-frame strategy detailed in Section 3.2.

The independent LiCSBAS rate maps offer reliable data to identify km-scale mass movements, which are abun-

dant in this region, but these signals should be confirmed by optical imagery and/or fieldwork. We encourage the 

reader to make use of the supplementary material (Metzger, Lazecký, & Maghsoudi, 2021) for their own specific 

analyses. When interpreting our results, one must consider the different time periods of data collection (Figure 

S1 in Supporting Information S1). Each individual LOS rate map might be differently affected by moderate-sized 

earthquake signals or season-dependent near-surface dynamics. The Tajik depression yielded the highest data 

resolution in space and time, where we have both, dense data and distinct tectonic and non-tectonic signals that 

can be correlated with independent structural data in high-resolution. We therefore discuss the observations from 

the Pamir and Hindu Kush in a reconnaissance way and focus on the Tajik depression, in particular the Tajik FTB.

4.2. Pamir and Hindu Kush

In the Eurasia-fixed reference frame, the InSAR rates exhibit westward motion in the order of ≥10 mm/yr in the 

western Pamir and the Tajik FTB with a good match to the GNSS-derived east rates (Figure 2a). We assign the 

large-scale west-directed surface displacements to the westward collapse and lateral extrusion of the Pamir-Pla-

teau crust. North of the Pamir-Tian Shan collision boundary, the Ferghana depression appears to lack horizontal 

motion (i.e., it is relatively stable in reference to Eurasia), as all significant features in the rate maps also appear 

in the phase-bias map (Figure S4 in Supporting Information S1) or collocate with radar-frame boundaries (mark-

er “2” in Figure 2a) and hence are artifacts. Along the northern front of the Pamir in the southern Alai valley 
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(Figures 1a, 2a and 2c), sharp rate changes record the westward-increasing dextral shear at the leading edge of 

the Pamir, indicating its escape toward the west in addition to the dominant N–S shortening showcased by GNSS 

data (Zubovich et al., 2010, 2016). The east-rate map also indicates that part of the active deformation steps back 

south of the eastern Alai valley from the Pamir Frontal Thrust and connects to the ∼WNW-striking Muji fault 

(Figures 1a, 2a and 2c). It remains indistinguishable whether the recorded velocities reflect post-seismic activa-

tion following the 2016 Sary-Tash and Muji earthquakes (Bie et al., 2018; Feng et al., 2017) or are a long-term 

signal. Afterslip can be excluded, since we removed data acquired in (at least) the first six months after these 

two M6 events, but a slight non-linear signal is still observable in individual time-series (e.g., Figures S6g–S6j 

in Supporting Information S1). In any case, the indicated rates support the transfer of the top-to-west normal slip 

along the Kongur Shan extensional system of the eastern Pamir (e.g., Robinson et al., 2004, 2007; just outside and 

southeast of the eastern boundary of Figure 2a) via the Muji fault and the Kyzilart transfer zone (marker “a” in 

Figure 2a) to the Pamir Thrust System and in particular to the deformation front along the Pamir Frontal Thrust 

(Sippl et al., 2014). The existence of this dextral transfer zone, consisting of the Muji fault and the faults of the 

Kyzilart transfer zone, that transfer ∼E-W crustal extension along the Kongur Shan system to the dextral strike-

slip component along the Pamir front, is also implied by the slight divergence of the GNSS velocity field between 

the eastern Pamir (e.g., Lake Karakul area in Figure 2a) and the Tarim block (Zubovich et al., 2010). North of the 

transfer zone the GNSS vectors parallel those in the Tarim basin, albeit with lower rates than in the Tarim basin, 

reflecting the shortening across the multiple faults of the Pamir Thrust System (Figures 2a and 2c). The dextral 

transfer zone (Muji fault and faults of the Kyzilart transfer zone) implies that the eastern Pamir is involved in the 

partitioning of convergence into ∼N‒S shortening and ∼E‒W extension, here with a westward flow component 

smaller than that of the western Pamir.

At the northwestern rim of the Pamir, along the Vakhsh valley, sharp east-rate changes of 12–24 mm/yr either 

imply high landslide activity or—more likely—a shallow locking depth of the evaporite-rooted, dextral-trans-

pressive Vakhsh thrust (Figures 2a and 2d); the estimated dextral strike-slip rates are 16 ± 3 mm/yr (Metzger 

et al., 2020). If the Vakhsh thrust is nearly freely creeping, the 1949 M
w
7.6 Khait earthquake likely did not rupture 

the Vakhsh thrust but a structure in the crystalline basement of the Tian Shan.

On first order—and given that the east rates measured in the valleys of the Panj and its tributaries are significant, 

the west rates appear to increase from 5–15 mm/yr westward motion in the eastern Pamir (east of the Sarez-Kar-

akul fault system) to 15–20 mm/yr in the western Pamir; this conforms with the intense western Pamir seismic-

ity with focal mechanisms that show strike-slip and normal fault solutions with ∼E-trending T-axes (Schurr 

et al., 2014). A minor westward rate increase occurs across the distributed segments of the Sarez-Karakul fault 

system, for example, near Lake Sarez (Figures 1a and 2a). The implied extensional deformation component ac-

commodated by the Sarez-Karakul fault system agrees with the geologic observations of major range-bounding 

normal faults northeast of Lake Sarez (Officers Range, marker “OR” in Figure 2a; Rutte et al., 2017; Schurr 

et al., 2014) but contrasts with focal mechanism solutions, which record nearly pure sinistral strike-slip (Metzger 

et al., 2017; Schurr et al., 2014). However, we consider the rates in this area somewhat uncertain, as some short 

wavelength rate changes correlate with slopes and the systematic bias map (Figure S4 in Supporting Informa-

tion S1). We suspect that this is not a topographic artifact but rather caused by seasonal, permafrost-related sag-

ging of (or pore-pressure changes in) unconsolidated material (e.g., Rouyet et al., 2019); we extensively mapped 

such features that formed as a result of the 2015 Sarez earthquake (the light-blue lines in Figures 2a and 2b show 

the modeled rupture trace from Metzger et al., 2017).

The northeastern Hindu Kush of Badakhshan (Figure 1a), with reliable data along the Kokcha-river valley (mark-

er “b” in Figure 2a), exhibits nearly as high westward rates (7–12 mm/yr) as the eastern Tajik FTB (8–15 mm/yr) 

and the western Pamir (marker “c” in Figure 2a, 16–26 mm/yr). No modern structural information is available for 

the faults and folds mapped in the northeastern Hindu Kush, but the highest rate changes coincide with thrust-

cored folds along the southeastern margin of the Tajik FTB, involving Pliocene strata (Figure 3a; Doebrich & 

Wahl, 2006; own unpublished mapping). In contrast, the western Hindu Kush—including the Afghan platform—

appears to be horizontally mostly stable with respect to Eurasia (west of marker “b” in Figure 2a, 0 ± 2 mm/yr).

We observe strong and accelerating uplift of 10–17 mm/yr in the westernmost Pamir (along the Panj valley and 

west of it) and easternmost Tajik FTB where its eastern erosional edge is cut by the Darvaz fault zone (marker “d” 

in Figures 2 and 3b, time-series in Figures S5a and S5b in Supporting Information S1); this area coincides with 

the area of rapid westward motion (marker “c” in Figure 2a; see interpretation below). The acceleration started 
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∼1 year (Figure S5a and S5b in Supporting Information S1) after the Sarez and the slab-break-off earthquakes 

200–250 km farther east and south, respectively (Figures 1a, 2a and 2b).

A N–S gradient—with uplift rates of 4–6 mm/yr—occurs at the southern margin of the Tajik depression at its 

transition to the Afghan platform (marker “e” in Figure 2b). This area south of the Amu Darya–Panj-river valley, 

marks the interaction and transition from the ∼E–W shortening of the Tajik FTB to the ∼NW–SE shortening 

within the Afghan platform, implied by earthquake focal mechanism (e.g., Supplementary Figure S5 in Kufner 

et al., 2021; McNab et al., 2019), and the appearance of ∼E-striking faults, for example, the dextral-oblique thrust 

in the Alburz-Marmul fault zone (Figure 1a).

The whole northeastern Hindu Kush and southwestern Pamir are located above steeply dipping lithospheric slabs; 

their position in the mantle is outlined by depth contours of intermediate-depth seismicity in Figure 1a and the 

intermediate-depth earthquake epicenters in Figures 1b, 2a and 2b (e.g., Kufner et al., 2016, 2017, 2021; Zhan 

& Kanamori, 2016). The Pamir slab starts to bend down from west to east beneath the eastern Tajik FTB (Fig-

ures 6 and 7 in Schneider et al., 2019; crustal-scale cross section in Figure 18c of Gągała et al., 2020) and likely 

laterally terminates in the south where strong uplift (marker “d” in Figure 2b) gives way to subsidence in the 

northeastern Hindu Kush (marker “f” in Figure 2b). The Hindu Kush slab is subducting northward, dips steeply 

north to vertical, and is in the process of stretching and tearing in its eastern part (Kufner et al., 2017, 2021). 

The boundary between the mantle parts of the two slabs is outlined by the intermediate-depth earthquakes in the 

southwestern-most Pamir (Hindu Kush slab: purple dots; Pamir slab: pink dots in Figures 2a and 2b). It is diffi-

cult to assess, whether these deep-seated processes are reflected in our rate maps. InSAR radar satellite antennas 

are most sensitive to vertical motions, but subtle rate changes across several tens—if not hundreds of kilome-

ters—are challenging to correctly retrieve. Our observation of clearly linear, regional, 0–4 mm/yr subsidence in 

the northeastern Hindu Kush (marker “f” in Figure 2b; Figure S5i in Supporting Information S1) above and north 

of the Hindu Kush slab, and in particular the marked contrast to the 10–17 mm/yr uplift in the easternmost Tajik 

FTB (marker “d” in Figure 2b) likely record these lithosphere processes. This regional subsidence remains—or 

even increases—despite the different reference framing strategies discussed in Section 4.1 (Figure S11 in Sup-

porting Information S1). The region where the crust of the Tajik depression bends down, forming the footwall 

of the western Pamir (crustal-scale buckling in profile along latitude 38°N in Figure 6 of Schneider et al., 2019; 

Gągała et al., 2020), likely constitutes a crustal-scale antiform above a ramp, causing uplift. In the southwestern 

Pamir, the steeply ∼SE-dipping to vertical, back-rolling Pamir slab (Kufner et al., 2016) possibly induces subsid-

ence (Figure 2b). The north-dipping to subvertical, back-rolling Hindu Kush slab possibly induces the subsidence 

in the Hindu Kush (marker “f” in Figure 2b): there, subsidence of up to 4 mm/yr changes to uplift at the western 

end of the slab where it is intact (boundary between markers “e” and “f”) and subsidence possibly changes to 

modest uplift at the slab's eastern end, where the break-off has progressed most (Kufner et al., 2021). We interpret 

the general ≥10 mm/yr subsidence south of marker “f” and south of the eastern part of marker “e” as a tectonic 

signal caused by the Hindu Kush slab; there, Kufner et al. (2021) tomographically mapped its down-bending to-

ward a subvertical position in the mantle marked by the purple earthquakes. In contrast to these long-wavelength 

features, we interpret the pronounced stripes of 20–40 mm/yr subsidence crossing and extending to the south of 

marker “e” along the Kunduz-river valley as anthropogenically caused (Figure 2b; see Section 4.3.1 for equiva-

lent subsidence along the valleys of the Tajik depression).

4.3. Active Structures in the Tajik Fold-Thrust Belt

The rates in the Tajik FTB are interpreted in combination with seismicity (Kufner et al., 2018) and the structural 

geometries, derived from surface, seismic, and borehole data (Gągała et al., 2020). In addition to the map view 

(Figure 3), we projected the horizontal and vertical rates onto four geologic cross-sections within 5 km swaths 

(Figures 4a and 4b; cross-section traces in Figure 3), and into a detailed east-rate map and an oblique-crossing 

profile of the Ilyak fault (Figure 5; frame in Figure 3a). In addition, we compared the rates to topographic profiles 

and percentage of arable land, both computed within 5 km swaths (Figures 4a and 4b).

4.3.1. Non-Tectonic Signal

Herein, we outline the non-tectonic signal, that is systematic subsidence, by land classification data based on 

Landsat 8 optical imagery (MDA US BaseVue, 2013); land classified as arable correlates well with the system-

atic soil-moisture bias map (Figure S4 in Supporting Information S1). We marked the major agricultural areas 
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Figure 4. Topographic profiles (max., mean, min. values within 5-km swath), InSAR horizontal and vertical rates, and background seismicity (Kufner et al., 2018) 

projected onto geologic cross-sections A to D through the Tajik depression (Gągała et al., 2020; see Figure 3 for location) with the main structural features named 

(compare Figures 1–3). Markers E (east), H (location marker), I (location marker), NR (Nurak reservoir), and W (west), and envelopes A and B locate features that we 

discuss in detail in the text.
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by polygons framed thick-white (Figure 3b) respectively shaded in green (Figures 4a and 4b). The vertical rate 

maps of Figures 2b and 3b outline stripes with >15 mm/yr subsidence as the most outstanding feature of the 

Tajik depression; the strongest subsidence signal follows the major river valleys of the Tajik depression, which 

host intense agriculture. The observed subsidence is most likely caused by precipitation-induced soil-moisture 

changes that alter the dielectric properties and thus the vertical propagation of the incoming radar waves (Ansari 

et al., 2021; De Zan et al., 2014). Rainfall and/or snowmelt causes rapid pore filling and simultaneous soil uplift 

(Gabriel et al., 1989), which often leads to unwrapping errors in interferograms. The consequent slow dehumidi-

fication (see Figure 2 in Mira et al., 2021), on the other hand, is correctly imaged in interferograms, thus biasing 

the vertical rates derived from the time-series analysis toward the negative. This bias is likely strongly enhanced 

Figure 4. Continued.
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by water extraction due to the extensive irrigation in the summer months, during which most of the used radar 

scenes were acquired; a more detailed study of these signals lies beyond the scope of this work. In the horizontal 

rates, the agricultural areas often coincide with a high measurement scatter, although without any systematic 

component. A second conspicuous vertical signal—but this time positive—correlates with major rivers and relat-

ed to water level increase during hinterland snow melt (e.g., markers “g” in Figure 3b).

The distinct, patchy subsidence in the region between the fossil and active (Hoja Mumin) salt diapirs in the 

southeastern Tajik FTB and the Nurak water reservoir (markers “HM” and “NR” in Figure 2b) are likely an effect 

of salt tectonics (Figure 11 of Gągała et al., 2020). But it is also correlating with arable land that has not been 

properly classified in the Landsat 8 data. The highest deformation rates occur at the Hoja Mumin salt fountain 

(Figure 2e), where we observed local uplift of ∼50 mm/yr at its top, surrounded by up to ∼120 mm/yr of subsid-

ence and lateral outflow of ∼350 mm/yr to the west and ∼170 mm/yr to the east. These rates confirm the recent 

activity of this salt fountain, as documented by Leith and Simpson  (1986), Dooley et al.  (2015), and Gągała 

Figure 5. East rates across the Ilyak fault in (a) map view and (b) as across-fault profile. Background seismicity and focal mechanisms (Kufner et al., 2018) are plotted 

in red. The profiles in (b) are centered along the maximum rate change and are color-coded along strike, indicating different slip behavior. Median rates are plotted 

in purple, median topography and its deviation is indicated in green. (c) Sites that characterize structural data from selected deformation zones north and south of the 

Ilyak fault, which is badly exposed, mostly due to its anthropogenic overprint. Pure top-to-south thrusting emplaced the crystalline basement of the Tian Shan onto 

Cretaceous limestone (1893A); the two sites in the Vakhsh anticlinorium characterize that part of the Tajik FTB where the overall ∼N-striking thrusts bend into the 

Ilyak fault zone; they have dextral-transpressive top-to-(N)NW kinematics. Structural data are plotted in lower hemisphere, equal area stereograms. Arrows around 

the stereograms indicate sub-horizontal maximum stress orientations determined from fault-slip analysis (following Sperner & Ratschbacher, 1994). Faults are drawn 

as great circles and shear directions and striae (slickenlines) as arrows pointing in the direction of the displacement of the hanging wall. Confidence levels of slip-

sense determination are expressed in the arrowhead style: solid, certain; open, reliable; half, unreliable. Lithology and strata age (Cr
1
: Lower Cretaceous, Cr

2
: Upper 

Cretaceous, Pg
3
-N

1
: Oligocene-Miocene), and reduced stress-tensor calculations are plotted on the right (principal stress orientations: σ

1
, σ

2
, σ

3
; θ fracture angle used 

for calculation; R is the shape factor of the stress-ellipsoid, (σ
2
−σ

3
)/(σ

1
−σ

3
); n: number of data used for calculation; dimensionless Mohr diagram visualizes normal 

versus shear stress relations for each fault (circles), tg: tensions gashed plotted as poles to the planes, s
0
: bedding. Transparent beach balls outline compressional (gray) 

and extensional (white) dihedra.
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et al. (2020). We also observed localized uplift surrounding the shores of the Nurak reservoirs (and smaller res-

ervoirs downstream; marker “NR” in Figure 2b and cross-sections A and B in Figure 4a) that is probably related 

to elastic rebound caused by reservoir-volume changes, as it was confirmed elsewhere (e.g., Cavalié et al., 2007; 

Neelmeijer et al., 2018).

4.3.2. Tectonic Signal

The unambiguous horizontal tectonic signal consists of long-wavelength trends. Foremost, the bulk of the Tajik 

FTB accommodates westward motion (map view in Figures 2a and 3a, cross-sectional view in Figures 4a and 4b). 

Characteristically, the east rates are not affected by the vergence of the fold-thrust structures in the Tajik FTB; 

in particular, the Yavan synclinorium—the zone of vergence change—is showing similar horizontal rates as the 

bounding Kafirnigan and Vakhsh anticlinoria. Therefore, the Yavan synclinorium must be—at least at present—

entirely detached from its original substratum. Chapman et al. (2017) postulated that the east-vergent western Ta-

jik FTB is part of the greater Tian Shan orogenic system, distinct from the eastern Tajik FTB whose shortening is 

linked to the Pamir, with the Yavan synclinorium being a remnant foreland common to both fold-thrust systems; 

again—at least at present—the west-directed rates indicate the detachment of the entire Tajik FTB as part of the 

outward-growing Pamir orogenic system.

The west-directed rates decay away from the Pamir: Figure 3a shows—in average—higher westward displace-

ments in the part of the Tajik FTB adjacent to the Pamir than away from it. Cross-sections A, B and C in 

Figures  4a and  4b illustrate this pattern (envelope ‘A’ in the horizontal displacement profiles), while in the 

southernmost cross-section D this trend is not convincing. We interpret this decrease by the gradual dissipation 

of the west-directed motion across the FTB-internal, salt-rooted thrusts and folds; however, this absorption of 

displacement by FTB-internal structures is subordinate to the coherent westward displacement of the whole Tajik 

FTB. The rates decrease and become less systematic toward south (cross-sections A–C vs. D; Figures 4a and 4b), 

suggesting active, northward-increasing, anti-clockwise vertical-axis rotations in the Tajik FTB, in agreement 

with the sense of past rotations evidenced by paleomagnetic data (Pozzi & Feinberg, 1991; Thomas et al., 1994).

In detail, the horizontal displacement profiles often show a saw-blade pattern (Figures  4a and  4b). These 

short-wavelength perturbations stand out across the Kafirnigan anticlinorium, where positive spikes—reaching 

up to 10 mm/yr above the regional background—are centered over scarp slopes of east-facing hogback ridges 

(“E” markers placed over the horizontal displacement profiles in cross-section B and C; Figures 4a and 4b). Fig-

ure 6a highlights these short-wavelength anomalies in a high-pass filtered map of horizontal rates that suppresses 

the regional component: the east-facing scarp slopes (“E” markers) show narrow but pronounced positive, the 

west-facing slopes negative, albeit less pronounced horizontal displacement anomalies. The divisions between 

the local positive and negative anomalies follow the crests of the topographic ridges, suggesting divergent ground 

motions across the ridge crests. We interpret the short-wavelength saw-blade patterns—superimposed on the 

regional displacement profiles—as related to gravitationally induced mass movements (slope sagging or creep) 

and rule out topographic artifacts, as these perturbations also vary along elevation isolines. Due to the homo-

clinal structure of the hogback ridges in the Kafirnigan anticlinorium, the east-facing scarp slopes incise older 

strata, including mass-movement prone Cenomanian-Campanian shale, marl, limestone, and evaporites, while 

the west-facing ones follow in general sandstone- and conglomerate-dominated Oligocene-Neogene strata with 

less mass-movement susceptibility; this likely causes the faster ground motion on eastern than western slopes. 

Figure 6b provides structural evidence for northwest-directed mass movement, albeit without age control: along 

a steeply west-dipping slope in the ∼NW-dipping strata of the Karshi anticline—east of the Babatag anticline, 

an Upper Cretaceous shale-gypsum sequence shows dominantly ∼NW-directed normal faulting, with the fault 

planes, shear zones, and numerous tension gashes infiltrated/lubricated by gypsum.

Across the frontal anticline of the Vakhsh anticlinorium, where the hogback ridges face west due to the change of 

the structural polarity across the Yavan synclinorium, this relationship seems to be reversed: there, the west-fac-

ing scarp slopes (“W” markers in cross-sections B and C of Figures 4a, 4b and 6a) correlate with negative dis-

placement spikes. This indicates that a local west-directed displacement component adds up to the regional dis-

placement. We propose the same explanation as for the Kafirnigan anticlinorium, that is, variable susceptibility 

of the slopes to mass movements; however, the relationship is more diffuse in the Vakhsh than in the Kafirnigan 

anticlinorium, possibly due to the complex surface geology, in particular the presence of incised hanging-wall 

anticlines.
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An abrupt ∼5 mm/yr change in the east rates occurs across the Ilyak fault and the Babatag thrust (Figures 2a, 3a, 

4a and 5). The Babatag thrust accommodates an abrupt arrest of the Tajik FTB's westward motion. It is the most 

prominent structure of the Tajik FTB in terms of the amount of shortening with total displacement exceeding 

20 km over the past ∼12 Ma in its northern segment; total displacement drops to ∼10 km in the south (Gągała 

et al., 2020). The horizontal velocity contrast across this thrust is ∼5 mm/yr all along strike, although the velocity 

gradient in the north (cross-sections B and C; Figures 4a and 4b) is higher than in the south (cross-section D). The 

absolute numbers indicate a passive hanging wall and actively underthrusting footwall. The dip of the Babatag 

thrust—constrained by boreholes—is ∼15° (Gągała et al., 2020), hence, the horizontal underthrusting at ∼5 mm/

yr should resolve in ∼1.3 mm/yr vertical displacement of the hanging wall; such an uplift anomaly is not evident, 

probably due to its low value compared to the noise. Recent activity of the Babatag thrust may independently 

be indicated by geomorphology: Figure S12 in Supporting Information S1 shows a series of 500-m-wide swath 

profiles along selected stream trunks. Most of the profiles display knickpoints, possibly indicating topographic 

perturbations due to slip along the Babatag thrust; the most affected stream profiles (2, 3, 5 in Figure S12 in 

Supporting Information S1) face an exposed portion of the Babatag thrust where it overrides Quaternary alluvia. 

Figure 6. High-pass filtered horizontal displacement map that suppresses the regional component for the northern part of 

the Kafirnigan anticlinorium superposed over a shaded relief map. Kernel size is 7 pixels, that is, ∼2800 m. The east-facing 

scarp slopes of east-facing hogback ridges (“E” markers) show narrow but pronounced positive, the west-facing scarp slopes 

negative, less pronounced horizontal displacement anomalies. Sign change follows the crests of the topographic hogback 

ridges, suggesting divergent ground motions. These short-wavelength patterns—superimposed on the regional displacement 

profiles—are likely related to active gravitationally induced mass movements. (b) Structural evidence for NW-directed 

mass movement: along a steeply west-dipping slope in the NW-dipping strata of the Karshi anticline (site 1795B), an Upper 

Cretaceous shale-gypsum sequence shows dominantly west-directed normal faulting, with the faults planes and numerous 

tension gashes infiltrated by gypsum. See text for discussion.
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However, due to the resolution of the current-state of geologic mapping in this area (scale 1:200,000), we cannot 

assess the effect of lithological changes on the position of the knickpoints in detail.

Cross-section A in Figure 4a shows and Figure 5 details the transition of the Tajik FTB to the Dushanbe trough, 

which is involved in the moderate ∼N–S shortening of the Tian Shan to the north (Gągała et al., 2020; Käßner 

et al., 2016). Figure 5 shows the structures, seismicity, and east-rate changes across the Ilyak fault southeast of 

Dushanbe, where the fault exhibits a horizontal rate change within a corridor of ≤4 km. In an elastic screw dis-

location model, 50% of the fault's relative motion should occur in a corridor of twice its locking depth (Savage & 

Burford, 1973); this would suggest that the fault is locked at <1 km depth, if not—given the spatial sampling of 

∼350, respectively ∼450 m and the strong filtering of the original interferograms—freely creeping as suggested 

by InSAR LOS rate maps produced by higher spatial sampling (Wilkinson et al., 2021). Dextral slip varies along 

strike and decreases from ∼10 mm/yr in the east to ∼5 mm/yr in the west (Figures 5a and 5b). Seismicity is sparse 

except for an area ∼20-km west of Dushanbe, where the focal mechanisms suggest dextral shear (Figure 5a; Kuf-

ner et al., 2018). This is where the fault changes strike and several thrusts of the Kafirnigan anticlinorium enter 

the Ilyak fault, forming transpressive shear lenses, imbricating Lower Cretaceous to Pliocene rocks.

We have no direct structural information on the Ilyak fault, mostly due its strong anthropogenic overprint. The 

data at the three sites shown in Figure 5c characterize the northern edge of the Dushanbe trough and the Vakhsh 

anticlinorium south and north of the Ilyak fault, respectively. Pure top-to-south thrusting emplaced the crystal-

line basement of the Tian Shan on Cretaceous limestone of the Tajik basin at station 1893A at the northern rim 

of the Dushanbe trough; the age of thrusting is unknown but younger than ∼10 Ma (Käßner et al., 2016). The 

lack of a strike-slip signal confirms that the band of westward displacement signal, coinciding with a series of 

thrusts farther east, is a radar frame artifact (marker “3” in Figures 2a and 5a). The ∼NE-striking fault east of 

Dushanbe, well-expressed topographically and forming a clear boundary between agricultural and pastural land, 

appears to accommodate west-directed rates of up to 5 mm/yr, highlighting FTB-internal deformation. The two 

sites (Figure 5c) in the Vakhsh anticlinorium south of the Ilyak fault characterize that part of the Tajik FTB where 

the overall ∼N-striking thrusts progressively bend into the Ilyak fault zone. Characteristically, the thrusts have 

dextral-transpressive top-to-(N)NW kinematics; these faults accommodate horizontal rate changes of a few mm/

yr. Our data neither support nor disprove the hypothesis that the 1907 M
s
7.6 ± 0.3 Kharatag earthquake occurred 

on a locked fault ∼100 km west of Dushanbe (Figure 1a; Kondorskaya & Shebalin, 1982).

An obvious but small active structure is a ∼N-striking fault south of the conjunction of Vakhsh, Panj, and Kun-

duz rivers that exhibits frequent seismicity and where the hanging wall exhibits increased west-directed motion 

(marker “h” in Figures 3a and 3b). Its surface trace reaches a length of ∼15 km but may be connected with a 

similar structure north of the Amu Darya, also hosting a cluster of seismicity and two focal mechanism solutions 

that indicate slip along ∼N-striking sub-horizontal planes (Kufner et al., 2018). The original time-series of a pixel 

selected in the hanging wall captured about ∼3 cm of slip toward ascending LOS after a 2017, January 9, M
w
5.2 

earthquake (event 201701090559A, Ekström et al., 2012; Figure S5j in Supporting Information S1). Our kine-

matic observations agree with the double couple solution from the Global Centroid Moment Tensor catalog that 

reports thrusting on a ∼46°-dipping plane on a ∼SSE-striking fault (marked in orange and labeled by magnitude; 

Figure 3). The epicenter, however, is ∼15 km west of the cluster of earthquakes (Kufner et al., 2018). We consider 

the structure to be part of the southernmost Kafirnigan anticlinorium, where it bends from a ∼N to a ∼SE strike, 

marking the southern margin of the Tajik FTB.

Extremely rapid westward motion occurs west of the Darvaz fault zone, at the eastern erosional edge of the Tajik 

FTB, where westward rates reach 16–26 mm/yr (marker “c” in Figures 2a and 2e; markers “I” in Figure 4a); 

these high rates can be observed from the Peter I. Range in the north all the way to west of the Kokcha river in 

Badakhshan in the south, interrupted by a relatively stable area and with only locally retrievable signal along 

the Panj valley. Vertical uplift rates also increase toward the Darvaz fault reaching 10–17 mm/yr (marker “d” in 

Figure 2b; envelopes B in Figures 4a and 4b; see Section 4.2). The area of rapid uplift coincides with high topog-

raphy, developed in often weakly consolidated Neogene coarse-grained terrestrial strata (Figure 4, topographic 

swath profiles). From our uncertainty analyses (Figures S3, S4, S8, S10, and S11 in Supporting Information S1), 

we can exclude atmospheric or near-surface contributions to these rates, thus they are of tectonic origin. Both the 

high horizontal rates and the Pamir-ward—probably temporarily—increase of the vertical uplift rates support the 

earlier given interpretation (Section 4.2) of a tectonic stack above a ramp, caused by ongoing indentation of the 

leading edge of the Pamir below this marginal part of the Tajik depression, resulting in a passive roof uplift; the 

CHAPTER 3. APPLICATIONS

110



Journal of Geophysical Research: Solid Earth

METZGER ET AL.

10.1029/2021JB022775

19 of 23

temporary increase possibly correlates in time with the M
w
7.2/7.5 Sarez/slab break-off earthquakes (Figure S5a 

and S5b in Supporting Information S1). The rapid westward motion and the uplift, however, appear inconsistent 

with the modern sinistral kinematics of the Darvaz fault (Kufner et al., 2018; Metzger et al., 2020). We favor an 

interpretation of slip partitioning, with top-to-WNW thrusting of the Pamir's buried leading edge being kinemat-

ically decoupled by the sinistral Darvaz fault from the Pamir hinterland. We envision a similar displacement par-

titioning as described for the deformation at the northern edge of the Pamir, east of the Alai valley (Section 4.2): 

there, dominant northward motion is accommodated by the large thrusts of the Pamir Thrust System (with the 

recent Nura and Sary-Tash earthquakes) and subordinate dextral strike-slip faults, the Muji fault and the Kyzilart 

transfer zone (with the recent Muji earthquake), that accommodate the westward escape of the Pamir. In this sce-

nario, the thrusts and strike-slip faults at the eastern edge of the Tajik FTB would partition deformation in north-

ward motion along the Darvaz fault zone (and little-studied parallel faults in the western Pamir of Badakhshan) 

and westward motion along the thrusts.

If significant, the westward increase of the horizontal rates west of the Darvaz fault zone (marker “c” in Fig-

ures 2a and 2e) would imply ongoing extension along the eastern border of the displacement anomaly and con-

comitant shortening along its western border, a pattern typical for gravity-driven deformation. Past extension is 

indeed evidenced by likely Neogene graben fills in the Darvaz fault zone (Figure 2e; Gągała et al., 2020), but 

we are lacking structural and geomorphic data to confirm that such a process is operating today. We interpret the 

eastern edge of the Tajik FTB as the western margin of the province with strike-slip and normal fault focal mecha-

nisms that indicate ∼E–W extension across the western Pamir (Schurr et al., 2014). The westward increasing rates 

may indicate the zone where the crust of the topographically high western Pamir Plateau acquires a component of 

westward gravitational sliding being transferred from the crustal ramp to the salt-décollement of the Tajik FTB.

There is a conspicuous westward horizontal rate increase of up to 7 mm/yr across a ∼NNE-trending watershed 

between the Panj and the Kokcha rivers that seems to be a true kinematic signal (marker “j” in Figures 2a, 2e 

and 3a); toward east, rates increase again to ∼8 mm/a westward movement (southern extension of marker “c” 

in Figures 2a and 2e), which we interpreted above as due to a component of westward gravitation sliding along 

the western margin of the Pamir Plateau. The boundary of increased westward motion at marker “j” coincides 

with the transition from the west-vergent thrust-folds with thick Neogene hanging-wall strata to the area in the 

southeastern Tajik FTB that is governed by salt-tectonics (marker “H” in cross-section D of Figure 4b). The box-

shaped antiform with a >25-km wavelength, cored by up to 5-km-thick evaporites and a salt diapir at its western 

tip west of marker “H”, may indicate a zone of enhanced westward flow feeding the various thrusted detachment 

folds with thick evaporite cores farther west. This indicates that parts of the buried salt structures of the southeast-

ern Tajik FTB—besides the Hoja Mumin salt fountain—are active; the strong anthropogenic overprint prohibits 

an interpretation of the vertical displacements but as in the area between the Nurak reservoir and Hoja Mumin 

salt fountain, the subsidence signal features a distinct, patchy pattern.

5. Conclusions

Our research shows that interferometric rate-map creation for an entire orogenic segment is challenging given the 

extreme changes in—for example—topography, precipitation, and vegetation. Aided by the high velocities at the 

western margin of the India-Asia collision zone, our rate maps offer insights into the horizontal and vertical dis-

placement field that pointwise sampling methods (e.g., GNSS) cannot provide. Combined with seismicity and—

in particular—geologic and thermochronologic data, it provides an efficient approach to integrate the short- and 

long-term rate observations into a detailed orogenic evolution.

The interferometric rate maps of the greater Pamir area exhibit large-scale tectonic features, ground subsidence 

due to water level changes, salt tectonics, and mass movements. Rate interpretation is limited by data sparsity 

of the underlying interferometric network in time and space. Single interferograms of poor quality—containing 

unwrapping errors across disconnected regions, for example—might significantly influence the 13 derived rel-

ative rate maps in LOS. The GNSS data play a key role to correctly tie the rate maps to a supra-regional, Eura-

sian-fixed reference frame and the decomposition of the LOS rates into east and vertical rates, particularly for 

long-wavelength signals. Our GNSS data quality is somewhat limited, as the database contains only horizontal 

rates, derived from repeated, annual surveys in difficult terrain and confined by topography. The temporal reso-

lution and accuracy of spatio-temporally filtered InSAR time-series (in LOS) nearly equals daily GNSS solutions 
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and are able to reproduce ephemeral and seasonal processes. We discussed the most conspicuous tectonic and an-

thropogenic features, and linked them to the seismicity, and the geologic structures formed over the last ∼12 Ma.

The displacement-rate maps highlight the 3-D geometry of large parts of the northwestern orogenic margin of 

the India-Asia collision zone, with crustal material flowing laterally (westward) out of the N-S convergence 

zone. The west-directed lateral extrusion rates increase from east to west from the eastern to the western Pamir 

and decrease from ∼20 to 5 mm/yr westward across the Tajik fold-thrust belt (Tajik FTB), dissipating over the 

salt-rooted structures. On the first-order, the modern shortening rates across the Tajik FTB (20–5 mm/yr) corre-

spond to the 12–8 mm/yr long-term shortening rates (148–93 km shortening over 12 Myr) in the north-central 

and southern Tajik FTB, determined from line-length restoration and thermochronology. Characteristically, the 

modern westward rates are not affected by the vergence of the Tajik FTB structures, in particular the Yavan 

synclinorium—the zone of vergence change; therefore, the entire Tajik FTB is detached from its original sub-

stratum. The modern kinematics thus shows that the Tajik FTB is a depression-wide, thin-skinned belt developed 

above an evaporitic décollement, whose evolution is governed by the westward growth of the Pamir orocline. A 

short-wavelength saw-blade pattern—superimposed on the regional horizontal displacement profiles—is inter-

preted as related to mass movements on steeply dipping slopes of structurally controlled hogback ridges.

Abrupt ∼6 mm/yr changes in the horizontal rates occur across the kinematically linked dextral Ilyak strike-slip 

fault bounding the Tajik FTBto the north and the Babatag thrust, the major thrust of the FTB, located far west in 

the belt. The dextral slip or creep rates on the Ilyak fault are of 5–10 mm/yr, decreasing toward west; the locking 

depth of the fault is ≤1 km.

The vertical and horizontal rates of the southeastern Tajik FTB are laterally diverse with a distinct, patchy dis-

placement signal, in particular in the region with salt tectonics, where upright detachment anticlines and biver-

gent thrust sheets pointing at an unconfined detachment. The highest velocities occur at the Hoja Mumin salt 

fountain, where we observed local uplift of ∼50 mm/yr at its top, surrounded by up to ∼120 mm/yr of subsidence 

and lateral outflow of ∼350 mm/yr to the west and ∼170 mm/yr to the east.

The vertical rate map outlines stripes with >15 mm/yr subsidence as the most outstanding feature of the Tajik 

depression; the strongest subsidence signal follows the major river valleys of the Tajik depression, which host 

intense agriculture. The subsidence is caused by a combination of a bias related to soil-moisture changes (slow 

dehumidification) and probably water extraction for the extensive irrigation. In addition, we observed strong up-

lift of 10–17 mm/yr in the western Pamir and the easternmost Tajik FTB where its eastern erosional edge is cut 

by the broad Darvaz fault zone. Both the high horizontal rates and the Pamir-ward increase of the vertical uplift 

rates support the existence of a crustal-scale antiform above a ramp caused by ongoing indentation of the leading 

edge of the Pamir below this marginal part of the Tajik depression, resulting in a passive roof uplift.

Further interferometric rate studies of high relevance in the Tajik FTB could address the anthropogenic impact on 

the vertical rates and detail the recent activity in a classic salt-tectonic province. The provided rate maps should 

be a starting point for this research.

Data Availability Statement

Qi Ou advised us on how to tie multiple InSAR rate maps to GNSS data. Some figures were created using GMT 

(Wessel et al., 2013) and fair data-representation colormaps (Crameri, 2020). LiCS interferograms (Looking into 

the Continents from Space, https://comet.nerc.ac.uk/comet-lics-portal/) contain modified Copernicus Sentinel 

data analyzed by COMET, the Centre for the Observation and Modelling of Earthquakes, Volcanoes and Tecton-

ics, using JASMIN, the UK's collaborative data analysis environment (http://jasmin.ac.uk). Atmospheric phase 

delay maps were provided by the Generic Atmospheric Correction Online Service for InSAR (http://www.gacos.

net). GNSS rate tables are published as mentioned in the text. The individual and the final, decomposed rate maps 

and uncertainties are provided in Metzger, Lazecky, and Maghsoudi (2021).
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Break-off of part of the down-going plate during continental collision occurs due to tensile

stresses built-up between the deep and shallow slab, for which buoyancy is increased

because of continental-crust subduction. Break-off governs the subsequent orogenic evolu-

tion but real-time observations are rare as it happens over geologically short times. Here we

present a finite-frequency tomography, based on jointly inverted local and remote earth-

quakes, for the Hindu Kush in Afghanistan, where slab break-off is ongoing. We interpret our

results as crustal subduction on top of a northwards-subducting Indian lithospheric slab,

whose penetration depth increases along-strike while thinning and steepening. This implies

that break-off is propagating laterally and that the highest lithospheric stretching rates occur

during the final pinching-off. In the Hindu Kush crust, earthquakes and geodetic data show a

transition from focused to distributed deformation, which we relate to a variable degree of

crust-mantle coupling presumably associated with break-off at depth.
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A
t the closing of a plate tectonic cycle, subduction transi-
tions to continental collision and subducted lithosphere
detaches and is recycled into the mantle. This process has

a strong influence on the magmatic, tectonic and basin-formation
history of an orogen. Understanding the dynamics during the
final detachment and linking these deep mantle processes to
deformation in the crust are key aspects in understanding
mountain-building processes1,2. The fraction and composition of
the lithosphere returned into the mantle, in turn, influences the
mantle chemical composition and contributes to global plate
tectonics3. Yet, much of our understanding of slab detachment
hinges on numerical modelling or on geological data of past
events as the final pinching-off is supposed to happen
ephemerally4,5. The Hindu Kush in Afghanistan, located at the
western margin of the India-Asia collision zone (Fig. 1), is one of
the few places where an ongoing detachment of lithosphere in a
continental setting has been proposed, as frequent seismicity
occurs at depths that are unusual for an intracontinental setting
(Fig. 1a; 60–300 km depth—intermediate-depth seismicity). At
the same time, these earthquakes offer the unique opportunity to

study the deep structure of a mountain range through seismic
tomography.

In body-wave tomography, the resolution largely depends on
the number of crossing rays in the subsurface and the number
and distribution of seismic stations within the study region. A
good tool to image large-scale upper mantle structures is tele-
seismic tomography, which uses earthquakes located outside the
study region. Different velocity models derived from teleseismic
data exist for the Hindu Kush6–10, consistently showing a high-
velocity zone (HVZ) in the upper mantle. These anomalies
have been interpreted either as a detaching slab of Indian
origin6–8,10,11 or as highly thickened, dense lithosphere, foun-
dering drop-like into the more buoyant asthenosphere9,12. Each
scenario imposes a distinctive shallow crustal deformation field13

and may also influence the temperature and hence velocity
structure of the crust in a characteristic way. However, because of
the near-vertically incident rays at shallow levels, teleseismic data
alone have a low resolution in the crust. Further, only large
anomalies in the mantle can be resolved. Ref. 6 for instance, used
a dense local seismic network (station spacing between 30 and
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60 km), but still showed that a ~30 km thick anomaly at 200 km
depth would be unresolvable using teleseismic data alone.

In the Hindu Kush, the crust above the mantle velocity
anomalies comprises the Cenozoic Afghan-Tajik depression fold-
thrust belt in the north and major strike-slip faults in the central
Hindu Kush that dissect the crystalline basement rocks
(Fig. 1a;14–18). The crust is highly thickened19 and partly sub-
ducting to at least 150 km depth20,21. Neotectonic and geomor-
phological studies reveal regionally distributed tectonic
activity16,22 and positioning measurements of the global naviga-
tion satellite systems (GNSS)23 show little horizontal shortening
in the north-east Hindu Kush (NE-HK; Fig. 1a). The connection
between this crustal deformation field and processes in the upper
mantle is largely unknown.

Here, we present new data on crustal deformation and
lithospheric-scale seismic images derived from finite-frequency
coupled local and teleseismic P-wave tomography, which allow
bridging interpretations on crustal vs. mantle deformation. Our
approach combines local and teleseismic travel time data with
their complementary depth coverage to obtain a well-resolved
velocity image of both the crust and mantle. Resolution at depth
is further sharpened through the use of sensitivity kernels at
different frequency ranges rather than rays in the inversion24–26.
We used data recorded by a recent, temporarily operated seismic
network in Afghanistan, which covers for the first time the entire
Hindu Kush region, overlying the deep mantle anomalies, as well
as data from past deployments (Fig. 1a, Supplementary Table 1).
Based on the tomograms, shallow earthquake fault plane solu-
tions and new and existing GNSS data, we propose Indian sub-
duction and ongoing slab break-off beneath the Hindu Kush and
provide insight into coupling between deep processes and the
crustal deformation field.

Results
Seismic imaging and slab model. Our P-wave velocity model
(Fig. 2) illuminates the crustal and mantle structure in the Hindu
Kush, Afghan-Tajik depression and western Pamir from the
surface to up to ~600 km depth. Details on the inversion strategy
can be found in the ‘Methods’. The mantle beneath the Hindu
Kush is dominated by a prominent HVZ, which forms an east-
striking, north-dipping slab (Fig. 2a–d). Its depth penetration, dip
angle and thickness change along strike. The HVZ depth extent is
shallowest (~350 km down-dip length), most gently dipping
(~30° dip) and thickest (~200 km wide) in the west (Fig. 2a). It
gradually penetrates deeper and thins in the upper 200 km
towards the central Hindu Kush, where the HVZ ultimately
reaches 600 km depth and dips nearly vertically or even appears
gently overturned (Fig. 2d). The zone of intermediate-depth
seismicity overlies the upper part of the HVZ, featuring a similar
along-strike steepening and deepening towards the central Hindu
Kush. The frequency of large magnitude earthquakes also
increases towards the central Hindu Kush. All intermediate-depth
earthquakes with magnitude >6.5 that struck the Hindu Kush in
the last 30 years belong to the near-vertically dipping and highly
thinned portion of the HVZ (Fig. 2c–e).

Compared to global averages27, the Hindu Kush crust is
characterized by a high-velocity upper crust (6.0–6.4 km/s;
0–5 km depth) and a domain of low-velocity middle/lower crust
(crustal LVZ; 6.1–6.9 km/s; 30–60 km depth; Fig. 2 and
Supplementary Fig. 2a). Beneath the central Hindu Kush, a
mantle low-velocity zone (LVZ; 7.3–7.6 km/s; 80–160 km depth)
extends this middle/lower crustal low-velocity domain down to
~160 km depth. The zone of intermediate-depth seismicity is
sandwiched between the HVZ and the overlying LVZ (Fig. 2c, d).
East of 71°E, we image a similar pair of high/low-velocity zones

and a deep earthquake zone, separated from the Hindu Kush
anomalies (Fig. 2g–j). These anomalies have been attributed to
the Pamir deep seismic zone6,28,29 and will not be discussed in
this paper.

Resolution tests. We conducted resolution tests to evaluate the
performance of our combined local and teleseismic tomography
approach (hereafter termed ‘joint inversion’) and to verify the
robustness of the imaged velocity anomalies (see ‘Methods’ for
details on the synthetic inversion procedure). First, the compar-
ison of the joint inversion results for real and synthetic data with
either only local or only teleseismic data shows that only the joint
inversion can resolve both the crustal and mantle structure
satisfactorily in terms of amplitude and geometry (Fig. 3a–c;
further comparison in Supplementary Note 1), ultimately offering
the least ambiguous basis for a tectonic interpretation.

Second, using the joint inversion approach, we tested different
geometric configurations for the Hindu Kush mantle anomaly to
discriminate between proposed processes responsible for the loss
of mantle lithosphere (Fig. 3d). Subducted Asian lithosphere23

and subducted Indian lithosphere6–8,11 are represented by a
south- and north-dipping anomaly, respectively (Fig. 3b, d-i). For
the north-dipping scenario, we further tested different slab
thicknesses (Fig. 3d-iii, d-iv). A vertical HVZ represents a
hypothetical mantle drip9,12 (Fig. 3d-ii). In addition, a model with
a shallower slab termination and a neutral zone in the upper
mantle is designed to evaluate whether vertical smearing strongly
affects the inversion results (Fig. 4). All synthetic models feature
the same crustal structure. Beneath the Hindu Kush, the crust
consists of an upper crustal HVZ (0–15 km depth) and a middle/
lower crustal LVZ. This pattern of velocity anomalies is inverted
in the Afghan-Tajik depression crust (low-velocity sediments,
high-velocity basement; see ref. 30 for detailed interpretation). In
addition to the synthetic models of Figs. 3 and 4, a checkerboard
test, which is a more generic proxy for ray coverage, is included in
Supplementary Fig. 3.

The recovered anomalies in all synthetic test scenarios can be
clearly distinguished from each other. However, only the north-
dipping slab scenario, which includes a low-velocity zone
overlying the slab to ~160 km depth (Fig. 3c) resembles the real
data observations. Tests with different slab-thicknesses (Fig. 3d-
iii, d-iv) illustrate that the thinning of the slab at 160–250 km
depth is not a model artefact and that a slab of ~50 km thickness
could still be resolved at upper mantle depths. The robustness of
the W-E asymmetric slab-penetration depth is confirmed through
the comparison shown in Fig. 4: a slab that terminates at 600 km
depth along the entire W-E range covered here and a slab that
terminates at ~360 km depth can be distinguished from each
other. Thus, we can exclude that the varying depth penetration of
the slab in the real data is an artefact of velocity smearing.

We note that the intensity of the recovered anomalies as well as
the depth resolution varies locally (Fig. 4c), which is attributed to
varying ray coverage and event distribution. Depth resolution is
up to 600 km in the west (69°E) and east (71°E), whereas it is
shallower in the centre (70°E). However, comparison of the
synthetic models (Fig. 4-ii, iii) with the real data (Fig. 4-i) shows
that all velocity anomalies introduced in the section above,
specifically the tearing of the slab and the successive deepening of
the slab, are within the resolution capacity of the tomographic
inversion. Furthermore, global tomographies with larger resolu-
tion depth do not show a deeper penetration depth of the Hindu
Kush slab either7,8.

Interpretation of the lithospheric structure. Based on the real
data inversion and synthetic tests, we conclude that the mantle
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HVZ beneath the Hindu Kush has a slab-like shape, dipping to
the north, overlain by a region of focused intermediate-depth
seismicity and an LVZ. The HVZ likely represents cold litho-
sphere subducted or foundered from shallower depths as velocity
anomalies in the mantle are mostly due to temperature differ-
ences31. Together with the focused seismicity and the clear dip
direction, this configuration agrees best with the scenario of a
north-dipping Indian lithospheric slab beneath the Hindu Kush.
The gradual eastward thinning, deepening and steepening of the
subducted slab (Fig. 2a-e) then indicates the process of slab break-
off6,32–34, with the break-off being most advanced beneath the
central Hindu Kush20. Such a configuration explains uniformly
down-dip extensional focal mechanisms6 and the accumulation
of the largest earthquakes during the most advanced stage of
break-off due to the largest strain rates occurring in the critically
thinned portion of the slab4. Thus, the slab-penetration depth of
~600 km beneath the central Hindu Kush probably results from
slab-stretching and break-off and does not represent the initial
subduction length.

As the mantle LVZ overlies the lithospheric slab and
geometrically connects with a region of over-thickened crust (as
indicated by the seismic velocities resolved here and from receiver
functions19), it likely represents crustal material pulled to mantle
depths together with descending mantle lithosphere20,21. This
requires coupling between the subducting crust and mantle
lithosphere and explains why subduction of crustal material may
be feasible despite its buoyancy35. The thickness of the LVZ is less

than the total crustal thickness (~20–30 km vs. 65 km;19),
suggesting that only a part of the crust is pulled down. These
are likely the lower and part of the middle crust as the upper crust
has the lowest density and would more strongly resist
subduction4.

The LVZ, which we interpret as subducted crust terminates at
~160 km depth. Nevertheless, below ~160 km, subducted lower
crust may be present, but eclogitized, making it indistinguishable
from subducted mantle lithosphere28. In contrast, middle crust
with the andesitic or granitic composition that undergoes high- or
ultrahigh-pressure metamorphic mineral transitions retains its
buoyancy to ~160 km depth28,36 and hence should retain its low-
density, low-velocity character (e.g., velocities below ~7.5 km/s37).
Therefore, the middle crust is unlikely to subduct to depths
greater than ~160 km. Just above the detachment point, the low
velocities accumulate in a drop-like volume (Fig. 2c, d). This may
represent ascending buoyant middle crust, possibly associated
with melt generation while slab break-off is advancing5,20. In such
a slab break-off and crustal-subduction scenario, the upper part
of the intermediate-depth seismicity (~60–160 km; purple in
Fig. 2) would mostly originate in the subducted crust as the
earthquakes are geometrically located mostly within the LVZ
overlying the mantle slab (Fig. 2). The earthquakes could then be
due to phase transitions (i.e., eclogitization), which may lead to
transformational faulting38,39. Isolated events may occur in the
mantle lithosphere40. By contrast, the deepest, most vigorous
seismicity occurs in high-velocity material (160–300 km; pink in
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Fig. 2 P-wave velocity tomographic model. a–e Cross-sections with the topography on top; velocity anomaly is colour-coded by the percentage of

variation relative to the initial 1D velocity model used in the inversion (Supplementary Fig. 1). The 1.0/1.5/2.0% velocity-anomaly contours are highlighted.

The white line marks the resolution limit (see ‘Methods’). The dark red line represents the crust-mantle boundary (Moho) constrained from receiver

functions19. Local earthquakes within 15 km of the profile (circles) are colour-coded with depth as in Fig. 1a. Crustal events include those obtained from

manual picking of the events recorded by the recent network in Afghanistan and those used in the inversion (see ‘Methods’). Yellow stars represent

magnitude 6.5+ earthquakes from USGS within the last 30 years projected from ±35 km swaths to account for the larger location uncertainties compared

to the local catalogue. LVZ Hindu Kush low-velocity zone, HVZ Hindu Kush high-velocity zone, ATD Afghan-Tajik depression. Other abbreviations as in

Fig. 1a. f–k Depth sections; section-depth and absolute P-wave velocity at this depth are given in the top right of each plot. Political boundaries in grey,

faults in black with a white background as in Fig. 1a. Local earthquakes are plotted from ±5 km depth swaths in the crust and ±10 km depth swaths in the

mantle. All other features as in panels (a)–(e).
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Fig. 2), interpreted as mantle lithosphere. These earthquakes may
result directly from slab break-off: under high strain rates12,20,34

and relatively cold temperatures strain can localize along zones of
reduced grain size due to shear-heating41,42. The resulting
earthquakes indicate zones of active deformation.

Crustal structure and deformation field. To illuminate the
relation between the slab break-off in the upper mantle and the
crustal deformation field, we scrutinized all seismic data from the
stations in Afghanistan to identify seismicity in the crust. This
evaluation step was conducted manually and generated an event
catalogue as complete as possible for our station deployment
period (see details on crustal seismicity processing in the
‘Methods’). It extends the event catalogue used for tomography,
as the latter is subject to location quality restrictions and
declustering (see details in the ‘Methods’).

We found that crustal seismicity shows a zonation in map view
relative to the deep mantle slab (Fig. 5a, b). Crustal earthquakes in
the central and north-eastern Hindu Kush (NE-HK in Fig. 5b)
above the middle/lower crustal low-velocity domain and above
the actively detaching part of the slab are sparse to absent. This
observation seems to be consistent over longer observation
periods as well (Supplementary Fig. 4). Interestingly, despite
sparse crustal seismicity, GNSS rates indicate sinistral-
transpressional displacement across this region (2.5 ± 1.8 mm/
year sinistral displacement in the central Hindu Kush (GNSS1 in
Figs. 5b) and 7.3 ± 1.0 mm/year in the NE-HK (GNSS2 in Fig. 5b);
see ‘Methods’ for background on GNSS rates). This deformation
is likely related to large-scale Indian northward motion, but
displacement does not seem to be localized across one single fault.
A broader area of deformation is also supported by neotectonic
and geomorphological studies, which show tectonic activity to be
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distributed across the central Hindu Kush16,22. Together with the
sparse crustal seismicity, this suggests that distributed, partly
aseismic deformation may dominate in the central and NE-HK,
overlying the middle/lower crustal low-velocity zone and the
detaching part of the slab.

Outside the region of sparse seismicity, crustal earthquakes
indicate an overall approximately NW-SE compressional stress
regime (Fig. 5b and Supplementary Fig. 5) and cluster mostly
along the transitions from low to high topography, i.e., in the
north-western Hindu Kush along its margin to the Afghan-Tajik
depression (NW-HK in Fig. 5b) and along the southern margin
of the eastern Hindu Kush (SE-HK in Fig. 5b). Other clusters
occur along strike-slip faults, in particular, the faults rimming the
Kabul block (SW-HK in Fig. 5b) and west of the Badakhshan

fault. Domains of prevailing thrusting in the north-western
(NW-HK) and south-eastern (SE-HK) foothills of the Hindu
Kush are separated by a corridor of sinistral strike-slip
deformation, grossly connecting the Chaman fault zone (SW-
HK) in the south with the strike-slip faults of the NE-HK in the
north. These faults likely accommodate the relative movements
between the Pamir and Hindu Kush43. Crustal earthquakes are
dominantly shallower than 10 km, which is the typical cut-off
depth observed in adjacent crustal blocks30,44. An exception is a
cluster of deeper events (up to 30 km depth) occurring at the
southern margin of the Afghan-Tajik depression (NW-HK in
Fig. 5b). Strikingly, this deep crustal seismicity ceases at the
longitude at which we propose slab break-off to initiate at mantle
depths.
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Discussion
The most conspicuous features in the crustal seismicity pattern
are the clusters of deeply reaching (0–30 km) earthquakes above
the western end of the intermediate-depth earthquake zone (NW-
HK in Figs. 2 and 5b) and the scarcity of earthquakes in the
central Hindu Kush above the middle/lower crustal LVZ and
above the region of most intense intermediate-depth seismicity.
We suggest that these observations reflect a variable intensity and
style of crustal deformation within the Hindu Kush orogen, which
changes laterally, potentially dependent on or accelerated by the
advancement of slab break-off at depth.

Our tomographic images show an LVZ in the mantle, which
we interpret as the subducted continental crust, overlying the
high-velocity slab (Fig. 2). Subduction of continental crust
requires coupling between the crust of the incoming plate and its
mantle lithosphere35,45,46. If the deeper slab sinks faster than the
shallow slab, the slab must be extending, ultimately leading to the
detachment of the deeper slab5,35,46. Break-off may be preceded
by slab steepening and roll-back, which leads to the decoupling at
the interface between the down-going and overriding plate that
allows for asthenosphere inflow as well as the rise of crust pre-
viously attached to the sinking slab5,35,46. Our observations of the

central Hindu Kush slab agree well with this numerically pre-
dicted scenario. The LVZ above the mantle slab may represent
crust previously attached to the sinking slab, which is now rising
(schematically shown in Fig. 5c). The mantle slab shows a thin-
ning and an overturned curvature that matches a geometry
expected for north-directed subduction, followed by roll-back and
break-off. In contrast, the western Hindu Kush slab does not
exhibit thinning or overturning, nor a pronounced LVZ, sug-
gesting that it is not yet notably detaching (Fig. 5c).

The question then arises how crustal deformation in the upper
plate, i.e., in the Hindu Kush orogen, is related to these deep
mantle processes. Numerical simulations47,48 suggest that defor-
mational style in an orogen strongly depends on whether the
upper crust is coupled to or decoupled from the underlying
mantle. Generally, deformation in the crust is coupled to the
mantle motion if the orogen is cold and no decoupling horizon
exists. In contrast, heating of the crust, e.g., by continuous
shortening or other processes, may produce a low-viscosity layer
that decouples crust from the mantle and where the crustal flow is
controlled by stresses transmitted horizontally. Upper crustal
motion is then only coupled to mantle motion at the flanks of the
orogen. Crustal low-velocity zones in orogens, that are mostly

Fig. 5 Crustal event catalogue, GNSS rates and tectonic interpretation. a Histograms of deep crustal seismicity (25–40 km depth, 2012–2019; this study),

intermediate-depth seismicity related to break-off (160–300 km depth, 2012–2019; this study and ref. 20), and tomography results for P-wave velocity (vP)

at 30 km and P-wave velocity anomaly (dvP) at 400 km depth along the longitudinal transect highlighted in (b). Positive dvP values east of 69.5°E indicate

the presence of the stretched and tearing slab at depth. This longitudinal range is characterized by middle/lower crustal low-velocities. b Crustal event

catalogue shallower than 40 km depth, scaled by event magnitude (see Supplementary Fig. 4 for details). Intermediate-depth seismicity (this study and

ref. 20) is plotted for orientation. The depth from 40 to ~60 km is mostly aseismic. Compression(P)-axes and focal mechanisms of crustal earthquakes from

single event solutions (small beach-balls) and strain inversion (large beach balls; see Supplementary Fig. 5 for details). GNSS rates with 95% confidence

ellipses relative to Asia, re-evaluated based on refs. 23,59. GNSS1-2 highlight the locations of dense GNSS station profiles across the Hindu Kush. NE/NW/

SE/SW-HK, north-east/north-west/south-east/south-west Hindu Kush. c Interpretation sketch illustrating the process of slab break-off and the crustal

response. The slab experiences stretching and steepening during advancing break-off resulting in a greater penetration depth. Parts of the Indian crust are

pulled to depth together with the slab and are buoyantly exhuming (white arrows) providing a heat input to the upper plate crust from below (wavy red

arrows). Seismicity related to break-off is highlighted in pink; shallower intermediate-depth seismicity, possibly triggered by phase-transition reactions in

the subducted crust, is in purple. The degree of crust-mantle coupling in the upper plate, the Hindu Kush orogen, decreases alongside the advance of slab

break-off at depth. This is expressed in a change in crustal deformation style.
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interpreted as regions of hot crust or partial melt, support the
concept of crustal decoupling28,49,50.

In the Hindu Kush, we observe a middle/lower crustal LVZ as
well, but not along its entire extent: in the western Hindu Kush,
the middle crust shows relatively high seismic velocities (Fig. 5a),
indicative of cold temperatures. The GNSS rates (this study and
ref. 51) indicate an N-S shortening rate of ~10 mm/year between
the station north of the Andarab fault in the central Hindu Kush
and the stations showing due west displacement in the Afghan-
Tajik depression, north of the Alburz-Marmul fault (Fig. 5b).
Shortening across the entire Hindu Kush may be significantly
larger (Fig. 5b, e.g., comparing GPS rates south of the Kunar fault
and within the Tajik basin; disregarding the station in the Kabul
block, that has a debated tectonic provenance18). This shortening
appears to be accommodated by the deformation recorded by the
deeply reaching thrust earthquakes (up to 30 km depth) in the
NW-HK, which may define a retro-wedge. Thus, we suggest that
the interior of the crust of the SW-HK remains strong and the
ongoing convergence between India and the Afghan-Tajik
depression is largely taken up by localized crustal shortening
along the margins of the Hindu Kush, i.e., in the NW-HK and the
SE-HK.

In the central Hindu Kush, low middle/lower crustal seismic
velocities are observed above a domain of thickened crust
(Figs. 5a and 2c, d). Therefore, the middle/lower crust probably
behaves in a ductile manner causing decoupling from tectonic
processes below. This explains why we do not observe deep
crustal seismicity in the central Hindu Kush. Upper crustal
seismicity is also reduced and clusters mainly at the southern
flanks of the orogen. Further, neotectonics and geomorphic
data16,22 suggest a region of distributed deformation, which
matches well with an underlying zone of ductile deformation.

The changeover from presumed upper plate coupling (high-
velocity crust and crustal seismic deformation) to decoupling
(low-velocity crust and absence of crustal seismic deformation)
coincides spatially with the presumed onset of slab break-off at
mantle depths (Fig. 5a). This correlation suggests a causal rela-
tionship, which may be provided by heat input associated with
break-off from below (see the sketch in Fig. 5c). Heating through
crustal shortening and thickening alone, as e.g., suggested for the
Tibetan crust50, seems unlikely given the comparatively smaller
size of the Hindu Kush orogen. Furthermore, it would not
necessarily explain the variable along-strike crustal structure in
the orogen. Instead, processes particular to advanced break-off
may provide an additional heat source. The Hindu Kush lower
crust could be heated by a partially molten subducted continental
crust that is buoyantly exhuming and possibly relaminating to the
hanging wall52. Both the drop-like LVZ in the mantle and the
thick central Hindu Kush crust support such a scenario. In
addition, asthenospheric inflow induced by slab roll-back and
opening of a slab window maybe another heat source5,35,46.
Lastly, partial loss of gravitational force across the rapidly
extending12,20,34 or in parts already severed slab may further
contribute to the observed partitioning of hanging wall defor-
mation. Hence, we suggest that the variable along-strike crustal
deformation within the Hindu Kush orogen is influenced by
processes induced by the break-off at depth.

Methods
Tomographic model
Input data. Local earthquake phase arrivals and cross-correlated teleseismic P-wave
delay times measured at seismic stations from four different temporary deployment
periods were integrated into this study (2008–2010, 2012–2014, 2015–2017 and
2017–2019). Together with permanent stations in the greater Pamir-Hindu Kush
region, these deployments sum up to a network of 79 stations, interconnected
through 19 common stations (either permanent or re-deployed campaign sites),

which were operating in at least two of the four-time periods listed above (Sup-
plementary Table 1, Supplementary Fig. 6).

Teleseismic input data were calculated via waveform cross-correlation at two
different central frequencies (1 Hz and 0.5 Hz). Events with a magnitude larger
than 5.0 at epicentral distances from 30° to 90° relative to the network centre
(69.94°E/37.02°N) were considered. All cross-correlation results were visually
inspected, removing noisy or wrongly cross-correlated traces. Local data were
assembled through the first onset picking. The P-wave first onset was picked either
using a semi-automatic processing chain53 or manually (see Supplementary Table 1
for details). No local rays with epicentral distances greater than 5° or a back-
azimuthal gap larger than 210° were included in the inversion. On average, each
station has 820 observations (550 local picks and 269 teleseismic delays,
respectively; Supplementary Figs. 7a, b). Only stations that have both teleseismic
and local picks were included in the analysis. Based on the local earthquake data,
tomography models for the stations used here were published for 2008–2010 and
2012–2014 (refs. 20,28; Supplementary Figs. 2b, c). These datasets are included in
this study as groomed subsets (see Supplementary Table 1 for details). Events were
de-clustered to reduce the total number of earthquakes while maintaining a
representative ray-path geometry. Further, de-clustering turned out to be
important to avoid introducing artefacts due to a trade-off between the relocation
of closely spaced local events and the inversion for velocity anomalies.

A teleseismic tomography was calculated using data from the 2008–2010 and
2012–2014 deployments (ref. 6; Supplementary Fig. 2d). In the model presented
here, the data registered by these networks are included but input teleseismic delays
were newly derived via cross-correlation and are independent of the previous
study. Data associated with the 2017–2019 deployment are used here for the
first time.

Inversion procedure and synthetic travel times. We modified the inversion scheme
of ref. 26 to calculate a P-wave velocity model. Inversion and 3D ray-tracing were
performed in a 715 × 890 km wide study region using approximated Born kernels25

and a graph theory method for ray tracing (software package StingRay54,55). The
inversion was performed based on sensitivity kernels surrounding the rays obtained
in StingRay. Sensitivity kernels for teleseismic rays were calculated based on the
two different filter bands used during cross-correlation for each event (1 Hz and
0.5 Hz central frequency). The local input data were considered to have 1 Hz
central frequency. Regularization was achieved through damping and smoothing
constraints, which are applied by minimizing the whole model norm and rough-
ness in each iteration. Damped teleseismic event terms and station terms were
included in the inversion. Poorly sampled domains in the model space were
damped to prevent the creation of artificial anomalies. The quality of sampling of a
specific grid node was determined through the hit-quality, a normalized measure
for the number of rays crisscrossing the volume that surrounds a model node. After
each inversion step, relocation of the local events was implemented by searching
for the minimum root mean square travel time between observed and theoretical
travel times in a cube and finer sub-cubes around the initial location. Modifications
in the inversion procedure compared to ref. 26 included the extension of the ray-
tracing grid above zero elevation and the input of absolute local travel times. Both
favour a more accurate recovery of the absolute velocity structure in the shallow
part of the study region.

We chose a two-step approach for the joint inversion, which yielded the largest
data variance reduction for the entire dataset. First, a model based only on local
earthquake data was calculated. This model and 3D relocated hypocentres were
used as input for a joint inversion. The inversion grid (Supplementary Fig. 1) was
designed in spherical coordinates, encompassing all local earthquakes and guided
by the station spacing in the more densely covered regions and increased spacing in
the external domains. Vertical grid spacing was increased based on ray coverage.
Ray tracing was performed on a rectangular grid spanning the same domain with
5 km node spacing. Smaller ray tracing grid spacing did not significantly change the
ray-tracing results. The initial 1D P-wave velocity model features regionally
adequate crustal velocities including a Moho at 60 km depth28 and standard radial
Earth velocities from AK13527 in the mantle (Supplementary Fig. 1b). Input event
locations were derived by relocating the entire dataset in subsets in the 1D velocity
model specified above in simulps56, including both P and S-wave travel times and
using a vP/vS ratio of 1.72 obtained from a Wadati-diagram, aiming to obtain the
most accurate input locations. For both local and joint inversion, the best set of
damping and smoothing parameters was determined from trade-off curves aiming
to find the parameter set that yields the best compromise between data and model
variance (Supplementary Fig. 8). Local and joint inversions converged after four
iterations. The final data variance reduction in the local model was 72%. Data
variance reduction of the final joint model, which was terminated after the seventh
iteration, was 82%. Station terms are small (~<±0.15 s) and show no correlation to
topography (Supplementary Fig. 7c). As for the local data only inversion, we
relocated the local earthquakes after each joint inversion step, but the mean
hypocentre change (0.6 km in depth) is much smaller than during the local
inversion (average of 5 km depth change), indicating little change in the shallow
structure. For comparison and quality control, we calculated a model based on
teleseismic data only, which features the same model geometry as the joint model.
In all figures shown herein, the final inversion results are interpolated onto a 5 km
grid (horizontally and vertically) based on interpolation among eight surrounding
grid nodes56.
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For quality control and resolution assessment, synthetic tests were performed
featuring the same station-event geometry as the real data. Synthetic travel times
were calculated in the StingRay software in the study region and TauP (https://
www.seis.sc.edu/taup/) outside the study region using a finer ray-tracing grid
(3 km) than for the inversion. Station elevations were set to zero. Gaussian noise
was added to the synthetic travel times (0.1 s standard deviation (std)) and
hypocentre locations were disturbed prior to inversion (4 and 2 km std vertically
and horizontally, respectively).

Local earthquake processing. Continuous waveform data from the most recent
temporary seismic network (TIPTIMON II; 4C; 2017–2019; 15 stations) and 13
nearby permanent stations were scanned using a short time average-long
time average trigger. Trigger alerts were associated with possible events using a grid
search approach and relocated in hypo71 based on the 1D velocity model of ref. 20.
All events shallower than 75 km in this initial event catalogue were taken as a basis
for manual P and S wave phase picking. The thus derived crustal event catalogue
was relocated in our 3D P-velocity model, including P and S picks (assuming a vP/
vS ratio of 1.72), using the simulps and Nonlinloc software (http://alomax.free.fr/
nlloc/) to obtain absolute location errors. We restrict our final earthquake catalogue
to events with location errors smaller than 20 km. The final catalogue then contains
472 events shallower than 40 km depth with average horizontal and vertical
location errors of 3.2 (std of 2.6) and 4.0 km (std of 2.5; Supplementary Fig. 4c).
These are more events than used for the tomography, as only a selected high-
quality subset was included in the inversion (see ‘Methods’). Local magnitudes
(ML) were calculated in Seiscomp3 (https://www.seiscomp3.org/about.html) based
on the updated events. Catalogue magnitude completeness is ML= ~2.3 (Sup-
plementary Fig. 4b).

We determined fault plane solutions from first motion polarities and S to P
amplitude ratios using the HASH software57. P polarities were manually read from
the unfiltered broadband-integrated vertical displacement seismogram. S to P ratios
were obtained from the Cartesian sum of all three traces58. We extracted take-off
angles and back-azimuths from the 3D velocity model translated into Nonlinloc
travel time tables. Only solutions with 8 or more picks, back-azimuthal coverage
larger than 180°, and mechanism types that remained stable upon perturbing the
input data were included in the final dataset. To further account for model errors in
Moho depth, only solutions, whose mechanism type remained stable in 1D velocity
models with either a shallow (30 km) or deep (60 km) Moho, were accepted in the
final catalogue.

Crustal fault plane solutions were further inverted to estimate the regional stress
field using the software slick (https://www.usgs.gov/software/slick-package). Slick
performs a linear inversion to minimize the number of rotations around an
arbitrary axis necessary to rotate the input focal mechanisms to fit a uniform stress
tensor. Based on the hypocentre location, we subdivided our data into two sub-
regions (Supplementary Fig. 5a) aiming to fulfil the assumption of a uniform stress
field. The north-west Hindu Kush (NW-HK) encompasses events between the
Andarab and Alburz-Marmul faults (27 available mechanisms). The southern
Hindu Kush (SW/SE-HK) includes events at the eastern edge of the Kabul block,
along the Panjshir fault and events around the Kunar fault (23 available
mechanisms). We accessed the robustness of the solution via a bootstrap test. The
data were resampled 500 times while the selected fault slip direction is flipped in
10% of these cases. The spread of the results obtained from bootstrap inversions
provides a measure of inversion robustness. Both stress tensors indicate NW-SE
compression with the southern Hindu Kush featuring a component of sinistral
strike-slip in addition to thrusting (Supplementary Fig. 5 and Fig. 5b).

GNSS rates. We reprocessed the original GNSS survey data of refs. 23,59,51 together
with 24 reference stations of the International GNSS service network using the
Earth Parameter and Orbit System software60. This software accounts for phase
centre variations, ocean tide loading, ionospheric, hydrostatic and tropospheric
delays. Derived positions were aligned with the International Terrestrial Reference
Frame 201461. We then removed outliers in the time-series by visual inspection and
estimated the linear rates using a least-square approach; uncertainties were scaled
by the length of the time-series. The Badakhshan GNSS surveys took place between
2015 and 2018 (GNSS profile 2 in Fig. 5b), the Panjshir surveys between 2016 and
2018 (GNSS profile 1 in Fig. 5b). Minimum displacement rates across the profiles
are derived by the rate differences between the outermost profile points, assuming
fault strikes of 45°E (Panjshir fault; GNSS profile 1) and 20°E (Badakhshan fault;
GNSS profile 2).

Data availability
The data that supports the findings of this study (the velocity model, local earthquake

locations, the manually derived crustal earthquake catalogue, focal mechanisms and

reprocessed GPS data) are attached as supplementary files to this manuscript. Raw data of

the temporary networks used in this study (FDSN codes: 7B 2008–2010, https://doi.org/

10.14470/2O097102; 6C 2013–2014, https://doi.org/10.14470/1P7568352842; 5C

2012–2014, https://doi.org/10.14470/0P7567352807; 4C 2017–2019, https://doi.org/

10.14470/9P7562848989) are archived at the GEOFON Data Centre and can be obtained

via the GEOFON website https://geofon.gfz-potsdam.de/waveform/archive/network.php?

ncode=7B&year=2008, https://geofon.gfz-potsdam.de/waveform/archive/network.php?

ncode=6C&year=2013, https://geofon.gfz-potsdam.de/waveform/archive/network.php?

ncode=5C&year=2012, https://geofon.gfz-potsdam.de/waveform/archive/network.php?

ncode=4C&year=2017. Data of 4C (2017–2019) are restricted until 8/2023 in accordance

with GEOFON data policies for temporary networks. Permanent station waveform data

can be obtained through the IRIS DMC (https://ds.iris.edu/SeismiQuery/). Figures 1–5

show results derived through processing the raw seismic data. Source data are provided

with this paper.

Code availability
Software used for the derivation of the crustal earthquake catalogue, including rupture

mechanisms, is open source: seiscomp3 (https://www.seiscomp.de/seiscomp3/),

Nonlinloc (http://alomax.free.fr/nlloc/), simulps (e.g., http://faldersons.net/Software/

Simulps/Simulps.html), HASH (https://www.usgs.gov/software/hash-12), slick (www.

usgs.gov/software/slick-package), and further software specified in ref. 51. The code for

finite-frequency tomography is subject to ongoing development and research and

therefore not publicly available but may be accessed upon request. The two sets of ray

tracers implemented in the code are open source (www.seis.sc.edu/taup/), respectively

available upon request (pages.uoregon.edu/drt/Stingray/_index.html). The Earth

Parameters & Orbit System software used for GPS processing has been developed at GFZ

and can be used by other institutions after signing mutual agreements.
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3.2 Oceanic subduction: Afterslip, visco-poro-elastic relaxation,

earthquake coupling
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Characterizing Afterslip and Ground Displacement Rate

Increase Following the 2014 Iquique-Pisagua

Mw 8.1 Earthquake, Northern Chile

Felix Hoffmann1 , Sabrina Metzger1 , Marcos Moreno1,2 , Zhiguo Deng1 , Christian Sippl1 ,

Francisco Ortega-Culaciati3 , and Onno Oncken1,4

1German Research Centre for Geosciences (GFZ), Potsdam, Germany, 2Departamento de Geofísica, Facultad de Ciencias

Físicas y Matemáticas, Universidad de Concepción, Concepción, Chile, 3Departamento de Geofísica, Universidad de Chile,

Santiago, Chile, 4Institut für Geologische Wissenschaften, Freie Universität Berlin, Berlin, Germany

Abstract The 2014 Iquique-Pisagua Mw 8.1 earthquake ruptured only parts of the 1877 Northern

Chile-Southern Peru seismic gap. Here we present a comprehensive analysis of 152 continuous and

campaign Global Positioning System time series that captured more than a decade of interseismic loading

prior to the event and 2 years of afterslip. In high spatiotemporal resolution, our data document upper plate

response not only at the coseismically affected latitudes but also at the adjacent Loa plate segment to the

south. Using a combination of elastic and viscoelastic half-space models of different stages of the seismic

cycle, we found that the highly coupled, former seismic gap contains a narrow low coupling zone at 21°S

latitude. Just after the 2014 earthquake, this zone acts as a barrier impeding afterslip to continue southward.

Possible reasons for this impediment could involve crustal heterogeneities or coupling discontinuities at the

plate interface. After 2 years, afterslip cumulates to a maximum of ~89 cm and becomes negligible. Global

Positioning System observations south of the inferred seismotectonic barrier reveal a deformation rate

increase in the second year after the event. Our slip models suggest that this could be caused by a downdip

coupling increase, perhaps bringing the highly coupled southern Loa segment closer to failure. Taken

together, our results reveal (1) the interaction between different areas undergoing stress release and stress

buildup in a major seismic gap, (2) constraints for the temporal variation of coupling degree in different

stages of the seismic cycle, and (3) the influence of large earthquakes at adjacent segments.

1. Impact of the 2014 Earthquake on the 1877 Seismic Gap

The convergent plate boundary of western South America is characterized by megathrust events with short

recurrence intervals. Almost all segments south of Peru broke within the last century and generated large

subduction earthquakes such as the 1960 Valdivia Mw 9.5 earthquake (Kanamori, 1977) or the 2010 Maule

Mw 8.8 earthquake (e.g., Moreno et al., 2010). The segment between 18 and 23°S latitude, known as

Northern Chile-Southern Peru seismic gap, has not ruptured since 1877 (Mw 8.6 Iquique earthquake) but is

capable of generating a Mw ~9 earthquake (e.g., Kelleher, 1972; Figure 1). With an estimated recurrence inter-

val of ~100 years (Comte & Pardo, 1991) and two recent earthquakes in the adjoining segments, namely, the

1995 Antofagasta Mw 8.1 event in the south (Ruegg et al., 1996) and the 2001 Arequipa Mw 8.3 event in the

north (Ruegg et al., 2001), this gap was considered to be the most mature seismic gap along the South

American plate boundary south of Peru. Despite the occurrence of several smaller earthquakes in the area

during the last century (Comte & Pardo, 1991; Engdahl & Villasenor, 2002) and the 2007 Tocopilla Mw 7.8

event (e.g., Motagh et al., 2010), the slip deficit remained nearly unchanged and recent geodetic studies

report high plate coupling rates (e.g., Li et al., 2015; Métois et al., 2013). A megathrust event leading to a

closure of the seismic gap has been expected for more than 30 years (e.g., Kelleher, 1972; Nishenko, 1985).

For this reason, the region has been particularly well monitored for more than two decades already: first

by the South American Geodynamic Activities project that started in 1993 (e.g., Klotz et al., 1999, 2001)

and the International Associated Laboratories “Montessus de Ballore” project in the 1990’s (Chlieh et al.,

2004; Métois et al., 2013). Since 2007 the area has constantly been monitored by the Integrated Plate

Boundary Observatory Chile (IPOC), an international effort to measure ground deformation with multipur-

pose instrumentation (Moreno et al., 2017) extended with University NAVSTAR Consortium data (Simons

et al., 2010).
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On 1 April 2014, the Iquique-Pisagua Mw 8.1 megathrust event with a rupture length of about 100 km broke

the plate interface in the central northern part of the gap close to the town of Pisagua (e.g., Ruiz et al., 2014;

Schurr et al., 2014; see Figure 1). The mainshock nucleated in a zone of intermediate interseismic coupling

and initially ruptured downdip toward a patch of higher coupling (Hayes et al., 2014; Schurr et al., 2014).

Aftershocks are concentrated at the southern edge of the rupture zone (Meng et al., 2015) with the largest

one being a Mw 7.7 event that occurred 2 days after and 100 km SSE of the main event (Duputel et al.,

2015). Both events led to a cumulative failure of the plate interface of about 200 km length, which reflects

only a partial release of the slip deficit accumulated since 1877 (Schurr et al., 2014).

In this study, we present new Global Positioning System (GPS) data acquired before and after the Iquique-

Pisagua earthquake. From the acquired time series, we extract interseismic and postseismic deformation

rates to analyze the temporal and spatial evolution of deformation following the earthquake. We further

investigate deformation rate changes on the unbroken southern segment of the seismic gap. Interpreting

surface displacements is one of the key elements in understanding the behavior of subduction zones.

After a large earthquake, lithospheric stress is released in three principal processes: (1) continued slip of

the fault referred to as afterslip (e.g., Marone et al., 1991; Perfettini et al., 2010), (2) poroelastic rebound

due to pore fluid pressure changes (e.g., Jónsson et al., 2003; Peltzer et al., 1998), and (3) viscoelastic relaxa-

tion of the mantle (e.g., Nur & Mavko, 1974; Wang et al., 2012), while the fault simultaneously relocks during

the postseismic stage. These postseismic processes may take place simultaneously and vary in duration

between months to decades depending on the magnitude of the event as well as on the rheology of the

Figure 1. Topographic and geographic map of the Northern Chile-Southern Peru seismic gap region. Its relative location on the South American continent is shown

in the inset. Rupture zones of past relevant earthquakes are indicated as shaded areas (source: U.S. Geological Survey): the 1995 Antofagasta, the 2001 Arequipa,

the 2007 Tocopilla event (yellow), the 2005 Tarapacá event (orange), and the 2014 Iquique-Pisagua event (red) including its largest aftershock (magenta). The

Northern Chile-Southern Peru Seismic gap is highlighted with a dashed ellipse. Inferred along-strike extents of the two last megathrust events in the gap area are

indicated with dashed red lines (Comte & Pardo, 1991). The blue circles (continuous Global Positioning System (GPS) stations, cGPS) and green squares (survey-mode

GPS stations, sGPS) mark the location of GPS stations used in this study. The Iquique Ridge is marked as dashed white line (Geersen et al., 2015). Major geologic

faults and lineaments are highlighted in red (Reutter et al., 1994). The topographic symmetry axis of the Andes is indicated as black dashed line (Gephart, 1994).
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deformed material and/or the frictional properties of the slipping interface. In our analysis, we assume after-

slip to be the driving mechanism controlling early postseismic deformation, although we recognize that

other processes may contribute to the GPS-derived surface displacements. Of particular interest to us is

the assessment of slip behavior in the postseismic stage across different tectonic segments, especially toward

the southern edge of the pre-2014 seismic gap. The rupture zone of the Iquique-Pisagua event only covers

less than one third of the 1877 rupture as inferred by Comte and Pardo (1991). This means that the southern

segment of the Northern Chile-Southern Peru seismic gap now has accumulated a slip deficit for more than

140 years (Figure 1). For the regional earthquake hazard assessment, it is important to understand how the

2014 earthquake affects this segment of the gap. Thanks to the dense spatial coverage of GPS observations

in Northern Chile (Figure 1), we can characterize regional crustal deformation in great detail. In order to eval-

uate spatial and temporal changes in plate coupling, we compare GPS rates before and after the Iquique-

Pisagua event on the northern and southern part of the 1877 seismic gap. We first isolate tectonic GPS rates

from nontectonic contributions (section 2) then use a combination of elastic and viscoelastic slip models to

analyze the interseismic and postseismic stage of the Iquique-Pisagua earthquake (sections 3 and 4), discuss

the interpretation of the model results (section 5), and finally draw conclusions (section 6).

2. GPS Observations and Model Approach

2.1. GPS Data Processing

The geodetic instrumentation of the IPOC (Moreno et al., 2017) and International Associated Laboratories net-

work (Chlieh et al., 2004; Métois et al., 2013) includes GPS sites that are operated continuously (cGPS) and in

survey mode (sGPS), the latter of which are also referred to as campaign GPS sites. We include data from 75

cGPS stations and 77 sGPS sites covering a latitudinal range of 17–24°S from the coast to 450 km inland

(Figure 1). The sGPS sites are not strictly measured periodically but at least once every 3 years for at least

48 consecutive hours, thus delivering less accurate positioning than the cGPS stations. But since the sGPS

time series extend further back in time compared to the cGPS time series, they are most helpful to estimate

interseismic rates prior to the 2014 Iquique-Pisagua earthquake (Figure S1 in the supporting information).

All GPS data are organized in units of 24-h periods and were processed using the Earth Parameter and Orbit

System software (Deng et al., 2016). We calibrated the positions using absolute antenna phase centers pro-

vided by the International Global Navigation Satellite System Service (Schmid et al., 2007) and compensated

tidal effects using the Finite Element Solution tide model 2004 (Lyard et al., 2006). We estimated station coor-

dinates and tropospheric wet zenith delays using random-walk parameters for every hour (Gendt et al., 2013).

Finally, we estimated coordinates in network mode and aligned them to the International Global Navigation

Satellite System Service combined coordinate product reducing the impact of the Earth rotation parameter

(Rebischung et al., 2015). The GPS processing results are compatible with the International Terrestrial

Reference Frame 2014 (Altamimi et al., 2016), which is based on a kinematic model without taking into

account the nondeformational rotation of South America. We compute our final horizontal velocity field rela-

tive to the stable South American Plate by applying an Euler pole rotation (21.44°S, 125.18°W, 0.12°/Myr�1,

Moreno et al., 2011) comparable to the NNR-Nuvel-1A model (DeMets et al., 1994). Examples of cGPS

(Figure S2) and sGPS (Figure S3) time series and more details of GPS data processing (Text S1 and Figure S4)

and reference frame realization (Figure S5) are provided in the supporting information.

2.2. Extracting the Tectonic GPS Signal

Our GPS time series cover a time interval of more than a decade (1999–2016 for sGPS and 2003–2016 for

cGPS; Figure S1) and include a variety of tectonic and other signals occurring at the convergent plate bound-

ary. We excluded 3 months of data preceding the Iquique-Pisagua event 2014 from our time series as they

were affected by preseismic transients (Bedford et al., 2015; see also section 3.1). The recorded ground dis-

placements are the sum of tectonic, atmospheric, instrumental, and other signal contributions, like interseis-

mic shortening, coseismic displacements, instrumental failure (e.g., antenna replacements), postseismic

transients, and seasonal oscillations:

δGPS tð Þ ¼ δinterseismic tð Þ þ δcoseismic tð Þ þ δAntennaOffset tð Þ þ δpostseismic tð Þ þ δseasonal tð Þ (1)

Following the approach of Metzger et al. (2013) and Bevis and Brown (2014), we simulate these signal types in

our GPS displacement time series with (Figure 2)
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δGPS tð Þ ¼ Aþ B· t � trð Þ½ � þ
Xneq

eq¼1
Ceq·H t � teq

� �

h i

þ
Xnao

ao¼1
Dao·H t � taoð Þ

h i

þ
Xnp

p¼1
Ep· log 1þ

t � teq

T

� �� �

þ F1· sin 2π·tð Þ þ F2· cos 2π·tð Þ þ F3· sin 4π·tð Þ þ F4· cos 4π·tð Þ½ � (2)

The constant A corrects the time series for any initial offset, and the linear term B represents a constant plate

velocity in each stage of the seismic cycle (Wang et al., 2012) with respect to a predefined reference time tr.

Discontinuities can arise either from coseismic displacements (eq) or antenna offsets (ao). The mathematical

approach to model such data offsets is a Heaviside function H(t), where neq earthquakes (or nao antenna

offsets, respectively) induce a step with amplitude Ceq (Dao) at times teq (tao). The challenge is to distinguish

artificial steps in the displacement function from earthquake-induced ground motion. Postseismic relaxation

observed after np large earthquakes is represented by a logarithmic transient Epwith a nonlinear parameter T.

Bevis and Brown (2014) showed that the logarithm is nearly insensitive to T; hence, this component can be

linearized by setting T equal to 1 year. The most rapid deformation within the first weeks after the earthquake

might not be perfectly represented by this simplification (Figure 2b). However, we demonstrate in section 3.1

that the linear term is most important for our velocity analysis. The last term in equation (2) represents an

elastic loading response of the crust to seasonal changes in the water cycle (e.g., Heki, 2001; Van Dam

et al., 2001). We apply a Fourier second-order series for terms F1 to F4 that represent two annual and two

semiannual intervals (Dong et al., 2002).

To estimate all parameters mentioned above and to exclude irrelevant signal contributions (instrumental off-

sets and seasonal loading) from further analysis, we modeled the cGPS time series component wise using a

least squares inversion (Figure 2). To exclude coseismic and postseismic signals related to other events than

the 2014 Iquique-Pisagua earthquake, we developed a semiautomated earthquake selection procedure that

extracts relevant earthquakes from the U.S. National Earthquake Information Center catalog. We used a

distance-magnitude filter to identify all events that could potentially have affected our GPS time series, that

is, that occurred within a radius of 20 to 2,500 km and with an incremental magnitude of 5 to 8.

All remaining offsets in the time series were then visually checked and manually classified as antenna offsets.

The average rms (root-mean-square) error of all stations is 1.2 mm for the east, 1.0 mm for the north and 2.0

for the vertical component; stationwise, it ranges from 0.9 mm (LVRA) to 1.9 mm (PCAL) in the east compo-

nent, 0.8 mm (ANT2) to 2.4 mm (PICN) in the north component and 1.5 mm (MCLA) to 2.7 mm (UTAR) in the
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Figure 2. (a) Time series of station CRSC (see Figure 6 for location) and its decomposition into various model trajectories

highlighted in different colors. (b) The model residuals of (a) (based on equation (2)). GPS = Global Positioning System.
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vertical component (Table S1). The residuals of the time series inversion are close to 0, thus indicating that our

approach in equation (2) seems reasonable for approximating the observed GPS ground motion signal

(Figure S2). We then subtracted the nontectonic signal contributions, the seasonal trend, and the antenna

offsets, from the time series for each station individually (Figure S2). We further find that the seasonal

changes are surprisingly consistent over the whole cGPS network (Figure 3). The east component contains

a clear biannual signal with one peak in February/March and a second lower peak in September, whereas

the north component exhibits a clear annual signal with a peak in February/March and a low in

September. The vertical component also exhibits a one-peak annual trend, in which the highs and lows

are shifted in respect to horizontal components to October/November (peak) and May/June (low).

The campaign GPS data have a much lower temporal resolution and have been collected irregularly and in

different seasons (Figure S3). Thus, the extraction of the tectonic signal is more challenging here. We used

the seasonal parameters estimated from the cGPS data to correct the campaign data and applied a seasonal

model derived from the mean of each parameter F1 to F4 in equation (2) (Tables S2 and S3 and Figure S6).

2.3. Data Time Windows and Model Strategy

In order to better understand the different stages of the Northern Chile seismic cycle, we split the GPS data

into an interseismic part prior to and a postseismic part after the 2014 Iquique-Pisagua earthquake. The inter-

seismic interval is covered by three to eight GPS campaigns between 1999 and end of 2013 and by cGPS

observations spanning a time interval from 2003 to end of 2013 (data from 2014 were cut due to observed

GPS transients, see also section 3.1 and Figure S1). The postseismic interval contains another two to three

campaign GPS surveys, covering a time period of 3 weeks after the mainshock until April 2016 and daily solu-

tions from 3 April 2014 to April 2016. To not contaminate the afterslip analysis with the largest aftershock

Figure 3. Modeled seasonal signal on the (a) east, (b) north, and (c) up components of 50 continuous Global Positioning

System stations. Stations with significant data gaps (Figure S1b) were excluded from the analysis.
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occurring on 3 April, we excluded the cGPS solutions of the first 2 days after the mainshock. To analyze the

temporal evolution of the postseismic response to the earthquake, we further subdivided the postseismic

part into three periods that best match the timing of the campaign GPS surveys (Figure S1a). The intervals

comprise days 2–16, days 17–334, and days 335–717 after the mainshock and are henceforth called

Periods 1, 2, and 3, respectively.

We invert the observed GPS surface displacements for estimating slip (respectively backslip) on the subduc-

tion interface using elastic and viscoelastic half-space models (Okada, 1992). For the interseismic model, we

assume elastic deformation (Okada, 1992) to be the dominant driver (e.g., Chlieh et al., 2011; Métois et al.,

2016). For the postseismic models of Periods 1–3, we combine the elastic afterslip model with viscoelastic

mantle relaxation using the PyLith software (Aagaard et al., 2013). In the viscoelastic finite element modeling

approach, we use four different material blocks to discriminate between an elastic crust and lithospheric

mantle and a viscoelastic asthenospheric mantle (Text S2 and Figure S7). The model geometry of the sub-

ducting slab is based on the SLAB 1.0 model (Hayes, Wald, & Johnson, 2012) and the elastic-visco-elastic

boundary is based on the continental Moho of Tassara and Echaurren (2012). We fixed the Young’s modulus

to 100, 120, and 160 GPa for the continental, oceanic, and mantle layers, respectively (Li et al., 2015), and use

the linear Maxwell rheology in the viscoelastic body. The Poisson’s ratio is set to 0.265 and 0.30 for the con-

tinental and oceanic crust (Christensen, 1996).

In general, Maxwell viscosity is preferably applied for long-term viscosity estimates, whereas Burgers viscos-

ity resolves short-term rheologic transients typical for the early postseismic stage (e.g., Li et al., 2015;

Trubienko et al., 2013). We decided to use Maxwell rheology to reduce complexity and computational cost.

When using predetermined time windows like here, the effective viscosity is defined as the best fitting

Maxwell viscosity (Li et al., 2017). This approach has been successfully applied for GPS data in Chile before

(Bedford et al., 2016; Li et al., 2017), but we cannot exclude the possibility that this simplification creates arti-

facts in our slip models as discussed in section 5. To simulate the viscous response to coseismic stress per-

turbation, we used the slip model of Schurr et al. (2014) and estimated the viscoelastic deformation in the

respective model Periods 1–3 (Tables S7, S9, and S11). We tested different values of the Maxwell viscosity of

the continental mantle and kept all other parameters constant, including the oceanic mantle viscosity,

which we fixed to 1020 Pa s (Hu et al., 2014; Li et al., 2015). Continental viscosity was varied between

1018 Pa s (highly viscous) and 1020 Pa s (nearly elastic) in our tests and was finally constrained to

2 × 1019 Pa s, based on the best data fit (rms, see examples for Period 2 in Figures S8 and S9). Using these

fixed viscosities, we removed the predicted viscoelastic signal component from our GPS observations in

advance and thus account for the viscous mantle relaxation. In a second step, we subtracted the interseismic

loading component from each postseismic period to finally invert for the afterslip signal only (more details

can be found in section 4.1).

The elastic model geometry of the plate interface slip is also based on the SLAB1.0 subduction zone model

(Hayes et al., 2012), from which we utilized the region from 17.5 to 26°S latitude. Slip is modeled as along

strike and updip dislocations on 1,016 triangular fault patches with an average area of 170 km2 and con-

strained to a maximum depth of 65 km, assumed to represent the Moho depth (Chlieh et al., 2011; Husen

et al., 2000). We invert Green’s functions describing slip at depth on the interface geometry to best fit the

observed GPS displacements in a least squares approach (Okada, 1992). We do not constrain the rake, thus

allowing backslip to occur. For regularization of the inversion, we applied a Laplacian smoothing, making

the solution more stable while minimizing slip variations of neighboring patches based on an input smooth-

ing weight. The strength of the regularization is determined by considering the trade-off between misfit and

slip roughness (Figure S10). In the interseismic backslip model, three additional model parameters describe

an Euler pole that accounts for the motion of the Central Andean sliver (Bevis et al., 2001). The sliver motion is

collinear to the plate convergence and causes back-arc shortening in the Subandeans (Chlieh et al., 2011).

This model modification allows to better describe the abnormally high interseismic GPS rates (with respect

to the overall convergence rate in Northern Chile) that cannot be explained by an elastic response of the

plate interface alone (e.g., Métois et al., 2013, 2014). The Green’s functions are inverted with the MATLAB rou-

tine “lsqlin,” a subspace trust-region-reflective algorithm based on the interior-reflective Newton method

(Coleman & Li, 1996). To avoid physically unreasonable slip rates and additionally improve model resolution,

we apply constraints for minimum slip (Du et al., 1992) based on the constant plate velocity of 67 mm/year

(Angermann et al., 1999). The respective minimum slip for interseismic and postseismic models corresponds
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to the “negative” backslip rates of �61 mm/year that would equal a locked (fully coupled) interface dipping

25–30° (e.g., Husen et al., 2000).

3. Interseismic Period

3.1. Constraining GPS Rates

The interseismic ground displacements in our GPS network were affected by two major earthquakes in

Northern Chile (Figure S11): the 2005 Tarapacá Mw 7.8 earthquake (Delouis & Legrand, 2007; Ruiz et al.,

2014) and the 2007 Tocopilla Mw 7.8 earthquake (Motagh et al., 2010; Weiss et al., 2016). We therefore

excluded all data between November 2007 and January 2008, when GPS rates were dominated by afterslip

from the Tocopilla event (e.g., Delouis et al., 2009) and data in May and June 2005 due to the Tarapacá event.

We further excluded all GPS data in the 3 months before the Iquique-Pisagua main rupture on 1 April, 2014,

where clear transient signals appear in the time series (Figure S12). These distinct features reflect either a slow

slip event preceding the mainshock (e.g., Ruiz et al., 2014; Yagi et al., 2014) or represent a surface expression

of precursors of seismic slip (e.g., Bedford et al., 2015; Schurr et al., 2014). We split the interseismic GPS data

into three parts to investigate on rate differences in the interseismic stage: (A) a pre-Tarapacá interval with

data before June 2005, (B) a time interval between the Tarapacá and the Tocopilla event from July 2005 to

October 2007, and (C) a post-Tocopilla interval with all data from February 2008 to end of December 2013.

In all three parts of the time series, we removed data points with a position error above the 99.5th percentile

and/or each point whose position differs from its neighbor by more than 3 times the standard deviation of

the first derivative of the time series. For each of the three interseismic subsets of continuous time series

longer than 1 year, we estimate the interseismic rate by extracting the linear trend from the signal as

explained in section 2.2. From the sGPS data, we derived the interseismic rates using linear regression. The

rate differences of the 1d-horizontal velocities between the pre-Tarapacá (A), the inter-earthquake (B), and

post-Tocopilla (C) periods do not exceed 5 mm/year (Table S4). We use the mean of all three periods, equally

weighted as interseismic velocity for further analysis. The resulting velocity may not fully account for inter-

seismic transients observed in the epicenter regions of the Tarapacá and Tocopilla events (e.g., Weiss et al.,

2016). Uncertainties of the resulting cGPS rate model parameters are calculated from the mean instrumental

error in each model interval. Given the low number of observations, calculating campaign GPS errors is more

challenging. Following Geirsson et al. (2006), we correct the rms fit by the number of model parameters (two

in the linear case) and normalize it by the full length of the time series.

The resulting interseismic rates (Tables S5 and S6) were corrected for the Andean sliver motion (see sections

2.2 and 3.2 and Figure 4a). They exhibit a consistent ENE motion that is collinear to the plate convergence

over the entire area of interest in Northern Chile, even in the far field of the network. The interseismic obser-

vations are characterized by a gradual rate decrease of about 7 mm per 100 km from coastal stations to sta-

tions on the Andean Plateau. Maximum horizontal GPS velocities of up to 35.3 ± 3.1 mm/year (station MEJS)

occur at coastal stations at the southern edge of our GPS network at a minimum distance of ~80 km to the

trench, whereas minimal horizontal GPS velocities of 14.1 ± 5.2 mm/year (PAJA) occur on the Andean Plateau

at a longitude of about 67°W and ~490 km distance to the trench (Figure 4a). The rates also exhibit a north-

south gradient from coastal stations close to the border to Peru that show significantly slower GPS rates of

20.3 ± 1.2 mm/year (LYAR) to coastal stations in the south like the afore mentioned station MEJS. The vertical

GPS data (Figure 4b) exhibit uplift for most of the coastal stations with a maximum of 9.0 ± 1.4 mm/year

(PB05) at sGPS stations near Mejillones peninsula at 23°S latitude and a maximum of 5.9 ± 2.1 mm/year

(PSGA) at cGPS stations close to the epicenter of the Iquique-Pisagua earthquake 2014. Further inland, the

vertical displacements show a more inhomogeneous deformation pattern with subsidence rates of less than

2 mm/year south of 22°S.

3.2. Model Results

The weights for the model approach of 50 cGPS and 51 sGPS stations are defined as the square of the inverse

error. Given the inhomogeneous distribution of cGPS and sGPS stations, we additionally tested different

weighting ratios w = wsGPS/wcGPS between campaign and continuous data by performing a least rms error

analysis (Cavalié et al., 2013). A weighting ratio of w = 2.5 generates the best data fit (Figure S13a). Based

on a similar approach, we increased the uncertainty (i.e., decreased the weights) of our vertical GPS
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components by a factor of 5 for cGPS and a factor of 10 for sGPS data (Figure S13b). The different weighting is

necessary as in general, GPS data are more sensitive to horizontal motion and the vertical instrumental

error might be underrepresented, especially for episodic GPS data acquisitions. Our interseismic backslip

model locates the Euler pole representing the motion of the Andean sliver in central Ecuador (1.20°S,

77.31°W + 0.30°/Myr�1). Amplitudes and azimuths of the resulting sliver motion are in agreement with

Métois et al. (2013; 54.5°S, 37.5°W, �0.15°/Myr-1), whose model was based on a different station network

(Figure S14). However, the Euler pole of Métois et al. (2013) is located to the south of Chile, thus opposite

of our pole, suggesting smaller sliver motion southward, where the active eastern front is lacking. In our case,

the sliver rotation would be anticlockwise with a main NNE component of ground motion, which is in agree-

ment with the preferred convergence direction in Northern Chile. The shortening of the Andean sliver

accounts for 12–14 mm/year of the measured ground motion, which is consistent with other studies (e.g.,

Brooks et al., 2011; Métois et al., 2013). This rate corresponds to about 19% of the total convergence rate,

which hence has to be reduced from 67 mm/year (Angermann et al., 1999) to 54 mm/year in Northern

Chile for modeling if only data from the Chilean forearc are considered (Figure 4a). The backslip model yields

an estimate for the degree of coupling of the plate interface in the decade before the Iquique-Pisagua earth-

quake. The coupling degree can easily be inferred from the slip rate: the higher the rate of backslip, the higher

the degree of coupling. Coupling maps (e.g., Li et al., 2015; Métois et al., 2016) are given in ratios between 0

and 1, with 0 referring to freely slipping fault patches and implying that the interface moves with the full rate

of the subducting Nazca Plate (54 mm/year after removal of 13 mm/year of sliver motion). Slip is generally

considered as interface motion toward the trench and assumed to be positive. Therefore, backslip is directed

away from the trench and assumed to be negative (Savage, 1983). Similar to previous plate interface coupling

studies in Northern Chile (e.g., Chlieh et al., 2011; Li et al., 2015; Métois et al., 2016), our interseismic backslip

model demonstrates a heterogeneous coupling distribution ranging from almost free slipping to full cou-

pling of the plates with rates of up to 61 mm/year effectively realistic (Figure 4c). The backslip pattern in

Northern Chile exhibits several highly coupled patches with rates >50 mm/year along the Chilean coastline

at an intermediate depth of 30 to 40 km. These patches are separated from each other by low coupling areas

of backslip rates less than 30 mm/year.

Figure 4. (a) Modeled (red) and observed (blue) Global Positioning System (GPS) displacements with 1-sigma uncertainties plotted in a stable South America refer-

ence frame, (b) corresponding vertical GPS observations (blue) with corresponding misfit indicated in colors (data minus model), and (c) modeled interseismic

backslip on triangular fault patches on the subduction interface (white arrows indicate rake). Other features represent the coast line (solid line), the fault trench (solid

line with triangles), political boundaries (dashed lines), and the coseismic slip model and aftershock location (Duputel et al., 2015). Inferred segment boundaries are

marked with gray lines following the nomenclature of Métois et al, (2016). cGPS = continuous Global Positioning System; sGPS = survey-mode Global Positioning

System.
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Most prominently, the central segment between 19.3 and 21°S latitude referred to as the Camarones segment

(Figure 4c), where the Iquique-Pisagua earthquake ruptured, is clearly separated by lowly coupled zones to

the north and south. The low coupling corridor at 21°S is referred to as Iquique low coupling zone (or

Iquique interseismic segment) and was confirmed by others with slightly different extents (e.g., Li et al.,

2015; Métois et al., 2016). Our interseismic backslip model generally compares well to previous coupling maps

that detect highest coupling rates at a depth range of 20–40 km (e.g., Béjar-Pizarro et al., 2013; Chlieh et al.,

2011; Li et al., 2015; Métois et al., 2016). But in contrast to these maps, our results show very low backslip rates

at shallower depths <15 km, which could be explained by a lack of sensitivity in this depth range.

For sensitivity analysis, we perform a checkerboard test, in which we generate rectangular slip and backslip

patches of size ~80 × 80 km in a checkerboard pattern of ±1 m slip on our interface geometry. This interface

slip is forward modeled to yield ground deformation for our GPS network and inverted again. Inversion

results can then be compared to the checkerboard geometry. The interseismic model is generally well

resolved south of 19°S and in a depth range below 20 km and is less sensitive for the very north of our study

area and the shallow interface parts (Figure S15b). Overall, we fit the GPS observations very well with a

rms misfit of only 1.8 mm/year in horizontal direction (Figure S16a) and 1.7 mm/year in vertical direction

(Figure S17a). In the north of the GPS network, the Euler rotation seems somewhat overpredicted, which

causes a slightly underpredicted backslip rate. Our model fit the vertical data generally well, with a few excep-

tions at sGPS coastal stations to the south (Figures 4b and S18a).

4. Postseismic Period

4.1. Constraining Static GPS Displacements

We used the Euler pole obtained from the interseismic model (section 3.2) to correct the postseismic data for

the sliver motion. Unlike for the estimation of the interseismic rates, where we extracted linear rates, we

extracted static displacements for the three consecutive intervals, Periods 1–3, directly from the GPS time ser-

ies (Tables S7–S12). Outlier detection and calculation of individual uncertainties for cGPS in the postseismic

stage is the same as in section 3.1. For sGPS data, we increased the instrumental error by adding the overall

rms position error of all (usually 3–5) daily solutions of one campaign. To further account for the instrument

setup error, we lowered the relative weights for sGPS data with respect to cGPS data in the inversion (details

in section 4.2). From the postseismic static displacements, we subtracted the viscoelastic response signal

determined by the independent viscousmodel (section 2.3) in all three periods to account for the postseismic

mantle relaxation (Tables S7, S9, and S11 and Figure S19). We still allow backslip to occur to assess possible

rate changes on the interface in adjoining segments of the ruptured Camarones segment. Additionally, we

subtracted the interseismic backslip rates, assuming that they are constant in time (Table S13) to account

for relocking and extract the afterslip signal. For stations that were not active before 2014, we predicted an

average relocking velocity based on our interseismic slip model (Figure 4c).

In Period 1 (days 2–16), stations north of 21°S exhibit trenchward (WSW) motion of up to 46.0 ± 1.2 mm some

80 km southeast of the inferred maximum slip (station CGTC, Figure 5a and Table S7). This motion is oriented

opposite to the interseismic ground displacement direction prior to the event. Stations south of 21°S remain

more or less unaffected by this early postseismic motion and continue to move in the direction of plate con-

vergence (2.3 ± 1.2 mm, PB03). The latitudinal displacement gradient is not symmetric around the peak slip

region at 20°S: from there, the displacement decrease is ~14 mm within the first 100 km northward, whereas

the decrease is faster, ~18mmwithin the first 100 km, southward (Figure 5a). The vertical GPS data (Figure 5d)

exhibit subsidence of all stations, with a maximum of 25.4 ± 2.3 mm (PSGA) at stations that are located close

to the epicenter of the aftershock.

In Period 2 (days 17–334), the displacement pattern slightly changes: the maximum trenchward displace-

ment has shifted about 50 km away from the coast and reaches 58.9 ± 2.2 mm at cGPS station PB11

(Figure 5b and Table S9). The asymmetric surface deformation pattern becomes more prominent, with a dis-

placement decrease of ~34 mm northward and a decrease of ~46 mm southward within the first 100 km

(Figure 5b). Moreover, the abrupt displacement sign change of stations from north to south of 21°S is more

obvious. GPS station PB01 is the southernmost station that moves toward the rupture zone (11.8 ± 1.3 mm),

whereas GPS station PB02, located only ~40 km south of PB01, moves opposite (16.7 ± 1.3 mm) before the

relocking signal is subtracted. All stations south of 21°S move collinear with the plate convergence vector
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Figure 5. (a–c) Predicted displacements (red) in comparison to the Global Positioning System observations (blue) with 1-sigma uncertainties, after subtracting the

relocking signal (average interseismic rate) and the viscoelastic response for (a) 2–16 days (Period 1), (b) 17–334 days (Period 2), and c) 335–717 days (Period 3)

after the mainshock. (d–f) Vertical GPS observations (blue) and color-coded model residuals for the corresponding postseismic Periods 1–3. (g–i) Predicted post-

seismic afterslip on the plate interface during the corresponding postseismic Periods 1–3. For other features see Figure 4. cGPS = continuous Global Positioning

System; sGPS = survey-mode Global Positioning System.
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with a maximum of 28.9 ± 2.0 mm at station LIVE, which nearly corresponds to its interseismic rate of

31.7 ± 5.5 mm for 1 year. The vertical GPS data (Figure 5e) close to the main rupture exhibit subsidence of

up to 23.9 ± 2.6 mm (PSGA), whereas stations toward the south of the epicenter region show uplift

of 33.0 ± 2.8 mm (PRO2). This spatial sign change may represent the hinge line of postseismic uplift to sub-

sidence at a latitudinal range of ~21–22°S. In general, the vertical displacement pattern seems more coherent

for cGPS than sGPS observations. Uplift rates of sGPS data toward the south may be systematically overesti-

mated compared to cGPS rates.

During Period 3 (days 335–717), most of the stations north of 21°S have significantly reduced their trench-

ward motion and relocking dominates over the afterslip component of the signal. For example, the cGPS

station (PSGA) closest to the mainshock exhibits a displacement of 5.0 ± 3.7 mm toward ENE before subtract-

ing relocking (Figure 5c and Table S11). Stations south of 20.5°S feature ENE displacement that increases

southward from 15.4 ± 2.2 mm (AEDA) to 35.8 ± 1.4 mm (LIVE) before subtracting relocking velocity

(Figure 5c). The vertical GPS data (Figure 5f) is relatively inhomogeneous. Coastal stations close to the main

rupture still mostly exhibit subsidence with a maximum of �19.3 ± 6.1 mm (PSGA), whereas few stations

south of 21°S (8.5 ± 2.2, PB03) and in Bolivia (3.7 ± 1.7, BMWS) experience uplift. The sGPS rates seem less

coherent with generally higher subsidence rates toward the south (�10.3 ± 3.0 mm, PRO3) compared to

cGPS rates (�6.6 ± 3.1 mm, JRGN).

If we analyze the temporal evolution of displacement by using a moving window of 30 days, we illustrate for

how long each GPS station was affected by the Iquique-Pisagua earthquake (Figure 6). As reported before,

stations south of 21°S seem not at all affected by the mainshock. Stations south of PB01 have an eastward

trend collinear with the plate convergence over all investigated periods. But just 40 km north, at 21°S, the

adjacent stations CRSC, CLLA, and PB01 are clearly affected by coseismic and postseismic response to the

mainshock (Figure 6). The majority of GPS stations north of 21°S turn their sense of motion from trenchward

to landward after about 1 year, thus slowly converging to interseismic relocking. This turnover of ground dis-

placement motion back to interseismic relocking with surface motion collinear to the plate convergence vec-

tor is almost completed after 2 years. After April 2016, westward directed motion induced by afterslip is

dominated by eastward directed motion induced by relocking and we assume interface afterslip to become

negligible with less than 5 cm/year 2 years after the Iquique-Pisagua event.

4.2. Model Results

The slip models of the different postseismic stages yield a more detailed picture of the temporal evolution of

afterslip (Figures 5g–5i). For the postseismic models, we first calculated the data weights based on GPS uncer-

tainties and then introduced the weighting factor w = wsGPS/wcGPS (Figure S13a), similar as for the interseis-

mic model (section 3.2). Period 1 only contains cGPS data (42 stations), but for Period 2 (38 cGPS and 64 sGPS

stations,w = 2.0) and Period 3 (33 cGPS and 43 sGPS stations,w = 1.5), we defined different relative weights to

account for a difference in spatial distribution of cGPS and sGPS stations. Similar to the postseismic modeling

approach, we increased the uncertainty of the vertical GPS component by a factor of 5 for cGPS and 10 for

sGPS data to more realistically represent the vertical data error (Figures S13c and S13d).

While subtracting averaged interseismic rates from postseismic data before inverting for postseismic slip, we

assume that the relocking rates remain constant before and after the Iquique-Pisagua event 2014. This may

lead to an overestimation of afterslip rates and also the viscoelastic relaxation component of the signal, if

interseismic loading signal does not resemble prevailing backslip during the postseismic period.

In Period 1, afterslip with a magnitude of 15–25 cm surrounds the rupture area of the Iquique-Pisagua earth-

quake downdip at ~30–35-km depth (Figure 5g). Maximum slip of up to 38 cm occurs 50 km south of the

mainshock at ~30 km depth, near the epicenter of the largest aftershock. In a latitudinal range of 20.7–

21°S, our model indicates a transition from highest slip rates to backslip-dominated interface motion. We

think that this pattern is caused by the sharp latitudinal sign change of displacement and might be linked

to a seismotectonic barrier at 21°S. This sharp transition moreover suggests that stations south of this zone

are not affected by afterslip (Figure 5g).

In Period 2, afterslip occurs downdip of the main rupture at 30–50-km depth, surrounding the hypocenter

and reaching peak values of 51 cm (Figure 5h). One-peak slip patch is located 50 km south of the epicenter,

again at the location of the largest aftershock, and a second high afterslip patch appears 40–50 km to the
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north of the main rupture at ~35–40-km depth. The updip area of our slip model exhibits significantly less

slip, only 10 to 20 cm. The geometry of afterslip extent during the first year after the earthquake is

surprisingly similar to the afterslip pattern of the first 2 weeks, except for the larger magnitudes. Afterslip

in Period 2 involves deeper parts of the interface and is shifted ~20 km northward compared to Period 1

as visible at the aftershock peak slip. A relatively sharp transition from slip to backslip-dominated interface

motion is again detected at 20.7–21°S. At this latitude, slip extends about ~40 km further south

underneath the Chilean coast, thus at relatively poorly resolved, deeper parts of the interface. No

difference to interseismic interface motion can be observed south of this latitudinal range as inferred by a

lack of slip/backslip southward.

In Period 3, afterslip has significantly decreased and converges to 0 in the center of the inferred rupture zone

of the Iquique-Pisagua mainshock (Figure 5i). This reflects the transition from an afterslip-dominated stress

Figure 6. Postseismic ground displacement color coded by days after the mainshock (sampled every 30 days). For other

features see Figure 4.

10.1002/2017JB014970Journal of Geophysical Research: Solid Earth

HOFFMANN ET AL. 12

CHAPTER 3. APPLICATIONS

144



regime to relocking as described by Wang et al. (2012). One isolated afterslip patch is located ~50 km north of

the epicenter with 10–15-cm slip. Surprisingly, peak slip occurs consistently at the area of the largest after-

shock 50 km south of the mainshock, with slip of 35 cm in Period 3. The spatial transition from afterslip at

the Camarones segment to interseismic relocking at the southern Loa segment becomes more diffuse in

Period 3 but is shifted northward compared to Period 2 (nomenclature from Métois et al., 2016). Most promi-

nently, south of 21°S, we observe increasing backslip rates in an interface depth range of 40–60 km. After hav-

ing subtracted averaged interseismic loading rates from our observations, we expect interface slip in

adjoining seismotectonic segments that are not affected by afterslip to be close to 0. In contrast, backslip

rates up to�2.5 cm south of 21°S indicate a coupling increase of the subduction interface in the second year

after the megathrust event. Peak backslip rates are located at 45–50-km depth underneath Mejillones penin-

sula at ~23°S.

Overall, a cumulative peak afterslip of 89.0 + 1.2/�0.4 cm is observed within the first 2 years after the Iquique-

Pisagua earthquake, occurring between 30 and 45 km depth and embracing the rupture area downdip

(Figure S20). We estimated the error of the maximum slip using a simplified Monte-Carlo approach calculat-

ing the standard deviation of 50 inversions in which we added normally distributed noise to the GPS data

(Figure S21). A sharp transition between afterslip to the north and backslip (increased interseismic coupling)

to the south is observed in a latitudinal range of 21–21.5°S. Most interestingly, the pattern complements the

high backslip pattern observed in the interseismic phase at these latitudes (Figure 4c).

The model resolution based on our checkerboard approach (section 3.2) for all three periods is generally

good (Figures S15c and S15d). An exception is the southern part of Period 1, where we have rather poor

resolution south of 23°S mainly due to the lack of GPS stations there as we only use cGPS data. But the

expected afterslip area south of the mainshock epicenter, toward the largest aftershock, is well resolved

below a depth of ~15 km. However, potential shallow afterslip above 15 km might not be resolvable with

our model geometry.

The postseismic models fit the horizontal data of all three stages reasonably with a rms residual of 1.7 mm

(Period 1), 4.2 mm (Period 2), and 2.4 mm (Period 3) (Figures S16b–S16d). The strongest horizontal misfit is

observed in Period 2 at coastal stations close to the main rupture and to the north. Further tests have shown

that the misfit cannot be significantly improved by changing model parameters (i.e., depth constraints or

smoothing value). The overall direction of deviation is toward the south, implying a northward shifted model

slip. One reason for the northward shift of slip could be the unfavorable spatial resolution of our model

geometry that is poorly resolved at shallow parts of the interface as well as north of 19°S due to a lack of

Peruvian GPS data. Thus, potential shallow afterslip may be shifted deeper and northward to better fit the

observations. A more physical explanation for the deviation could involve rheologic inhomogeneity in the

crust, which are not taken into account in our half-space model. The relatively high misfit and systematic

underprediction of the southward displacement in Period 2 may be a consequence of our simplified model

rheology. To better fit the data, a more complex geometry involving a three-dimensional model setup may

be needed (e.g., Klein et al., 2016; Li et al., 2015). Another cause for local (point-wise) misfit of the GPS

vectors as, for example, observed for stations VIRI or COLC in Period 3 could be upper crustal faulting, as

has been observed in many parts of Northern Chile and Bolivia (e.g., Allmendinger & González, 2010;

Lamb, 2000). González et al. (2015) even argued that the Iquique-Pisagua mainshock could have been trig-

gered by a reactivated trench-oblique upper plate reverse fault (the Mw 6.7 foreshock on 16 March 2014).

However, we do not observe a spatially coherent, long-wavelength misfit pattern in the far field as potentially

caused by viscous relaxation (Wang et al., 2012). Thus, we believe that our model predictions for the viscoe-

lastic component represent the amount of mantle relaxation contributing to the measured postseismic

ground deformation signal well.

The vertical displacement predications fit the data worse than the horizontal predictions and exhibit a rms

residual of 3.5 mm (Period 1), 5.2 mm (Period 2) and 2.0 mm (Period 3; Figures S17b–S17d). The model clearly

fails to properly predict the highly complex vertical displacement and, again, a three-dimensional model

would probably improve the fit, for example, by including a complex crustal structure that accounts for

features like local low-viscosity channels (e.g., Klein et al., 2016; Figures 5d–5f and S18b–S18d). Another

reason for the poorly vertical fit is the relatively large data uncertainty of the vertical data, particularly for

episodic measurements that can be explained by the acquisition geometry allowing more sensitivity to
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horizontal measurements. Another systematic overrepresentation of vertical data is apparent close to the

rupture area of the mainshock, whereas the up component toward the south is clearly underrepresented.

Nevertheless, our model is capable of resolving the hinge line between postseismic uplift and subsidence

at coastal stations between 20 and 21°S in Periods 1 and 2. In Period 3, this hinge line may has

shifted offshore.

5. Discussion

5.1. Spatial Correlation of Afterslip and Aftershocks

The afterslip pattern of the Iquique-Pisagua earthquake is comparable with the postseismic deformation of

other megathrust events of the last decade. Similar to the 2005 Nias Mw 8.7 Sumatra event (Hsu et al.,

2006) or the 2010 Maule Mw 8.8 Chile earthquake (Bedford et al., 2013), afterslip surrounds the region of max-

imum coseismic slip and occurs mostly in the downdip area of the rupture (Figures 5g–5i). To shed light on

this and better understand the relation between afterslip and aftershocks, we analyzed the location of after-

shocks of the first year after the earthquake. For this we utilized a recently compiled seismicity catalog from

the IPOC permanent station network that covers the years 2007–2014 (Sippl et al., 2018). The catalog contains

a total of 101 k events and has good spatial coverage of the Northern Chile-Southern Peru seismic gap, with a

completeness magnitude of 2.7–2.9. Events were detected using the multistep procedure of phase picking

and relocation outlined in Sippl et al. (2013), the last step of which is double-difference relocation using event

pair cross correlations.

In the first 2 weeks after the Iquique-Pisagua mainshock, modeled peak afterslip occurs north and southeast

of the rupture area (Figure 5g), near the epicenter of the large aftershock, where interseismic backslip (cou-

pling) is highest (Figure 4c). This suggests that in the first few days after the mainshock, afterslip neutralizes

incomplete coseismic stress drop, as it was also reported after the 2010 Maule earthquake (Bedford et al.,

2013). In the same period, aftershocks mostly occur in the rupture area. The distribution of aftershocks in

the first days following the mainshock may thus be controlled by the redistribution of stress during the

coseismic phase (Figure 7a; e.g., King et al., 1994).

The early stage of afterslip is characterized by the presence of both, normal and thrust faulting earthquakes,

but after 2 weeks only thrust mechanisms dominate in the aftershock sequence. This may reflect a minor

temporal change of the compressional axis of about 6° and premegathrust stress conditions were restored

a few weeks later (Cesca et al., 2016). Aftershock locations in the first year after the mainshock until the

end of 2014 seem to flank the highest coseismic rupture areas (slip above 8 m) but also border the regions

of high afterslip (Figure 7b). In a band-like geometry, aftershocks separate the northern peak afterslip patch

from the southern one. Modeled afterslip mostly occurs deeper than ~35 km and reaches the assumed tran-

sition zone from (brittle) crust to the hydrated mantle wedge (e.g., Bloch et al., 2014). Given the clear spatial

correlation between peak afterslip and the absence of aftershocks in Period 2 (Figure 7b), we infer that post-

seismic stress release is mostly transferred from aseismic (rate-strenghtening) peak afterslip areas to adjacent

intermediate afterslip regions close to the coseismic rupture zone. The updip area exhibits relatively low

afterslip, which agrees with the observation of the low degree of interseismic coupling in the shallower parts

of the interface, where slip deficit is assumed to be almost 0 (Li et al., 2015). This possibly indicates interseis-

mic creep on the updip portion of the plate interface. On the other hand, our checkerboard tests (Figure S15)

show that the shallow parts of the interface are poorly resolved, and the relatively intense updip seismic

activity indicates rate-weakening behavior. North of 19°S, the seismicity in the downdip high afterslip area

decays rapidly (Figure 7b). Thus, the aseismic area in the north seems to release stress while creeping, which

potentially reflects a transient increase of pore fluid pressure (Kodaira et al., 2004). Moreover, this region spa-

tially correlates with low coupling in shallow to intermediate crustal depths of 10–30 km (Figure 4c), probably

indicating the border to another seismotectonic segment (Li et al., 2015; Métois et al., 2013). This could also

explain the relatively low GPS displacement rates north of 19°S in the interseismic (Figure 4a) and postseismic

period (Figures 5g–5i) that are probably caused by a low-coupled segment to the north that is separated from

the Camarones segment where the mainshock ruptured. Moreover, the distance to the trench increases

toward the north, which also contributes to a slowing down of the GPS velocities there.

South of 21°S, the high-afterslip zone also exhibits a significant decrease of seismicity. The rupture area of

the mainshock terminates near a low coupling zone (Iquique intersegment, Métois et al., 2013) at 20°S
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(Duputel et al., 2015; Ruiz et al., 2014; Schurr et al., 2014), but afterslip extends further south across to 21°S,

probably due to the effects of the large aftershock (Figure 8a). Low coupling zones are assumed to behave

in a rate-strengthening way, increasing their frictional strength, thus decreasing the likelihood of slip

propagation (e.g., Scholz, 1998). But the afterslip also affects this interseismically low coupled zone and

terminates abruptly at ~21.2°S (Figure 8a), where the seismicity likewise decreases sharply. Similar to

above, the coupling differences may reflect a seismotectonic barrier.

In Period 2, a N-S oriented, left-stepping, band-like structure of seismicity becomes more prominent at

80–120 km depth and 250–300 km east of the trench (Figure 7b) and is most densely populated between

20° and 22.5°S. The spatial extent of this band correlates neither with the shallow seismicity described above

nor with the coseismic or postseismic slip on the plate interface. The occurrence of this intermediate-depth

seismicity is most likely caused by the metamorphic dehydration of the oceanic lithosphere effecting hydrau-

lic embrittlement due to the release of fluids (Bloch et al., 2014; Rietbrock & Waldhauser, 2004; Yoon et al.,

2009). The observed kink in the seismic band spatially correlates with the southern limit of the afterslip zone

at 21°S. South of the kink, the dehydration-related seismicity occurs slightly deeper, which probably reflects

heterogeneity in the subducting oceanic plate (e.g., Geersen et al., 2015) or crustal rheology.

We additionally generated a simple Coulomb failure stress (ΔCFS) change model based on our viscoelastic

model geometry and the coseismic shear (σs) and normal stress (σn) changes on the interface:

ΔCFS ¼ σs � σn·μ (3)

with μ = 0.1 as the coefficient of friction (Lamb, 2006). In our model, positive ΔCFS outlines the main rupture

area updip and downdip (Figure 8b), indicating that those interface regions were brought closer to failure

and are more prone to aftershocks during the postseismic stage. For the updip part, where we lack model

resolution, aftershock locations are in good spatial agreement with positive ΔCFS. For the downdip area,

aftershocks occur in both, positively and negatively loaded ΔCFS regions. The negative ΔCFS of up to

�4 Mpa spatially coincides with the high coseismic slip regions of the rupture area of the Iquique-Pisagua

Figure 7. Aftershock distribution (Sippl et al., 2018) during (a) Period 1 and (b) Period 2 in comparison to coseismic slip (blue/green isolines) (Duputel et al., 2015) and

modeled afterslip (yellow/red isolines) in the respective intervals. Each coseismic slip represents an increment of 2 m, each afterslip contour an increment of 0.1 m.

Note that in (b) only aftershocks until the end of 2014 are included. For other features see Figure 4.
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mainshock, where significantly fewer aftershocks occur. The largest aftershock is located at the southern

edge of the negative ΔCFS region. This may be associated to premainshock stress conditions and

potentially reflects interseismic stress buildup preceding the mainshock, for example, due to the foreshock

on 16 March 2014 (e.g., González et al., 2015).

5.2. Seismotectonic Barrier at 21°S

In all our observations, we find that the region at 21°S acts as a barrier or apparent discontinuity of physical

properties. Throughout the whole investigated period, the GPS stations south of 21°S move permanently in

the interseismic ENE direction, indicating that the plate interface remains strongly coupled (Figures 4a, 5a–5c,

and 8a). In the postseismic stage, we observe sharp GPS rate changes near 21°S that coincide with the south-

ern termination of the narrow, low-coupled zone (Iquique low coupling zone) (Figure 8a; Métois et al., 2016).

Afterslip intrudes into this possibly rate-strengthening zone south of 21°S, which we interpret as postseismic

stress transfer into a very heterogeneous subduction interface (e.g., Kaneko et al., 2010; Marone et al., 1991) at

the border to a region undergoing stress buildup (south of 21°S). This transition zone also shows peak seis-

micity at the upper plate both before and after the 2014 earthquake (Meng et al., 2015; Figure 7b) and poten-

tially indicates a seismotectonic barrier, which is less coupled with respect to adjacent segments. The barrier

may thus be a consequence of mechanical variations in the coupling between the interface and the upper

plate. Geersen et al. (2015) attribute the heterogeneous coupling to seamounts on the subducting plate that

prevented the Iquique-Pisagua rupture to migrate southward. According to them, the so-called Iquique

Figure 8. (a) Comparison of interseismic backslip, coseismic slip (Duputel et al., 2015) and cumulative afterslip (see also Figure S20). (b) Comparison of coseismic slip,

estimated Coulomb failure stress changes based on slip model of Schurr et al. (2014), and aftershocks from April to December 2014 (Sippl et al., 2018). For other

features see Figure 4.
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Ridge at 19.5–21°S (Figure 1) favors aseismic conditions with smaller earthquakes and creep rather than large

ruptures due to extensive fracturing at the plate boundary (Geersen et al., 2015; Wang & Bilek, 2011). Another

explanation for the presence of the barrier could be a postulated abrupt change of slab dip at ~21°S, inter-

preted as slab bending in recent studies (e.g., León-ríos et al., 2016). In the numerical model of Kaneko

et al. (2010), two rate-weakening zones were separated by a narrow rate-strengthening block. This is compar-

able to the tectonic setting of our study, where two highly coupled zones are separated by the narrow

Iquique low coupling zone at 21°S (Figure 8a). Whenever one of the rate-weakening zones ruptured individu-

ally in this experiment, stress was transferred to the opposite zone that, in turn, was brought closer to failure

than expected from the original recurrence interval (Kaneko et al., 2010). These results focus our attention to

the southern Loa segment at 21–23°S.

However, the origin of the seismotectonic barrier might also be related to the upper plate rather than to the

plate interface. Loveless et al. (2009) reported that the preferred orientation of surface cracks north and south

of 21°S changes from NNW to NE, indicating two distinct stress regimes in the upper crust. This zone is also

the southern limit of E-W trending faults (Figure 1) responsible for along-strike shortening of the Coastal

Cordillera (Allmendinger & González, 2010; Allmendinger et al., 2005). These authors have related this kine-

matic observation to the location of the symmetry axis of the Andean orocline (Gephart, 1994; Figure 1) as

well as of the Benioff Zone. This finding is also supported by numerical analysis and analog simulation in

Boutelier and Oncken (2010) and Boutelier et al. (2014), both of which suggest that bending in conjunction

with specific plate interface properties have a key role in the kinematic response. The seismotectonic barrier

correlates spatially with the boundary between a strongly faulted upper plate domain in the North and an

unfaulted upper plate in the South (Allmendinger & González, 2010). From these observations together with

the observed sharp gradient in surface motion, we additionally speculate that there could be an associated

strength change of the forearc crust.

The seismotectonic barrier at 21°S potentially prevented the Northern Chile-Southern Peru seismic gap

region to rupture in a single event as in the 1877 Iquique Mw 8.6 earthquake (e.g., Comte & Pardo, 1991).

Although there is also some discordance about the actual size of the 1877 event (Métois et al., 2013), this

earthquake was certainly larger than the 2014 event and either extended the barrier, or the barrier was only

formed in the postseismic and interseismic stage following the 1877 event. The 2014 earthquake could only

partially release the slip deficit accumulated since 1877 (Métois et al., 2013; Schurr et al., 2014). Consequently,

for further analysis the seismic gap region should be split into two parts separated by the seismotectonic bar-

rier at 21°S. Moreover, our results suggest that the seismotectonic behavior may bemore strongly affected by

upper plate strength variations along the Chilean margin than previously surmised.

5.3. GPS Rate Change South of 21°S

GPS rates south of 21°S reflect the crustal response to the occurrence of the 2014 earthquake at this unbroken

adjacent segment. Here we find a significant rate change of up to 10 mm/year over different postseismic per-

iods after the Iquique-Pisagua earthquake. To illustrate this, we extracted the linear trend from the time series

of Periods 2 and 3 as described in section 2.2 and calculated the rate changes with respect to the interseismic

rates observed before the earthquake (Figure 9). In the first year after the mainshock, stations south of 21°S

latitude experienced a rate decrease compared to the preearthquake rates, whereas in the second year those

stations (consistently sGPS and cGPS) show a rate increase (Figure 9). This rate increase may not be depen-

dent on the distance between station and trench as maximum acceleration is observed at inland stations

at distances of 130 to 170 km away from the trench and not at coastal stations that are closer to the trench.

We interpret this change of behavior between the first and the second year following the Iquique-Pisagua

earthquake as response to decreasing afterslip rates and the dominant effect of interseismic deformation

at the southern Loa segment. Hence, the rate decrease in the first year could be explained by the interaction

of (1) far-field afterslip on the interface and (2) viscoelastic relaxation. Both mechanisms cause GPS stations to

move toward the rupture zone, opposite to the ongoing interseismic coupling locking (Bedford et al., 2016;

Wang et al., 2012). Therefore, the observed rate decrease in the first year could be the consequence of relaxa-

tion processes. This confirms that the viscoelastic relaxation decays fast, beingmore dominant in the first year

after the event. But what causes the rate increase in the second year after the earthquake, which is compar-

able to what was reported from adjoining segments of the 2003 Tokachi-Oki Mw 8.0, Japan earthquake (Heki

& Mitsui, 2013)? One explanation may be given by recent studies of Melnick et al. (2017) and Klein et al. (2016)
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that documented GPS rate increase after the 2010 Maule earthquake at the adjacent unbroken segments.

Likewise, we propose that the observed rate increase south of 21°S can be an effect of continental-scale,

viscoelastic mantle relaxation (Klein et al., 2016) that induces an increase of fault shear stresses more than

200 km away from the rupture zone. The increase of interseismic rates can also be mechanically related to

the elastic flexural bending response of both plate segments to the uncoupling after a large earthquake in

one of the segments. This uncoupling may increase the interseismic stress accumulation at adjacent

clamped (locked) segments (Melnick et al., 2017). Our models confirm these temporal variations of

Figure 9. Rate changes during (a) Period 2 and (b) Period 3 after the Iquique-Pisagua earthquake with respect to the pre-

event displacement rates. The vectors are color coded by the amplitude of the rate change; the symbols mark continuous

(circle) and campaign (square) GPS rates. GPS = Global Positioning System.
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interseismic rate after a large earthquake and suggest a significant increase in backslip rate of up to

10 mm/year (Figure 9) and thus increased interface coupling in the second year after the earthquake

(Figure 5i). The observation that maximum rate increase occurs not at coastal stations, but 40 to 80 km

inland potentially reflects downdip changes of interface coupling deeper than 40 km at the downdip limit

of the seismogenic zone. Similar to the potential triggering of the 2015 Illapel Mw 8.2 earthquake (Tilmann

et al., 2016) by the 2010 Maule Mw 8.8 event as bimodal megathrust occurrence (Klein et al., 2016; Melnick

et al., 2017), we suggest that the Iquique-Pisagua event can bring the Loa segment closer to failure due to

increased shear stress at the downdip limitation of the fault.

Another, more speculative hypothesis locates the source of surface displacement rate increase to the upper

crust, particularly if we assume that our elastic models somewhat overestimate the coupling degree. This

would be the case, if we underestimate the viscoelastic relaxation or the interseismic loading prior to the

earthquake. Given the complexity of our time series that cover the full seismic cycle including two major

earthquakes (the 2005 Tarapacá and 2007 Tocopilla event) that affect velocities in our pre-Iquique-Pisagua

earthquake interval, our extracted loading rates may be underestimated. In this case, we should detect a

time-dependent increase of upper crust weakening and the current slip deficit would be released aseismi-

cally. Another realistic explanation for coupling increase in our models involves our simplified model rheol-

ogy with a homogeneous, linear Maxwell viscosity that does not account for complex rheologic features

like low-viscosity wedges (e.g., Klein et al., 2016). However, the consistency and uniformity of the change

of the interseismic velocity field, observed in both, sGPS and cGPS data, suggest an increase of shortening

rate at the Loa segment independent of our modeling strategy. Longer postseismic time series will provide

valuable data to our findings and to further investigate the temporal variations of coupling degree.

6. Conclusion

Based on 152 GPS time series, we have derived an interseismic backslip model of the (former) Northern Chile-

Southern Peru seismic gap and three consecutive postseismic models documenting 2 years of afterslip

motion following the 2014 Mw 8.1 Iquique-Pisagua earthquake. Prior to the earthquake, we find a heteroge-

neously locked plate interface with two highly coupled patches in the central part of the gap that are

separated by a narrow, low-coupling zone at 21°S (Iquique low coupling zone), probably acting as a seismo-

tectonic barrier. Consequently, the rupture area of the 1877Mw 8.6 Iquique earthquake should be analyzed as

two distinct patches.

The postseismic models exhibit peak afterslip at the location of the largest aftershock and show a relatively

sharp gradient from trenchward to landward motion at ~21°S latitude. Based on this strong displacement

gradient as well as mapped changes in upper plate faulting and crack orientations, we speculate that crustal

strength heterogeneity may contribute to cause this seismotectonic barrier.

Cumulative afterslip reaches 89.0 + 1.2/�0.4 cm, outlines the main rupture area downdip and dissolves after

2 years. The Loa segment south of 21°S is unaffected by afterslip but yields a significant rate increase toward

interseismic ground displacement direction of up to 10 mm/year in the second year following the earth-

quake. We interpret this as an increase in downdip interface coupling due to shear stress increase as a con-

sequence of regionally induced deformation (viscoelastic and/or elastic bending) after the 2014 earthquake.

The Iquique-Pisagua earthquake may have initiated a superinterseismic phase in the southern sector with a

bimodal occurrence of megathrust events (Loveless, 2017; Melnick et al., 2017). In this case, the risk of another

earthquake in this unbroken part between 21 and 23°S has increased. An opposing interpretation suggests

time-dependent crustal weakening involving aseismic slip release in the Loa segment. Longer deformation

time series are needed to distinguish between these hypotheses and an increased observational attention

to this segment is recommended.
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1. Introduction

In the aftermath of large earthquakes, the Earth surface displays time-dependent deformation patterns on different 
spatiotemporal scales that may last several of years or decades due to the relaxation of coseismically imposed 
stress and pore pressure changes in the lithosphere-asthenosphere system (e.g., Hergert & Heidbach,  2006; 
Hughes et al., 2010; K. Wang et al., 2012, and references therein). These relaxation processes are aseismic post-
seismic slip on the fault interface (afterslip), poroelastic processes in the upper crust, and viscoelastic relaxation 
in the lower crust and upper mantle (e.g., Agata et al., 2019; Barbot, 2018; Hughes et al., 2010; Liu et al., 2020; 
Peña et al., 2020; Sun & Wang, 2015). Afterslip distributions can be used as a proxy to gain valuable insights 
into the mechanical behavior of the fault interface and to quantify the remaining slip budget (Avouac, 2015, and 
references therein). To do so, it is compulsory to decipher the relative contribution of each postseismic process to 
the surface deformation. In particular, the contribution of poroelastic processes is not fully understood.

In the long-term (years to decades) and at larger spatial scales (100s of km) it is widely accepted that afterslip and 
viscoelastic relaxation prevail (e.g., Barbot, 2018; Peña et al., 2021, 2020; Sun et al., 2014; K. Wang et al., 2012). 
Conversely, poroelastic processes seem to contribute primarily in the early postseismic phase (days to months), 

Abstract Megathrust earthquakes impose changes of differential stress and pore pressure in the lithosphere-
asthenosphere system that are transiently relaxed during the postseismic period primarily due to afterslip, 
viscoelastic and poroelastic processes. Especially during the early postseismic phase, however, the relative 
contribution of these processes to the observed surface deformation is unclear. To investigate this, we use 
geodetic data collected in the first 48 days following the 2010 Maule earthquake and a poro-viscoelastic 
forward model combined with an afterslip inversion. This model approach fits the geodetic data 14% better than 
a pure elastic model. Particularly near the region of maximum coseismic slip, the predicted surface poroelastic 
uplift pattern explains well the observations. If poroelasticity is neglected, the spatial afterslip distribution is 
locally altered by up to ±40%. Moreover, we find that shallow crustal aftershocks mostly occur in regions of 
increased postseismic pore-pressure changes, indicating that both processes might be mechanically coupled.

Plain Language Summary Large earthquakes modify the state of stress and pore pressure in 
the upper crust and mantle. These changes induce stress relaxation processes and pore pressure diffusion in 
the postseismic phase. The two main stress relaxation processes are postseismic slip along the rupture plane 
of the earthquake and viscoelastic deformation in the rock volume. These processes decay with time, but 
can sustain over several years or decades, respectively. The other process that results in volumetric crustal 
deformation is poroelasticity due to pore pressure diffusion, which has not been investigated in detail. Using 
postseismic surface displacement data acquired by radar satellites after the 2010 Maule earthquake, we show 
that poroelastic deformation may considerably affect the vertical component of the observed geodetic signal 
during the first months. Poroelastic deformation also has an impact on the estimation of the postseismic slip, 
which in turn affects the energy stored at the fault plane that is available for the next event. In addition, shallow 
aftershocks within the continental crust show a good, positive spatial correlation with regions of increased 
postseismic pore-pressure changes, suggesting they are linked. These findings are thus important to assess the 
potential seismic hazard of the segment.
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especially in the near field close to the area of high coseismic slip. Here, the contribution of poroelastic processes 
to the surface deformation has been shown to be up to 30% compared to those due to linear viscoelastic relaxa-
tion (e.g., Hu et al., 2014; Hughes et al., 2010; Masterlark et al., 2001). However, previous studies often neglect 
both poroelastic and viscoelastic relaxation, assuming that afterslip is the dominant process and that the crust 
and upper mantle respond in a purely elastic fashion (e.g., Aguirre et al., 2019; Rolandone et al., 2018; Tsang 
et al., 2019). Recently K. McCormack et al. (2020) and Yang et al. (2022) investigated the poroelastic effects on 
afterslip inversions during the first ∼1.5 months following the 2012 Mw 7.8 Nicoya, Costa Rica, and 2015 Mw 8.3 
Illapel, Chile, earthquakes, using Global Navigation Satellite System (GNSS) data. They show that the resulting 
amplitude of afterslip may be affected by more than ±50% in regions of ∼40 × 40 km 2 when neglecting poroelas-
ticity. Yet, their models ignore viscoelastic relaxation. For the same 2015 Illapel event and similar postseismic 3D 
GNSS data, Guo et al. (2019) find that linear viscoelastic effects may increase and reduce the resulting inverted 
afterslip at shallower and deeper segments, respectively, but they do not consider the potential effect of poroelas-
tic and non-linear viscoelastic processes. Hence, the relative contributions of postseismic processes to the early 
postseismic phase at subduction zones are still elusive.

The postseismic deformation associated with the 2010 Mw 8.8 Maule earthquake in central-southern Chile 
(Figure 1) has been studied extensively using afterslip only (e.g., Aguirre et  al., 2019; Bedford et  al., 2013), 
combining afterslip and linear viscoelastic relaxation (e.g., Bedford et al., 2016; Klein et al., 2016; Li et al., 2018), 
and afterslip and non-linear viscoelastic relaxation (Peña et al., 2019, 2020; Weiss et al., 2019). In this work, we 
investigate for the first time the relative contribution of afterslip, poroelastic and non-linear viscoelastic processes 
of the early postseismic deformation of the 2010 Maule earthquake. We use a model approach that combines a 4D 
forward model of poroelastic and non-linear viscoelastic relaxation with an afterslip inversion. We use displace-
ments observed by continuous 3D GNSS sites and Interferometric Synthetic-Aperture Radar (InSAR) during the 
first 48 days after the main shock. We find that particularly in the near field poroelastic processes significantly 
affect the afterslip estimates and could explain the observed postseismic uplift signal.

2. Geodetic Observations

3D GNSS displacements time-series are obtained using the processing strategy explained in Bedford et al. (2020). 
Data are retrieved in the International Terrestrial Reference Frame 2014 and then rotated to a Stable South 
American reference frame. Seasonal signals and offsets caused by aftershocks are removed using sparse linear 
regression of a modified trajectory model (Bedford & Bevis, 2018). We do not remove the interseismic compo-
nent because it is negligible compared to the surface deformation in the first 48 days. We select only stations that 
account for at least 38 daily solutions, resulting in 20 GNSS sites (Figure 1). We linearly interpolate gaps in the 
time series up to 10 days assuming linear behavior (e.g., Bedford et al., 2013; Moreno et al., 2012).

To increase the spatial coverage, we complete the GNSS data with InSAR line-of-sight (LOS) displacement. 
We used an image pair of the L-Band (23.6 cm wavelength) ALOS PALSAR satellite mission from the Japa-
nese Space Agency. The scenes were acquired on descending pass in ScanSAR wide-beam mode on the 1st of 
March (Scene ID: ALPSRS218444350) and 16th of April (ALPSRS225154350), thus spanning day 2–48 follow-
ing the earthquake. The differential interferogram was created after co-registration and burst synchronization 
using the GAMMA software (Wegmüller & Werner, 1997; Werner et al., 2011). To increase the coherence, we 
multi-looked the original interferogram 3, resp., 16 times in range/azimuth to a spatial resolution of 30/50 m. 
We removed the topographic phase using a 90 m digital elevation model from the Shuttle Radar Topography 
Mission (Farr et al., 2007). We further improved the signal-to-noise ratio with an adaptive phase filter (Gold-
stein & Werner, 1998) and unwrapped the phase using Minimum Cost Flow (Costantini, 1998). The geocoded 
LOS displacements were quad-tree subsampled (Jónsson et al., 2002; Welstead, 1999) to a total number of 586 
data samples using the Kite software (Isken et  al.,  2017) from the open-source seismology toolbox Pyrocko 
(Heimann et al., 2017). Uncertainties were estimated using the full variance-covariance matrix (Sudhaus & Jóns-
son, 2009). Finally, we removed the long-wavelength orbital signal by minimizing the misfit between the LOS 
InSAR displacements (averaged on a 15 × 15 km 2 window at each GNSS position) and the GNSS data (collapsed 
into LOS) using a linear ramp (e.g., Cavalié et al., 2013). The GNSS and deramped InSAR data are then used for 
the afterslip inversion.
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3. Model Setup

We use the model workflow of Peña et al.  (2020), where the postseismic surface displacements produced by 
4D forward simulation are first subtracted from the geodetic data. The remaining signal is then inverted for 
afterslip. Here, we extend the forward model part of Peña et al.  (2020) by adding poroelasticity to the model 
(Figure 1c).

We simulate the postseismic non-linear rock viscous deformation under high-temperature and high-pressure 
conditions as:

�̇cr = ���exp

(

−�

RT

)

 (1)

where �̇cr is the creep strain rate, A is a pre-exponent parameter, σ the differential stress, n the stress exponent, Q 
the activation energy for creep, R the gas constant and T the absolute temperature (e.g., Hirth & Kohlstedt, 2003). 
The poroelastic response is simulated following the approach of H. F. Wang (2000), where the constitute equa-
tions of mass conservation and Darcy's law describe the coupled displacement (u) and pore-fluid pressure (p) in 
Cartesian coordinates (x) expressed in index notation as follows:
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Here, G and ν are the shear modulus and the drained Poisson ratio, respectively, α is the Biot-Willis coefficient, 
t the elapsed time since the main shock, Sϵ the constrained storage coefficient, εkk = ∂uk/∂xk is the volumetric 
strain, k the intrinsic permeability and μfthe pore-fluid viscosity (H. F. Wang, 2000). The subscript i represents 
the three orthogonal spatial directions, while the subscript k denotes the summation over these three components 
(Hughes et al., 2010).

Figure 1. (a) Cumulative postseismic Interferometric Synthetic-Aperture Radar and Global Navigation Satellite System surface displacements between the days 2 
and 48 after the 2010 Maule Mw 8.8 earthquake. Negative line-of-sight values indicate relative motion away from the satellite. (b) 3D view and (c) cross-section of the 
model illustrating layers and rheology with k as permeability described in Section 3.
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The onset of the poroelastic and viscoelastic postseismic deformation is driven by the coseismically induced 
response (e.g., Hughes et  al.,  2010; K. McCormack et  al.,  2020; Masterlark et  al.,  2001). We prescribe the 
coseismic slip model of Moreno et al. (2012) as displacement boundary conditions on the fault interface (Peña 
et al., 2020). The lateral and bottom model boundaries are free to displace parallel to their faces. We also apply 
stress-free and no-flow boundary conditions in the surface layer (e.g., Hughes et  al.,  2010; Tung & Master-
lark, 2018). The resulting numerical problem is solved with the commercial finite element software ABAQUS TM, 
version 6.14.

Given the high uncertainty of rock permeability, temperature, and viscous creep parameters, we consider 
end-member scenarios for the crust and upper mantle (Figure 1c; Tables S1 and S2 in Supporting Information S1). 
We consider two scenarios with lower and upper bounds of permeability of 1 × 10 −16 m 2 and 1 × 10 −14 m 2 for 
the continental crust in the upper 15 km (Völker et al., 2011), while we set a permeability of 1 × 10 −16 m 2 for the 
lower crust, as obtained from crustal-scale studies in Chile (e.g., Husen & Kissling, 2001; Koerner et al., 2004) 
and other regions (e.g., Ingebritsen & Manning, 2010). We adopt quartzite and diabase creep parameters for the 
continental crust, and wet olivine with 0.01 and 0.005% of water for the upper mantle (e.g., Hirth & Kohlst-
edt, 2003; Peña et al., 2020). We do not further explore rock property changes for the oceanic crust and mantle 
due to the lack of offshore measurements to constrain our results. We thus set a permeability of 1 × 10 −16 m 2 for 
the oceanic plate (Fisher, 1998), and assign diabase and wet olivine with 0.005% of water creep parameters for 
the slab and oceanic mantle, respectively (Peña et al., 2020).

During the afterslip inversion, we determine the relative weights of InSAR and GNSS data sets by identifying the 
optimal misfit value between the observed and modeled surface displacement that does not substantially vary the 
misfit of each individual data set (e.g., Cavalié et al., 2013; Melgar et al., 2017). We find that the relative weights 
for GNSS and InSAR are 1 and 0.6, respectively (Figure S2 in Supporting Information S1). This agrees with the 
tendency of lowering the InSAR data weight when including GNSS and InSAR along with land-leveling (Moreno 
et al., 2012) and strong motion data (Melgar et al., 2017) that found relative weights of about 0.5 and 0.3 for 
GNSS and InSAR data, respectively. Furthermore, we neglect the postseismic processes coupling as it does not 
change the results beyond the GNSS data uncertainty (Figure S3 in Supporting Information S1).

4. Model Results Compared to Geodetic Observations

All GNSS horizontal postseismic displacements show trench-ward motion (Figure  1). The maximum cumu-
lative surface displacement reaches 24.5  cm at station MOCH, while the maximum cumulative InSAR LOS 
displacement is observed at the Arauco Peninsula with 32.5 cm. The volcanic arc region also exhibits significant 
long-wavelength deformation, reaching ∼15 and ∼2 cm in the horizontal and vertical components at the station 
MAUL, respectively. Along the coastline, the observations exhibit strong vertical variations. The northern part 
subsides by up to 1 cm, while the two GNSS sites (ILOC and CONS) near the region of maximum coseismic slip 
yield uplift of 1–2 cm. A maximum uplift of 6.5 cm is measured at station MOCH further south.

The combined result of the forward poro-viscoelastic model and the afterslip inversion display a lowest mean 
absolute data error of 5.4 cm (Figure 2a; Table S3 in Supporting Information S1), while by neglecting poroe-
lasticity the data misfit slightly increases to 5.5 cm (Figure 2b). Despite this small data fit improvement, our 
F-test results show that our poro-viscoelastic model is statistically better than a (non-linear) viscoelastic-only 
model considering a significance level of 0.05 (Figure 2a and Supporting Information S1). The data fit of the 
poro-viscoelastic model is 14% better than the one from a pure elastic model (Figures 2c and 2f). In particular, 
the inclusion of viscoelasticity can substantially improve the data fit in the volcanic and back-arc regions and, to 
some extent, at the coast (Figures 2d and 2e).

We also show that afterslip processes dominate the near-field deformation (Figures 3a, 3d, and 3g), while non-lin-
ear viscoelastic relaxation the surface deformation at volcanic and back arc regions (Figures 3b, 3e, and 3i). The 
largest poroelastic effects are found close to the region of maximum coseismic slip, while the resulting surface 
poroelastic response exhibit varying patterns (Figure 3f). Onshore, the poroelastic response exhibits landward 
and uplift surface deformation, while offshore and particularly close to the trench it is the opposite (Figure 3f). 
The cumulative poroelastic landward displacements reach up to 0.75 cm, lowering the cumulative displacement 
of station ILOC by ∼15% (Figures 3c and 3h). We also find that the poroelastic response exhibits a maximum 
coastal uplift of 1.3 cm (Figures 3c and 3f), which is in good agreement with the observations.
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5. Spatial Distributions of Afterslip

We further compare afterslip distributions resulting from a poro-viscoelastic, poroelastic and elastic models. 
Overall, these models predict most of the afterslip occurring outside regions of high coseismic slip (Figures 4a 
and 4c), with maximum afterslip amplitude in the southern segment at 37.7°S at 20 km depth. In the northern 
segment, however, the afterslip predicted by the poro-viscoelastic model differs. It is notably reduced by more 
than 30 cm close to the trench and by 20–30 cm at 20–50 km depths (Figure 4d). At 20–50 km depth, afterslip 
resolution and bootstrapping tests report robust results (Figure S4 and S5 in Supporting Information S1; Bedford 
et al., 2013; Peña et al., 2020). We find a general reduction of the afterslip by 16% if poro-viscoelastic effects are 
incorporated. Viscoelastic effects dominate the prediction as the poroelastic effects (Figure 4e) are significantly 
smaller than those from the combined model (Figure 4d). However, poroelastic effects alter the afterslip distri-
bution by up to ±25 cm in regions of ∼50 × 50 km 2 (Figure 4e), representing up to ±40% of deviation from the 
elastic-only model (Figure 4f). These effects are strongest near the region of maximum coseismic slip, where 
poroelastic effects contribute most to the observed surface displacements (Figure 3c).

Figure 2. Predicted displacements from forward modeling in combination with an afterslip inversion considering (a) poroelasticity and non-linear viscoelasticity, (b) 
non-linear viscoelasticity-only, and (c) elasticity-only. MAE represents the mean absolute error. The p-values in panel (a) are obtained by computing the F-values from 
panels (b and c) (null hypothesis) with respect to panel (a). (d–f) show the residual displacements between the model in panels (a and c) and the geodetic data.
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6. Discussion

Poroelastic processes in the upper crust are a fundamental aspect of rock mechanics (e.g., Beeler et al., 2000; 
Oncken et al., 2021; Warren-Smith et al., 2019). Yet, they have been commonly ignored in postseismic deforma-
tion studies. We show that following the Maule event, poroelastic processes affect horizontal GNSS observations 
by up to 15% (Figure 3c). Moreover, poroelastic processes locally alter the estimated afterslip by up to ±40% 
near the region of maximum coseismic slip compared to the results of a purely elastic model. Similar patterns 
have been also reported for the 2012 Nicoya Costa Rica (K. McCormack et al., 2020) and the 2015 Illapel Chile 
(Yang et al., 2022) earthquakes. Nonetheless, in the work by K. McCormack et al. (2020) and Yang et al. (2022) 
the poroelastic effects on both the geodetic signal and afterslip amplitudes are generally larger than in our study. 

Figure 3. Decomposition of the predicted cumulative and temporal 3D surface displacements from the model that inverts for afterslip considering poro-viscoelasticity. 
Individual contribution due to (a) afterslip, (b) viscoelastic, and (c) poroelastic processes at the observation sites and (d–f) in full 3D-resolution. Individual Global 
Navigation Satellite System horizontal time-series decomposition at stations (g) CONS, (h) ILOC, and (i) MAUL. Temporal evolution of afterslip is modeled with a 
logarithmic function as A(t) = Ao log((t + tc)/tr), where Ao is the cumulative afterslip calculated from the inversion approach, t is the time after the main shock, tr is the 
characteristic time of relaxation, and tc the critical time, which is introduced to avoid the singularity at t = 0 (Avouac et al., 2015).
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This might be because these studies neglect viscoelastic relaxation, which also has a significant impact on the 
afterslip distributions (Figure 4d). In particular, the inclusion of non-linear viscoelasticity considerably reduces 
the afterslip at shallower segments close to the region of largest coseismic slip (Figures 4a and 4d), thus better 
explaining the absence of shallow aftershocks (e.g., Lange et al., 2012) (Figure S6 in Supporting Information S1).

Our poro-viscoelastic model considers rock parameters that agree with previous studies investigating non-linear 
viscoelastic (Peña et al., 2020, 2021; Weiss et al., 2019) and poroelastic processes (e.g., Koerner et al., 2004). The 
permeability of 10 −14 m 2 used here, however, is about two orders of magnitude higher than that the one used by 
studies investigating the postseismic deformation of the 2011 Tohoku-Oki (Hu et al., 2014) and the 2004 Suma-
tra-Andaman megathrust events (Hughes et al., 2010). Nevertheless, these authors either focused on a longer 
observation period (∼2 years, Hu et al., 2014) or investigated the stress transfer due to pore-pressure changes 
(Hughes et al., 2010). This relatively high permeability may be because of upper crustal fractures augmenting 
permeability locally (e.g., Gomila et al., 2016) or a transient response increasing permeability due to the pass of 
the seismic waves (e.g., Manga et al., 2012), or both processes.

Figure 4. Afterslip distributions from (a) the poro-viscoelastic, (b) the poroelastic-only, and (c) the elastic-only models. Gray contour lines show coseismic slip as 
in Figure 1. Dashed lines represent the plate interface depth from Hayes et al. (2012). (d and e) exhibit afterslip differences between panels (a and b) and (b and c), 
respectively, while (f) as (e) but in percent.
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Our results show that the predicted poroelastic vertical displacement is about two times higher than the horizontal 
displacement (Figure 3f), which is in good agreement with previous studies (Hu et at., 2014; Hughes et al., 2010; 
Masterlark et al., 2001; K. McCormack et al., 2020). Poroelastic vertical surface displacement patterns can also 
explain a major part of the observed uplift near the maximum coseismic slip region (Figure 3c). The modeled 
surface uplift and subsidence pattern is produced by increase and decrease of postseismic pore-pressure changes 
in the upper crust following the main shock, respectively (Figures 5a and 5c). We also find that shallow after-
shocks, especially above ∼11 km depth, mostly occur beneath the coastal forearc, where our model predicts 
pore-pressure increase (Figures  5b–5d). An increase of shallow seismic activity following megathrust earth-
quakes has been observed in many subduction zones (e.g., Soto et al., 2019; Toda et al., 2011), but the mecha-
nisms of these aftershocks are not well understood. Our results indicate that increased postseismic pore-pressure 
changes may be a plausible triggering process, as they reduce the effective fault normal stress more efficiently 
than afterslip and viscous processes (e.g., Hughes et al., 2010; Miller et al., 2004).

Figure 5. Cumulative postseismic pore-pressure changes, displacement, and Mw ≥ 4 aftershock distribution in the upper 15 km (USGS-NEIC catalog) during the first 
48 days following the main shock.
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Given that the vertical surface displacement is highly sensitive to poroelastic effects (Figure  3f), additional 
geodetic vertical deformation data derived from, for example, offshore pressure gauges (Wallace et al., 2016) or 
multiple radar look directions (Weiss et al., 2020; Wright et al., 2004) could be used in future studies to better 
understand crustal poroelastic processes. Moreover, a homogenous spatial distribution of permeability may not 
be a realistic representation of the upper crust (e.g., Manga et al., 2012). Additional water-level observations 
could directly constrain spatial variations of crustal poroelastic properties (K. A. McCormack & Hesse, 2018).

7. Conclusion

We use a 4D forward model that considers poroelasticity and non-linear viscoelasticity to invert for the afterslip 
during the first 48 days of postseismic deformation following the 2010 Maule earthquake. Compared to a purely 
elastic model inverting for afterslip only, our model approach fits the observed postseismic geodetic data 14% 
better and yields a reduction of the total predicted afterslip of 16%. The latter is primarily due to the imple-
mentation of viscoelasticity. Close to the area of maximum coseismic slip, poroelastic effects play a local, but 
significant role by dragging the horizontal GNSS observations by up to 15% in the opposite direction and altering 
the afterslip amplitude by up to ±40% in regions of ∼50 × 50 km 2. Poroelastic effects on postseismic slip budg-
ets may be higher and may play a key role in triggering upper crustal aftershocks. However, additional vertical 
geodetic and water-level are needed to validate these hypotheses and to improve our knowledge of poroelastic 
processes in the upper crust.

Data Availability Statement

Global Navigation Satellite System data are available through Bedford et al. (2020). We use the model geometry 
that is available in Peña et al. (2020). We use Kite software (Isken et al., 2017) from the open-source seismology 
toolbox Pyrocko (Heimann et al., 2017). The ALOS-2/PALSAR-2 data were provided by the Japanese Aerospace 
Exploration Agency (JAXA) and are available from https://earth.jaxa.jp/en/data/2496/index.html.
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M
odels of recent, large, subduction-zone earthquakes have 
revealed spatial relations between zones of high pre-seis-
mic locking on the interface and regions of large coseis-

mic slip, mechanically indicative of so-called asperities1–5. Although 
such relationships can be interpreted as evidence for heterogeneous 
fault friction properties3,6, little is known about the physical con-
trols on the spatial distribution of creep, locking and slip on a seis-
mogenic interface. Possible hypotheses include the varying degrees 
of geometric complexity7,8, the nature and thickness of the trench 
sediments9, variable fluid release at different depths10–13, differen-
tial loading along the plate interface associated with the geologic 
structure of the upper plate14–16 and fault zone rheology17,18. Each of 
these proposed physical mechanisms may independently influence 
dynamic, mechanical, and hydraulic properties of the subduction 
interface and consequently its frictional strength (stress required to 
initiate earthquake slip) and kinematics.

The lack of precision and completeness in deformation records 
between great earthquakes, and the rarity in recording major events 
affecting the same segment have restricted the characterization of the 
earthquake cycle to short snapshots. Thus, our understanding of the 
cycle in terms of frictional conditions along the plate interface is lim-
ited. The 25 December 2016 southern Chile earthquake19 (moment 
magnitude (Mw) =  7.6; Fig. 1) is the first sign of seismic reactivation 
within the segment that failed during the 1960 megathrust earth-
quake—the largest recorded by modern seismology20,21. Therefore, 
exploring the relationship between both events could provide insights 
into the persistence of asperities and a better understanding of slip 

behaviour (locking, creeping and seismic slip) with respect to spa-
tiotemporal variations in frictional properties on the plate interface.

The 2016 Southern Chile earthquake
The first-order kinematics of the 2016 event19 resembles previ-
ous Chilean megathrust events (that is, 1985 Central Chile22, 1995 
Antofagasta23, 2007 Tocopilla24) in that most slip occurred along 
the deeper portions of the seismogenic region of the megathrust, 
within the transitional rheological separation to aseismic slid-
ing25,26. Furthermore, such deeper, zone-C events26 with Mw =  7–8 
are more frequent than great (Mw >  8.5) shallower events in subduc-
tion zones27 and thus play an important role in the process of stress 
build-up and release of seismic energy.

The 2016 earthquake ruptured the deeper portion of an area 
thought to represent a locked asperity, based on decadal-scale 
geodetic monitoring28 (Fig. 1). Kinematic models suggest that this 
patch previously released its full slip deficit in 1960 with over 10 m 
of slip29. We report near-fault, static surface displacements of the 
2016 mainshock recorded by nine continuous GPS stations and syn-
thetic aperture radar (SAR) differential interferograms (Fig. 1b and 
Supplementary Figs. 1–4). The largest recorded horizontal and ver-
tical displacements occurred at Guafo Island (located ~20 km from 
the epicentre). To derive the slip distribution, we jointly inverted the 
GPS and InSAR data. Our preferred slip solution (Fig. 1) suggests a 
simple rupture composed of a single slip patch with a maximum slip 
of 2.9 m at 22 km depth. This amount is consistent with the release 
of ~80% of the total plate motion accumulated there since 1960.  

Chilean megathrust earthquake recurrence linked 
to frictional contrast at depth

M. Moreno   1,2*, S. Li   1,3, D. Melnick4,5, J. R. Bedford1, J. C. Baez6, M. Motagh1,7, S. Metzger   1,  
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Fundamental processes of the seismic cycle in subduction zones, including those controlling the recurrence and size of great 
earthquakes, are still poorly understood. Here, by studying the 2016 earthquake in southern Chile—the first large event within 
the rupture zone of the 1960 earthquake (moment magnitude (Mw) =  9.5)—we show that the frictional zonation of the plate 
interface fault at depth mechanically controls the timing of more frequent, moderate-size deep events (Mw <  8) and less fre-
quent, tsunamigenic great shallow earthquakes (Mw >  8.5). We model the evolution of stress build-up for a seismogenic zone 
with heterogeneous friction to examine the link between the 2016 and 1960 earthquakes. Our results suggest that the deeper 
segments of the seismogenic megathrust are weaker and interseismically loaded by a more strongly coupled, shallower asper-
ity. Deeper segments fail earlier (~60 yr recurrence), producing moderate-size events that precede the failure of the shal-
lower region, which fails in a great earthquake (recurrence > 110 yr). We interpret the contrasting frictional strength and lag 
time between deeper and shallower earthquakes to be controlled by variations in pore fluid pressure. Our integrated analysis 
strengthens understanding of the mechanics and timing of great megathrust earthquakes, and therefore could aid in the seis-
mic hazard assessment of other subduction zones.
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This is in agreement with the degree of pre-2016 locking, implying 
that the 2016 earthquake released most of the elastic strain accumu-
lated over 56 years in this area. The epicentre and aftershocks of this 
event were located just up-dip of the zone of highest coseismic slip, 
similar to the location of the background seismicity recorded before 
201630 (Fig. 2a). Interestingly, the aftershock sequence featured rela-
tively low magnitudes (Mw <  5.5) and event numbers rapidly decayed 
with time (Supplementary Fig. 6), suggesting the regions surround-
ing the mainshock were below the critical conditions for failure.

The seismogenic zone in this area has been inferred to be shal-
low and controlled by a hot and young (13 Ma) incoming Nazca 
Plate30. The seismic to aseismic transition along the interface has 
been mapped at ~30 km depth and coincides with an isotherm of 
~325 °C, close to the tip of the hydrated mantle wedge at the inter-
section of the slab with the continental Moho31 (Fig. 2c). Below this 
limit, neither interseismic microseismicity30 nor aftershocks of the 
2016 event have been recorded, indicating a rheological regime 
where creep is dominant.

Using offshore multichannel seismic reflection data 
(Supplementary Fig. 7), we mapped the morphology and distribu-
tion of Tertiary forearc basins. We find that Guafo Island lies over a 
sedimentary basin, which has a thickness of ~750 m at the depocen-
tre. A patch of high interseismic locking and large 1960 slip release 
is coincident with a region of negative anomalous gravity32 in the 
basin area (Fig. 2). The relation between gravity lows (basins) and 
concentration of coseismic slip (high locking) has been linked with 
elevated effective coefficients of friction and thus higher shear fault 
strengths (greater resistance) that cause long-term (million year 
timescale) topographic depressions14,33. The continental basement 
has a local high (ridge) that delimits the eastern border of the basin. 
This ridge structure correlates with a relative gravity high, which 
coincides with the downdip end of the locked zone as well as of the 
downdip extents of the 1960 and 2016 coseismic ruptures. Such a 
gravity high has been observed globally along subduction zones32, 
and has been inferred to represent an expression of the long-term 
stability of the downdip limit of the seismogenic zone. Likewise, the 
ridge structure could be caused by the transformation of interseis-
mic strain into permanent geologic strain via faulting, folding and/
or buckling of the inner forearc at the transition between unstable 
(seismic) and stable (aseismic) sliding32.

Stress build-up along the seismogenic zone
Heterogeneity in frictional strength at the plate interface is a first-
order control on earthquake rupture and frequency34. The spatial 
correlation between the forearc structure and the kinematics of both 
the 1960 and 2016 events suggests a depth-varying frictional seg-
mentation along the seismogenic zone (Fig. 2c), with the shallower 
segment being the highly coupled portion of the fault (higher shear 
strength state at depths shallower than 20 km), and the deeper seg-
ment localized in the narrow transition from unstable to stable slip 
(the rupture zone of 2016 event at 20–30 km depth).

Inspired by the observed correlation, we investigated the fric-
tional structure of the seismogenic zone with a mechanical model 
designed to simulate the evolution of stress build-up due to the steady 
subduction35 of a coupled asperity under the Coulomb friction fail-
ure criterion. Our model outputs the spatiotemporal evolution of 
tractions (stresses on the fault plane) for a heterogeneous frictional 
seismogenic zone under tectonic stress loading. We do not attempt 
to model the complex dynamics of rupture6,36 and subsequent heal-
ing37, which are of short duration compared with the period of stress 
build-up of a 2016-class earthquake (56 yr assuming that the 1960 
event released all stress in the 2016 zone). In our model, a higher 
coefficient of effective friction clamps a segment of the fault (no 
sliding) until the frictional forces overcome the fault strength and 
the coupled section begins to slide. Aseismic slip occurs around 
areas with a lower effective coefficient of friction, where the weaker 
interface fails due to a smaller resisting shear strength. The clamp 
model produces a deformation halo of low creep rate surrounding 
the coupled asperity that in turn causes higher strain rates downdip, 
effectively loading these areas while shielding updip portions of the 
asperity (Supplementary Fig. 9) due to the shadowing of stresses38.

It is important to note that the size of the coupled asperity and 
the frictional contrast around the asperity control both the pattern 
of strain energy concentration at the downdip end and the rupture 
interval (time when a fault segment begins sliding without building 
extra stress) (Supplementary Fig. 9). Accordingly, larger asperities 
require more time to reach the critical failure state. We tested a wide 
range of frictional contrasts based on the distribution of locking 
degree to define the boundary of the coupled asperity. We found a 
significant spatial correlation between the shear stress accumulation 
after 50 yr of interseismic loading in the deeper fault portion and the 
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slip of the 2016 earthquake when the shallow segment of the fault 
is clamped (Fig. 3a). This finding suggests that the shallow segment 
mechanically behaves like a coupled asperity that induces strain and 
stress accumulation in the deeper seismogenic segment. This is also 
supported by its kinematics, as this fault section released the highest 
slip during the 1960 event (slip > 25 m) and its centre is fully locked 
(locking degree > 0.9; Fig. 2). Our model shows that following a 
deeper-class earthquake, the shallower coupled segment will con-
tinue stressing and straining the transition between the shallower 
and deeper segments, but with a reduced ring-shaped area (Fig. 3b). 
After 100 yr of loading, a subsequent rupture of the entire coupled 
segment could also drive failure of the down-dip region, producing 
a Mw >  8.5 earthquake.

Failure lag time
Given the lag time between the 1960 and 2016 events, we further 
investigated the effective friction coefficients for both the shal-
low and deep fault segments that would favour the rupture of the 
deep segment after 60 ±  5 yr of interseismic loading. In doing so, 
we assume that tectonic stress guides the loading of the system and 

seismic stress drop represents pre-earthquake stress conditions on 
the fault. In addition, we assume that a giant 1960-class event fully 
releases the accumulated elastic stresses, as proposed for the 2011 
Tohoku earthquake39. We focus on characterizing the downdip fric-
tional zonation across the 2016 rupture zone, and thus we do not 
attempt to explore along-strike variations. The rupture times of the 
fault segments are assessed as the initial time when the fault can-
not hold the accumulated stresses in the system, marking the onset 
of unstable sliding. The results indicate the range of coefficients of 
friction combinations (between the shallow and deep segments) 
that can produce the observed 56-year lag time for rupture of the 
deep segment (Supplementary Fig. 10). The effective friction coef-
ficient of the deep segment needs to be < 0.01 and always lower than 
that of the shallow segment, which ranges between 0.01 and 0.04  
(Supplementary Fig. 10). This result suggests that the seismogenic 
zone is weak, with an effective friction coefficient of generally  
< 0.04, as suggested by thermal modelling studies40.

The rupture time of the deep segment depends not only on its 
own effective friction coefficient but also on the transfer of stress 
from the shallow segment. Hence, the spatiotemporal evolution 
of stress build-up, and thus timing of ruptures, can be controlled 
by the contrast in effective friction between the shallow and deep 
seismogenic segments (Supplementary Fig. 11). We cannot yet 
directly establish the value of the friction coefficient of the shallow 
segment, and therefore its rupture time. We can, however, use the 
stress drop of the 2016 event (Supplementary Fig. 12) as a proxy 
for the expected stress in this region. Thus, to accumulate shear 
stresses in the range of the stress drop after 56 yr of steady subduc-
tion, the effective friction coefficient of the deep segment needs to 
be 30–40% of the value of the shallow segment (Fig. 4a). We can 
narrow the rupture time of the shallow segment to an optimal range 
of 110–140 yr of interseismic loading (Fig. 4a), similar to the recur-
rence time of historical Mw >  8 ruptures41. The proposed differential 
along-dip mechanical behaviour of the seismogenic zone allows an 
elastic slip deficit accumulation period on the shallow segment to 
be twice as long as on the deeper segment; such a longer period may 
thus result in great tsunamigenic earthquakes.

Frictional contrast and pore pressure relationship
Our model suggests that differences in lithostatic load 
(Supplementary Fig. 14) alone cannot produce the short-term 
mechanical behaviour of a coupled asperity. High normal stress 
couples the fault below the seismogenic limit, whereas low normal 
stress induces a reduction of fault resistance in the shallow segment, 
opposite to its mechanical behaviour (Supplementary Fig. 15). 
Hence, variations on the effective friction coefficient are expected to 
offset the normal stress14. It has long been recognized that pore fluid 
pressure can counteract the normal stress, weakening the absolute 
strength and stability of a fault10,42. Likewise, gradients in fluid pres-
sure can induce fault strength segmentation11,13, with drained condi-
tions promoting fault coupling12,13.

By assuming that the pore fluid pressure gradient is the main 
parameter varying the frictional resistance, we estimated the values 
of the pore pressure ratio (λ =  pore pressure/lithostatic stress) based 
on the predicted values of effective friction coefficient (Fig. 4b).  
We ignored additional factors beside pore pressure alone, such  
as heterogeneity of the shear zone and accumulation of damage37, 
that may play a role in frictional variations. In absence of these 
additional complexities, our results suggest that λ in the deep seg-
ment has to be > 0.98 to permit its rupture after ~56 years of load-
ing. In contrast, in the shallow segment λ =  0.95–0.96 is needed in 
order to accumulate the shear traction matching the stress drop of 
the 2016 event. Our results not only support the anti-correlation 
between locking degree and λ proposed by previous studies10,12, but 
also demonstrate that overpressure results in a faster release of shear 
stress, potentially causing more frequent earthquakes of moderate 
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size. Pore fluid may thus exert similar stresses to the lithostatic load, 
providing an explanation for the apparent weakness of the fault 
in the transition between unstable and stable frictional behaviour.  
In our study area, this transition ends around the slab-Moho discon-
tinuity, where temperatures are inferred to be 300–400 °C (ref. 31), 
and where serpentinite and other hydrous minerals may release flu-
ids into the seismogenic zone maintaining pore pressure close to 
lithostatic values (Fig. 5).

Localized hydration at the base of the continental plate will form 
an effective permeability seal because of associated volumetric dila-
tion caused by the hydrous mineral phases, forcing fluids to move 
upwards along the interplate fault zone and increasing pore pres-
sure43. In addition, high pore pressures within the plate interface 
in southern Chile may be partly attributed to its geological history. 
Here, the forearc basement consists of metamorphic rocks from a 
Permo–Triassic accretionary complex44. Geophysical images and 
exhumation history suggest rock units exposed at the surface are 

continuous to interplate depths44,45 (Fig. 5). These units are associ-
ated with duplex structures interpreted to reflect continuous basal 
accretion of underthrusted trench sediments44. Such duplexes are 
formed by low-angle thrust sheets dominated by subhorizontal 
foliations. These pervasive structures are locally cut by submetric 
vertical quartz veins interpreted as syn-exhumation tension gashes 
filled with silica-rich fluids pumped by seismogenic processes43,44. 
The predominant horizontal fabrics of basally accreted material 
may constitute an additional permeability seal (stratigraphic fluid 
barrier) precluding the ascent of trapped fluids, in contrast to intru-
sive continental framework rocks that are usually associated with 
vertical cooling fabrics. Subhorizontal fabrics in southern Chile 
may thus play a role in restricting vertical fluid migration pathways 
and enhancing interplate pore pressure.

The interseismic GPS deformation field shows a landward reduc-
tion from 50 mm yr–1 to 12 mm yr–1 in a distance of only 100 km, 
indicating a high degree of crustal shortening just above the deeper 
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section of the seismogenic zone (Fig. 5). This observation cor-
roborates our conceptual model of the deeper segment being inter-
seismically strained. This mechanical behaviour appears to have a 
major impact on the long-term morphology of subduction margins 
as suggested by the relation of forearc basins with seismic asperi-
ties14–16 and the permanent emergence of coastlines above deeper 
seismogenic segments46.

In summary, we propose that a variation in pore fluid pressure 
induces a downdip zonation of frictional strength along the plate 
interface. The frictional contrast at depth may thus control the lag 
time between deeper seismic ruptures (such as the 2016 event) and 
great shallower megathrust earthquakes (such as the 1960 event). 
Hence, deeper 2016-class earthquakes may be considered as a first 
phase of energy release that precedes failure of the shallower region 
during great earthquakes. Rupture of the shallow segment could 
drive failure of the downdip region even if the latter has experienced 
more-frequent smaller events, resulting in a 1960-class earthquake. 
Although our model assumes uniform properties along-strike, in 
nature the frictional contrast may vary along strike, making the 
failure time different at different along-strike segments. The central 
part of the 1960 rupture zone seems to be highly locked28 in a wider 
along-strike segment than in the 2016 region. This suggests that 
either the fault strength is uniform over a larger along-strike seg-
ment or that the friction contrast at depth is relatively low, allowing 
a bigger area to be clamped over a longer period. Our model predicts 
that as interseismic strain builds up, more 2016-class events should 
occur along the 1960 rupture zone. These forthcoming events will 
allow a better understanding of along-strike frictional variations. 
Further development of this modelling strategy, such as incorporat-
ing variations of frictional behaviour in the strike direction, could 
be used to estimate the critical failure threshold of asperities and 
their time-dependent seismic potential.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0089-5.
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Methods
GPS data processing and coseismic o�set estimations from time-series. Data 
from all available continuous GPS stations with coseismic data were compiled and 
processed using the Earth Parameter and Orbit System (EPOS) so�ware47 in the 
ITRF 2014 reference frame. IGS08 phase centre variations and FES2004 ocean 
tide loading were used with hourly tropospheric wet zenith delays estimated as 
random-walk parameters and Vienna mapping functions in a grid �le database. 
�e reprocessed precise satellite orbit and clock products were generated together 
with station coordinates by EPOS and combined with IGS products in order to 
reduce the impact in estimating Earth rotation parameters.

We estimated the coseismic offset of the GPS data from the continuous stations 
FUTF, GUAF, MELK, MUER, PMO1, PTRO, GLLN, RMBA, TPYU installed by 
the National Seismological Center of Chile (CSN) and the University of Potsdam, 
Germany. The resulting time series were automatically cleaned for all data and/or 
error outliers. The coseismic offset was estimated using an iterative least-square 
inversion that also solves for additional signal components48,49 like the linear 
(interseismic) plate rate, antenna offsets, seasonal and semi-seasonal variations 
and coseismic offsets from relevant earthquakes in the vicinity, based on the NEIC 
(National Earthquake Information Center, https://earthquake.usgs.gov) earthquake 
catalogue and with a threshold given by the magnitude–distance relationship. The 
variance of the resulting coseismic offsets was estimated using the averaged data fit 
normalized by overall length of the time series50. Supplementary Figure 1 shows the 
time series and the parameters estimated for each station used in our analysis.

InSAR data. C-band and L-band Synthetic Aperture Radar (SAR) data acquired 
by the European and Japanese space agencies (ESA, JAXA), respectively, were 
used in this study. They include a pair of ascending and descending C-band SAR 
data acquired in interferometric wide-swath (IW) mode from the Sentinel-1 (S1) 
satellite and a pair of descending L-band SAR data acquired in ScanSAR mode  
(full aperture) by Advanced Land Observing Satellite 2 (ALOS 2). S1 interferograms  
were constructed from images acquired on 12 December 2016 and 10 January 
2017 for descending and 21 December 2016 and 14 January 2017 for ascending 
pairs, whereas the ScanSAR ALOS-2 interferogram was constructed from images 
covering 1 December 2016 and 12 January 2017. The S1 interferograms were 
processed with the GAMMA software51. The spectral diversity method52 was 
applied for precise coregistration of SAR data. ALOS-II ScanSAR processing53 
was done using SARscape (http://www.sarmap.ch/wp/). A 90 m digital elevation 
model that was derived from the NASA Shuttle Radar Topography Mission 
(SRTM) was used as the reference topography model54 for the topography-related 
phase correction and geocoding of all the interferograms. The coseismic wrapped 
interferograms (Supplementary Fig. 2) were unwrapped using the minimum cost 
flow (MCF) method55 (Supplementary Fig. 3).

The unwrapped data were visually checked for unwrapping errors, which were 
either corrected or excluded from the modelling (for example mountainous areas). 
We then subsampled the data using the quad-tree approach56(Supplementary Fig. 4).  
In parallel, we calculated the corresponding line of sight (LOS) and the centre of 
mass of all valid data within one subsampled cell that was used as observation 
coordinate. Overall, we obtained 520 data points for the Sentinel 1 ascending data 
set, 550 points for the Sentinel 1 descending data set and 230 data points for the 
ALOS descending data set.

In the modelling, we accounted for a phase jump of a multiple of 2π  between 
the main land, Chiloé Island and Guafo Island by introducing three additional 
parameters for InSAR phase ambiguities between these subsets. As the first-order 
proxy for estimating the noise level of the data we used the inverse of the width of 
the subsampled quads57.

Slip inversion. Plate interface slip was modelled using over 600 triangular patches 
with a mean area of 65 km2 meshed to represent the undulating plate interface 
model58. Slip on each patch was represented by Green’s functions of dislocation 
in an elastic half-space59 and two slip vectors were solved for at each patch. These 
two slip vectors bound the horizontal azimuthal motion of each patch between the 
bearings of 250 and 290 degrees. In the inversion for slip, the lower bound of slip 
for each slip direction was defined as zero, so that all modelled slip has a thrust 
component. A maximum slip for each slip direction was set at 5 m. The bounding 
azimuths were selected to represent a realistic direction of plate interface motion 
based on the focal mechanics of moment tensor inversions along this subduction 
margin. The inversion problem was formulated in the L2 regularization sense so 
that the procedure enacted the following optimization:

β∥ × − × ∥ + ∥ ∥w d G m mminimize ( ) 2

subject to:

≤ ≤m0 5

where d is the data vector containing the GPS, G are the Green’s functions, m 
is the solution vector corresponding to the amounts of slip for each Green’s 
function, w is the vector of weights for each data point, and β is the weighting of 
the regularization. Accordingly, this optimization is the solution of the Tikhonov 

damped, bounded, weighted least squares problem. Data are first weighted by their 
respective errors with a uniform error of the InSAR estimated to be 6 cm from the 
lateral variability of the data. The data are then further weighted in the inversion 
so that InSAR LOS data are weighted 10 times as strongly as GPS displacements. 
The choice of ratio between weighting of GPS and InSAR was based upon the 
approach of ref. 60. The optimization was regularized with the L2 norm of the 
parameter values. The favoured damping coefficient was selected using a trade-off 
curve between model misfit and damping coefficient (Supplementary Fig. 5). The 
optimization was performed using the Matlab package CVX OPT61.

Checkerboard tests were performed revealing regions of the interface that 
are better resolved and the sizes of kinematic heterogeneity that can be isolated 
(Supplementary Fig. 5). In the region containing the mainshock and aftershock 
seismicity, the results of the checkerboard tests confirm that the modelled slip 
distribution is in a relatively well resolved region of the plate interface and that the 
shape of the recovered slip distribution is broader than the finest scale that can be 
resolved.

Seismicity. We used raw waveform data from seismic networks C and C1 
available on IRIS (https://ds.iris.edu/SeismiQuery/) to detect and locate aftershock 
seismicity after the 25 December earthquake. Initially, we ran a recursive STA/LTA 
trigger algorithm over the raw data and searched for events with coherent arrivals 
at at least five stations. After manually picking P and S phases for these events, we 
also visually checked the raw waveform data at station GO07 (which is closest to 
the main shock) and identified additional smaller events that were missed in the 
first step. All events that were visible on at least four seismometer stations were 
also handpicked and added to the dataset. This yielded a total of 262 earthquakes 
detected in the time interval between the main shock and 31 January 2017, nearly 
all of which are located in the main shock area. We also ran the STA/LTA algorithm 
over the two years of data preceding the main shock, but found no significant 
precursory activity. However, network coverage in the region has increased only 
recently, which means smaller events before 2015 may have been missed. For 
relocation, we employed joint hypocentre determination62 to the manual P and S 
picks, keeping the velocity model fixed to the local model30. Due to the relatively 
small number of stations at close distances and their unfavourable geometry (most 
stations are located to the NE of the main shock; no coverage at western azimuths), 
hypocentral depths are not well defined, but epicentres should be relatively reliable.

We also determined moment tensors for five of the largest aftershocks with a 
previously reported technique63. Only these five events had sufficient signal-to-
noise ratios at long periods to be thus inverted. We required the solutions to be 
deviatoric, and used the period band between 15 and 35 s. The epicentres for these 
events were fixed to their catalogue position, and inversions with different trial 
centroid depths were performed. The trial depth with the lowest misfit solution 
was then chosen as the optimal centroid depth. All five aftershocks show low-angle 
thrust mechanisms, and their depths are situated close to the plate interface as 
defined previously58, giving us confidence that the aftershock seismicity is indeed 
situated on the plate interface. Since moment tensor inversion is less dependent on 
event–station geometry than hypocentral location, these centroid depths should be 
more reliable than the ones from the event catalogue. The aftershocks sequence is 
characterized by a rapid decay in the number of events (Supplementary Fig. 6).

Multichannel seismic reflection data. Multichannel seismic reflection data 
were acquired offshore of Guafo Island during the SPOC using R/V Sonne 
in 2000/2001. (Supplementary Fig. 7). The signals for the seismic reflection 
experiment were generated by a tuned set of 20 air guns with a total volume of 
51.2 l. The multichannel seismic reflection data were analysed using standard 
processing, including re-binning, normal move out correction, stacking, 
deconvolution and post-stack time migration. A predictive deconvolution with 
two gates, for the shallow sedimentary events and the deeper crustal events, was 
applied before the stack.

A space and time variant frequency filter prior to a post-stack migration 
completed the processing flow64. The seismic recording system is characterized 
by a record length of 14,332 ms, a sampling rate of 4 ms, and a LC-Filter of 3 Hz. 
The shots were triggered in time intervals of 60 s on full minutes UTC. At a speed 
of 5 knots that results in a shot point distance of 154 m. A constant hydrophone 
spacing of 25 m (108 channels) was chosen for the seismic processing, resulting in 
a common mid-point distance of 12.5 m and a maximum fold of 27 (ref. 64). Results 
of the seismic reflection processing are used to characterize the depth-varying 
structural features (Supplementary Fig. 7). A reflective zone shows the upper limit 
of the continental basement, which defines the lower limits of a sedimentary basin. 
Guafo Island lies in the centre of this forearc basin, which has a sediment thickness 
of ~750 m at its depocentre (Fig. 2b).

Mechanical modelling. The purpose of this model is to estimate the 
spatiotemporal evolution of stress build-up along the seismogenic zone, and its 
relationship to the lag time between the 1960 and 2016 earthquakes. We performed 
3D geomechanical simulations using the PyLith software65. Our model consists 
of an elastic downgoing slab (oceanic plate) and an upper crustal unit (overriding 
continental plate) that sit on top of oceanic and continental asthenospheric units, 
respectively (Supplementary Fig. 8). We specified a Young's modulus of 100, 120 
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and 160 GPa, for the continental, oceanic and mantle layers, respectively28.  
The Poisson’s ratio was set to 0.265 and 0.30 for the continental and oceanic 
crusts66, respectively.

To simulate the steady interseismic subduction of the oceanic plate, we 
implemented the previously reported Elastic Plate Model35. In this model, the plate 
subduction is kinematically represented by the superposition of creep along the 
entire base of the oceanic crust and on the top of the slab below the seismogenic 
zone (Supplementary Fig. 8). We specified two fault interfaces with kinematic fault 
conditions, representing the base of the slab (Fault3) and the creeping part below 
the seismogenic zone (Fault2). On those interfaces, we prescribed a homogeneous 
constant creeping equal to the plate convergence velocity (6.6 cm yr–1), but with 
opposite sense of movement. The seismogenic fault (Fault1) extends between 0 and 
30 km depth and is divided at 20 km depth into two segments (the shallower and 
deeper seismogenic segments) with different coefficients of effective friction  
(Fig. 2). The frictional behaviour of the seismogenic zone is modelled with the 
Coulomb failure criterion:

τ μ σ= ′ × +′ c( )
n

, where τ is the shear strength of the fault, μ′  is the effective 
friction coefficient, σn′  is the fault normal stress and c is the cohesion. Here, 
fault activation occurs when the driving forces exceed τ. For simplicity, our 
model neglects gravity body force but specifies normal tractions consistent with 
overburden (lithostatic load) as initial stress state along the frictional fault. We 
simulate the mechanical behaviour of a coupled asperity by clamping a section of 
the fault, so that it has a higher friction than the non-asperity region of the fault.

In our mechanical model, tectonic forces (slab pull) load the system and fault 
strength controls the levels of stress that the fault can support before sliding. We 
do not model the complex dynamics of rupture nucleation, dynamic interaction 
between asperities, or rupture propagation. Rather, we focus on the static friction 
that needs to be overcome to begin the process of fault motion, and not the 
subsequent evolution of material properties during a seismic event. Therefore, our 
model contributes to the conceptual understanding into the level of stress that the 
seismogenic zone can support before breaking in medium to large earthquakes. 
Other significant assumptions we make include: (i) the stress drops in the 
earthquakes must represent almost all of the pre-earthquake shear stress on the 
faults, and so the faults must be able to support only a few tens of megapascals of 
shear stress before slipping in earthquakes; (ii) the 1960 earthquake totally released 
the stress in the 2016 rupture zone; (iii) frictional strength is uniform along-strike 
in the study area.

We tested different values of the effective friction coefficient for both fault 
segments; running a total time of 360 yr of steady interseismic loading. We define 
the onset of instable fault behaviour as the rupture time. In this study, we assumed 
that the fault instable behaviour occurs when the fault creep rate exceeds 3 cm yr–1. 
We also varied this threshold value between 1 and 5 cm yr–1 and found that this 
variation does not significantly impact the retrieved rupture times.

Supplementary Fig. 10 shows the rupture times of all tested effective friction 
coefficient combinations for the two segments. Results indicate that both  
segments must be weak with a low coefficient of effective friction (generally < 0.1)  
to maintain a reasonable rupture time (generally < 300 yr), which is consistent 
with previous studies18,67. These results give a range of friction combinations that 
produces rupture of the deeper segment after 56 yr of loading (Supplementary  
Fig. 10). For the deep segment to rupture at 60 ±  5 yr (black circles in Supplementary  
Fig. 10b), the rupture time of shallow segment depends on the ratio of the effective 
friction coefficients between the two segments.

We estimated the change of Coulomb failure stress (CFS)68 predicted by 
our optimal slip distribution (Supplementary Fig. 12). We use a homogeneous 
coefficient of friction μ =  0.5 (ref. 69). The CFS values (< 1.5 MPa) are in keeping 
with those expected from such a moderate size earthquake. We estimate the 
optimal range effective friction coefficient combinations that induce accumulation 
of stress build-up similar to the stress drop at the 2016 rupture zone, and use this 
frictional ratio to estimate the rupture time of the shallow segment. In order to 
accumulate shear stresses in the range of the stress drop of the 2016 event, the 
effective friction coefficient of the deep segment has to be 30–40% of the value of 
the shallow segment (Fig. 4a). For this friction coefficient combination, the shallow 
segment fails after 110–140 yr of loading.

The low effective friction coefficients of our model can be interpreted to be the 
result of high pore fluid pressure. High pore fluid pressure acts to locally reduce the 
effective normal stress on faults, which are able to fail at lower shear stresses than if 
the fluid were absent10.

The effective friction coefficient μ μ λ′ = × −(1 )
0

, can be used to incorporate 
pore pressure into the Coulomb stress criterion, where μ

0
 is a typical frictional 

sliding coefficient and the value of λ, so-called the pore pressure ratio, represents 
the degree to which pore pressure counteracts the total stress generated by the 
overburden stress. Considering the typical frictional sliding coefficient as 0.5 in 
southern Chile subduction zone69, we derived the pore pressure ratio of the two 
segments by the formula of λ μ μ= − ′∕1

0
. Figure 4b shows the parameter space of 

λ of the two segments that allows the deep segment ruptures after a reasonable 
amount of time. For the deep segment, λ has to be > 0.98 to permit its rupture after 
56 years of loading. It is expected that in the shallow segment λ ≃  0.95–0.96 in 
order to accumulate shear traction matching the stress drop of the 2016 event.

Stress anomaly. To gain insight into the heterogeneity of the initial static stress 
distribution at the plate interface we make use of normal stress anomalies reported 
previously70. The anomaly is derived from vertical stress (lithostatic load) and then 
projected into the normal of the subduction interface. Since there is no external 
horizontal component involved, it is more exactly expressed as normal component 
of the vertical stress anomaly. Using a 3D density model further developed from 
the gravity forward modelling reported previously71, the vertical stress effects of 
density anomalies at the computation depth, that is the interface of the subducting 
plate in the 3D model, are incorporated into the model. Density anomalies are 
defined as bodies of a rock density that deviate from the standard three-layer 
reference model used during gravity forward modelling of the 3D density model. 
Isostatic or flexural effects are not considered. Topographic masses add to the 
vertical load and therefore we added the lithostatic stress effect of topographic 
masses by using ETOPO1 heights and a standard density of 2,670 kg m−3. The sum 
of the results in the vertical component is then projected into the interface normal. 
The static stress anomaly grid was computed on a ~3 minutes grid. For the 3D 
model, therefore, normal stresses are carefully calculated.

Our mechanical clamping models indicate that including the normal stress 
anomaly (due to density contrast in the forearc) (Supplementary Fig. 14), with a 
constant value for the effective friction coefficient, cannot produce the coupling 
pattern of the asperity (Supplementary Fig. 15) and therefore variations of effective 
friction along the plate interface are needed to clamp the fault.

Code availability. Numerical simulations were calculated in Pylith65, which is 
available on the Computational Infrastructure for Geodynamics web site (https://
geodynamics.org/cig/software/pylith/). Codes developed in this study to simulate 
stress build-up under interseismic loading are available from the corresponding 
author upon reasonable request. The GAMMA and SARScape software used 
to compute the interferograms can be accessed at www.gamma-rs.ch and www.
sarmap.ch/page.php?page= sarscape, respectively.

Data availability. The GPS data that support the findings of this study are available 
in the GNSS data repository of the Centro Sismologico Nacional, Chile (http://gps.
csn.uchile.cl/data/). GPS data from stations GUAF and MELK (before 2016) are 
available from the corresponding author upon reasonable request. C-band Synthetic 
Aperture Radar imaging from the Sentinel mission is available from the Copernicus 
Open Access Hub (https://scihub.copernicus.eu). ALOS original data are copyright 
to the Japanese Aerospace Exploration Agency and are not publicly available.
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Tectonic earthquake swarms (TES) often coincide with aseismic slip and sometimes precede damaging 
earthquakes. In spite of recent progress in understanding the significance and properties of TES at plate 
boundaries, their mechanics and scaling are still largely uncertain. Here we evaluate several TES that 
occurred during the past 20 years on a transform plate boundary in North Iceland. We show that the 
swarms complement each other spatially with later swarms discouraged from fault segments activated 
by earlier swarms, which suggests efficient strain release and aseismic slip. The fault area illuminated by 
earthquakes during swarms may be more representative of the total moment release than the cumulative 
moment of the swarm earthquakes. We use these findings and other published results from a variety of 
tectonic settings to discuss general scaling properties for TES. The results indicate that the importance of 
TES in releasing tectonic strain at plate boundaries may have been underestimated.

 2017 Elsevier B.V. All rights reserved.

1. Introduction

Sequences of earthquakes without a clear triggering mainshock, 
referred to as earthquake swarms, have been observed in volcanic 
and hydrothermal areas for decades. Tectonic Earthquake Swarms 
(TES) is another category of swarms linked to active tectonic re-
gions. Recent work has helped identifying some common charac-
teristics of TES regarding their release of seismic moment in time 
and space (Peng and Gomberg, 2010; Vidale and Shearer, 2006). 
TES have typical durations of days, weeks or months and the ma-

jority of their moment release is usually delayed from the onset 
of the sequences (Chen and Shearer, 2011; Roland and McGuire, 
2009; Passarelli et al., 2015). In addition, TES often migrate at ve-
locities of 1 km/day to 1 km/h, affecting larger volumes of rock 
than might be suggested by the largest earthquake of the sequence 
(Vidale and Shearer, 2006; Lohman and McGuire, 2007; Roland 
and McGuire, 2009). Furthermore, established earthquake scaling 
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1 Present address: Regierungspräsidium Freiburg, Landesamt für Geologie, 
Rohstoffe und Bergbau, Landeserdbebendienst, Albertstraße 5, Freiburg, Germany.

laws, such as the Gutenberg–Richter, Omori–Utsu or Båth laws, of-
ten do not work well for swarms. TES usually do not involve high 
magnitude events and are thought to release only an insignificant 
fraction of the accumulated tectonic strain at plate boundaries. 
However, the role TES play in releasing tectonic strain has rarely 
been quantified and remains poorly understood.

Based on deformation measurements, some TES have been 
linked to Slow Slip Events (SSEs) (Cheloni et al., 2017; Lohman 
and McGuire, 2007; Vallèe et al., 2013; Villegas-Lanza et al., 2016). 
In addition, several destructive earthquakes, including the 2009 
L’Aquila, the 2011 Tohoku and the 2014 Iquique earthquakes, 
followed TES linked to or driven by SSEs (Borghi et al., 2016;
Kato et al., 2012; Schurr et al., 2014).

TES are puzzling for their apparent lack of “order”: no signifi-
cant correlation has been found between their moment release and 
their duration or migration properties (Peng and Gomberg, 2010;
Vidale and Shearer, 2006). Peng and Gomberg (2010) noticed that 
the moment/duration scaling of TES appears to branch off that 
for SSEs. However, they postulated that TES might commonly hide 
aseismic moment, and if this moment were to be detected, e.g. by 
deformation measurements, then the swarms would scale analo-
gously to SSEs. This hypothesis is difficult to test, due to a lack 
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of data on TES spanning different moment scales and tectonic set-
tings. Another issue is that seismicity catalogs are generally not 
long enough to consider recurrence times of TES, which makes it 
difficult to assess their role in the long-term tectonic strain bud-
get (Passarelli et al., 2015; Cheloni et al., 2017). Usually, historical 
information on earthquake swarms is not even included in the his-
torical earthquake catalogs (Passarelli et al., 2015).

To study further the properties of TES and define their inter-
action behavior over longer time scales we have analyzed ∼20 yr 
of seismic data containing several well-recorded and energetic TES 
that occurred on the Húsavík–Flatey Fault (HFF) in North Iceland. 
We have selected the largest TES sequences and investigated their 
spatial and temporal organization, before comparing their scaling 
to that of previously evaluated TES. Finally, we have discussed the 
possible physical mechanisms behind their behavior.

2. Seismicity along the Húsavík–Flatey Fault and Eyjafjarðaráll 
Rift

The HFF is a ∼100-km-long right-lateral transform fault and a 
part of the wider Tjörnes Fracture Zone, which links two segments 
of the Mid-Atlantic Ridge in Iceland, i.e. the Northern Volcanic 
Zone to the offshore Eyjafjarðaráll Rift (ER) and Kolbeinsey Ridge 
(Fig. 1a). The HFF has been active since 7–9 Myr and probably has 
a cumulative displacement of more than 60 km (Rögnvaldsson et 
al., 1998). At this latitude the divergence rate between the North 
American and Eurasian plates is ∼18 mm/yr, of which 6–9 mm/yr 
is focused on the HFF according to interseismic backslip model-

ing constrained by GPS (Metzger and Jónsson, 2014, Metzger et al., 
2011 and 2013). Three or four magnitude 6.5–7 historical earth-
quakes occurred on the HFF in the past 300 years with the last 
large earthquakes in 1872 (Fig. 1a), so the accumulated moment on 
the fault corresponds approximately to a magnitude 6.8–7.0 earth-
quake (Metzger and Jónsson, 2014).

Earthquake locations in North Iceland are routinely determined 
with data collected by the Icelandic National Seismic Network (SIL, 
Icelandic Meteorological Office), which has a detection threshold 
ranging from magnitude zero on the eastern HFF to magnitude one 
offshore (Hensch et al., 2013). The statistical magnitude of com-

pleteness, Mc , is slightly higher, or 0.5 on the eastern HFF and 1.5 
offshore (Maccaferri et al., 2013). Typical location errors of earth-
quake hypocenters are of the order of a few kms with a decreasing 
accuracy moving westward along the HFF (Hensch et al., 2013).

We relocated all 27969 earthquakes in the SIL catalog (Böðvars-
son et al., 1996) from 1997 until 15th of July 2015 that occurred 
within 10 km from the HFF and ER (Fig. S1). We used the rela-
tive location method by Slunga et al. (1995) and a local seismic 
velocity model from local earthquake tomography (LET), replacing 
the top 5 km of the layered LET model (Riedel et al., 2005 and 
2006) with a velocity gradient (Fig. S2). We then selected 23425 
events with horizontal errors <200 m and vertical errors <2 km 
(Fig. S3, Jakobsdóttir et al., 2013). The relocated events appear 
more focused and shallower than the automatic locations, consis-
tent with results from previous relocation studies of North Iceland 
(Rögnvaldsson et al., 1998; Hensch et al., 2008).

We estimated the cumulative seismic moment release per km 
on the HFF and ER since 1997 and compared it to the slip 
deficit expected for the same time interval (Metzger et al., 2013;
Metzger and Jónsson, 2014). Based on available focal mechanism 
solutions for the largest earthquakes we calculated the component 
of the slip vector parallel to the tectonic motion and the compo-

nent of the fault area parallel to the plate boundary surface (Bird 
et al., 2002). We used a shear modulus of 30 GPa and an aver-
age seismogenic thickness of 10 km (Bird et al., 2002; Metzger 
and Jónsson, 2014). From this analysis, we find that the fraction of 
strain released by the earthquakes varies spatially by two orders 

Fig. 1. Earthquake locations in North Iceland and moment release along the Ey-
jafjarðaráll Rift (ER) and the Húsavík–Flatey Fault (HFF). (a) Earthquakes (orange 
dots) in the Tjörnes Fracture Zone (TFZ) primarily occur on the HFF and the Grím-

sey Oblique Rift (GOR). Red stars mark approximate locations of historical M > 6

earthquakes, black triangles seismic and GPS (when labeled) stations, blue thin 
lines mapped faults and fractures, and red thin lines the outlines of fissure swarms 
and volcanic systems. The black rectangle marks the earthquake swarm study area 
shown in Fig. 2 while black dashed boxes bound the earthquakes considered in the 
moment release diagram in (b) with thick black crosses indicating the position of 
the axes origins. The town of Húsavík is indicated by a red dot. FTEY marks Flatey 
Island and a GPS station located there and KR stands for Kolbeinsey Ridge. Inset 
shows the TFZ location in North Iceland and the relative plate velocity. SISZ and 
NVZ stand for South Iceland Seismic Zone and North Volcanic Zone. (b) Cumula-

tive seismic moment released by earthquakes within the rectangular dashed boxes 
shown in (a) around the ER and the HFF during 1997–2015 and represented as fault 
slip. Gray shaded areas are the slip predicted by tectonic loading at plate speed of 
9 mm/yr. The slip along ER is projected on the horizontal plane and the dip an-
gles for HFF and ER are 90◦ and 60◦ respectively. The rupture areas of earthquakes 
are calculated using standard scaling (Wells and Coppersmith, 1994) and the fault 
width is fixed at 10 km for both fault segments. The scalar seismic moment of the 
earthquakes is derived using the moment-magnitude scaling (Kanamori and Ander-
son, 1975) and the slip scales with moment assuming a rigidity of 30 GPa. Flatey 
Island (black triangle) and the town of Húsavík (red circle) are indicated for refer-
ence. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

of magnitude, with 30% of the strain released on the ER segment, 
but only 3% on the northwestern-most part of the HFF and 0.1% on 
the remaining part of the fault (Fig. 1b). Full locking of the east-
ern HFF is consistent with analysis of the stress shadow casted by 
the 1975–1984 Krafla rifting episode, which involved a sequence 
of 19 dike intrusions that compressed the easternmost portion of 
the fault abating the seismic activity (Rögnvaldsson et al., 1998;
Maccaferri et al., 2013; Passarelli et al., 2014).
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Fig. 2. Earthquake swarm identification results using beta statistics. Black line is the beta statistics calculated in 30 days non-overlapping time windows. The horizontal 
dashed line shows the 10× standard-deviation threshold used to identify anomalies in the seismicity rate with colored symbols and labels marking selected swarms. The 
dark and light blue lines show the cumulative number of earthquakes in the original and declustered catalogs, respectively. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

3. Swarm activity

Several energetic seismic swarms have been recorded on the 
HFF since 1997 when a permanent seismic network was installed 
in North Iceland. We isolated the main swarms as clusters of ac-
tivity exceeding the average background rate by more than 10 
standard deviations (beta statistics introduced by Matthews and 
Reasenberg, 1988). We used a declustered catalog (Reasenberg, 
1985) and non-overlapping time windows of 30 days (Matthews 
and Reasenberg, 1988). We identified six time periods, robust to 
the choice of window length and the use of overlapping or non-
overlapping time windows, that match the seismic cluster require-
ment (Fig. 2). Based on a spatial and temporal analysis of the 
seismicity around these time periods we isolated six swarms, all 
in the westernmost portion of the HFF and along the ER (Fig. 3a). 
We labeled the swarms SW1 to SW6 (Figs. 2 and 3a, and Table S1 
in the supplementary material).

The two most energetic swarms occurred in 1997 and 2012 
(SW1 and SW5) with two and four M > 4.5 earthquakes, respec-
tively. These swarms consist of several temporally and spatially 
separated migrating event bursts, eight for SW1 (labeled A to H 
in Table S1 and Fig. 3c) and three for SW5 (A to C, Table S1). 
Swarm SW3 also shows two spatially separated bursts (i.e. A to B, 
Table S1). In total we identified 13 bursts within the six swarms, 
with durations ranging from 12 h to 2 weeks, cumulatively occu-
pying 25 km long section of the HFF and 15 km of the ER. The 
total seismic moment released by the selected swarms is 4.5 ×
1017 Nm (Table S1), which is 99% of the entire seismic moment 
released along the HFF and ER during the 18-year study period 
(Table S1).

We further calculated best fitting focal mechanisms for the 
strongest events within each burst of seismicity, based on P-wave 
polarity readings and P, SV and SH amplitudes (Rögnvaldsson and 
Slunga, 1993). Our focal mechanism solutions show that analyzed 
events in swarms SW1A-H, SW2, 3A, 4 and 6 are all predominantly 
strike-slip earthquakes while event mechanisms in swarms SW3B 
and SW5A-C, which occurred on the ER, range from oblique strike-
slip to N-S striking normal faulting (Fig. 3a and Table S2). The 
focal mechanisms are similar within each burst but differ slightly 
between consequent bursts, suggesting that the bursts occurred 
on distinctive approximately planar fault segments with somewhat 
different strikes.

The swarms cluster tightly on multiple distinct fault strands 
and appear spatially complementary, both in map view and 

when projected on a vertical plane along the HFF surface trace 
(Fig. 3a–b). Later swarms have filled in the gaps left behind by 
earlier swarms and together over the 20-year period the swarms 
have illuminated most of the southern ER and northwestern HFF. 
This activity pattern suggests efficient strain release by the swarms 
(strain release of magnitude similar to, or larger than, that ac-
cumulated over the 20 yr time scale of the seismic catalog), as 
the subsequent seismicity appears discouraged from areas where 
swarms have already occurred (Wei et al., 2013). When zooming 
into SW1 (Fig. 3c–d), we find that the spatial complementarity also 
applies for the bursts of each swarm, suggesting scale invariance. 
The seismicity, after occupying a fault segment in a burst, jumps 
to another segment (not necessarily an adjacent segment) that had 
not ruptured before, and then to another one until an entire larger 
segment is activated. The same pattern is observed for SW5. More-

over, SW5 included a small burst (i.e. SW5C) immediately east of 
SW1 (easternmost red cluster in Fig. 3a–b), while the fault seg-
ments in-between, activated 15 yr earlier by SW1, remained silent.

We quantify the deviation of the sequences from mainshock–

aftershock sequence scaling by calculating the skewness of the 
moment release in time (Roland and McGuire, 2009; Chen and 
Shearer, 2011). In contrast to mainshock–aftershocks sequences, for 
which the moment distribution in time is highly left-skewed (most 
moment is released by a mainshock at the onset of the sequence 
resulting in skewness ≫ 8, Roland and McGuire, 2009), during 
earthquake swarms the seismic moment release is often delayed 
from the swarm onset, resulting in a small or negative skewness. 
For our six swarms (SW1-6) we find −4 < skewness < 4 (Fig. S4), 
consistent with other previously published swarms (Roland and 
McGuire, 2009; Chen and Shearer, 2011). When considering the 
bursts individually, three bursts show higher skewness up to 8.6 
(SW1A, SW1F and SW5B). In spite of these relatively high skew-

ness values, these bursts still deviate from mainshock–aftershock 
sequences since the dominant moment release was linked to at 
least two large events of comparable magnitude. For example, 
SW5B involved two M > 5 within 12 h from its beginning (sup-
plementary Figs. S5 and S6).

We also checked the magnitude–frequency scaling of the in-
dividual swarms, of the entire catalog and of the catalog with 
swarms removed (Fig. S7 in the supplement). The Gutenberg–
Richter relationship is a good model in all cases, with a power law 
fitting well the frequency–magnitude distribution. The individual 
swarms have b-values in the range 0.8–1.6, somewhat increasing 
to the West, while the overall seismicity, both including and ex-
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Fig. 3. Spatial complementarity of earthquake swarms on the HFF and ER. Swarm event locations 1997–2015 in (a) map view and (b) in depth cross-sections along axes Y2 
and Y1. Events and focal mechanisms are sized and color-coded according to size and the swarm they belong to, respectively. The two largest earthquake swarms (SW1 and 
SW5) consisted of several individual bursts (Table S1). (c)–(d) same as panels (a)–(b), except for the 1997 earthquake swarm (SW1) and its eight separate bursts. The black 
dashed box in (a) outlines the area covered in (c). (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

cluding the TES, has b-value very close to 1 (see also Maccaferri et 
al., 2013).

We next look into the earthquake migration pattern within each 
burst. In some cases, the first earthquake locations are scattered 
before focusing on one fault strand of the HFF (see e.g. SW1A). 
In other cases, the earthquakes remain small at first and con-
centrate near the center of an activated fault segment and then 
migrate concentrically outwards with increasing average magni-

tude (Fig. 4, see also Figs. S5 and S6 in the supplement for all 
the swarms). Most of the migrations accelerate at first and then 
terminate abruptly (Fig. 4a–c, Fig. S5); the activity then jumps to 
another fault strand. While all the bursts show a sharp and un-
ambiguous migration onset (supplementary Fig. S5 and S6 and 
Table S1), it is more difficult to determine the end of each mi-

gration: we take it as the time when the earthquake front reaches 
the maximum along-strike distance (Table S1). We then calculate 
the average migration velocity for the bursts as the migration dis-
tance over its duration (Table S1). Such average velocities, however, 
are not fully representative of the migration process, as additional 
details such as differences between along-rake and along-strike 
migrations and existence of multiple phases with different veloci-
ties are visible (Fig. 4 and S5–S6). Therefore, we also estimate the 
maximum and minimum migration velocity for each burst (details 
are in the supplementary Table S3).

The average migration velocities range from 1 km/day to 
1 km/h (Table S3 in the supplement), similar to that of previously 
identified migrating TES (Roland and McGuire, 2009). The migra-

tion appears faster in the rake direction, i.e. faster horizontally for 
strike-slip segments and faster vertically for normal-faulting bursts 
(Fig. 4, S5, and S6, Table S3).

Accelerated or even constant-speed hypocenter migrations that 
then end abruptly are not consistent with diffusive processes, 
which advance as a square root of time and fade off slowly. Rather, 
the migration pattern suggests that the bursts mark a rupture 
process comprising a slow nucleation phase followed by a break-
out phase (Ohnaka and Shen, 1999; Bouchon et al., 2013). The 
earthquakes may be generated by brittle asperities punctuating 
velocity-strengthening or heterogeneously stressed fault surfaces, 
as previously suggested (Kato et al., 2012; Lay et al., 2012; Vallée, 
et al., 2013). Under this hypothesis, we use the estimated duration, 
the average rupture velocity and the cumulative seismic moment 
of each burst to investigate the swarm scaling properties.

When comparing these dynamic parameters to the scaling pre-
viously reported for slow slip events and TES (Gao et al., 2012;
Ide et al., 2007; Peng and Gomberg, 2010) we find that our data 
confirm and extend the scaling proposed by Peng and Gomberg

(2010), according to which TES duration-moment scaling branches 
off the SSE scaling, with TES duration independent of seismic mo-

ment (Fig. 5a). In contrast to SSEs, whose propagation velocity 
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Fig. 4. Migration of selected earthquake swarms. The upper panels (a–c) show the event migration along axes Y1 or Y2 (see Fig. 2) versus time, color-coded according to 
event magnitude, while bottom panels (d–f) show the migration in depth cross-section along Y1 or Y2, color-coded according to time. The maximum and minimum migration 
velocity is indicated in the upper panels (see also Table S3). (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

scales as M−1/2
0 , the migration velocity of TES appears correlated 

with the seismic moment, with an approximate scaling exponent 
of ∼1/3 (Fig. 5b). The uncertainty of the estimated scaling expo-
nent is large but it could be reduced in future investigations with 
larger datasets.

TES activate larger areas compared to what might been ex-
pected from their cumulative seismic moment. This results in a 
static effective stress drop that is one or two orders of magnitude 
lower than for tectonic earthquakes (Vidale and Shearer, 2006). We 
calculate the effective stress drop, �σ , for our TES using the rela-

tion: Mo = π�σW 2L/2, where Mo is the static seismic moment, 
and W and L are fault width and length, respectively (Kanamori 
and Anderson, 1975). We estimated W and L as the width and 
length of the area within which 80% of the swarm hypocenters 
are located (Table S1 and Fig. S6). The estimated �σ spans the 
range between 0.001 and 1 MPa (Fig. 6), lower than 1–10 MPa val-
ues for regular earthquakes (Kanamori and Anderson, 1975; Gao 
et al., 2012). Low effective stress drop during TES might indicate 
aseismic deformation behind TESs in this study (e.g. Roland and 
McGuire, 2009; Fischer and Hainzl, 2017).

Fig. 5. Scaling of tectonic earthquake swarms. (a) Event duration versus moment and (b) migration velocity versus moment for the swarms in this study (color-coded as in 
Fig. 2) and swarms in Peng and Gomberg (2010) (black crosses) in comparison to SSEs (gray inverted triangles) according to Gao et al. (2012). In panel (b) the black straight 
line is the scaling for swarm velocity and seismic moment (closed symbols). (For interpretation of the colors in this figure, the reader is referred to the web version of this 
article.)
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Fig. 6. Static stress drop of seismic swarms along the HFF and ER. The rupture area 
versus the seismic moment for the swarms in this study (color-coded as in Fig. 2). 
Error bars are 50% relative error on the area estimations and the rupture areas (see 
Table S3 and Fig. S6). Dashed lines are constant static stress drop calculated for a 
rectangular crack with L = 2W (Kanamori and Anderson, 1975). Inverted triangles 
show results for SSEs from Gao et al. (2012). (For interpretation of the colors in this 
figure, the reader is referred to the web version of this article.)

4. Statistics of the swarm earthquakes and aseismic strain 
release

In order to better understand the scaling of the swarm earth-
quakes, their triggering mechanism and their interaction with the 
local tectonics, we performed additional statistical analysis on the 
seismicity catalog. Using the Epidemic Type Aftershock Sequence 
(ETAS) model (Ogata, 1988), we quantified how foreshock and af-
tershock productivity varies along the HFF and the ER and com-

pared the results with previous analyses of continental and oceanic 
seismicity. ETAS models were designed to reproduce mainshock-

aftershocks sequences so that abnormal fitted parameters can 
highlight any anomalies with respect to such reference behavior.

According to ETAS models, any earthquake generates offsprings 
at a rate according to a combination of a magnitude-dependent 
productivity law:

K (M) = k10α(M−Mc), (1)

(where K is the number of directly triggered offspring, k and α
are region-dependent parameters) and the Omori–Utsu law for 
seismicity-rate decay after an earthquake (Ogata, 1988). The aver-
age number of aftershocks per mainshock (directly and indirectly 
triggered) is then given by the equation:

N(M) = (k/(1− n))10α(M−Mc), (2)

where b is the slope of the Gutenberg–Richter relation and n =
kb/(b − α) is the so-called branching ratio, representing the frac-
tion of the earthquake population that was triggered by another 
earthquake (Helmstetter and Sornette, 2002). Earthquake produc-
tivity is directly related to the degree of crustal “brittleness”, linked 
to seismogenic thickness and thus high for continental settings and 
low for oceanic environments, due to more important viscoelastic 
dissipation in the latter case. In addition, earthquake productivity 
is modulated by permanent or transient aseismic stressing pro-
cesses affecting the seismogenic crust (Helmstetter and Sornette, 

2002); this includes slow earthquakes, more important on ridge-
transform faults (RTF) than in California (McGuire et al., 2005).

For this analysis we considered the entire catalog of earth-
quakes close to the ER and HFF with magnitudes above Mc = 1.5, 
rather than restricting the analysis to only the swarm seismicity. 
Following McGuire et al. (2005), we identified as mainshocks all 
Mmain > 3.2 events that were not preceded within 2 weeks and 
15 km by another M > Mmain − 1.2 earthquake. The 15 km limit 
represents three times the rupture length of the largest events in 
our catalog while the magnitude threshold was chosen to avoid 
multiple close-in-time mainshocks, which would bias the fore-
and aftershock counting. Indeed, the procedure excludes all the 
largest events in SW5, i.e. the four M > 4.5 earthquakes that oc-
curred within 12 h, and many other earthquakes that occurred 
during ‘swarmy’ time periods. The identified mainshocks occurred 
mainly on the western portion of the HFF and along the ER, while 
only one mainshock event was recognized on the eastern HFF (Ta-
ble S4).

The inferred parameters α ∼ 0.8 and n ∼ 0.8 show that the 
HFF and ER have aftershock productivity more similar to Califor-
nia than to RTFs (Fig. 7a). The high aftershock productivity might 
be related to the thicker seismogenic crust (10–15 km, this study 
and Rögnvaldsson et al., 1998) of the HFF and ER ridge-transform
segment when compared with other RTFs where the seismogenic 
thickness is in the order of 7 km or thinner (e.g. Engeln et al., 
1986; Boettcher and Jordan, 2004).

In addition, we quantified the ratio of foreshocks to aftershocks, 
which has been used to estimate the relative importance of aseis-
mic forcing and earthquake–earthquake triggering (McGuire et al., 
2005). We find that the HFF and ER, unlike RTFs, are almost as 
productive in terms of aftershocks as southern California faults 
(reaffirming the results in Fig. 7a), but simultaneously they are as 
productive as RTFs in terms of foreshocks, i.e. they produce a half 
order of magnitude more foreshocks than what has been observed 
for the southern California seismicity and predicted by the ETAS 
model (Fig. 7b, see also McGuire et al., 2005). This supports the 
hypothesis that transient aseismic forcing has triggered the seis-
micity along the western HFF and ER. Future studies using more 
data should help reducing the statistical uncertainties of the pa-
rameter estimations and help separating the different effects that 
control earthquake productivity in Northern Iceland.

5. Constraining the aseismic strain release

Based on the analyses performed above, we conclude that TES 
on the HFF and ER were likely associated with significant transient 
aseismic slip. Now we seek to estimate the fraction of the aseismic 
strain release in order to further constrain the scaling relationships 
of our TES.

First, we check whether part of the aseismic moment release 
can be measured geodetically by the sparse GPS network operat-
ing in North Iceland (Fig. 1a). The closest continuously operating 
GPS stations (SIFJ, GMEY and FTEY, installed in 2006/7) are not of 
much help as they are located >15 km away from the swarms 
(Fig. 1a) and can therefore at best only give an upper limit of the 
moment potentially released by the swarms. The baselines SIFJ-
GMEY and SIFJ-FTEY (Fig. S8) show no significant deformation sig-
nal associated with the TES, at an average confidence level of 2–3 
mm for the horizontal and 6–9 mm for the vertical components. 
We checked with rectangular dislocation models in an elastic half-
space (Okada, 1985) what could be the maximum moment release 
on the fault planes activated in the 2012 sequences without pro-
ducing a significant signal in the GPS time series. The model ge-
ometry was constrained manually to fit the location and spatial 
extent of the earthquake swarms SW5A and SW5B. The segments 
were buried at 1 km depth and different slip rake angles were 
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Fig. 7. Scaling of aftershock and foreshock productivity along the HFF and ER. (a) Number of aftershocks per mainshock versus the mainshock magnitude Mmain minus 
the magnitude of completeness Mc . Red squares are aftershock counts along the HFF and ER above Mc = 1.5 within 14 days and 15 km of all Mmain > 3.2 mainshocks 
in comparison to results from southern California (SC) and ridge-transform faults (RTFs) (Boettcher and Jordan, 2004; McGuire et al., 2005). Best fits for the slope α and 
the intercept k/(n − 1) of log10 N(M) from Eq. (2) yield α = 0.83, n = 0.55 (α = 0.05–1.6 at 95% confidence interval) for our data alone and α = 0.65–0.85, n = 0.55–0.80

(95% confidence interval) for our data together with those from southern California. (b) Number of foreshocks versus number of aftershocks per mainshock, counted during 
the 1 h-time window before and 5 h after each mainshocks, in comparison to results from SC and East Pacific Rise (EPR). Straight lines are ETAS predictions as derived by 
McGuire et al. (2005) (eq. (1)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

tested. We found that a moment larger than about 5 · 1017 Nm 
for SW5A and SW5B should have been seen in the GPS time se-
ries, which is larger than the seismic moment of 2.3 · 1016 Nm 
and 4 · 1017 Nm released in the swarms (supplementary Table S1). 
Therefore, based on the GPS data we cannot exclude the possibility 
that some aseismic slip took place, although most of the moment 
in SW5B appears to have been seismically released.

We estimated a lower limit for the stress drop of the 1997 
swarm (SW1) by considering its interaction with SW5. The SW1 
fault segments remained silent following the two M > 5 earth-

quakes in SW5B while a small fault patch adjacent and to the 
East of SW1 became active (the SW5C burst). The Coulomb Fail-
ure Stress (�CFS) induced on the HFF by the largest M > 5 event 
of SW5B is positive on the HFF (Jónsson et al., 2013). This sug-
gests that SW5C may have been statically triggered, and that the 
stress drop of SW1 must have been larger than the Coulomb Fail-
ure Stress change (�CFS) caused by SW5B. The estimated �CFS 
is of the order of 0.1–0.02 MPa when it is projected onto the 
HFF in the 1997 SW1 swarm area (see Fig. 2 in Jónsson et al., 
2013). We calculated the corresponding moment with the formula 
Mo = �σdLW assuming that the fault is strained over a distance 
d = 5 km (half of fault width, Madariaga, 1979), and L = 20 km 
and W = 10 km are respectively the length and width of the 
fault segment activated in the SW1 swarm. The resulting moment 
Mo > 0.2–1.0 · 1017 Nm ranges between the cumulative seismic 
moment released by SW1 and five times as much (Table S1), which 
suggests that SW1 may have released additional moment aseismi-

cally. Considering that the �CFS estimate refers only to the largest 
earthquake, rather than to the entire sequence, and that we ne-
glected 15 years tectonic loading onto the SW1 segment in this 
calculation, we reckon this as a conservative estimate.

Finally, we estimate how much aseismic slip could potentially 
be hidden within the HFF and ER bursts while remaining within 
the limits of 20 years of tectonic strain accumulation. The total 
tectonic moment accumulated along HFF and ER during the time 
span of the seismicity catalog is ∼2.9 · 1018 Nm, using μ = 30

GPa and the same fault geometry as in Fig. 1b. Assuming that 

the area illuminated by the earthquakes (Fig. 6 and supplemen-

tary Table S1 and Fig. S6) is representative of the total moment 
released by the bursts, we estimate such moment based on the 
standard relationship Mw = 4.07 + 0.98 ∗ log(R A) linking rupture 
area (RA) in km2 with moment magnitude (Mw ) (Wells and Cop-
persmith, 1994) in turn converted into seismic moment (Kanamori 
and Anderson, 1975). This procedure results in an estimated hid-
den aseismic moment between 2 and 700 times larger than the 
relative cumulative seismic moment, and amounts, if all swarms 
are taken together, to 2 ·1018 Nm. This is close to the total moment 
accumulated during 20 years of tectonic loading. Thus, under the 
above assumptions, the TES and the associated aseismic slip have 
efficiently released the accumulated tectonic moment.

6. Discussion and conclusions

The TES have progressively activated most of the northwestern 
HHF and the ER during the almost 20 year of recorded seismic-

ity showing a clear spatial complementarity. This raises several 
questions: Is such complementarity unique? What are the poten-
tial underlying processes leading to this behavior? What are the 
implications for the long-term strain release on this section of the 
plate boundary in North Iceland?

Some evidence for TES occupying fault patches adjacent to pre-
vious swarms or segments ruptured by large earthquakes exist (e.g. 
Holtkamp and Brudzinski, 2014), but to our knowledge, the spa-
tial complementarity of the North Iceland swarms, observed on a 
scale of tens of km and in only 20 years, has never been described 
for any other regions. Similar patterns of spatial complementarity 
are instead found at a much longer and larger spatial scales for 
plate-boundary earthquakes, with major earthquakes sometimes 
occurring in seismic gaps left by earlier events (Schurr et al., 2014).

Given the small cumulative seismic moment released by some 
of our TES, the observation that they discourage other earthquakes 
from occurring on the same fault patch while encouraging new 
TES on adjacent patches, is difficult to explain without including an 
additional aseismic moment release. The total estimated aseismic 
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moment released by the TES is equal to the tectonic load accu-
mulated in 20 years and the size of the fault patches illuminated 
by earthquakes in each swarm may be a proxy for such total seis-
mic/aseismic moment release during the TES. Our analysis suggests 
that TES may be a manifestation of significant strain release, pro-
voking both short and long-term stress interaction.

Aseismic stress release is consistent with both low stress drop 
and slow rupture velocity and linked to low fault stiffness (Segall 
et al., 2010) associated to velocity-strengthening rock rheology 
and/or low normal stress (in turn may be due to a number of rea-
sons, including high pore pressure, geometry, stress interaction). 
Several of these factors likely contribute to the TES activity on the 
HFF. In the region around HFF deep fluid circulation is abundant, as 
demonstrated by widespread release of hydrothermal fluids on the 
ocean floor (Hensch et al., 2008) and reflected in observed anoma-

lies of seismic velocities vp and vs (Riedel et al., 2005). In such 
conditions, the frictional strength of faults and in turn the expected 
level of strain release is strongly controlled by the pore pressure.

Zencher et al. (2006) demonstrated with a numerical model 
that fluids at near-lithostatic pore pressure might propagate up-
ward to mid-crustal levels if a deep fluid reservoir below an im-

pervious layer at the brittle-ductile transition becomes abruptly 
connected with the overlying permeable crustal layers. The model 
explains several observations from the South Iceland Seismic Zone, 
the other major transform zone in Iceland, and it might plausi-
bly apply to the HFF. Young hot rock cooling below the brittle 
ductile transition is expected to release fluids that may pool at 
the rheological discontinuity. An intrusion of high pore pressure 
fluids would lower the threshold stress for rupture and eventu-
ally the strongest asperities pinning the fault would fail. Labora-
tory studies and numerical models show that when an unstable 
system fails at a low normal stress or high pore pressure, the 
conditions for slow slip are approached (Leeman et al., 2016). 
The rupture velocity may be limited by local pore-pressure drop 
due to inhomogeneous stress on the fault segments and by poro-
elastic coupling and dilatancy hardening (Segall and Rice, 1995;
Segall et al., 2010), with the small-scale asperities failing as regular 
earthquakes (Kato et al., 2012; Gao et al., 2012). In such conditions, 
the ‘seismic cycle’ is short, as high stress levels are never reached 
on the fault.

Stress interactions with the strong Krafla rifting episode on 
the neighboring ridge segment, which occurred in the NVZ in 
1975–1984, caused strong compression on the southeastern HFF 
(Rögnvaldsson et al., 1998; Maccaferri et al., 2013) while decom-

pressing the northwestern-most part of the fault. Normal stress 
changes are not easily compensated by tectonic movements in a 
transform fault setting and may thus last for long time. Static de-
compression leads to increase of permeability, fluid release and 
circulation, so that the swarm behavior of the northwestern HFF, 
contrasting the locked and quiet southeastern part of the fault, 
might have been stimulated by static stress interaction with the 
NVZ.

Considering geometry and stress interaction may explain ad-
ditional observations. The HFF is composed of sub-parallel fault 
strands that are more or less favorably oriented according to the 
tectonic stressing. The apparent jumps of swarms and bursts be-
tween segments may be a consequence of this structural setting.

Earthquake swarms have been observed to act as barriers to 
large earthquake ruptures on plate boundaries, leading to efficient 
rupture arrests (Holtkamp and Brudzinski, 2014). Whether this dy-
namics may apply to the HFF, or whether on the contrary any 
future large rupture may extend to the entire fault length would 
be critical for local seismic hazard assessments but remains un-
clear and challenging to determine. However, this study adds to 
increasing evidence that TES play a previously unrecognized role in 
accommodating long-term plate motion on plate boundaries. They 

embody as a specific category of slow strain release that may act 
efficiently on shorter time scales. Evaluating them only based on 
the seismic moment they release seismically may be misleading.
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S U M M A R Y

The nucleation area of the series of M6 events in Parkfield has been shown to be characterized

by low b-values throughout the seismic cycle. Since low b-values represent high differential

stresses, the asperity structure seems to be always stably stressed and even unaffected by

the latest main shock in 2004. However, because fault loading rates and applied shear stress

vary with time, some degree of temporal variability of the b-value within stable blocks is to

be expected. We discuss in this study adequate techniques and uncertainty treatment for a

detailed analysis of the temporal evolution of b-values. We show that the derived signal for

the Parkfield asperity correlates with changes in surface creep, suggesting a sensitive time

resolution of the b-value stress meter, and confirming near-critical loading conditions within

the Parkfield asperity.

Key words: Time-series analysis; Earthquake interaction, forecasting, and prediction; Seis-

micity and tectonics; Statistical seismology.

1 I N T RO D U C T I O N

The size distribution of earthquakes—described by the b-value from

the Gutenberg & Richter (1944) law: log(Number of events with

magnitude ≥ M) = a − bM—has been shown to be inversely pro-

portional to differential stresses: from acoustic emissions during

fracture experiments in the laboratory (e.g. Amitrano 2003) to nat-

ural earthquakes in the crust (Schorlemmer & Wiemer 2005; Spada

et al. 2013); the higher the differential stresses, the lower the b-

values. b-Values have therefore been suggested to act as a crude

stress meter for the crust, allowing us to image relative stress distri-

butions, highlighting, for example, along faults areas of anomalous

low b-values, that is, high stresses, so-called asperities, which are

likely to emanate future larger ruptures (e.g. Wiemer & Wyss 1997).

One well-studied example is the spatial distribution of b-values in

Parkfield: a segment of the San Andreas Fault in central California,

which is known for its series of six M ∼ 6 events occurring rel-

atively regularly over the last 150 yr (Bakun & Lindh 1985), and

which is widely regarded among seismologists to be an ideal nat-

ural laboratory for improving our understanding of the earthquake

cycle, the identification of main shock precursors and the devel-

opment and testing of prediction models (e.g. Bakun et al. 2005).

For this reason, back in the 1980s, dense and high-quality networks

of monitoring instruments from various fields of Earth sciences

were installed at the site of the ‘Parkfield Experiment’ (Bakun &

Lindh 1985) to capture a wide range of geophysical signals of the

approaching event and reveal possible precursors. Thus, the most

recent Parkfield main shock was extremely well recorded, when it

occurred in 2004, much later than expected. Despite the wealth

of data, no unambiguous precursors were observed (Bakun et al.

2005). However, a low b-value anomaly in the nucleation area of

the moderate main shocks had been documented before the lat-

est event (Wiemer & Wyss 1997; Schorlemmer et al. 2004); and

this structure reflects the approximate extent of the slip and after-

shock distribution of the 2004 event, that is, it successfully ‘post-

casted’ the location of the M6 event (Schorlemmer & Wiemer 2005).

Tormann et al. (2012) re-evaluated the data for the pre- and post-

main shock phases and found the asperity to be a stably stressed

volume through the seismic cycle: shape and amplitude of the low b-

value volume remains the same after the 2004 main shock. Fig. 1(a)

shows the spatial b-value distribution derived from the last three

decades of seismicity. A first-order time-series analysis of the as-

perity b-values showed that the 2004 event has not imprinted on the

b-values beyond the first few months of aftershocks. The overall

levels before and after the main shock are unchanged and, if con-

verted into expected recurrence times of the M6 events, they are

consistent with the observed interevent times.

In this study, we discuss techniques and uncertainties in detailed

temporal b-value analysis and focus on second-order effects of the

Parkfield time-series, namely the variation that is seen over the two

decades before the main shock. This could be regarded as random

fluctuation around a mean value, was it not for a data set of surface

creep measurements from atop the asperity volume: the changes in

creep rate correlate strongly with the signal seen in the b-value time-

series and suggest that the state of stress at the fault at seismogenic

depths is related to aseismic creep seen on the surface.

1474 C© The Authors 2013. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. (a) b-Value cross-section for Parkfield’s microseismicity M ≥

1.3 since 1981; star: 2004 M6 hypocentre; line: follows the b = 0.87 con-

tour surrounding the asperity volume as defined in Tormann et al. (2012).

(b) b-value time-series of asperity volume; Inset left: raw creep data col-

lected from ‘wkr1’; Mainframe: green: b-value evolution with standard error

estimate (Shi & Bolt 1982), brown: deviation of creep from the average rate,

that is, in 1993 the observed displacement on the instrument is ∼20 mm

‘behind’ the expected displacement, in 2000 it is ∼10 mm ‘ahead’, dashed

brown line: from creep and therewith strain rate derived changes in loading

relative to the expected normal loading based on the average creep rate of

8.2 mm yr−1, purple shading: time period of a deep transient creep event in

the asperity (Gao et al. 2000), accompanied by four M4–5 earthquakes (pur-

ple stars); Inset right: correlation plot of b-value time-series versus creep

rate changes, sampled on a monthly basis, grey: data sampled during period

of influence of the 5-d cluster.

2 T H E B - C R E E P C O R R E L AT I O N

O B S E RVAT I O N

Among the Parkfield monitoring instruments is the Work Ranch

creepmeter (‘wkr1’), which is located atop the centre of the asperity

that produces the regular moderate earthquakes (Fig. 1a). Creep data

on that instrument has been collected since 1976 (Fig. 1b, left-side

inset), and as most creepmeters, ‘wkr1’ observes small-scale sea-

sonal changes, but is regarded largely unaltered by rainfall events,

and is mostly driven by tectonic signals (Roeloffs 2001). We remove

the average creep rate of 8.2 mm yr−1 (1980 to before the 2004

event), and find a pattern of alternating decelerated and accelerated

creep velocity phases over the two decades prior to the latest main

shock (Fig. 1b). The average annual creep rate between 1985 and

1993 is with 6.1 mm yr−1 only ∼75 per cent of long-term average,

during the following 6 yr it accelerates to 12.9 mm yr−1, more than

twice the previous velocity, and nearly 160 per cent of the long-term

average, and after 1999 it slows down again to 5.9 mm yr−1.

We calculate the time-series of b-values from within the low-

b-value asperity volume (see Section 3 for the discussion of the

method) and observe two separate properties of the temporal evo-

lution (Fig. 1b): (1) As documented in Tormann et al. (2012), the

first-order observation is a constant level of b for the pre- and

post-main shock phases, with only a brief increase from the after-

shock sequence. (2) Beyond that, we resolve second-order changes

around the mean b-value, exceeding ±30 per cent over the last three

decades: we observe three alternating ∼6 yr phases of decreas-

ing, increasing and again decreasing b-values, before we measure

very briefly, but sharply increased values (reaching b >1) in the

direct aftermath of the M6 event and decreasing b-values since then

(Fig. 1b). The period of increasing b-values starting in 1993, co-

incides with the onset of a documented transient slip event in the

asperity volume (Gao et al. 2000; Murray & Segall 2005), which was

possibly initiated, but at least accompanied by a series of four M4–5

earthquakes and an increased seismicity rate of about 30 per cent

above the average 1981–2004 rate. We observe a sudden deviation

from the overall trends for a ∼2-yr period around 2000, when the

b-values drop sharply. Much of this signal is produced by a 5-d

cluster in mid-September 1998, rupturing within a 3 × 1.6 km fault

patch located at 8 km depth. The eight M ≥ 1.3 events have a mean

magnitude of 2.4, while the asperity events following that cluster

and through to the end of the ‘anomaly’ have a mean magnitude of

1.9, that is, all b-value estimates from time frames including this

cluster (1998.75–2000.8) are decreased.

Comparing the two data sets we find that, with the exception of

that short cluster-dominated period, the trends in the creep rate until

2004 are robustly correlated with the evolution of the b-value mea-

sured by the microseismicity right beneath the creepmeter (Fig. 1b

and right-side inset). Decreasing b-values correlate with less sur-

face creep, and vice versa. The observed changes in surface creep

are therewith related to the (unknown) state of stress and strain at

the fault at seismogenic depth. However, for the years after the 2004

main shock, the creep signal is strongly dominated by shallow af-

terslip (Barbot et al. 2009) that likely masks the deeper processes,

which our b-values represent; we therefore do not compare the post-

main shock data directly, but note that, overall, the annual creep rates

since the main shock are decelerating non-linearly and contempo-

raneously the b-values are decreasing. Sudden changes in b-values,

such as the drop in 1998 or the peak in 2004 are due to active

clusters, which are to be expected in most studies given that seis-

micity clusters, and need to be treated individually and interpreted

separately from long-term trends.

To develop an idea of the order of stress changes that Park-

field’s b-values reflect, we use the different creep rates of 6.1, 12.9

and 5.9 mm yr−1, as observed during time periods T1, T2 and T3

(Fig. 1b) to model the shear strain across that slowly creeping sec-

tion of the fault and calculate the accumulated shear stress, that is,

faster creeping reduces the strain/stress accumulation rate, and vice

versa. We assume a relative plate motion of 33 mm yr−1 across the

San Andreas Fault (Murray & Langbein 2006) and, for the sake of

simplicity, we describe each fault creep variation with a uniform,

rectangular dislocation in an elastic half-space (Savage & Burford

1973). The model segment extends from the surface down to 15 km

depth (Murray & Langbein 2006) and is 20 times longer than the real

Parkfield section to eliminate edge effects. The modelled maximum

shear strain rates ǫ̇s across the central part of the model segment

are then transformed into shear stress rates σ̇s using the relationship

σ̇s = μǫ̇s that connects stress and strain with the shear modulus μ =

30 GPa (Murray & Segall 2005). Integrated over the different time

periods T1–T3, the shear stress reveals the overall stress accumu-

lation. These numbers are then compared to the ‘expected’ stress

accumulation of the average creep rate, as measured until the 2004

Parkfield earthquake (8.2 mm yr−1). Due to the lower than average

creep rates in T1, we find an additional stress build up at the end of

T1 of 0.011 MPa above the ‘normal loading’ from long-term creep
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velocities, while at the end of T2, the stress build up is 0.007 MPa

below the expected value (Fig. 1b). This variation is about an or-

der of magnitude above the level of tide induced stresses (103 Pa,

Tanaka et al. 2006), and tiny compared to the estimated absolute

stress levels along the fault, which range from about 20 MPa in the

weak fault hypothesis up to 160 MPa in the strong fault hypothesis

(e.g. Scholz 2000).

We note that the above observation represents the data of only

one creepmeter; but the two closest instruments next to ‘wkr1’

(‘xta1’ and ‘crr1’) have been reported for similarly accelerated

velocities between 1993 and 1999 compared to their long-term

trends (Roeloffs 2001). While our calculated amplitudes of stress

variation probably reflect the specifics of the ‘wkr1’ instrument, the

overall finding of correlating b-value and creep rate changes seems

to be a more general pattern for the Parkfield asperity.

3 b - VA LU E T I M E - S E R I E S A NA LY S I S :

H OW T O R E S O LV E D E TA I L S R E L I A B LY

Detailed temporal variation in b-values, such as shown in Fig. 1(b)

can only be meaningfully documented and interpreted if the data

and analysis techniques have been carefully chosen. In general,

temporal variations of b-values are more difficult to identify than

spatial variations (Wiemer et al. 1998); they are often of lower

amplitude than their spatial counterparts and easily mimicked or

masked by inhomogeneities in the catalogue or by the combination

of spatial variability and changes in activity rate. To reliably analyse

maximum likelihood b-values (Aki 1965) through time and establish

the significance of potential changes the following issues need to

be addressed:

(1) Data quality: homogeneity of reporting

Inhomogeneities of earthquake reporting are common in all earth-

quake catalogues and are an obstacle for a number of statistical

analyses. Especially for interpreting b-values, it is important to use

high quality and consistent earthquake catalogues, because changes

in the monitoring network and processing inhomogeneity with time

can introduce shifts and stretches in the magnitude scales which can

mimic or mask changes in b-values (e.g. Zuniga & Wiemer 1999;

Tormann et al. 2010).

The Parkfield segment of the San Andreas Fault is one of the best

monitored fault segments in the world, and different high-quality

data sets are available online. Schorlemmer et al. (2004) have shown

that the spatial b-value distribution is consistent between the dif-

ferent data sets, that is, the ANSS and HRSN catalogues. We use

the ANSS catalogue between 1981 January 1 and 2011 June 30 and

verify that the introduction of the new ML scaling in 2009 May,

other than in southern California, did not alter the statistics of the

local microseismicity magnitude range (Tormann et al. 2010).

(2) Mc variability

The correct assessment of the completeness magnitude, Mc, of an

earthquake sample is critical for the correct estimate of the b-value:

if Mc is underestimated, b-values will be systematically biased to-

wards too low values. Especially, important for temporal b-value

analysis is the verification of the completeness level through time,

for example, Mc usually decreases when the network is improved

and new instruments are added, and it often increases temporarily

after large earthquakes (e.g. Woessner & Wiemer 2005).

For the Parkfield asperity, we assess Mc using the maximum cur-

vature estimate and adding 0.2 for safety. We confirm a reasonable

estimate of Mc = 1.3, as published by Schorlemmer et al. (2004).

We verify that the overall shape of the time-series does not change

for at least 1.1 ≤ Mc ≤ 1.8.

(3) Spatially homogeneous volume

In the presence of spatially heterogeneous b-values, local changes

in activity rate can cause apparent changes in b through time (e.g.

Wiemer et al. 1998). It is important, before interpreting changes

in temporal b-value evolution, to verify that they are not unin-

tended artefacts from emphasizing different spatially distinct vol-

umes that are seismically active during different periods, instead of

true temporal changes in the behaviour within the same volume.

The temporal analysis, therefore, needs to be restricted to a vol-

ume that is spatially homogeneous. To identify potential regions,

Wiemer et al. (1998) have proposed the technique of differential

b-value mapping, in which they calculate b-value grids for two

subsequent time periods and map the percentual difference for all

nodes that have a b-value estimate in both periods, and show a dif-

ference in these estimates beyond a certain statistical significance

level. This technique highlights areas of significantly increased or

decreased b-values, but is in its resolution and spatial coverage

highly dependent on and limited to the choice of time periods.

It is an effective approach if the approximate time of a potential

change is known or suspected beforehand, for example, an indepen-

dent geodetic observation or a large close or distant main shock;

it is less suitable for an ‘uninformed’ analysis of temporal b-value

evolution.

We introduce a Spatial HOmogeneity Detecting technique (SHOD),

which evaluates for a given volume the spatial homogeneity through

time by combining spatial and temporal analysis of b-values: we

first map the spatial distribution of b-values to select the volume

for the temporal analysis and assign each earthquake in the sample

volume the closest b-value from the spatial mapping. At each time

step, we calculate the b-value from the current time window of the

sample and, in addition, the mean of the associated spatial b-values

from the events of that time frame. If that spatial curve follows

the curve of the time-series, the temporal signal is artificial and

produced by sampling different subvolumes at different times, that

is, the underlying earthquake sample was spatially inhomogeneous.

For a homogeneous volume, the spatial curve will be more or less

flat. Figs 2(a) and (b) show this effect for a synthetic catalogue,

and (c) verifies that the spatial curve for the Parkfield asperity

volume (Fig. 1a, all earthquakes inside the b = 0.87 contour) is well

behaved.

(4) Constant-time-windows or fixed-number-of-events

approach?

Temporal b-value studies often use fixed length time windows to

estimate b-values through time. We argue that this approach has se-

vere disadvantages in a time-series of significantly varying activity

rates: one can either use small time windows and be able to track

immediate changes, for example, due to a main shock and its early

aftershocks, but then create many empty time bins in less active

parts of the series; or else one keeps the windows long enough to

fill every bin, but then lose the detailed information on any abrupt

changes and create an apparent shift due to considering ‘too old’

data/processes in each estimate (Fig. 3). The alternative is to in-

stead use moving windows of a fixed number of N events. The

choice of N is subjective and determines the level of uncertainty

in each b-value estimate (higher for smaller N), and the degree of

smoothing/damping of signals (stronger for larger N). This fixed N

technique provides an estimate at each point in time, which repre-

sent data from different lengths of time windows, though: from a

few days or weeks during an active aftershock sequence to several

years in seismically quiet periods.
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Figure 2. SHOD: spatial homogeneity detector for temporal b-value anal-

ysis. (a and b) Synthetic example of a spatially (a) inhomogeneous volume

(two distinct regions of different b-values and activation periods, 0–30 km

during period 1 and 30–60 km during period 2), and a (b) homogeneous vol-

ume (evenly distributed events throughout the full volume), both with b =

0.5 in period 1 and b = 1 in period 2. Black/grey: b-value time-series and

formal uncertainty, red: mean of closest spatial b-values, dotted line: overall

mean b-value of the volume. Cross-sections: spatial b-value distributions for

time periods 1 and 2. (c) Analysis applied to Parkfield data, cross-sections

cover before and after the 2004 main shock, flat red curve confirms spatial

homogeneity, so temporal variations in the black data are not artefacts.

We use the average annual number of events within the Parkfield

asperity between 1981 and 2011, N ann = 68, which results in indi-

vidual window lengths averaging around 3 yr. We demonstrate the

differences between the alternative approaches for window sizes of

3 months–3 yr compared to N ann-event sampling (Fig. 3). Apart

from the explained limits of the constant time window sampling,

the choice of either that or the constant number approach does not

matter for the shape of the curve. We verified that changing the value

of N within reasonable limits (e.g. 50 ≤ N ≤ 150) also preserves

the general shape of the time-series.

(5) Step sizes

A further free parameter is the overlap between successive b-value

estimates in the time-series, which is a trade-off between smoothing

and number of data points together with the independence of the

Figure 3. Comparison of b-value time-series for different sampling tech-

niques: constant number, N, of events (black) versus constant time, T, win-

dows (red): always N = 68, T increases from 3 months to 3 yr (top to bottom);

left-hand panels show continuous sampling for either of the combinations,

that is, windows are moved by one-event or 1-d steps, respectively; right-

hand panels show the same combinations for 50 per cent overlap sampling:

windows are moved by half their length, that is 34 events or 1.5 months, 0.5

and 1.5 yr, respectively. The gaps in the T curves represent times of too little

activity to calculate b-values, the 3-yr sampling does not capture the abrupt

change due to the 2004 main shock.

starting point. The smaller the overlap, that is, the larger the step

size relative to the window length, the larger the sensitivity to the

‘gridding’, that is, the starting time or event.

We prefer the continuous approach of moving the window by one

event at a time, and note that the overall shape is retrieved with any

step size, from continuous to no overlap (Fig. 3).

(6) Data display

b-Values from temporal analysis are either plotted at the beginning,

middle or end of the time window that they represent. We argue that

the latter choice is the most sensible to physically understand the re-

solved signals of the time evolution, since it represents the b-values

as result of previous seismicity, that is, changes that are caused by

a large event with its immediate aftershocks will plot at/after their

actual occurrence, not before, as would happen for either of the

alternative display modes and be confusing for interpretation. We

note that with this choice, the Parkfield time-series starts in 1985

although it uses all events since 1981 (Fig. 1b).

(7) Significance check

Each of the above factors influences the shape of the b-value time-

series and adds uncertainty to the formal standard deviation (Shi

& Bolt 1982) of the estimated b-value, which is mostly driven

by the number of events in the earthquake sample. Any temporal

b-value study interested in details of the time-series needs to care-

fully address the above points and establish that the interpreted

signals are meaningful beyond uncertain fluctuation. We evaluate

the sensitivity of our results to the choice of all these free parameters

within sensible ranges, and find the major structures to be common

for all choices, confirming the robustness of the signal.
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4 D I S C U S S I O N A N D C O N C LU S I O N

The observation of a correlation between seismic and geodetic tran-

sients, shown here, is at least the second of its kind: from Japanese

data, Wiemer et al. (2005) documented a correlation between an

increase in b-values in the Tokai region and a contemporaneously

accelerated subsidence rate.

The temporal correlation between b-value transients and creep

data is fully consistent with a model where the size distribution of

the microseismicity responds to changes in the stressing regime.

When creep slows down and loading stresses on the fault increase,

little rough patches on the fault tend to break not one by one, but

in groups, creating more often larger microearthquakes, decreas-

ing the b-value, implying higher probabilities for larger magnitude

earthquakes. In times of accelerating creep, stresses are released to

a higher degree aseismically, tiny rough patches on the fault can

break on their own, without jumping to neighbouring patches, the

magnitudes of the microseismicity are preferably small, the b-values

high. The suggestion is that b-values thus can act as a stress meter

not only in a spatial sense but also have the temporal resolution to

track loading levels through time.

Stress perturbations caused by tides are relatively small; this led

Tanaka et al. (2006) to argue that local stress conditions must be

close to a critical state for tidal stresses to trigger earthquakes. In a

systematic study of tidal triggered earthquakes they could identify

strong correlations of small magnitude earthquake occurrence rates

and tidal stress changes in focal regions prior to major earthquakes,

but lost the signal after the main ruptures (i.e. significant stress

releases). Based on their conclusions, the Parkfield b-creep correla-

tion observation is plausible, if the stress state is near critical such

that there is always the possibility of moderate events (Tormann

et al. 2012). Then, the distribution of event sizes can be modulated

by small changes in the stress state. This differs from previous re-

sults in which b-values were thought to only react to drastic changes

in the environment (Wiemer et al. 1998).

The small-scale fluctuations are apparently also not the driving

factor in the timing of a major event, since the 2004 main shock did

not occur at a b-value minimum. The triggering mechanism for the

M6 type events remains unknown for the time being.

Our results suggest that monitoring b-values through time can re-

solve major changes in local stress fields as previously documented

in a volcanic environment for a magma intrusion (Wiemer et al.

1998) and along-fault for the Loma Prieta M7 earthquake (Tormann

et al. 2012), and has the potential to indicate near-critically stressed

structures. This is particularly valuable, since the mere comparison

of absolute b-values does not allow a direct translation into stress

levels, they only represent relative stress distributions. By estimat-

ing the strain-sensitivity of b-value time-series using geodetic data,

an improved assessment of the current loading stage of hazardous

asperities may become possible.
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4 Synthesis

This cumulative habilitation thesis presented eleven self-contained, peer-reviewed research articles and that
explain space-geodetic observations of recent crustal processes using analytical, numerical and/or geological
models. Among those are three first-authored by me (Metzger et al., 2017, 2020, 2021a), one counts as equal
first-authorship (Zubovich et al., 2022), one was compiled by a PhD student under my supervision (Hoffmann

et al., 2018), two include major contributions of me (Peña et al., 2022; Zubovich et al., 2016), and four minor
contributions (Kufner et al., 2021; Moreno et al., 2018; Passarelli et al., 2018; Tormann et al., 2013). Three data
publications provide access to GNSS survey data in a receiver-independent exchange format (RINEX, Metzger

et al., 2019, 2021c), respectively, full-resolution InSAR time-series of the Greater Pamir (Metzger et al., 2021b).
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Figure 4.1: Synthesis of first-
order kinematics (reddish ar-
rows) and yearly slip con-
straints in the Greater Pamir
as constrained in the work pre-
sented here (Metzger et al.,
2017, 2020, 2021a; Kufner

et al., 2021; Zubovich et al.,
2016, 2022) and unpublished
analysis. The arrows in the
yellow frames symbolize slip
sense (dextral/sinistral slip
and compression/extension).
The red dots mark sGNSS
markers. BBF – Babatag back-
thrust fault, BF – Badakhshan
fault, DF – Darvaz fault, IF
– Ilyak fault, PTS – Pamir
thrust system, SKFS – Sarez-
Karakul fault system, VT –
Vakhsh thrust fault.

The publications focusing on the Pamir provide insight into its recent kinematics in unprecedented resolution
(Figure 4.1). I have quantified the long-term slip-rates of the three most important faults bounding the Pamir to the
north and northwest, that is, the Main Pamir thrust system, bifurcating WSW-ward into the sinistral-transtensive
Darvaz and the dextral-transpressive Vakhsh fault (Metzger et al., 2020, 2021a; Zubovich et al., 2016, 2022). The
slip rates confirm westward collapse of the highly-fractured West Pamir into the low-altitude Tajik Depression.
The depression itself exhibits E-W shortening, which is mostly accommodated by the westernmost backthrust
of the ∼N-aligned fold-thrust-belt and at its northern boundary, the Ilyak fault that links to the Vakhsh fault
further east, together separating the depression and the Pamir from the (South) Tian Shan further north. All of
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these faults accommodate between 10-20 mm/yr of slip, which is surprisingly high for a continental setting. The
Vakhsh and the Ilyak fault have a rather shallow locking depth of ∼1 km or less, probably due to the presence of
low-friction, Jurassic evaporites deposited after the closure of the Thetys ocean. In the depression, seismicity
occurs only below the sedimentary layers (Kufner et al., 2018), hence, internal deformation is mostly aseismic
and the layers are conveyed westwards.

Further south, the Hindu Kush does not show localized, but rather distributed, strain accumulation, which might
be connected to the ongoing slab-break off (Kufner et al., 2021). This hypothesis is supported by seismicity
distributed along the submontane regions south and north of the orogen. A most prominent fault of the Hindu
Kush, the Panjsheer fault, accommodates at least a few mm/yr of slip, but – given the slow deformation gradient
– appears to be locked with a much higher locking depth than, e.g., the Darvaz and Vakhsh fault further north.
Elongating the Panjsheer fault towards north and bending parallely to the Darvaz fault towards NE, the Badakhshan
fault seems to be locked, too, but accommodates a bit higher slip than the former one (Kufner et al., 2021).

The 2015 Mw7.2 Sarez earthquake ruptured the sub-vertical Sarez-Karakul fault system that separates the
collapsing West Pamir from the (internally stable) East Pamir in a sinistral fashion (Metzger et al., 2017; Simran

et al., 2017). The rupture occurred at an ∼80 km-long fault segment that forms the superficial NE-continuation
of the Indian indenter at depth. Recently, Elliott et al. (2020) published evidence for active faulting further
towards SW of the fault. These traces suggest that the (poorly-located) 1911 M7 Sarez earthquake (Kulikova

et al., 2016) – that had a similar faulting mechanism – actually ruptured the Pamir just above the Indian margin of
the indenter. Most interestingly, the 2015 earthquake also had a significant impact on the Darvaz fault (Metzger

et al., 2020) and the Main Pamir thrust system (Zubovich et al., 2022), which are located at 150-200 km distance,
are unconnected to the Sarez-Karakul fault system and follow a different strike. Space-geodetic data showed a –
most probably dynamic – slip activation of these two faults of a few mm. This shows that conventional Coulomb
failure stress change models and the classic concept of a fault damage zone do not hold here (Bloch et al., 2022).
Our very recent, combined analysis of aftershock catalogs and InSAR time-series shows that two subsequent
earthquakes rupturing the Pamir’s northern (M6.4 Sary-Tash earthquake) and northeastern margin (M6.6 Muji
earthquake) in 2016 were likely triggered by fluid migration (Bloch et al., 2022), while visco-elastic relaxation
processes can be neglected (Jin et al., 2022).

From a more methodological perspective, the Sarez earthquake served as a case study to test the impact of
slip-patch subsampling on the model robustness and quality (Metzger et al., 2017): By comparing an iterative,
multi-stage, data-driven approach with slip patch sizes governed by the spatial density of input data, and a
conventional model with uniform slip patch sizes, I could show that a data-driven model stabilizes the slip
parameter uncertainties even at increasing patch depth, and that the overall data misfit improves. I have also
constantly updated my GNSS trajectory modeling strategy (originally developed in my PhD work in Iceland)
such that it accounts for post-seismic decay of any earthquake of relevance (Moreno et al., 2018), and corrects
sGNSS time-series trajectories by making use of knowledge gained from nearby-collected cGNSS data, such as
seasonal signals (Hoffmann et al., 2018) or co-seismic offsets (Zubovich et al., 2022). I have also improved my
InSAR data-processing skills in several aspects: I have designed a work flow to tie individual InSAR deformation
rate maps to a supra-regional, three-dimensional reference frame spanned by GNSS rates (Metzger et al., 2021a),
and learned how to process heritage data from the Japanese ALOS radar satellite (Peña et al., 2022).

Using the GNSS trajectory modeling mentioned just before we produced an interseismic locking map of the
Northern Chile-Southern Peru seismic gap, and constrained the afterslip following the 2014 Mw8.1 Iquique-
Pisagua earthquake (Hoffmann et al., 2018). The data also highlight a seismotectonic barrier just south of the
rupture segment with increased coupling, bringing this segment closer to failure. I applied the same models to
GNSS time-series collected in southern Chile to constrain co-seismic offsets caused by the 2016 Mw7.6 southern
Chile earthquake (Moreno et al., 2018). This earthquake was the first large earthquake after the great 1960 Mw9.5
Chile earthquake, suggesting that the occurrence of moderate-sized deeper, and great shallow earthquakes is
in fact controlled by variations in pore fluid pressure. At any case, the significance of fluid dynamics to the
seismic cycle becomes more and more acknowledged (Peña et al., 2022): Afterslip estimates of the 2010 Mw8.8
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Maule earthquake derived from InSAR and GNSS time-series strongly depend on the assumption, whether or not
poro-elasticity is accounted for. Plus, there exists a spatial correlation (and thus mechanical coupling) between
aftershocks and increased, post-seismic pore pressure changes.

The two studies in California and Iceland exemplify the benefit of geodetic data when aseismic processes are to
be studied. In the California shear zone we found a correlation between changes of geodetic strain and variations
of b-values (Gutenberg-Richter law) along a creeping segment of the San Andreas Fault, making the b-values
a useful proxy for stress meters, confirming near-critical loading (Tormann et al., 2013). In North Iceland rift
zone, geodetic time-series provided constraints to study the strain release during tectonic earthquake swarms,
whose contributions to release tectonic strain at plate-boundaries was so far underestimated (Passarelli et al.,
2018).
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5 Outlook

5.1 Tackling societal problems with space-based observations

The launch of the Sentinel-1 satellites in 2014/16 and the analysis of 20+ yr-long GNSS time-series have
pushed tectonic geodesy on a next level in terms of data accuracy (sub-millimeters) and spatiotemporal density
(meters and seconds). Also in terms of processing capabilities, data access, product interchangeability, and
analysis routines the community of tectonic geodesy slowly catches up with the seismotectonic community.
The seismologists already operate rather efficiently along these lines, but mind, they also had a head start of a
few decades. These methodological advances open doors to a variety of new research opportunities linked to
rapid disaster assessment (e.g. Barnhart et al., 2019; Pilger et al., 2021; Yun et al., 2015), multi-method signal
detection and source model approaches (e.g. Bedford and Bevis, 2018; Bevis and Brown, 2014; Heimann et al.,
2019; Metzger et al., 2013a; Vasyura-Bathke et al., 2020), as well as a more complex analysis of coupled solid
earth processes driven by mantle, plate, and climate dynamics. One rather pressing and also elegant application
of InSAR are coastal uplift estimates (Nicholls et al., 2021; Tay et al., 2022). Driven partially by the seismic
cycle, partially by the anthropogenic reservoir extraction, an accurate knowledge of recent uplift is fundamental
to mitigate the effect of the ongoing sea level rise (IPCC, 2019; Nicholls and Cazenave, 2010).

Sentinel-1 InSAR time-series are capable to reflect seasonal signals and transient mass movement, similar to
GNSS time-series that are more accurate and dense-in-time but spatially sparse. InSAR rate maps help to better
understand how local and regional processes affect individual GNSS stations, e.g. by localized, regional mass
changes. On a much larger scale, we can now create continental-scale deformation rate maps and time-series (e.g.
Metzger et al., 2021a; Ou et al., 2022; Weiss et al., 2020) revealing subtle but temporally stable long-wavelength
processes rooted in the upper mantle (e.g. Pollitz et al., 2001) but highly relevant for the topography as we know
it today (e.g. Cao et al., 2022; Grandin et al., 2012; Liu et al., 2022).

The new wealth of space-geodetic data must be analyzed in an efficient fashion that includes statistical and
machine-learning methods (e.g. Rouet-Leduc et al., 2021) and the awareness of the complexity of the earth
system, where cause and effect are not obviously/directly linked in space or time but sometimes lag behind in
time, or are offset in space. Space-geodetic observations are capable to detect atmospheric, near-surface, crustal
and upper mantle processes in four dimensions (space and/or time) and the manifold applications discussed here
show that it is impossible to assign tectonic geodesy to one of the core disciplines of Earth sciences as they are
classically taught at German universities. Tectonic geodesy is an Earth system science and students must be
trained in the use of multi-faceted Big Data, while simultaneously obtaining insight in the systemic complexity
of our Earth. The University of Potsdam (UP) has already recognized the demand in academia and on the job
market for such experts by striving to offer modern master degrees that include both, training in data analysis and

a look across the (own disciplinary) pond.

The public and industrial sector is getting access to automatically-generated high-resolution InSAR time-series
provided by national ground motion agencies, as for example, of Norway1, Germany2, even of whole Europe, as
recently published by the ESA Copernicus initiative3. The products successfully retrieve localized deformation
caused by near-surface processes such as landslides or infrastructure instabilities. Nevertheless, it is crucial

1insar.ngu.no
2bodenbewegungsdienst.bgr.de
3egms.land.copernicus.eu
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Figure 5.1: Orogens at different evolutionary stages, each exhibiting signal of a different dominant process. Recent deformation rates are
indicated by black vectors, SAR units outlined in red, crustal seismicity plotted as yellow dots. a) Deformation in the Alps is dominated
by glacial isostatic adjustment. b) Deformation style and seismicity in the SE Zagros and Makran subduction zone strongly differ by the
abundance of salt (Zagros), respectively, sedimentary trench in fill (Makran). c) The Hindu Kush undergoes slab-break off marked by
intermediate depth seismicity. d) The Andes exhibit fore-arc and back-arc deformation and variations in trench infill (blue bars indicate
km-thickness). e) Example of preliminary InSAR time-series data covering the Central Andes.

that they should be interpreted by people with an educational background in remote sensing and earth system
science. Also, it is yet to be validated if these products created mostly by engineers also provide robust tectonic
deformation data. Thus, the need of specialists in remote sensing (better: tectonic geodesy) outside the academic
sector increases. Since 2015, I offer in-depth training in the MSc curricula of Geoscience and Remote Sensing at
the University of Potsdam on how to create and interpret open-access radar-interferometric products to constrain
not only tectonic (crustal) sources but also near-surface, anthropogenic processes. As a positive side effect, the
students gain hands-on practice in 2D-signal analysis and fundamental modeling concepts such as linear and
non-linear inversion, uncertainty analysis, model assumptions and more. My course is very popular among the
students: They are fascinated by the powerfulness and versatility of radar interferometry and often strive to
include InSAR data analysis in their future work.

5.2 Examples of systemic research questions

One example of a systemic research question to better understand the complexity of mountain building and
subduction/collision would be the creation of orogen-wide surface deformation rate maps. These could be used to
unravel multiple processes responsible for vertical deformation, all leaving a distinct, depth-dependent spatio-
temporal imprint at the surface. The shape of the Earth’s surface is defined by the balance of tectonics and climate.
Contributing sources are located near the surface (mass flux), in the lithosphere (plate compression/extension),
and in the asthenosphere (isostatic compensation). Asthenospheric processes are probably the key driver of uplift,
but we lack observations to understand the overall coupling. I thus envision to extract those long-wavelength
signals of asthenospheric processes. Despite the instrumental, spatio-temporal limitations – our data base offers
a geologic snapshot after all – I can extract those signals by 1) swapping time for space and study orogens at
different stages of formation (Figure 5.1), 2) apply and update a fast and automated signal detection algorithm
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originally being developed for GNSS positioning time-series (Bedford and Bevis, 2018) and, 3) extract also
the—usually discarded—rates from the radar burst-overlap area (Li et al., 2021). The burst-overlap analysis
allows me to extract N-S shortening rates, to which conventional InSAR is insensitive, and, thus, correctly align
multiple radar tiles even in remote places, where GNSS observations are sparse or inexistent. Using analytical
and thermo-mechanical modeling I want to better understand the impact of erosion/sedimentation to tectonic
strain and the dynamics between elastic strain and plastic deformation and the today’s net uplift of orogens.
Four orogens at different stages of maturity could be used to tackle different research questions related to strain
accumulation, mountain growth and asthenospheric processes (Figure 5.1): Ongoing oceanic subduction at the
Central Andes, the SE Zagros/Makran subduction zones that nearly reached collision stage, plate collision in
the Hindu Kush, and the Alps representing the terminal stage of collision. Each study area has the potential to
answer stage-specific research questions: What causes the residual tectonics in the Alps, when the post-glacial,
isostatic signal has been removed, what is the net uplift signal, and how many Alpine slopes are instable (Figure
5.1a)? What is the influence on salt (SE-Zagros, seismically very active), respectively fluvial sediments (Makran,
nearly aseismic) on the deformation style (Figure 5.1b)? Can we observe uplift due to slab break-off in the Hindu
Kush (5.1c, Kufner et al., 2021)? And finally, what is the influence on erosion and subduction channel infill
on the Central Andes to the strain pattern, and, more specifically, to the forearc and backarc deformation style?
Can we observe and quantify relaxation pulses spatially emerging from megathrust earthquakes (Figure 5.1d)?
Such a project would provide big, new observation data to study shallow and deep processes at multiple scales.
Preliminary data bases exist for each region (ALPSHAPE4, De Zan et al., 2021; Metzger et al., 2021a; Plattner

et al., 2021) and would only need to be updated in space and/or time.

Apart from that, a fifth natural lab I want to investigate on is the Dinarides-Albanides-Hellenides to better
understand plate-locking, tsunami-generic potential of, and upper-crustal faulting along Europe’s most active
plate-boundary. Given the data wealth and methodologic advances to extract N–S shortening at mm-scale (Li

et al., 2021), this understudied region can now be exploited in great detail.

In summary, the individual applications presented in Chapter 3 and the two projects described above show that
the research field of tectonic geodesy overlaps with, respectively helps to tackle fundamental questions posed
in geology, geophysics, georisks, geomorphology, neotectonics, seismology, geodesy, remote sensing, even
hydrogeology and petrology (reservoir and pore-pressure changes). Thus, the applications are manifold, there is
still so much to do and the data are far from being over-exploited. Therefore I want to encourage the geoscience
community across all disciplines to consider complementing its methods with the analysis of the fascinating and
multi-purpose space-geodetic data!

4ongoing, part of the DFG priority project “Mountain building in 4D”
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