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The Varzeghan earthquake doublet reveals complex 
stress and slip patterns 

 
Samar Amini*, Zoya Zarifi, Roland Roberts, Bjorn Lund 
Uppsala University, Department of earth sciences, Uppsala, Sweden. 
An earthquake doublet with an 11 minute delay between the events devastated the city of 
Varzeghan in northwestern Iran on August 11, 2012. The first Mw 6.5 Right-lateral strike-slip 
earthquake was followed by a Mw 6.4 oblique thrust event with an epicentral separation of 
less than 5 km. There were numerous aftershocks with magnitudes up to 5.3. We used 
broadband seismic data (between 20 to 80 degrees) obtained from IRIS to invert for the slip 
distribution of the double earthquakes using the teleseismic body wave inversion method of 
Kikuchi and Kanamori. Surface rupture and aftershock distribution helped to constrain the 
slip models, and Coulomb stress calculations enabled us to determine the fault plane of the 
second event where it had no surface rupture. 
 
The deduced slip pattern on the first fault showed three distinct slip patches with different slip 
directions. Since the moment is proportional to the integrated slip over the fault, the change in 
slip direction over the fault segments can significantly change the estimated moment. In this 
case, the moment magnitude definition can change to the summation of the magnitudes of slip 
on each fault segment rather than the components of slip in the dominant slip direction. 
Numerically, this makes 2.7E+18 Nm, or 0.1 Mw difference in the case of the first fault in 
our model. This large difference will consequently affect the estimates of amount of energy 
released, heat generation, total displacement and etc. 
 
The inversion of the second fault was unstable for slip patches other than the main slip patch 
where the rupture initiated, and this could be co-seismic slip on non-parallel faults. On the 
other hand, we have a doublet event with non-parallel faults, and different slip direction on 
the first fault. These evidences suggest a significantly more complex pattern of motion than 
parallel slip on a single planar fault. 
 

 
Dynamics of lubricated frictional interfaces 
 
Elsa Bayart Schweizer1, Ilya Svetlizky1 and Jay Fineberg1 
 
(1) Racah Institute of Physics, Hebrew University of Jerusalem, Israel. 
 
A motivation to study how sliding of frictional interfaces occurs is to understand what are the 
conditions of nucleation of different types of earthquakes (slow, supershear, silent). The 
standard model of earthquakes, today, is of two sides of a geological fault being loaded by 
slow tectonic movements, and held in place by the frictional forces on the fault interface. 
Frictional behavior of faults is described by macroscopic properties as friction coefficient, 
normal load, ageing, etc. It is well-known that the presence of a lubricant between two solids 
weakens the interface, i.e. reduces the required shear force for the onset of the sliding. 
 
In this study we ask about the mechanisms responsible of the weakening. To this end, we 
performed an experiment where two blocks of PMMA forming a rough but nominally flat 
interface were held in contact under a constant normal force. Silicon oil was added along the 
whole length of the interface. The interface is defined by the discrete contacts that connect the 
two blocks. We visualized the change in the contact area together with strain variations as the 
block undergoes a transition to frictional motion. This transition is mediated by rupture fronts 
that propagate through the interface and break the contacts. We defined two types of 



lubrication, coated and lubricated interfaces and we highlighted the qualitatively different 
characters of rupture fronts within the dry and lubricated interfaces. It allows us to have some 
understanding of the effect of pore pressure on earthquakes nucleation. 
 

 
 

Hikurangi margin tsunami earthquake generated by 
slow seismic rupture over a subducted seamount 
 
Rebecca Bell1, Caroline Holden2, William Power2, Xiaoming Wang2, Gaye Downes2 
 
(1) Imperial College London, Earth Science and Engineering Department, London, UK. 
(2) GNS Science, Wellington, New Zealand 
 
Tsunami earthquakes generate much larger tsunami than their surface wave magnitude would 
suggest and are a problem for tsunami warning systems. They are often not accompanied by 
intense or even strong ground shaking and hence do not provide a natural warning for self-
evacuation. The lesser-known 1947 Offshore Poverty Bay (OPB) and Tolaga Bay (TB) 
earthquakes along the east coast of the North Island, New Zealand share many characteristics 
with other well-known tsunami earthquakes (including low amplitude shaking, long durations 
and anomalously large tsunami), however they are rare in that their source area has been 
imaged directly by long-offset 2D seismic reflection profiles. Preliminary modelling of the 
1947 OPB and TB earthquakes using rupture at shallow depths and a slow rupture velocity of 
1 km/s over a bilateral rupture length of 80 km can somewhat explain the observed regional 
and teleseismograms. Yet tsunami modelling based on this fault geometry and assuming 
instantaneous rupture was unable to generate the enhanced tsunami heights observed. 
Therefore, it appears that the shallow location of the source alone and a slow rupture velocity 
of 1 km/s cannot fully account for the enhanced tsunami wave heights. We attempt to better 
model the seismograms first-order characteristics and tsunami wave heights by reconsidering 
the source model and kinematic parameters for the event using geophysical data.  
 
In this contribution we propose a source model for the 1947 Offshore Poverty Bay tsunami 
earthquake, recognising that the hypocentre occurs in a region where seismic reflection and 
magnetic data support the existence of a shallow (<10 km) subducted seamount updip of an 
area that experiences slow slip events. We propose a fault source model for the 1947 Offshore 
Poverty Bay event with two potential slip scenarios:  i) uniform slip of 2.6 m across the fault; 
or ii) variable slip with slip of up to 5-6 m in the region of a more strongly geodetically 
coupled subducted seamount.  Both the uniform and variable slip models require an unusually 
low rupture velocity of 150 - 300 m/s in order to model regional and teleseismic 
seismograms. Tsunami modelling shows that tsunami run-up heights are more than doubled 
when low rupture speeds of  150 - 300 m/s are employed, rather than assuming instantaneous 
rupture. This study suggests that subducted topography can cause the nucleation of up to M~7 
earthquakes with complex, low velocity rupture scenarios that enhance tsunami waves, and 
their role in seismic hazard should not be under-estimated.  
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The role of clay content during earthquake 
propagation in carbonate-hosted faults 
 
Rachael Bullock1, Nicola De Paola1 and Bob Holdsworth1 
 
(1) University of Durham, Department of Earth Sciences, Durham, UK. 
 
Carbonate faults often contain small amounts of phyllosilicate in their slip zone. To assess the 
effect of phyllosilicate content on earthquake propagation in carbonate faults, we performed 
friction experiments at seismic slip rate (v = 1.3 m/s) on gouges of calcite, phyllosilicate 
(montmorillonite and illite-smectite) and mixed calcite+phyllosilicate compositions. 
Experiments were carried out at 9 MPa normal load and under both room-humidity (dry) and 
water-saturated (wet) conditions. All dry gouges, regardless of clay content, plus the wet 
calcite, produce a typical friction evolution curve, comprising an initial slip-hardening phase, 
during which friction, μ, evolves to a peak value of 0.60-0.76, followed by a dramatic slip-
weakening phase, during which μ decreases to a constant steady-state value of 0.19-0.33 over 
a distance which ranges from 0.2 m for clay-bearing gouges up to 0.6 m for pure calcite. In 
stark contrast, wet gouges with phyllosilicate content ≥ 10 wt.% show negligible slip-
hardening, and the attainment of steady-state sliding almost immediately at the onset of slip 
with μ = 0.05-0.26. 
 
Dry gouges show slip localization and grain size reduction within a narrow (< 65 μm) 
principal slip zone, accompanied by microstructural evidence for thermal decomposition of 
calcite (although only when clay content is ≤ 50 wt.%). Wet gouges are characterized by 
distributed deformation and grain size reduction, with no microstructural evidence for thermal 
decomposition. We interpret that slip initiates within the wet gouges along interconnected 
networks of weak phyllosilicates, formed during axial loading compaction prior to shear. This 
can explain the: 1) measured lack of slip-hardening and peak friction; 2) observed distributed 
nature of deformation and grain size reduction; 3) lack of evidence for thermally activated 
processes, due to low frictional heating in accordance with small values of friction and lack of 
slip localization. 
 
Our findings imply that very small amounts of phyllosilicate in the slip zone of fluid-saturated 
carbonate faults can: 1) dramatically change their frictional behaviour, and facilitate rupture 
propagation to the surface; 2) significantly reduce the amount of frictional heating produced, 
and mask seismic activity by preventing the development of microscale seismic markers. 
 

 

Spatio-Temporal changes recorded by an on-fault 
seismological station during the L’Aquila 
earthquakes. 
 
Giovanna Calderoni1, Antonio Rovelli1 and Rita Di Giovambattista1 
 
(1) Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy. 
 
A broad band station (FAGN) installed on a segment of the fault system that generated the 
April 2009 L'Aquila earthquakes shows much larger ground motions compared to nearby 
stations. Calderoni et al. (2010) observed that the strongest amplifications were observed for 



tightly clustered aftershocks aligned with the fault dip beneath FAGN thus indicating a fault-
guided effect. In a second paper, Calderoni et al. (2012) found the most efficient trapped waves 
at FAGN were clustered at the northwestern and southeastern tips of the fault plane 
responsible for the MW 6.1, L'Aquila earthquake. 
 
In this study we examine temporal variations of the fault zone properties analyzing the fault-
trapped waves of 19 repeaters located at the northwestern tip. Fault-zone trapped waves 
(FZTWs) are particularly suited for this analysis as their amplitude and frequency content 
depend on the geometry and elastic and anelastic parameters of the fault.  
We observe that efficiency of FZTWs sudden increased immediately following the Mw 4.0, 
March 30 largest foreshock. This increase persists until the occurrence of the mainshock and 
following a recovering trend the values return to the background after a hundred of days. We 
interpret these temporal variations in terms of changes of material properties along the fault 
zone. 
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Systematic Characterization of Radiated Energy and 
Static Stress Drop of Global Subduction Earthquakes 
from Source Time Functions Analysis 
 
Agnès Chounet1, Martin Vallée1 
 
(1) Institut de Physique du Globe de Paris, Paris, France. 

Source Time Functions (STFs) describe how the seismic moment (Mo) is released with time. 
In addition to moment magnitude Mw, they carry information on more detailed rupture 
properties, such as static stress drop Δσ and radiated energy Er. Here we systematically 
analyze a set of 1500 STFs extracted from the SCARDEC method (Vallée et al 2011), 
containing the Mw>5.8, shallow (z<70 km) earthquakes with normal or inverse mechanisms 
that occurred in the past 20 years. At the global scale, we confirm the scale-invariance of Δσ 
with magnitude, while the apparent stress μEr/Mo slightly increases with seismic moment. In 
a second step, the source parameters distribution is investigated in light of the tectonic context 
of the earthquakes: we find that subduction interplate earthquakes have lower stress drop and 
apparent stress relative to all other earthquakes (e.g. crustal earthquakes), in agreement with 
other approaches (Houston, 2001; Allmann and Shearer, 2009). This observation may reflect 
the fact that subduction plate boundaries host a very large number of earthquakes, making the 
fault zone “mature”; or, it may be the consequence of the hydrated subducted materials 
leading to specific frictional properties. This finding may explain why damages observed 
after crustal earthquakes tend to be larger than the ones due to subduction earthquakes of the 
same magnitude. We finally focus on subduction interplate earthquakes (approximately 700 
earthquakes) by considering 18 regional segments of subduction zones. We find that these 
segments do not have the same signature in terms of dynamic rupture properties, which 
means that large scale plate convergence properties influence rupture behavior. In a given 



segment, local heterogeneities of stress drop or radiated energy can be associated with local 
features of the subduction zone: in particular, we find that low coupled zones generate 
earthquakes with low stress drop and apparent stress. 
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Injection-driven failure and fault mechanics in high 
fluid flux faulting regimes 
 
Stephen F Cox 
 
Research School of Earth Sciences, The Australian National University, Canberra, ACT 
0200, Australia 
 
Faults with substantial wear damage typically form in low fluid flux regimes and are 
interpreted to have evolved during repeated, and substantially stress-driven mainshock-
aftershock sequences.  These faults are characterized by development of high displacement 
slip zones containing abundant cataclasites and wear breccias, along with low displacement, 
intensely fractured lateral damage zones, limited fluid-rock interaction and minor vein 
development. Such faults contrast with fault zones formed in high fluid flux regimes. The 
latter are characterized by dilational damage, rather than wear damage, and contain abundant 
fault-fill veins, dilational breccias and lateral damage zones that are dominated by extension 
vein arrays.  Development of vein-rich fault zones is associated typically with extensive 
hydrothermal alteration and disturbance of isotopic, major and trace element systems due to 
flux of large volumes of externally-derived, overpressured fluids through rupture zones 
developed in intrinsically low permeability host rocks. 
 
Vein arrays in high fluid flux faults provide insights about the dynamics of fluid pressure 
regimes and stress regimes during repeated rupture cycles in these settings. Rupture events 
are driven predominantly by fluid pressurization at low differential stress. 
 
Results from fluid injection experiments and natural, fluid-driven seismic sequences are used 
to demonstrate that swarm seismicity is the characteristic response to injection of large 
volumes of overpressured fluids into low permeability rock. Injection-driven swarm 
seismicity and related permeability enhancement typically involves repeated sequences of 
thousands of ruptures with moment magnitude Mw mostly in the range -2 < Mw < 2. 
Individual ruptures within each swarm sequence usually have diameters much less than 100m 
and slips less than a few millimetres. Cumulative rupture areas during a single swarm seldom 
exceed several km2. Diffusion-like migration of a seismicity front away from the injection 
source at rates up to approximately 100m/day is a key characteristic of injection-driven 
seismicity and correlates with migration of a fluid pressure pulse along activated faults. Fluid 



injection rates in excess of tens of L.s-1, and total injected volumes of 104 - 105 m3 produce 
swarms with cumulative moment magnitudes in the range 4 - 5. 
 
The operation of injection-driven swarm seismicity provides novel insights about the 
dynamics of formation, timescales of activity, and flow rates in high fluid flux fault zones. 
 

 
Can grain size sensitive creep lubricate faults during 
earthquake propagation? 
 
Nicola De Paola1, Robert E. Holdsworth1, Cecilia Viti2, Cristiano Collettini3,4, Igor Faoro1, 
Rachael Bullock1. 
 
(1) University of Durham, Rock Mechanics Laboratory, Earth Sciences Department, Durham, 
UK. 
(2) Universita’ di Siena, Dipartimento di Scienze Fisiche, della Terra e dell’Ambiente, Siena, 
Italy.  
(3) Sapienza Università di Roma, Dipartimento di Scienze della Terra, Rome, Italy. 
(4) Istituto Nazionale di Geofisica e Vulcanologia, Sezione Roma 1, Rome, Italy. 

In the shallow portion of crustal fault zones, fracturing and cataclasis are thought to be the 
dominant processes during earthquake propagation. In the lower crust/upper mantle, viscous 
flow is inferred to facilitate aseismic creep along shear zones. Recent studies show that 
cohesive slip zones (SZs), in natural and experimental carbonate seismic faults, are made of 
nanograin aggregates with a polygonal texture, a microstructure consistent with deformation 
by grain boundary sliding (GBS) mechanisms. 
 
Friction experiments performed on calcite fine-grained gouges, at speed v = 1 ms-1, normal 
stress sn = 18 MPa, displacements d = 0.009–1.46 m, and room temperature and humidity, 
show a four stage-evolution of the fault strength: SI) attainment of initial value, f = 0.67; SII) 
increase up to peak value f = 0.82; SIII) sudden decrease to low steady-state value, f = 0.18; 
and SIV) sudden increase to final value, f = 0.44, during sample deceleration.  
 
Samples recovered at the end of each displacement-controlled experiments (Stages I–IV) 
show the following microstructures evolution of the SZ material, which is: SI) poorly 
consolidated, and made of fine-grained (1 < D < 5 microns), angular clasts formed by brittle 
fracturing and cataclasis; SII) cohesive, and made of larger clasts of calcite (D ≈ 1 microns), 
exhibiting a high density of free dislocations and hosting subgrains (D ≤ 200 nm), dispersed 
within calcite nanograins. SIII) made of nanograin aggregates exhibiting polygonal grain 
boundaries, and 120° triple junctions between equiaxial grains. The grains display no 
preferred elongation, no crystal preferred orientation and low free dislocation densities, 
possibly due to high temperature (> 900 C) GBS creep deformation.  
 
Our microstructural observations suggest that GBS mechanisms can operate in geological 
materials deformed at high strain rates along frictionally heated seismogenic slip surfaces. 
The observed microstructures in experimental slip zones are strikingly similar to those 
predicted by theoretical studies, and to those observed during experiments on metals and fine-
grained carbonates deformed at T > 900 °C, where superplastic behaviour due to GBS has 
been inferred. A regime of frictionally-induced GBS could thus account for the dynamic 
weakening of carbonate faults during earthquake propagation in nature.  

 



 
Simulation of secondary fault shear displacements – 
method and application 
 
Billy Fälth1,2, Harald Hökmark2, Björn Lund1, P. Martin Mai3 and Raymond Munier4 
 
(1) Uppsala University, Department of Earth Sciences, Uppsala, Sweden. 
(2) Clay Technology AB, Lund, Sweden. 
(3) King Abdullah University of Science and Technology, Earth Science and Engineering, 
Saudi Arabia 
(4) Swedish Nuclear Fuel and Waste Management Co, Sweden 
 
We present an earthquake simulation method (cf. Fälth et al., 2014) to calculate dynamically 
and statically induced shear displacements on faults near a large earthquake. Our method is 
aimed at improved safety assessment of underground waste storage facilities, e.g. a nuclear 
waste repository. For our simulations, we use the distinct element code 3DEC (Itasca, 2013). 
In our application to a potential earthquake near a storage facility, we use a model with a pre-
defined earthquake fault plane (primary fault) surrounded by numerous smaller 
discontinuities (target fractures) representing faults in which shear movements may be 
induced by the earthquake. The primary fault and the target fractures are embedded in an 
elastic medium. Initial stresses are applied and the fault rupture is simulated through a 
programmed reduction of the primary fault shear strength, which is initiated at a pre-defined 
hypocentre. The rupture is propagated at a typical rupture propagation speed and arrested 
when it reaches the fault plane boundaries. The method allows for calculation of target 
fracture shear movements induced by static stress redistribution as well as by dynamic effects. 
 
We apply the earthquake simulation method in a model of the nuclear waste repository site at 
Forsmark, SE Sweden with rock mass properties, stresses and fault geometries according to 
the description of the site established by the Swedish Nuclear Fuel and Waste Management 
Co (SKB). To model endglacial conditions, we add glacially induced stresses from Lund et 
al. (2009) to the site-specific background stress field. The faulting is assumed to take place 
along a gently dipping, surface-breaching deformation zone with uniform residual strength 
properties over the fault plane. Target fractures with 300 m diameter are located at 500 m 
depth at different positions along the primary fault and at distances in the range 200 – 1000 m 
from the fault plane. In order to obtain safe upper bound estimates of the displacements 
induced in the target fractures, we set the values of the parameters controlling the rupture 
mechanism such that resulting primary fault slip and slip velocity are both high compared to 
corresponding values reported for real earthquakes. The resulting average fault slip is about 
0.9 m over a rupture area of about 14 km2, giving a moment magnitude of Mw 5.6. The slip 
velocities amount to 6 – 11 m/s close to the surface. The target fracture shear displacements 
reach some tens of millimetres. We test the sensitivity of target fracture displacement to 
variations in rupture velocity and to change of hypocentre location. In these tests, the 
relocation of hypocentre has the most significant effect on the dynamic stress transitions 
produced by the rupture, and thus the most significant effect on target fracture displacements. 
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Joint Earthquake Source Inversions of InSAR and 
Long-Period Seismic Data Using 3D Earth Models 
Ana M.G. Ferreira1, Jennifer Weston2 and Gareth Funning3 
 
(1) University College London, Department of Earth Sciences, London, UK 
(2) Arizona State University, School of Earth and Space exploration, Tempe, USA 
(3) University of California Riverside, Department of Earth Sciences, Riverside, USA 
 
A joint earthquake source inversion technique is presented that uses InSAR and long-period 
teleseismic data, and, for the first time, takes 3-D Earth structure into account when 
modelling seismic surface and body waves. Ten average source parameters (Moment, 
latitude, longitude, depth, strike, dip, rake, length, width and slip) are estimated; hence, the 
technique is potentially useful for rapid source inversions of moderate magnitude earthquakes 
using multiple data sets. Unwrapped interferograms and long-period seismic data are jointly 
inverted for the location, fault geometry and seismic moment, using a hybrid downhill 
Powell–Monte Carlo algorithm. While the InSAR data are modelled assuming a rectangular 
dislocation in a homogeneous halfspace, seismic data are modelled using the spectral element 
method for a 3-D earth model. The effect of noise and lateral heterogeneity on the inversions 
is investigated by carrying out realistic synthetic tests for various earthquakes with different 
faulting mechanisms and magnitude (Mw 6.0–6.6). Synthetic tests highlight the improvement 
in the constraint of fault geometry (strike, dip and rake) and moment when InSAR and 
seismic data are combined. Tests comparing the effect of using a 1-D or 3-D earth model 
show that long-period surface waves are more sensitive than long-period body waves to the 
change in earth model. Incorrect source parameters, particularly incorrect fault dip angles, can 
compensate for systematic errors in the assumed Earth structure, leading to an acceptable data 
fit despite large discrepancies in source parameters. Three real earthquakes are also 
investigated: Eureka Valley, California (1993 May 17, Mw 6.0), Aiquile, Bolivia (1998 
February 22, Mw 6.6) and Zarand, Iran (2005 May 22, Mw 6.5). These events are located in 
different tectonic environments and show large discrepancies between InSAR and seismically 
determined source models. Despite the 40–50km discrepancies in location between previous 
geodetic and seismic estimates for the Eureka Valley and Aiquile earthquakes, the seismic 
data are found to be compatible with the InSAR location. A 30o difference in strike between 
InSAR and seismic-derived source models is also resolved when taking 3-D Earth structure 
into account in the analysis of the Eureka Valley earthquake. The combination of both InSAR 
and seismic data further constrains the dip for the Zarand earthquake, and in all cases the 
seismic moment is more robustly constrained in the joint inversions than in the individual 
data set inversions. Unmodelled lateral heterogeneities in Earth and the models could partly 
explain some of the observed source parameter discrepancies related to the seismic data. 
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Global Database of InSAR Earthquake Source 
Models: A Tool For Independently Assessing Seismic 
Catalogues 
 
Ana M.G. Ferreira1, Jennifer Weston2 and Gareth Funning3 
 
(1) University College London, Department of Earth Sciences, London, UK 
(2) Arizona State University, School of Earth and Space exploration, Tempe, USA 
(3) University of California Riverside, Department of Earth Sciences, Riverside, USA 
 
While many earthquakes have now been studied using interferometric synthetic aperture radar 
(InSAR) data, a full assessment of the quality and additional value of InSAR source 
parameters compared to seismological techniques is still lacking. We compile a catalog of 
source models obtained using InSAR and estimate the corresponding centroid moment tensor 
(CMT) parameters; we refer to this compilation as the ICMT archive. We compare source 
parameters from over 70 InSAR studies of 57 global earthquakes with those in the Global 
CMT (GCMT), International Seismological Centre (ISC) and Engdahl‐Hilst‐Buland (EHB) 
seismic catalogs. We find an overall good agreement between fault strike, dip and rake values 
in the GCMT and ICMT archives. Likewise, the differences in seismic moment between these 
two archives are relatively small, and we do not find support for previously suggested trends 
of InSAR leading to larger moments than seismic data. However, epicentral locations show 
substantial discrepancies, which are larger for the GCMT (median differences of ∼21 km) 
than for the EHB and ISC catalogs (median differences of ∼10 km). Since InSAR data have a 
high spatial resolution, and thus should map epicentral locations accurately, this allows us to 
obtain a first independent estimate of epicentral location errors in the seismic catalogs. 
Earthquake depths from InSAR are systematically shallower than those in the EHB catalog, 
with a median of differences of ∼5 km. While this trend may be partly due to unmodeled 
crustal complexity, it is also compatible with the observation that the rupture of crustal 
earthquakes tends to propagate upward in the seismogenic layer. 
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Seismic Safety of NPPs 
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Finland is located in one of the most stable continental regions, the Fennoscandian Shield. 
Due to low seismicity and sparse seismic networks in the area in the past, it has not been easy 
to find suitable strong seismic events which could be used for determining local attenuation 
functions, crucial in hazard assessment. 
Thus it has been necessary to use functions from geologically similar stable areas like 
Canada. Since the seismicity studies conducted in 1980’s, when the present nuclear power 
plants (NPP) were constructed, quite a development has also occurred in the methodological 
side too. Currently, seismic hazard in a specific location in Finland are defined using a 
combination of catalogues listing the historic earthquakes and empirical attenuation 
relationship calibrated based on motion records from geologically similar areas to 
Fennoscandia. Because higher magnitude earthquakes happened before the instrumental 
period, no strong motion recording exists from Fennoscandian sources, so estimates of 
attenuation cannot be based on local data. 
Recent findings highlighted that most of the hazard to a site in Finland is generated from 
near-field, mid-magnitude seismic events (SESA 2011, Fülöp et al. 2012). However, it is well 
documented that predictions using attenuation relationships in the proximity of the epicentre 
areas is very uncertain. This uncertainty could be reduced by modelling. 
The objectives in the coming period are to study the data resulting from recent earthquakes in 
Fennoscandia. The study of the (very limited) existing data may clarify the importance of 
near-field characteristics in case of small events in Finland, and will yield calibration data for 
the future modelling effort. The longer term aim is to develop earthquake source modelling in 
order to understand better the vibrations in the areas close to the earthquake 
epicentres/sources. 
The results will enable improved consideration of hazard in the near-field earthquakes, 
making hazardous industrial facilities and other facilities hosting key equipment (e.g. nuclear 
power plants, hospitals, IT data centres, LNG terminals) safer. 
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In this presentation we highlight the benefits of using modern numerical methods for physics-
based ground motion modelling and expanding the current state of knowledge of earthquake 
physics. To this end, SeisSol, an arbitrary high-order derivative Discontinuous Galerkin 
(ADER-DG) scheme, is utilized to solve the spontaneous earthquake rupture problem with 
high-order accuracy in space and time on three-dimensional unstructured tetrahedral meshes 
[1]. SeisSol has been verified using numerous advanced test cases provided by the 
‘SCEC/USGS Dynamic Earthquake Rupture Code Verification Exercise’ benchmark suite, 
including branching and dipping fault systems, heterogeneous background stresses, bi-
material faults and rate-and-state friction constitutive formulations [2]. SeisSol obtains peta-
flop performance on heterogeneous supercomputers [3], [4] through optimization of parallel 
I/O, hardware-aware kernels, an offload scheme to address multi-physics calculations and 
hybrid MPI+OpenMP parallelization.  
 
Here we study three-dimensional dynamic rupture processes and emanated high-frequency 
wave fields on complex fault systems. The discrete representation of these fault systems have 
been constrained using a range geological and geophysical data including; high-resolution 
topography, 3D velocity models and fault geometries. Specifically I will present large scale 
earthquake dynamic rupture scenarios based on the 1992 Landers strike-slip event and the 
1994 Northridge blind thrust event in Southern California in which we observed high-detail 
dynamic rupture evolution and ground motion frequencies up to 10 Hz [4]. 
 
Our results imply that natural rupture dynamics depends heavily on the local background 
stress state concurrently with fault geometry, as the simultaneous failure of several discrete 
large Landers fault segments and the pulse-like rupture behavior favored by the curved 
Northridge fault geometry. We observe in the Landers scenario rupture transfers between 
principal faults in terms of jumps and branching as well as back slip in the vicinity of fault 
branches. High-frequency signals are caused by rupture complexity and the non-linear 
interaction of earthquake dynamics and seismic wave propagation with the fault system, free 
surface and regional topography, without stochastic model ingredients. Despite the 
complexity, the kinematics in terms of rupture speed, magnitude, and slip distribution are 
reasonably well reproduced. Modelling these well documented events, we intend to 
understand earthquake dynamics and the ground-motion, including the relevant high 
frequency content, generated on complex fault systems as well as their variation arising from 
various physical constraints. 
 
References 
[1] C. Pelties, J. de la Puente, J.-P. Ampuero, G. B. Brietzke, M. Käser: Three-dimensional 

dynamic rupture simulation with a high-order discontinuous Galerkin method on 
unstructured tetrahedral meshes. J. Geophys. Res.: Solid Earth, 117(B2), 2012. 

[2] C. Pelties, A.-A. Gabriel, and J.-P. Ampuero: Verification of an ADER-DG method for 
complex dynamic rupture problems, Geoscientific Model Development, 7(3), 847-866, 
2014. 

[3] A. Breuer, A. Heinecke, S. Rettenberger, M. Bader, A.-A. Gabriel, C. Pelties: Sustained 
Petascale Performance of Seismic Simulations with SeisSol on SuperMUC. In: 
Supercomputing, LNCS 8488, p. 1–18. PRACE ISC Award 2014. 

[4] A. Heinecke, A. Breuer, S. Rettenberger, M. Bader, A.-A. Gabriel, C. Pelties, A. Bode, 
W. Barth, X.-K. Liao, K. Vaidyanathan, M. Smelyanskiy, P. Dubey: Petascale High 
Order Dynamic Rupture Earthquake Simulations on Heterogeneous Supercomputers. 
Gordon Bell Prize Finalist 2014. 

 

 
A Nanometric Flow Mechanism for  



Earthquake Sliding 
 
H.W. Green, II1,2,, F. Shi1,3, K. Bozhilov2, G. Xia1†, Z. Reches 4  
 
(1) Department of Earth Sciences, University of California, Riverside CA 92521, USA. 
(2) Central Facility for Advanced Microscopy and Microanalysis, University of California, 
Riverside CA 92521, USA. 
(3) State Key Laboratory of Geological Processes and Mineral Resources, China University 
of Geosciences, Wuhan 430074, PR China 
(4) School of Geology and Geophysics, University of Oklahoma, Norman OK 73019, USA 
 
Earthquake instability requires fault weakening during slip. The mechanism of this weakening 
is central to understanding earthquake sliding. Here we show experimentally that in both 
faulting at high pressure and high speed sliding at low pressure, phase transformation plays a 
major role, yielding a profoundly weak nanocrystalline sliding zone or, rarely, melt. 
Microstructures preserved in the Punchbowl Fault, a deeply-eroded ancestral branch of the 
San Andreas Fault of California, are consistent with these observations. We propose that most 
crustal and mantle earthquakes on mature faults slide on a nanometric gouge, formed either as 
the cause of sliding (high pressure) or an early consequence of sliding (low pressure), that 
flows by grain-boundary sliding with very little frictional resistance.  This mechanism 
intrinsically resolves two major conflicts between laboratory results and natural faulting -- 
lack of a thermal aureole around major faults (San Andreas Fault heat flow paradox) and the 
rarity of pseudotachylytes.   
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We performed inversions of full six component moment tensors for two of recent largest deep 
earthquakes, the 2013 Sea of Okhotsk earthquake (Mw 8.3) and the 1994 Bolivia deep 
earthquake (Mw 8.2). We followed Kawakatsu (1991) to redefine the diagonal components of 
the moment tensor. We analyzed long period signals in the period range between 550 and 
1000 s, which are suitable to determine the isotropic components independently from other 
moment tensor components as Kawakatsu (1996) and Hara et al. (1995, 1996) showed. We 
retrieved VHZ channel waveform data from the IRIS DMC. The duration of the time series is 
five hours. We used the Direct Solution Method (Hara et al., 1991, 1993) to compute Green’s 
functions to take into account the effects of the earth’s rotation, ellipticity, and three 
dimensional velocity structures. We set spatial and temporal grids for possible centroid 
locations and times, respectively, and conducted linear moment tensor inversions for their 
pairs. We estimated uncertainties of the analysis by a bootstrap method (Efron, 1982, SIAM; 
Shearer, 1997, JGR).  
 
For the 2013 Sea of Okhotsk earthquake, the obtained isotopic component is about 3 per cent 
(implosive) of the seismic moment with the uncertainty on the order of 1 per cent when we 
used SAW24B16 (Mégnin and Romanowicz, 2000, GJI) with CRUST 2.0 (Bassin et al., 
2000, EOS Trans AGU) as an earth model. This implosive isotropic component is consistent 



with Okal (2013, AGU). We also performed inversions using two different earth models 
S12WM13 (Su et al., 1994, JGR) and 1066A (Gilbert and Dziewonski, 1975, Phil. Trans. R. 
Soc. Lond.). We discuss the effects of the earth structures in the presentation. 
For the 1994 Bolivia deep earthquake, the range of the isotopic components obtained by the 
bootstrap analysis is from about -4 to 2 per cent, which provides the possible range of the 
isotropic component for this earthquake. We discuss possible implications of these results in  
terms of the physical mechanism of deep earthquakes.  
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Fault slip during an earthquake is observed to be highly heterogeneous, with areas of large 
slip interspersed with areas of smaller or even no slip.  The cause of the heterogeneity is not 
clear.  One hypothesis is that the frictional properties on the fault are heterogeneous.  The 
parts of the rupture surface that have large slip during earthquakes are coupled more strongly, 
whereas the areas in between are conditionally stable, or creeping.  The creeping areas can 
partly release strain energy through aseismic slip during the interseismic period, resulting in 
relatively lower prestress than on the coupled areas.  This would lead to subsequent 
earthquakes having large slip in the same place, or persistent asperities.  A second hypothesis 
is that in the absence of creeping sections, the prestress is governed mainly by the 
accumulative stress change associated with previous earthquakes.  Assuming homogeneous 
frictional properties on the fault, a larger prestress results in larger slip, i.e. the next 
earthquake may have large slip where there was little or no slip in the previous earthquake, 
which translates to non-persistent asperities.  The study of earthquake cycles are hampered by 
short time period for which high quality, broadband seismological and accelerographic 
records, needed for detailed studies of slip distributions, are available. 
 
The earthquake cycle in the Mexican subduction zone is relatively short, with about 30 years 
between large events in many places.  We are therefore entering a period for which we have 
good records for two subsequent events occurring in the same segment of the subduction 
zone. In particular the March 20th, 2012, Mw 7.5 Guerrero-Oaxaca border event, and the April 



18th, 2014, Mw 7.2, Papanoa earthquakes were well recorded by both global and local 
networks.  We have estimated the slip distributions of the two events and compared to 
previous events occurring in the same segments of the subduction zone.   We find that the 
2012 event has very similar waveforms to smaller, Mw 6.9, event occurring in 1982 indicating 
slip on the same (or similar) area of the fault, supporting the first hypothesis.  However, the 
2014 earthquake has slip areas that only partly overlap with the rupture areas determined by 
local aftershock studies from the last large earthquake, indicating that there were not 
consistent asperities over time, supporting the second hypothesis.  Our observations therefore 
indicate that both processes are important, perhaps with varying relative importance 
depending on the region.  In other words, some asperities are persistent over time, whereas 
others are not.  
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It is now commonly admitted that high rate GPS observations can provide reliable surface 
displacement waveforms.  For long-period (T>5s) transients, it was shown that GPS and 
seismometer (STS-1) displacements are in agreement at least for vertical component (Houlié, 
et al., Sci. Rep. 2011). We propose here to supplement existing long-period seismic networks 
with high rate (>= 1Hz) GPS data in order to improve the resolution of global seismic 
velocity models. GPS measurements are providing a wide range of frequencies, going beyond 
the range of STS-1 in the low frequency end. 
 
Nowadays, almost 10.000 GPS receivers would be able to record data at 1 Hz with 3000+ 
stations already streaming data in Real-Time (RT). The reasons for this quick expansion are 
the price of receivers, their low maintenance, and the wide range of activities they can be used 
for (transport, science, public apps, navigation, etc.). 
 
We are presenting work completed on the 1Hz GPS records of the Hokkaido earthquake (25th 
of September, 2003, Mw=8.3). 3D Waveforms have been computed with an improved, 
stabilised inversion algorithm in order to constrain the ground motion history. Through the 
better resolution of inversion of the GPS phase observations, we determine displacement 
waveforms of frequencies ranging from 0.77 mHz to 330 mHz for a selection of sites. We 
compare inverted GPS waveforms with STS-1 waveforms and synthetic waveforms computed 
using 3D global wave propagation with SPECFEM. At co-located sites (STS-1 and GPS 
located within 10km) the agreement is good for the vertical component between seismic (both 
real and synthetic) and GPS waveforms. 
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Short-term forecasts rely on accelerations in precursory signals. Although the strategy has 
proved suitable at stratovolcanoes reawakening after centuries of repose, it has been less 
successful at large calderas, where unrest may continue for decades or more. Here we argue 
that patterns of short- and long-term unrest are strongly coupled at large calderas, so that 
reliable interpretations of short-term precursors require knowledge of preceding episodes of 
long-term unrest.  
 
During unrest, potential precursors may show significant variations in their rates of change 
with time. More than one episode of increased rate may decay without eruption. Associated 
warnings of eruption can be viewed as false alarms by local communities, who may then be 
reluctant to respond during future alarms. A classic example is the 21 years of unrest before 
the 1994 eruption in Papua New Guinea. An uplift of c. 2.3 m was recorded across the north 
of the caldera. Nearly 40% of the uplift occurred in 1982-84, accompanied by elevated rates 
of volcano-tectonic (VT) seismicity. The uplift rate of c. 0.45 m/yr was a magnitude larger 
than typical values over the 21-year interval. The 1982-84 crisis ended without an eruption. 
When an eruption finally occurred in 1994, it began without a significant increase in uplift 
rate and with an elevated VT event rate only 24 hours beforehand. An apparent contradiction 
thus exists in which significant precursory changes occurred without eruption, whereas an 
eruption occurred without significant precursory changes.  
 
The contradiction is resolved by comparing changes of precursors with each other, rather than 
with time. The results yield an exponential dependence of VT event number on uplift. The 
trend is consistent with a single precursory sequence, during which damage accumulates in 
the crust until a new pathway is formed to feed an eruption. The amount of damage increases 
as the crust is stretched under a combination of (1) a build-up of pressure in an underlying 
magma reservoir and (2) movement of magma through the crust. Thus, the 1973-94 sequence 
can be related to a long-term increase in magma pressure, coupled with the shallow intrusion 
of a small batch of magma during 1982-84. At the time of intrusion, the amount of 
accumulated damage was too small to propagate a new pathway to the surface and so the 
event culminated in a non-eruptive crisis. By 1994, however, the amount of damage 
accumulated since the early 1970s had reached a critical amount, such that another episode of 
magma movement triggered the opening of a new pathway and led to an eruption after a very 
short interval of elevated  precursory signals. 
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Mt Unzen, Japan, underwent a protracted period of unrest and dome growth between 1991 
and 1995 (Nakada et al. 1999). The end of the unrest was characterised by a five month long 
phase of spine growth with uplift measured at 0.8 m/day (Yamashina et al. 1999). The spine 
extrusion was accompanied by 40-60 hour inflation cycles and vigorous seismic swarms at 
depths generally shallower than 0.5 km (Umakoshi et al 2008; Yamashina et al. 1999). Using 
a suite of analytical tools on continuous seismic data from this period, this study seeks an 
understanding of the seismogenic processes occurring during the spine growth.  
Seismic events were automatically detected and characterized on a single short-period 
seismometer located ~600m from the extrusion point of the spine at Unzen. A total of 12,208 
events were detected from 1st October 1994 to 28th February 1995 using a short-term 
average/long-term average algorithm. Preliminary statistical analysis of the hour-by-hour 
event count suggests a strong 40-hour cycle in the seismicity during the early stages of spine 
growth, which correlate with the cycles described by Yamashina et al. (1999). The Frequency 
Index and amplitudes of each individual seismic event were also calculated. Temporal 
changes in the metrics indicated the seismicity was dominated by processes associated with 
the spine emergence. To identify earthquake clusters (families of similar waveforms), we 
used a cross-correlation technique with a hierarchial clustering scheme. This method 
identified strong, pulsating clusters during the spine emergence which are shown to correlate 
with uplift rate of the spine. 
 
Further work will include characterising the seismic moments, stress drops, and source radius 
of each individual event. This will lead on to experimental work where samples will be placed 
under similar conditions at the source of seismics during the spine emergence. Comparison of 
the acoustic emissions from experiments to the natural seismic waveforms to validate 
hypotheses derived from the analytical work above.   
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We present a new earthquake source inversion technique based on normal mode data for the 
simultaneous determination of the rupture duration, length and moment tensor of large 
earthquakes with unilateral rupture. We use ultra low-frequency (f < 1 mHz) normal mode 
spheroidal multiplets and the phases of split free oscillations, which are modelled using 
Higher Order Perturbation Theory (HOPT), taking into account the Earth’s rotation, ellipticity 
and lateral heterogeneities. A Monte Carlo exploration of the model space is carried out, 
enabling the assessment of source parameter tradeoffs and uncertainties. We carry out 
synthetic tests for four different realistic artificial earthquakes with different faulting 
mechanisms and magnitudes (Mw 8.1-9.3) to investigate errors in the source inversions due 
to: (i) unmodelled 3-D Earth structure; (ii) noise in the data; (iii) uncertainties in spatio-
temporal earthquake location; and, (iv) neglecting the source finiteness in point source 
moment tensor inversions. We find that unmodelled 3-D structure is the most serious source 
of errors for rupture duration and length determinations especially for the lowest magnitude 
artificial events. The errors in moment magnitude and fault mechanism are generally small, 
with the rake angle showing systematically larger errors (up to 20 degrees).  We then carry 
out source inversions of five giant thrust earthquakes (Mw ⩾ 8.5) including the 26 December 
2004 Sumatra-Andaman earthquake and the 11 March 2011 Tohoku, Japan earthquake. We 
also include in our analysis the 24 May 2013 Mw 8.3 Okhotsk Sea, Russia, deep (607 km) 
earthquake.  We find a moment magnitude of 9.3, a rupture length of 1,277 km and a duration 
of 521 s for the 2004 Sumatra-Andaman earthquake, corresponding to an average rupture 
velocity of 2.45 km/s, which agree well with previous estimates. We also obtain the first 
normal mode finite source model for the 2011 Tohoku earthquake, which yields a fault length 
of 461 km, a rupture duration of 151 s, and hence an average rupture velocity of 3.05 km/s, 
giving an independent confirmation of the compact nature of this event. For all the other 
earthquakes studied, our new point source models are compared with those in the literature, 
showing average differences of 7.5 degrees in strike, 10.3 degrees in rake, 2.5 degrees in dip 
and 0.1 in Mw, which are comparable or smaller to reported errors in these parameters from 
other studies. We do not find any unexplained systematic differences between our results and 
those in the literature, suggesting that for the wave frequencies considered, the moment 
magnitude and the fault mechanism of the earthquakes studied do not show a strong 
frequency dependence. 
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It is now known that in-plane shear faults (primarily strike-slip earthquakes) can not only 
exceed the shear wave speed of the medium, but can even reach the compressional wave 
speed, according to theoretical and numerical studies, laboratory experiments and seismic 
data analysis. However, steady-state calculations on singular cracks showed that speeds 
between the Rayleigh Rv and shear wave Sv speeds were not possible, due to the fact that in 
such cases there is negative energy flux into the fault edge from the surrounding medium. A 
steady-state singular crack would not absorb strain-energy but generate it (see Broberg (1999) 



for details). Andrews (1976) showed that even for non-singular 2-D in-plane ruptures which 
start from rest and accelerate to some terminal velocity, such a forbidden zone (between Rv
and Sv ) does exist. The existence of this forbidden zone in rupture speed has been supported 
for steady state cracks in analytical (Burridge et al., 1979) and for spontaneous rupture in 
numerical (Liu et al., 2008; Lu et al., 2009) studies. 

Recently Bizzarri and Das (2012) showed, using an unprecedented numerical 
resolution of the forbidden zone, that for the 3-D ruptures, where the in-plane (mode II) and 
the anti-plane (mode III) modes of propagation are mixed together, obeying the linear slip-
weakening governing equation, the rupture front actually does pass through this forbidden 
zone very fast.. 

Motivated by this result, we examine here the passage of the pure in-plane shear 
rupture from the sub-Rayleigh to the compressional wave speeds in 2-D, with a very accurate 
estimation of the rupture speed. This issue is interesting and important, as for very long 
strike-slip faults in the Earth’s crust the rupture becomes primarily pure mode II when the 
fault length becomes much larger than its width. One hundred and twenty numerical 
experiments are carried out to investigate the entire range of possible rupture speeds from 
crack initiation to the compressional wave speed. The parameter region where super-shear 
rupture propagation could occur has been thoroughly scrutinized. 

The geometry of the problem is shown in Figure 1. The elasto-dynamic problem is 
numerically solved by using the finite difference code, originally developed by Andrews 
(1973) and modified by Bizzarri et al. (2001). The linear slip-weakening friction law (Ida, 
1972) adopted here is described by 0 0( ) [ ( )min(u,d ) / d ]eff

n u u fuτ σ µ µ µ= − − , where τ is the 

shear stress on the fault, eff
nσ is the effective normal stress, uµ is the static friction coefficient, 

fµ is the dynamic friction coefficient, u is the fault slip and 0d is the characteristic slip-
weakening distance. 

Since the linear slip-weakening law requires an (artificial) procedure in order to obtain 
the subsequent spontaneous, dynamic rupture propagation, two rather different nucleation 
strategies and different initial parameters are employed. In the first strategy, referred to as the 
time-weakening initiation, the rupture is initially non-spontaneous and propagates at a 
constant (and prescribed) speed rv = initialv  (Andrews, 1985; Bizzarri, 2010). Values of initialv
equal to 1.2 km/s and 0.5 km/s are tested. In the second strategy, referred to as the asperity 
initiation, a small perturbation in the initial stress is used to initiate the dynamic rupture, as 
described in details in Bizzarri (2010). The size of the asperity is small enough to avoid its 
interference with the later spontaneous rupture propagation. 
 

 
Figure 1. Geometry of the 2-D rupture problem considered here. The rupture begins at the 
imposed hypocenter H and then it propagates bilaterally, as shown by the arrows. L is the half 
length of the fault. 

 
Numerical experiments are carried out to investigate the relation between the rupture 

speed and relative fault strength S, originally defined by Hamano (1974) as 
0 0( ) / ( )u fS τ τ τ τ= − − , where uτ is the upper yield stress, 0τ is the initial stress and fτ is the 

residual stress. These cased are sorted into 5 groups by grid size and nucleation method. In 
each group, 24 values of S ranging between 0.38 and 1.2 are considered (Table 1). 
 
Table 1. Parameters used for the 5 different groups of cases studied 

H
mode IImode II

Fault

Display Domain

Geometry of the 2-D dynamic simulation

L



Group Label xΔ  (m) tΔ (s) Number Of Case Nucleation Method 0d (m) 

A 40 3.42×10-4 24 TW*: initialv = 0.5 km/s 0.4 
B 20 1.71×10-4 24 '' '' 
C 10 8.57×10-5 24 '' '' 
D 40 3.42×10-4 24 TW: initialv = 1.2 km/s '' 
E 40 3.42×10-4 24 Asperity rupture '' 

*TW: Time-weakening with starting speed initialv  
 

For all the cases in Group A, we plot the rupture speed vs. time in Figure 2a. The 
rupture speed curves form two separate regions which are schematically demonstrated in 
Figure 2b. These two regions show two different mechanisms controlling the super-shear 
rupture transition: the direct transition (e.g., Lu et al., 2009) and the mother-daughter (or 
Burridge-Andrews) transition (Burridge, 1973; Andrews, 1976). 

In the region of ~ 0.38 ≤ S ≤ ~ 0.72, the fault is weaker and the direct transition 
dominates. The rupture starts from rest, accelerates and passes smoothly through the formerly 
considered forbidden zone [ Rv , Sv ] in a short time, then approaches the compressional wave 
speed. The position of the leading edge and rupture time increases smoothly during the 
transition. Although the forbidden zone exists in most previous studies, our study, using very 
fine grids with good rupture speed resolution in the interval [ Rv , Sv ], clearly shows that 
penetration of the forbidden zone does really occur for every S in this range in 2-D. Thus, for 
such faults, the rupture speed continuously increases from sub-Rayleigh to super-shear 
without any jump. 

In the region of S ≥ ~ 0.76, the fault is stronger and the mother-daughter transition 
dominates. The behavior of the rupture in the sub-Rayleigh regime is quite similar to that 
observed for the weaker faults. However, as it approaches the Rayleigh speed, after some 
time, a stress peak propagating at almost the shear wave speed exceeds the upper yield stress 
and causes the birth of a daughter crack ahead of the main rupture front. The behavior of the 
daughter crack is controlled by the peak shear stress radiated from the main crack until 
spontaneous rupture takes over but there is not enough time for the daughter crack to develop 
significant slip or slip velocity. Thus the daughter-crack is essentially a “pseudo-crack”, 
where the two sides of the fracture have separated but do not have significant motion. 

Similar results are obtained in Groups B to E, which show that these results are 
essentially independent of the grid sizes and the nucleation methods used. 

 



 
Figure 2. The two kinds of transition behavior for the smaller and larger S values in 
Group A. The range [ Rv , Sv ] is marked, as well as other relevant speeds ( Ev  is the 
Eshelby speed). (a) Rupture speeds for the 24 values of S. (b) Schematic version of 
panel (a). The vertical dashed lines indicate the birth of the daughter crack. The 
light blue region indicates direct transition mechanism; the light orange region 
indicates mother-daughter transition mechanism. The numbers along the different 
lines indicate the various values of S. 
 

References 
Andrews D J (1985) “Dynamic plane-strain shear rupture with a slip-weakening friction law 

calculated by a boundary integral method”, Bull Seism Soc Am, 75(1): 1-21 
Andrews D J (1976) “Rupture velocity of plane strain shear cracks”, J Geophys Res, 81(32): 

5679-5687 
Andrews D J (1973) “A numerical study of tectonic stress release by underground 

explosions”, Bull Seism Soc Am, 63(4): 1375-1391 
Bizzarri A, Das S (2012) “Mechanics of 3-D shear cracks between Rayleigh and shear wave 

rupture speeds", Earth Planet Sci Lett, 357-358: 397-404 
Bizzarri A (2010) “How to promote earthquake ruptures: different nucleation strategies in a 

dynamic model with slip-weakening friction”, Bull Seism Soc Am, 100(3): 923-940 
Bizzarri A, Dunham E M, Spudich P (2001) “Solving the dynamic rupture problem with 

different numerical approaches and constitutive laws”, Geophys J Int, 144(3): 656-678 
Broberg K B (1999) Cracks and fracture, London, Academic Press 
Burridge R, Conn G, Freund L B (1979) “The stability of a rapid mode II shear crack with 

finite cohesive traction”, J Geophys Res, 84(B5): 2210 
Burridge R (1973) “Admissible speeds for plane-strain self-similar shear cracks with friction 

but lacking cohesion”, Geophys J Roy Astr S, 35(4): 439-455 
Hamano Y (1974) “Dependence of rupture-time history on heterogeneous distribution of 

stress and strength on fault plane”, Trans Am Geophys Union, 55(4):352-352 
Ida Y (1972) “Cohesive force across the tip of a longitudinal - shear crack and Griffith's 

specific surface energy”, J Geophys Res, 77(20): 3796-3805 



Liu Y, Lapusta N (2008) “Transition of mode II cracks from sub-rayleigh to intersonic speeds 
in the presence of favorable heterogeneity”, Jour Mech Phys Solids, 56(1): 25-50 

Lu X, Lapusta N, Rosakis A J (2009) “Analysis of supershear transition regimes in rupture 
experiments: The effect of nucleation conditions and friction parameters”, Geophys J 
Int, 177(2): 717-732 

 

 
Scaling properties of fault populations in the Corinth 
rift: Comparison between high and low strain settings 
 
Georgios Michas1*, Filippos Vallianatos1,2, Gerald P. Roberts3 and Peter Sammonds1 
 
(1) Institute for Risk and Disaster Reduction, University College London, Gower Street, 

London, WC1E 6BT, UK. 
(2) Laboratory of Geophysics and Seismology, Technological Educational Institute of Crete, 

Chania, Greece. 
(3) Department of Earth and Planetary Sciences, Birkbeck College, University of London, 

London WC1E 7HX, UK. 
* Correspondence: georgios.michas.10@ucl.ac.uk 

 
The formation and growth of faults is the outcome of the deformation of Earth’s brittle crust 
due to tectonic loading. As brittle strain increases, faults are building up in length and/or 
displacement. Such fault systems exhibit scaling properties that can provide insights into the 
underlying mechanism of faults’ growth and interactions. Fractality has been identified in 
fracture/fault populations (e.g. Turcotte, 1997), but power-law scaling is not always the case 
for the fault distribution in regional settings (e.g. Cowie et al., 1993). Numerical, field and 
laboratory observations indicate the transition from power-law to exponential scaling 
associated with increasing regional strain rates (Spyropoulos et al., 1999; 2002; Gupta and 
Scholz, 2000; Ackermann et al., 2001). In addition, since faults are mechanically interacting 
to form a complex fault network, in most of the cases simple power-law or exponential 
distributions do not describe the full range of the observed fault properties (e.g. Davy, 1993; 
Cladouhos and Marrett, 1996; Vallianatos and Sammonds, 2011; Vallianatos, 2013). 
 
In this work, we use a statistical physics approach to study the frequency – (trace) length 
distribution of faults in the Corinth rift (central Greece) that represents one of the most 
rapidly extending continental rifts in Earth. Deformation is accommodated by a S- and N-
dipping en-echelon normal fault system of an E-W general direction in the north and south 
margin of the rift respectively, creating a complex tectonic graben (e.g. Bell et al., 2009). 
Geodetic strain rates, geological studies and both historical and recorded earthquake activity 
indicate that high strain rates are currently accommodated offshore and in some important and 
seismogenic onshore faults (e.g. Briole et al., 2000). 
 
The frequency – length distribution for the entire fault population in the area can be well 
described in the full range by the generalized statistical physics model (Vallianatos, 2013) 
that we use here, which exhibits an asymptotic power-law behavior and includes the 
exponential function as a particular case. Furthermore, by distinguishing between the fault 
populations in the high and low strain regimes respectively, a different scaling behavior 
appears. In the high strain regime (offshore and active onshore faults) the distribution follows 
an exponential, whereas in the low strain regime (onshore faults) the distribution can be well 
described by the generalized statistical physics model. Similar scaling behavior in the low and 
high strain regimes respectively has been observed in laboratory experiments (Spyropoulos et 



al., 1999) and in Afar rift (Gupta and Scholz, 2000).  
 
This result can be interpreted in terms of generalized thermodynamics (Vallianatos and 
Sammonds, 2011; Vallianatos, 2013), where long-range interactions between faults produce 
the power-law type scaling, while in the presence of only short-term interactions the 
distribution reduces to the exponential function. Additionally, the implications for the 
evolution of the fault network in the rift are being discussed. 
 
References 
Ackermann et al. (2001). The geometric and statistical evolution of normal fault systems: an 

experimental study of the effects of mechanical layer thickness on scaling laws. J. 
Struct. Geol., 23, 1803–1819. 

Bell et al. (2009). Fault architecture, basin structure and evolution of the Gulf of Corinth rift, 
central Greece. Basin Res., 21, 824-855. 

Briole et al. (2000). Active deformation of the Corinth rift, Greece: results from repeated 
global positioning system surveys between 1990 and 1995. J. Geophys. Res., 105, 
25605- 25625. 

Cladouhos and Marrett (1996). Are fault growth and linkage models consistent with power-
law distributions of fault lengths? J. Struct. Geol., 18, 281–293. 

Cowie et al. (1993). Fault strain and seismic coupling on mid-ocean ridges. J. Geophys. Res., 
98, 17911-17920. 

Davy (1993). On the frequency-length distribution of the San Andreas fault system. J. 
Geophys. Res., 12, 12141-12151. 

Gupta and Scholz (2000). Brittle strain regime transition in the Afar depression: Implications 
for fault growth and seafloor spreading. Geology, 28, 1087-1090. 

Spyropoulos et al. (1999). Experimental evidence for different strain regimes of crack 
populations in a clay model. Geophys. Res. Lett., 26, 1081–1084. 

Spyropoulos et al. (2002). Transition regimes for growing crack populations. Phys. Rev. E, 
65, 056105. 

Turcotte 1997. Fractal and chaos in geology and geophysics. Cambridge University Press 
(2nd ed.).  

Vallianatos (2013). On the non-extensivity in Mars geological faults. Europhys. Lett., 102, 
28006. 

Vallianatos and Sammonds (2011). A non-extensive statistics of the fault-population at the 
Valles Marineris extensional province, Mars. Tectonophysics, 509, 50-54. 

 
 

 
Heat, fluids and friction: experimental clues on high 
velocity sliding  
 
Stefan Bjorklund Nielsen1, 2, Elena Spagnuolo2, Marie Violay2, 4, Giulio Di Toro3 
 
(1) Earth Sciences, Durham University, Durham, United Kingdom. 
(2) Sismologia e Tettonofisica, INGV, Roma, Italy. 
(3) Geoscienze, Università di Padova, Padova, Italy. 
(4) Rock Deformation Lab, ETH, Zurich, Switzerland. 
 
Fault rocks undergo abrupt dynamic weakening and lubrication during seismic slip, reputedly 
associated to thermally triggered physico-chemical processes. Recent experiments 
systematically explore rock friction under crustal earthquake conditions (fast slip rate 1<V<6 
m/s, intermediate normal stress 5<σ<50 MPa, pore water pressure or dry, various lithologies). 



The detailed evolution during experiments is confronted to the predictions of various thermal 
weakening models: flash weakening (FW), superplastic diffusion creep, melt lubrication 
(ML), fluid pressurization (FP). Our findings are that (1) a simple model where the strength 
of the slip zone is directly controlled by Arrhenious-like thermal dependence reproduces 
some, but not all aspects of the observed frictional weakening: it successfully reproduces the 
weakening part of the friction hysteresis but not always the recovery part. (2) In the absence 
of melting and/or pressurization (e.g., dry carbonatic rocks where melting is usually not 
observed) the whole frictional hysteresis cycle is explained by FW of contact asperities. 
However it is critical that the interface temperature is accurately computed including the 
effect of heat sinks (latent heat of phase transitions, in a revised version of the FW model 
proposed by Archard (1958) and Rice (2006). (3) In silicatic rocks under coseismic 
conditions, the initial flash-weakening phase is followed by pervasive melting and 
subsequently shows a behavior compatible with the lubrication model of Nielsen et al. (2008, 
2010). (4) The effects of water pore pressure on the mechanical evolution vary subtly 
depending on lithology and amount of sliding, providing interesting clues as regards the strain 
mechanisms at the asperity scale. Finally, we propose a parsimonious numerical scheme for 
the computation of temperature T, resulting in a compact friction law formulation with 
temperature-related state variables for efficient use in dynamic rupture models.  
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A perennial problem in fault mechanics is that the fault geometries in situ—especially of 
strikes-lip faults—often contradict theoretical predictions. According to experimental and 
theoretical rock mechanics as captured by Coulomb’s law, fault directions and motions 
should correspond simply to stresses in the crust. However, the complex geometrical 
distribution and regional trends of observable faults in the crust often seem at odds with the 
regional state of stress. Fortunately, these discrepancies can be neatly reconciled with 
Coulomb’s law if we recognize that many faults did not form in their current orientations, but 
have rotated over time, and/or the stress field has rotated as well. 
 
We describe a comprehensive tectonic model for the strike-slip fault geometry, seismicity, 
material rotation, and stress rotation, in which new, optimally oriented faults can form when 
older ones have rotated about a vertical axis out of favorable orientations. The model was 
successfully tested in the Mojave region using stress rotation and three independent data sets: 
the alignment of epicenters and fault plane solutions from the six largest central Mojave 
earthquakes since 1947, material rotations inferred from paleomagnetic declination 
anomalies, and rotated dike strands of the Independence dike swarm. 
 
The success of the rotation model in the Mojave has applications well beyond this special 
region alone. The implication for crustal deformation in general is that rotations—of material 
(faults and the blocks between them) and of stress—provide the key link between the geology 
of faults and the mechanical theory of faulting. Excluding rotations from the kinematic and 
mechanical analysis of crustal deformation makes it impossible to explain the complexity of 



what geologists see in faults, or what seismicity shows us about active faults. However, when 
we allow for rotation of material and stress, Coulomb’s law becomes consistent with the 
complexity of faults and faulting observed in situ. 
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We investigate the role of off-fault damage, and damage-enhanced off-fault permeability, on 
earthquake nucleation. This aims to mimic a situation in which wastewater, injected into a 
reservoir, diffuses towards an active/inactive fault close by. First, we develop a micro-
mechanics based permeability evolution model for micro-crack dominated brittle materials 
that are strain rate sensitive. We extend the micromechanical model developed by Bhat et al. 
(2012) in which the constitutive description of a brittle material is governed by micro-cracks 
and appropriate crack growth laws. This allows us to evaluate the micro-crack geometry and 
its evolution for fluid migration. With an assumed law for evolution of the connectivity of the 
crack network we then use the model developed by Gueguen and Dienes (1989) to compute 
permeability evolution. Computed permeability evolution shares reasonable characteristics 
with experimental results. 
 
Additionally, we explore the role of ‘frozen’ off-fault permeability structure (measured in the 
Horse Canyon Segment of the San Jacinto fault by Mitchell et al. 2012) on pore pressure 
evolution on a hypothetical fault 200 m away from an injection well. This pore pressure 
evolution was supplied to a Quasi-Dynamic earthquake simulator with rate and state friction 
law and aging state evolution law to study the role of off-fault damage zone on earthquake 
nucleation. Preliminary results show injection-induced pore pressure changes on the fault 
have a considerable impact on earthquake nucleation, triggering earthquakes on normally 
inactive faults. The ‘frozen’ permeability structure significantly affects the timing of 
earthquake nucleation. Therefore, it seems necessary to quantify the dynamic changes of off-
fault permeability due to dynamic earthquake rupture to understand injection-induced 
earthquake nucleation. We thus plan to incorporate the earthquake damage-induced 
permeability evolution model presented in this study into earthquake cycle models to better 
quantify induced seismicity. 
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This study presents an analysis of the distribution of earthquake magnitudes for the period 
1990-1998 in a broad area surrounding the epicentre of the 1995 Kobe earthquake. The 
frequency-magnitude distribution analysis is performed in a non-extensive statistical physics 
(NESP) context. NESP was proposed by Tsallis (1988) and refers to the non-additive entropy 
which is a generalization of Boltzmann–Gibbs (BG) statistical physics. The non-extensive 
parameter qM, which is related to the frequency-magnitude distribution, reflects the existence 
of long-range correlations and is used as an index of the physical state of the studied area 
(Papadakis et al. 2013; Telesca 2010). 
 
For the examination of possible distinct variations of the non-extensive parameter qM we use 
different time windows (cumulative and moving windows).We detect a significant increase of 
the non-extensive parameter on April 9, 1994 which coincides with the occurrence of six 
seismic events equal to M = 4.1. The occurrence of these events breaks the magnitude pattern 
and along with the observed qM variations indicates a transition phase towards the 1995 Kobe 
earthquake. 
 
It seems that the variations of qM values reflect rather well the physical evolution towards the 
1995 Kobe earthquake, and that qM can be used as an earthquake precursor.  The observed 
thermo-statistical variations allow us to distinguish different dynamical regimes and to 
decode the physical processes towards a strong event. The use of the thermo-statistical 
parameter qM for the improvement of earthquake forecasting is of crucial importance. 
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The northern termination of Liquiñe-Ofqui Fault System (LOFS) is characterized by major 
NNE-striking dextral strike-slip faults and several second and third-order NE-to-ENE-striking 
oblique-slip faults. This geometry forms a transtensional duplex structure. The LOFS has a 
complex crosscutting relationship with inherited NW-striking structures of the Arc-oblique 
long-lived Fault System (ALFS). We conducted a structural mapping of fault and vein 
populations at key structural sites representative of each regional structural system. 
Field observations were combined with different methods of inversion of fault-slip 
heterogeneous data and with the use of different open-source computer programs that 
calculate resolved stress tensors and P-T axes for each structural site in order to unravel the 
significance of this complex architecture. 
The results of the inversion of fault-slip analysis show that a transtensional strike-slip regime, 
with NE-SW-trending subhorizontal s1, predominate in the first and second order faults in the 
northern termination of the duplex. A more local tensional regime was calculated for the same 
area. The inversion solutions are compatible with NE-trending subvertical veins system and 
dilational jogs and breccia. In contrast, within the central area of the duplex fault slip 
inversion of fault populations shows both transpressional and compressional regimes. The 
first tectonic regime is compatible with ENE-striking veins and dikes. In the southern part of 
the duplex, fault populations are compatible with either a local transtensional stress field with 
an ESE-trending subhorizontal s1 or with a tensional regime with a SW-trending, steeply 
plunging s1. 
Our results show the complexity in the nature and spatial distribution of stress fields within 
strike-slip duplexes and its role in the geometrical distribution of paleo-fluid flow, part of 
which may account for the reactivation of inherited faults or strain incompatibilities at fault 
intersections. 
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We aim to understand whether the properties of long-term geological faults might control 
some of the properties of the large earthquakes these faults produce. In this framework, we 
show here that the 3D architecture of a fault controls at least partly the distribution of the 
coseismic slip on a large earthquake rupture that would break the fault.  
 
Firstly, we analyzed the coseismic slip distribution on more than 70 large historical 
earthquakes worldwide (Mw ≥ 5.5, from 1857 to 2011, all slip modes). We found that, 
irrespective of the earthquake magnitude, slip mode and location, the coseismic slip-length 
profiles measured at surface and inferred at depth from source inversion models, have a 
similar and hence generic envelope shape, being triangular and asymmetric. We note that the 



available rupture models fail to reproduce the generic shape of the coseismic slip 
distributions. 
 
Secondly, based on the morpho-tectonic analysis of various satellite images and topographic 
data, we mapped the traces of about 20 continental seismogenic faults of various lengths (45-
2000 km), slip modes and locations worldwide. We found that most faults are associated with 
broad networks of secondary oblique faults. These off-fault secondary networks show similar 
patterns in map view, forming faulted areas that commonly enlarge in the direction of the 
long-term fault propagation. Any fault is thus a 3D feature made of a “master fault” 
associated with multiple secondary faults. The off-fault secondary networks contribute to 
damage the crustal medium either side of the master fault. Any fault is thus embedded in a 
damaged crustal medium. Furthermore, the cumulative, long-term damage is likely 
heterogeneous, varying both across and along the fault; across the fault, the damage 
‘intensity’ decreases away from the fault whereas, along the fault, the damage zone 
commonly enlarges in the direction of long-term fault propagation.  
 
Based on these observations, we examine the effects of the pre-damaged state of the medium 
on the earthquake slip distributions. We simulate long-term damage by the decrease in the 
elastic modulus of the medium around the fault. We model in 3D the dynamic rupture of a 
right-lateral strike-slip fault surrounded with a long-term damage zone, and search which 
geometries and elastic properties of the long-term damage produce a triangular, generic slip 
profile on the rupture. We find that such a profile is produced only when a laterally 
heterogeneous pre-existing damage zone surrounds the ruptured fault. The highest on-fault 
slip develops in the most compliant region of the damage zone, and not necessarily above the 
earthquake hypocenter. The coseismic slip decreases in zones of stiffer damage and is 
dissipated in the damaged medium over large distances from the fault. 
 
Our study thus emphasizes that off-fault pre-existing damage should be considered for an 
accurate description of earthquake ruptures. It also motivates a reformulation of the available 
earthquake source inversion models since most of them do not include the inelastic 
deformations that occur in the near field of the earthquake ruptures.  
 
We anticipate that other properties of long-term faults might have an impact on the properties 
of large earthquakes. Therefore, to better understand the physics of the rupture process, it is 
crucial to analyze faults and earthquakes together. 
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Seismic processes in active tectonic environments span a wide range of scales, with seismic 
energy being released through a variety of phenomena. Detecting, locating and characterizing 
this seismic energy release is fundamental for understanding the dynamics of active 
deformation in the Earth lithosphere, and the mechanisms of generation and rupturing of large 
earthquakes.  



Here we present a new methodology of Poiata et al. (2013) exploiting the frequency selective 
coherence of the wave field at dense seismic arrays and local antennas. The methodology 
consist of: (1) a signal processing scheme yielding a simplified representation of the seismic 
signal by an adaptive time-frequency characterization of its statistical properties (higher-order 
statistics); (2) a detection and location algorithm based on backprojection of time-delay 
functions. The capability and performance of the method in providing multi-scale imaging of 
energy release associated to complex, possibly mixed, seismic source radiations is illustrated 
on two examples. 
 
In the first example we study the source process of April 1, 2014 Mw 8.2 Pisagua (northern 
Chile) earthquake at regional scale by applying the detection and location scheme to the 
acceleration records from the IPOC/CSN and ONEMI networks. We image coherent radiation 
sources in different frequency ranges comparing them to the results of the co-seismic slip 
distribution from body-wave kinematic inversion, and direct P-waves backprojection imaging 
at teleseismic scales. 
 
Second example illustrates the application of the new approach for detecting, locating and 
understanding the relation between the seismic energy release associated to slow earthquakes 
in Shikoku, Japan. We investigates the capability of the method to detect and locate low-
frequency earthquakes (LFE) and tectonic tremor sources, comparing the results with existing 
catalogs of NIED and JMA. The examined reference dataset is composed of recordings from 
the Hi-net velocity seismometers provided by NIED.  
 
We further discuss the implication of the above multi-scale source imaging to understanding 
the mechanisms and dynamics of active deformation at different spatio-temporal scales and 
providing the mechanical models for underlying phenomena. 
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Understanding how past ruptures will affect the propagation of the following ruptures, and 
how stress heterogeneities develop on faults are fundamental to a better comprehension of 
earthquake behavior. In that sense, numerical simulations provide a useful tool to study slip 
dynamics. In this study, we show, using dynamic rupture simulations, the importance of 
viscoelastic rheologies on the persistence of heterogeneous stress states along a frictional 
interface. 
 
The modeled set-up is a system used in laboratory friction experiments [Rubinstein et al., 
2007; Ben-David et al. 2010]. Using a finite-element code, we model two 2D blocks of 
viscoelastic material (PMMA), with a slip-weakening friction law at the interface between the 



two solids. The system is loaded from the side of the upper block, resulting in a sequence of 
precursory slip events, which initiate at the trailing edge and stop before propagating over the 
entire interface. Their length increases with increasing loading, and high stress concentrations 
are generated at the tip of each arrested rupture. We analyze the evolution of these stress 
concentrations when the following slip events take place. 
 
We show that due to the viscous properties of the bulk material, the stress concentrations 
created by the arrest of precursory slip are not erased by the propagation of the following 
rupture, but reappear with the relaxation of the material, with a smaller amplitude. The 
amplitude of the stress concentrations follows an exponential decrease rate with successive 
rupture, which is controlled by the material properties, and in particular by the ratio of the 
viscous over instantaneous Young’s moduli. 
 
Our results highlight the importance of viscous relaxation mechanisms in the  persistence of 
heterogeneous stress states along a frictional interface. This study also provides a mechanism 
to explain how previous slip history will influence the propagation of the next rupture. 
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The presence of fluids in natural fault zones affects the faults’ strength and the nucleation and 
propagation of earthquakes. It was shown previously that calcite-bearing cohesive rocks are 
more prone to slip in the presence of water. Now we present experimental results on the 
frictional behaviour of fluid-pressurized calcite gouges. 
 
A series of experiments was conducted at the Kochi Institute for Core Sample 
Research/JAMSTEC in Kochi, Japan, using a rotary-shear apparatus which is equipped with a 
servo-controlled pore-fluid pressure system. For the gouge experiments, an annular metal and 
Teflon holder was used where the pore fluid is introduced into the sample through holes in the 
base plate of the stationary part of the sample holder. The fluid outlet is also located on the 
stationary side, in the centre of the ring-shaped holder. 3 mm thick layers of calcite gouge 
derived from Carrara marble with a grain size <180 µm were sheared in wet or dry 
conditions. For the wet experiments, distilled water was used as the pore fluid and the gouge 
was saturated before each experiment. The applied effective stress σeff ranged from 1 to 12 



MPa and the pore fluid factor  λ=pf/σn  from 0.15 to 0.7. The slip velocity was applied in steps 
(mostly 1 mm/s, 1 m/s and 1 mm/s) for total displacements of 5 to 22 m. During the 
experiments, the shear torque, the axial displacement of the gouge layer and the pore-fluid 
pressure/volume were measured. The temperature evolution was monitored via a 
thermocouple. After an experiment, the sample was air-dried and preserved in order to 
analyse its microstructure. 
 
Preliminary results show that the friction coefficient drops down to values as low as 0.08 
during the high-velocity step, unusual for calcite, and that friction recovers very slowly in the 
following low-velocity step. This low friction is likely caused by high fluid pressures due to 
thermal pressurization which leads to an “aquaplaning” or “air cushion” effect. Additionally, 
lubrication might be enhanced by the formation of graphite on the slipping surface as it was 
revealed by Raman spectroscopy. Future microstructure analysis might help to further 
understand mechanisms of lubrication and pressurization. 

 

 
Earthquake scenario based hybrid input motions for 
the case city of Xanthi (Greece) 
 
Zafeiria Roumelioti1, Anastasia Kiratzi2 and Basil Margaris3 
 
(1) Aristotle University of Thessaloniki, Department of Civil Engineering, Thessaloniki, 
Greece 
(2) Aristotle University of Thessaloniki, Department of Geophysics, Thessaloniki, Greece. 
(3) Institute of Engineering Seismology and Earthquake Engineering (ITSAK-EPPO), P.O. 
Box 53, 55102 Thessaloniki, Greece 
 
An approach is presented to address the challenging topic in engineering seismology e.g. the 
prediction of strong ground motion at regions of sparse seismological data. The town of 
Xanthi in Northern Greece (Fig. 1) is located in the zone of the lowest seismic hazard (ground 
acceleration coefficient of 0.16g) according to the national building code. However, it is 
situated next to the most prominent seismotectonic feature of the area, which is the Kavala-
Xanthi-Komotini fault. Although neotectonic, morphotectonic and other geological 
information agree on the active character of the specific fault, instrumental seismological data 
related to it are almost inexistent. However, this fault is believed to be related to large 
magnitude, destructive historical earthquakes. 
 
Within the “Thales” project on site classification in Greece, we present an approach to 
provide synthetic strong ground motion within the area covered by the built environment of 
Xanthi. We re-assess the seismic hazard through the probabilistic approach and select the 
examined earthquake scenario (M5.9 at 3 km from the town center) based on the results of 
hazard de-aggregation. We use the COMPSYN code to simulate low frequencies (up to 3-4 
Hz), after validating it with data from recent large earthquakes in Greece. The semi-analytical 
results of COMPSYN are then combined with stochastically simulated acceleration time 
histories to provide a hybrid output. Site effects within the town of Xanthi are encountered by 
incorporating detailed VS profiles determined THALES project. 
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We use an EGF (empirical Green’s function) derived spectral ratio method on direct waves to 
estimate source dimension and stress drop for 37 ML ≥ 3.0 earthquakes occurring in a long 
duration earthquake swarm in west Reno, NV in 2008. Low-magnitude activity began 
affecting the neighbourhood of Mogul on February 28, 2008 and continued to build in 
intensity leading to the MW 5.0 mainshock on April 26, 2008. Temporary instruments were 
deployed before the mainshock, providing high quality records of many foreshocks, the 
mainshock, and aftershocks and an ideal opportunity to investigate any spatial, temporal, or 
magnitude dependence of stress drop in this sequence. Relative relocations suggest that the 
swarm evolved on multiple, complex structures at shallow depths (1-5 km). The complexity 
and shallow nature of the sequence suggests potential involvement of fluids and provides an 
image of numerous localized faults that may be an overall characteristic of urban Reno area 
seismicity. Our spectral ratio approach includes objective criteria for selecting appropriate 
EGFs and realistic estimates of uncertainties (Abercrombie, 2013). We compare our results to 
corner frequency and stress drop estimates for this swarm using other methods, which 
improves our understanding of real uncertainties. 
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One of the most important challenges in modern seismology is the generation of  reliable 
earthquake scenarios that include the main features of seismogenic areas, such as the 
complexity of the fault geometry and the geological structure in which faults are embedded. 
Steep changes in the fault geometry, bimaterial interfaces and complex velocity models 
around the fault may determine a sudden acceleration or the arrest of the rupture, owing to the 
normal stress variation and its coupling with the tangential traction. Its modeling is hence 
fundamental to capture the high frequency radiation generated by a propagating rupture.  
In this work we investigated the interaction between the dynamic rupture and the free-surface 
for faults with complex geometry, as a simplified model of a subduction zone. I performed 
numerical simulations of in-plane earthquake ruptures using a 2D spectral element code. This 
method couples a high accuracy in the wave propagation, a natural free-surface boundary 
condition and non smooth rupture dynamics. I specifically analyze the interaction between the 
free surface interface and  a propagating rupture parallel to the free surface or impacting on 
the free surface at different angles.  
I found that interaction of reflected waves with the propagating rupture produces variations in 
the normal stress with a behavior similar to a bimaterial interface. Moreover, the interaction 
of surface waves with the rutpure tip, for a rupture advancing toward the surface, produces a 
stress perturbation ahead of the rupture tip, that may generate supershear propagation.  
Finally some simulations of Tohoku earthquake are shown. The up-dip propagation of 
Tohoku rupture is a good case study because of the presence of a bimaterial interface, a 
shallow part very close to free surface and a complex geometry with steep slope changes.  
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Much work has been done over the past 30 years on the structures of faults and how they 
influence earthquakes that occur on them.  Much less attention has been focused on 
subduction zones, even though they generate more than 90% of the world’s seismic moment 
release.  Subduction zones differ from faults in several ways: they are not formed by crack 
propagation but are the frictional interfaces between plates.  Fault zone materials are wear 
detritus of the wall rock which may be quite variable whereas subduction zones also contain 
subducted sea floor sediments as well as wear material from wall rock restricted to mafic and 



ultramafic types.  The subducted sediments and low thermal gradients of subduction zones 
may result in clay rich material being present at greater depths there.  The topography of fault 
surfaces result from structures formed by crack propagation whereas that of subduction zones 
from the topography of subducted seafloor including horst and graben structures formed at 
the outer rise and subducted seamounts. Whereas stress measurements from deep boreholes 
indicate that continents are characterized by shear stresses increasing with depth at a rate 
governed by faults with friction coefficients in the Byerlee range of 0.6-0.7 with pore 
pressures being generally hydrostatic, subduction zones stresses are governed by plate 
tectonic forces that are generated locally and vary widely for different subduction zones.  
Subduction zones may also be common sites of overpressured pore fluids. 
 
Faults and subduction zones share the same basic frictional properties which include a central 
seismogenic zone with regions of stable sliding above and below it.  The width of these zones 
are much greater for subduction zones because of their shallow dip and low thermal gradient.  
In the last 15 years it has been discovered that just below the seismogenic region of 
subduction zones that semi-periodic slow slip events occur accompanied by a type seismic 
activity called non-volcanic tremor, which is partially composed of low frequency 
earthquakes.  This behavior appears to be the equivalent of the oscillatory stable sliding that is 
observed in laboratory friction experiments and which occupies a narrow field in frictional 
phase space between continuous stable sliding and unstable (stick-slip) behavior.  Tremor and 
low frequency earthquakes have also been observed just below the seismically coupled region 
of the San Andreas fault.  There, period doubling behavior has also been observed – this is 
known to occupy an even narrower slice of frictional phase space between oscillatory sliding 
and instability. 
 
The 2011 M 9.1 Tohoku-oki earthquake included a shallow large slip surge that ruptured 
from about 12 km depth all the way to the trench.  This surge, which produced enormous slip 
of up to 50 m was depleted in high frequency radiation.  It ruptured through a clay rich 
velocity-strengthening region which previously had been thought to  restrict earthquake 
propagation.   Evidence for post-earthquake extension in the outer wedge indicates that the 
stress drop in this region must have been near total, which precludes the shallow surge being 
the result of dynamic thermal pressurization or any other thermal weakening mechanism 
because such mechanisms driven by frictional heating cannot lead to vanishing low shear 
stresses.  Like other subduction zones, the region of the Tohoku-oki earthquake is 
characterized by a strong contrast in elastic constants across the plate interface, with the upper 
plate being much more compliant than the lower.  The bimaterial effect that occurs in this 
situation can lead to the propagation of a wrinkle pulse in which the two surfaces become 
detached and the rupture propagates like the wrinkle in a carpet.  This leads to total stress 
drop, and since the high frequency radiation in a earthquake is produced by the interactions of 
colliding asperities, to a dearth of high frequency radiation.  Experiments show that the 
generation of a wrinkle pulse requires a nucleation pulse that exceeds a threshold.  The 
Tohoku region is typified by frequent M<8 earthquakes that rupture isolated peaks in seismic 
coupling. At very long intervals (~ 1000 years), as in 2011 and previously in 869,  these 
coupled peaks line up in phase space and are ruptured together, which produces a subduction 
earthquake at depth large enough to trigger a shallow slip surge --- a super jackpot.   It has 
recently been shown that the 2004 Sumatra-Andaman and the 2010 Maule, Chile, earthquakes 
also produced shallow slip surges, so it appear that this must be a characteristic feature of the 
greatest subduction zone earthquakes. 
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Since the pioneering work of Brace and Byerlee (1966), the mechanism of stick-slip has been 
considered as a good analog to earthquake rupture propagation. Here, we report macroscopic 
stick-slip events in Westerly granite rock samples deformed under controlled upper crustal 
stress conditions in the laboratory. Experiments were conducted under triaxial loading using a 
high frequency acoustic monitoring array to record both particles acceleration during 
macroscopic stick-slip events and background microseismicity.  For the first time, we also 
record the stress drop dynamically.  
 
Prior to stick-slip instabilities, we observe a systematic exponential acceleration of precursory 
slip, but foreshocks are only observed when the normal stress becomes greater than ∼ 50 
MPa. This threshold corresponds to the normal stress above which the nucleation length 
becomes comparable to the size of typical fault asperities. Even in these conditions, most of 
precursory slip remains aseismic, but the total cumulative moment of the foreshock sequence 
also increases exponentially up to failure and the fault surface seem to evolve like a cascading 
asperity model. This exponential growth implies that the nucleation phase has a characteristic 
time, i.e. that both the foreshock sequence duration and precursory moment release scales 
with the size of the main asperity.  
 
During the mainshock, we show that the dynamic stress drop, measured locally close to the 
fault plane, is almost total in the breakdown zone. The fault recovers strength within a few 
tens of microseconds. We demonstrate that the frictional behavior of stick-slip follows a slip-
weakening law, well explained by flash heating theory, in agreement with our post-mortem 
microstructural analysis. Relationships between initial state of stress, rupture velocity, and 
stress drop demonstrate that supershear rupture is systematic at large normal stress. In these 
conditions, the ratio between fracture and radiated energies suggest that the rupture becomes 
more dispersive, meaning that the fracture energy eventually scales with both slip and stress 
drop. This result seems in agreement with linear elastic fracture mechanics theory and, 
possibly, with seismological observations. 
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We present new experimental results describing rupture fronts that propagate at both sub-
Rayleigh and supershear velocities along a rough bi-material interface. These results are 
obtained by means of simultaneous real-time measurements of the real contact area and all 
components of the strain tensor along a long, spatially extended interface, when a material 
contrast of approximately 20-30% is imposed. A number of qualitatively different rupture 
fronts are observed. The rupture velocities selected by the system and the rupture form highly 
depend on the rupture direction relative to the slip direction. We will present detailed 
measurements of the structure of these different rupture fronts and provide a quantitative 
comparison to rupture front measurements performed on a homogeneous (no material 
contrast) interface. Many of these results suggest qualitative agreement with current 
theoretical predictions.  
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The weakening mechanism of calcite-bearing rocks is still poorly understood though many 
major earthquakes stroke, nucleate within and propagate through carbonate sequences. Major 
insights can be achieved by reproducing seismic deformation conditions in the laboratory. In 
experiments performed on calcite-bearing gouges, up to 90% drop in friction is associated to 
grain size reduction down to the nanoscale and the formation of crystal-plastic 
microstructures suggesting the activation of debated weakening mechanisms (e.g., grain 
boundary sliding and diffusion creep; nanopowder lubrication). Whatever the case, it is 
unclear how nanoparticles form and what their role is at the initiation of sliding.  
 
To investigate initial fault instability we sheared with the rotary shear apparatus SHIVA 
(equipped with a mass spectrometer) pre-cut ring-shaped solid cylinders (50/30 mm 
external/internal diameter) of Carrara marble(99.9% CaCO3). Rock cylinders were slid for 
few millimetres(0, 1.5mm and 5mm) at accelerations (6.5 ms-2) and normal stresses (10 MPa) 
approaching seismic deformation conditions. Initial slip (<2 mm) was concomitant with large 
frictional weakening (up to 30% of static friction) and CO2 emission.  
 
Microanalytical observations (FE-SEM, FIB-SEM and TEM) showed that the experimental 
slipping zones consisted of (1) defects structures, including dislocations, cleavage surfaces 
and deformation features such as mechanical twins, partially burden beneath (2) a 2-10 
micrometer thick layer of nanograins where pervasive nano-fracturing have occurred 
preserving the grain shape (pulverization) and (3) reaction products attributable to high 
pressure and high temperature conditions (i.e. calcite decomposition into amorphous carbon 
rimming the nanograins). All the above features are typical of shock-induced changes in 
minerals.  
 
We interpret the above observations (1 to 3) as follows: pre-existing grain boundaries or 
newly formed defects are the nuclei for the generation of dislocations and for their pile-up; 
the fast release of those piles-up in avalanches under rapid stress loading (fast moving 
dislocations) may explain the origin of such a shock-like behaviour responsible for large 
initial frictional weakening. The passage of the shock wave induces pervasive nanofracturing 
with grain size reduction to the nano-scale and an abrupt temperature rise responsible for 
calcite decarbonation and formation of carbon amorphous material. With cumulated slip (> 2 
mm), the presence of nanograins and the bulk increase in temperature of the slip zone suggest 
a switch from the shock wave dislocation-controlled weakening mechanism to a diffusion-
controlled mechanism aided by grain size reduction. 
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A dry frictional interface is composed of an ensemble of discrete contacts whose total area 
(the real contact area, A) is orders of magnitude smaller than the nominal contact area. Local 
motion (slip) is initiated when contacts are broken via propagating ruptures.  Characterization 
of the dynamic fields that drive these ruptures and how they couple to the dissipative 
mechanisms on the interface are therefore critical to our fundamental understanding of 
frictional motion and closely related subjects such as earthquake dynamics. 
In the laboratory, we investigate ruptures along frictional interfaces by performing dynamic 
stick-slip experiments along quasi one-dimensional spatially extended interfaces. We perform 
simultaneous high-speed measurements (at μsec time scale) of the real contact area and the 
strain fields in the region surrounding propagating rupture tips within the dry (nominally flat) 
rough interfaces formed by brittle polymer blocks. These measurements enable us to uncover 
the breakdown process near the tip of the slipping zone for rapidly propagating ruptures. The 
ruptures studied in this work range from slow rupture fronts (approximately 1% of the 
Rayleigh wave speed) to nearly the Rayleigh wave speed, CR~1255m/s (the classical limiting 
velocity for crack propagation). 
We will demonstrate that the transition from ‘static’ to ‘dynamic’ friction is quantitatively 
described by classical singular solutions that describe the motion of a rapid shear crack [1]. 
We find that these singular solutions, originally derived to describe brittle fracture, are in 
excellent agreement with the experiments for slow propagation, whereas some significant 
discrepancies arise as the rupture velocity approaches the Rayleigh wave speed. In addition, 
the energy dissipated in the fracture of the contacts remains nearly constant throughout the 
entire range in which the rupture velocity is less than the Rayleigh wave speed, while the size 
of the dissipative zone undergoes a ‘Lorentz-like’ contraction as the rupture velocity 
approaches the Rayleigh wave speed. This coupling between friction and fracture is critical to 
our fundamental understanding of frictional motion and related processes, such as earthquake 
dynamics. 
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Physics-based numerical simulations of earthquakes and slow slip, coupled with field 
observations and laboratory experiments, can, in principle, be used to determine fault 
properties and potential fault behaviors. Because of the computational cost of simulating 
inertial wave-mediated effects, their representation is often simplified. The quasi-dynamic 
(QD) approach approximately accounts for inertial effects through a radiation damping term. 



We compare QD and fully dynamic (FD) simulations by exploring the long-term behavior of 
rate-and-state fault models with and without additional weakening during seismic slip. The 
models incorporate a velocity-strengthening (VS) patch in a velocity-weakening (VW) zone, 
to consider rupture interaction with a slip-inhibiting heterogeneity. Without additional 
weakening, the QD and FD approaches generate qualitatively similar slip patterns with 
quantitative differences, such as slower slip velocities and rupture speeds during earthquakes 
and more propensity for rupture arrest at the VS patch in the QD cases. Simulations with 
additional coseismic weakening produce qualitatively different patterns of earthquakes, with 
near-periodic pulse-like events in the FD simulations and much larger crack-like events 
accompanied by smaller events in the QD simulations. This is because the FD simulations 
with additional weakening allow earthquake rupture to propagate at a much lower level of 
prestress than the QD simulations. The resulting much larger ruptures in the QD simulations 
are more likely to propagate through the VS patch, unlike for the cases with no additional 
weakening. Overall, the QD approach should be used with caution, as the QD simulation 
results could drastically differ from the true response of the physical model considered. 
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The Longitudinal Valley Fault (LVF) in Taiwan is creeping at shallow depth along its 
southern half, where it contacts the Lichi Mélange. By contrast, the northern segment of the 
LVF is locked where it contacts the forearc sedimentary and volcanoclastic formations. 
Structural and petrographic investigations show that the Lichi Mélange most probably formed 
as a result of internal deformation of the forearc when the continental shelf of South China 
collided with the Luzon arc as a result of the subduction of the South China Sea beneath the 
Philippine Sea Plate. The forearc formations constitute the protolith of the Lichi Mélange. It 
seems improbable that the mechanical properties of the minerals of the matrix (illite, chorite, 
kaolinite) in themselves explain the aseismic behavior of the LVF. Microstructural 
investigations show that deformation within the fault zone must have resulted from a 
combination of frictional sliding at grain boundaries, cataclasis (responsible for grain size 
comminution) and pressure solution creep (responsible for the development of the scaly 
foliation and favored by the mixing of soluble and insoluble minerals). The microstructure of 
the gouge formed in the Lichi Mélange favors effective pressure solution creep, which 
inhibits strain-weakening brittle mechanisms and is probably responsible for the dominantly 
aseismic mode of fault slip. Since the Lichi Mélange is analogous to any unlithified 
subduction mélanges, this study sheds light on the mechanisms which favor aseismic creep on 
subduction megathrust. 
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Production or injection of fluids from/into the underground has the potential to cause seismic 
events. Although  different physical mechanisms have been proposed and proven possible, 
nucleation of a seismic event and how the magnitude of the rupture evolves presents still 
many open questions. 
 
Injection of fluid at shallow crustal depth (1-5 km) can lead to reactivation of existing fault, 
however it is not yet possible to pinpoint the causality relationship between the human 
activity and the expected magnitude or the seismic activity. 
Similar amount of fluid injected (10-100 thousands of m3) at similar pressures above in-situ 
condition (1-10 MPa) in proximity of a fault led to a range of  different response, from 
human-felt event to large-scale aseismic motion. 
Monitoring of induced and triggered seismicity can provide a vast amount of data, which can 
be used to upscale results from the lab. 
A numerical forward investigation is proposed here, to couple anthropogenic activity and 
shearing on a fault, with the goal of defining changes due to pressure/temperature and 
microstructural processes. 
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Shear-Wave Splitting (SWS) measurements have been performed on microseismic data from 
a hydrocarbon reservoir during hydraulic stimulation. Shear-wave splitting was measured on 
approximately 50,000 microseismic waveforms using the automated technique of Wuestefeld 
et al. (2010). Due to the quantity of data, a random sample of 1000 measurements have been 
visually inspected for quality. The measurements that are deemed suitable are used in an 
inversion technique by Verdon et al. (2009), which provides a best-fit model containing an 
aligned fracture set and bedding planes. 
 
SWS measurements are composed of a fast direction and a delay time, for each seismic ray. 
The data shows fast directions perpendicular to the ray propagation for near-vertical raypaths; 
for near-horizontal raypaths, there some evidence of alignment for the fast direction. 
 



SWS measurements are an indicator of seismic velocity anisotropy, which is strongly linked 
to fractures and bedding planes. Analysis of the fast directions indicate that near-horizontal 
raypaths are affected by bedding planes; it also indicates near-vertical raypaths are affected 
by the fracture set, which runs parallel to the observed fast direction alignment. Temporal 
variation in SWS will indicate changes in the fracture set, which in turn can be vital in 
characterising hydraulic fracturing, and thus be useful in shale gas production, enhanced 
geothermal systems and any other process where there are changes in aligned fracture sets. 
 
In the future, this work will be compared to a different microseismic dataset with a similar 
quantity of measurements, but with poor event clustering about the injection points. We can 
then assess if the use of SWS measurements can identify the cause of the poor clustering. 
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In this presentation, I will provide observational insights on the rupture process of 
earthquakes based on two complementary approaches. 
 
The first one aims at providing an exhaustive view of the earthquake source based on the 
study of the moderate-to-large magnitude seismicity (above magnitude 5.5-6). The existence 
of data centres (IRIS, Geoscope…), efficiently gathering the digital broadband waveforms, 
enables the systematic analysis of teleseismic events since the beginning of the 1990’s. This 
represents today a representative catalogue of several thousands of earthquakes, for which the 
behaviour of the earthquakes can be studied as a function of - for example -magnitude, depth 
or tectonic context. The detailed analysis of each event of this catalogue is likely out of reach, 
but some robust characteristics can be extracted from the moment rate functions (or source 
time functions – STFs). We will here briefly explain one of the techniques able to retrieve 
these STFs (SCARDEC method; Vallée et al., 2011), before showing how these STFs inform 
us about generic behaviours of the rupture process. Stress drop, strain drop or seismic energy 
are physical quantities that can be robustly estimated from STFs, and we will explore how the 
earthquake context affect these values. A special focus will be put on the effect of depth and 
earthquake type (interplate/intraplate; specificities of subduction earthquakes). Results will be 
compared with other approaches aiming at better characterize how earthquakes depend on 
their occurrence context. 
 



The latter approach finds its limits when we want to detect more than integral characteristics 
of the rupture process. In this case, seismologists diversify their approaches (array analysis, 
empirical Green function techniques…) and the geophysical data (strong motion records, 
geodesy) in order to finely describe how rupture developed on the fault plane. We will show 
how these detailed analyses are able to provide specific properties of the earthquake process, 
as the existence of supershear velocities (e.g. Vallée and Dunham, 2012), the delayed rupture 
of some seismic asperities or the fact that simple earthquake recurrence models may fail in 
predicting earthquake repeat times (Vallée and Satriano, 2014).  
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Earthquakes have always been one the most intriguing natural phenomena for mankind. The 
abruptness of the shaking ground and the devastating consequences for the human 
environment were always attracting people’s fear and wonder. Despite the large amount of 
effort that has been dedicated in understanding the physical processes that lead to the birth of 
an earthquake and the significant progress that has been achieved in this field, the prediction 
of an upcoming earthquake still remains a challenging question (Nature debates, 1999). 
 
Concerning the physics of earthquakes, many questions have not yet been answered since the 
phenomenon is subjected to many uncertainties and degrees of freedom. It is true that we 
have a good understanding of the propagation of seismic waves through the Earth and that 
given a large set of seismographic records, we are able to reconstruct a posteriori the history 
of the fault rupture. However, when we consider the physical processes that lead to the 
initiation of a rupture with a subsequent slip and its growth through a fault system, giving rise 
to an earthquake, then our knowledge is really limited. Not only the friction law and the rules 
that govern rupture evolution are largely unknown, but also the role of many other processes 
such as plasticity, fluid migration, chemical reactions, etc., and the couplings among them, 
remain unclear (Sammonds, 2005). 
 
Despite the extreme complexity that characterizes the mechanism of the earthquake 
generation process, simple phenomenology seems to apply in the collective properties of 



seismicity. Fault and earthquake populations are presenting scaling relations that seem to be 
universal in the sense that are appearing in a variety of tectonic environments and scales that 
vary from the laboratory, to major fault zones and plate boundaries. The best known is the 
Gutenberg-Richter scaling relation that indicates power-law scaling for the earthquake size 
distribution. Short and long-term clustering, power-law scaling and scale-invariance have also 
been exhibited in the temporal evolution of seismicity (Kagan and Jackson, 1991). In 
addition, earthquakes exhibit a fractal spatial distribution of epicenters and they occur on a 
fractal-like structure of faults (Sornette, 2004). All these properties provide observational 
evidence for earthquakes as a nonlinear dynamic process. 
 
Due to these properties, concepts such as fractals, multi-fractals, non-linear processes and 
chaotic dynamical systems are becoming increasingly fundamental for analyzing data and 
understanding processes in geosciences. In recent years, there is a growing interest on 
approaching seismicity and other natural hazards, regarding the science of complex systems 
and the fractal nature of these phenomena. In the context of critical point phenomena 
(Sornette, 2004), “self-organized criticality” (SOC) has been proposed (Bak et al., 1987) as a 
possible driving mechanism that produce the scale-invariant properties of the earthquake 
populations, such as the G-R scaling relation. According to this theory, Earth’s crust is in a 
near critical state that spontaneously organizes into an out-of-equilibrium state to produce 
earthquakes of fractal size distributions. 
 
Regarding the physics of “many” earthquakes and how this can be derived from first 
principles, one may wonder: 

• How can the collective properties of a set formed by all earthquakes in a given 
region, be derived? 

• How does the structure of seismicity, as formed by all earthquakes, depend on its 
elementary constituents – the earthquakes? What are these properties? 

It may be that these collective properties are largely independent on the physics of the 
individual earthquakes, in the same way that many of the properties of a gas or a solid do not 
depend on the constitution of its elementary units. It is natural then to consider that the 
physics of many earthquakes has to be studied with a different approach than the physics of 
one earthquake and in this sense we can consider the use of statistical physics not only 
appropriate but also necessary to understand the collective properties of earthquakes. A 
significant attempt is given in a series of works (Main 1996; Rundle et al., 2003) where 
classic statistical physics are used to describe seismicity. Then a natural question arises. What 
type of statistical physics is appropriate to commonly describe effects from the microscale 
and crack opening level to the level of large earthquakes and plate tectonics? 
 
An answer to the previous question could be non-extensive statistical physics (NESP), 
originally introduced by Tsallis (1988). The latter is strongly supported by the fact that this 
type of statistical mechanics is the appropriate methodological tool to describe entities with 
(multi) fractal distributions of their elements and where long-range interactions or 
intermittency are important, as in fracturing phenomena and earthquakes. NESP is based on a 
generalization of the classic Boltzmann-Gibbs entropy and has the main advantage that it 
considers all-length scale correlations among the elements of a system, leading to an 
asymptotic power-law behavior. So far, NESP has found many applications in nonlinear 
dynamical systems including earthquakes (Tsallis, 2009). In a series of recent publications, it 
has been shown that the collective properties of the earthquake and fault populations from the 
laboratory scale (Vallianatos et al., 2011; Vallianatos et al., 2012), to local (Michas et al., 
2013; Vallianatos et al., 2013), regional (Papadakis et al., 2013) and global scale (Vallianatos 
and Sammonds, 2013) can well reproduced by means of NESP. 
 



In the present work, we present some fundamental properties of earthquake physics (in the 
geodynamic-laboratory scale) and how these are derived by means of non-extensive statistical 
physics. The aim is to understand aspects of the underlying physics that lead to the evolution 
of the earthquake phenomenon. We are focused in a variety of scales, from plate tectonics 
downscaling to rock fractures and laboratory seismology, to understand better the 
fundamentals of earthquake occurrence and contribute to the seismic hazard assessment, 
introducing the new topic of non-extensive statistical seismology. 
 
This research has been funded by the European Union (European Social Fund) and Greek 
national resources under the framework of the “THALES Program: SEISMO FEAR 
HELLARC” project. 
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To characterize the failure process and source scaling relations of micro-seismic events 
induced during a hydraulic fracturing shale completion program in NE British Columbia, 
Canada, we estimate static and dynamic source parameters, such as dynamic and static stress 
drop, radiated energy, seismic efficiency, moment tensor, fault plane and rupture velocity. 
 
The relationships between the different source parameters combined with the in-situ stress 
field and the source rock properties information provide valuable information on the rupture 
process giving insights into the generation and development process of the discrete fracture 
network, the resisting frictional stress of the rock and the influence of pore pressure 
perturbations under the local stress field, the partition of energy into the different physical 
processes during failure and characteristic rupture behaviours. 
 
The stress released by a seismic event is directly connected with the state of stress in the 
source area, the rupturing mechanism and the physical properties of the source rock. Seismic 
events occurring in the same stress conditions and host rock tend to behave self-similarly, that 
is, tend to reproduce themselves in different time and space scales. Non-similar behaviour is 
often observed for events with tensile mechanisms in highly fractured zones, and is related to 
stress interaction with pre-existing fractures under confinement and inherent fracturing 
complexity. The injection of fluids also alters the self-similar behaviour of seismic events as 
it alters the local stress field and reduces frictional resistance in the fracture plane, thus 
generating an altered seismic signature. 
 
The micro-seismic events analysed in this study were recorded using three multi-sensor arrays 
of high frequency geophones temporarily placed close to treatment area at reservoir depth. 
From the total number of micro-seismic events detected and located, about 30,000 have good 
signal quality and focal coverage that permits a more detailed source analysis. Initial analysis 
of the results of this study reveals interesting correlations between rupture failures and other 
parameters. In average the micro-seismic events have low radiated energy, low dynamic 
stress and low seismic efficiency, consistent with the obtained slow rupture velocities. Events 
fail in overshoot mode (slip weakening failure model), with fluids lubricating faults and 
decreasing friction resistance. Events occurring in deeper formations tend to have faster 
rupture velocities and are more efficient in radiating energy. Variations in rupture velocity 
tend to correlate with variation in depth, fault azimuth and elapsed time, reflecting a 
dominance of the local stress field over other factors. Several regions with different 
characteristic failure modes are identifiable based on coherent stress drop, seismic efficiency, 
rupture velocities and fracture orientation. 
 
Further identification of spatial and temporal distribution of families of events with similar 
characteristic rupture behaviours, based on either rock formation, depth, source type, fracture 
plane orientation, stress drop, pad or proppant stage, may be used as a proxy for specific 
fracture network development and hydrocarbon production. This information can be used to 
determine reservoir geophysical properties, constrain reservoir geo-mechanical models with 
measured physical parameters, classify dynamic rupture processes for fracture models and 
improve fracture treatment designs. 
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In dynamic rupture models, high stress concentrations at rupture fronts need to be 
accommodated by off-fault anelastic processes such as plastic deformation. As presented in 
Roten et al. plastic yielding can reduce ground motion and improve the understanding of the 
underlying dynamics of earthquakes. 
 
Here we present the implementation of off-fault-plasticity and its verification for the software 
package SeisSol. SeisSol is developed to simulate wave propagation and rupture dynamics 
using an arbitrary high-order derivative discontinuous Galerkin (ADER-DG) method. The 
method is especially suited for complex geometries by using unstructured meshes. Quick 
adaptation of the mesh resolution enables to ensure a fine sampling of the cohesive zone on 
the fault while satisfying the dispersion requirements of wave propagation away from the 
fault. SeisSol recently reached Petaflop performance enabled by hardware-aware optimization 
(Breuer et al.). 
 
Up to now there are only elastic material properties available in the optimized version of 
SeisSol. Therefore we implement off-fault plasticity following Andrews, JGR 2005. For the 
nonelastic calculation we impose the Drucker-Prager yield criterion for shear stress. 
In a next step we verify the off-fault plasticity implementation by comparison to the 
SCEC/USGS Spontaneous Rupture Code Verification Benchmarks. As a model we use a 2D 
60-degree dipping normal fault. 
 
Even though the test problem simplifies some aspects (i.e. homogeneous material properties 
and linear slip weakening friction) they also cover some interesting aspects of realistic setups, 
including fluid pressure and  plastic response to high stresses inside the damage zone around 
the fault. The verified implementation can then be extended to more complex fault geometries 
i.e. fault kinks or intersections that often occur in nature. 
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