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S0- What’s up in Modelling ? (Keynote)

Introduction:

The mechanical (constitutive) models of geomaterials become progressively more sophisticated with 
the progress in our understanding of rock properties, which reflects the complexity of the behavior of 
these materials. For example, the experimental results from the test conducted under different loading 
configurations corresponding to the different Lode angles θ (axisymmetric compression, extension and 
true 3-D tests; Heard, 1960; Nguyen et  al., 2011; Ingraham et al., 2013; Ma and Haimson, 2013) as 
well as a very recent  theoretical analysis of these results (Chemenda and Mas, JMPS, 2016) show that 
θ strongly affects the inelastic response and failure of geomaterials. The θ-dependence of the rock 
properties as well as the evolution of the constitute parameters with inelastic deformation (damage) is 
typically ignored in numerical geomodeling and must be taken into account, notably when dealing 
with the material failure. It becomes particularly important  to conduct a combined experimental and 
numerical (virtual) modeling complemented by the theoretical analysis and field observations to 
evaluate the realism of the virtual models. In this paper we present  recent findings in the constitutive 
modeling and report the results from experimental studies and numerical modeling of faulting and 
fracturing resulting from a constitutive instability.

Constitutive framework, experimental, and numerical models

A pragmatic approach consists in formulation, based on the experimental data, of the models that are 
as simple as possible and that  capture at  the same time the essential features of rock behavior. How far 
can we simplify? The classical Mohr-Coulomb and Drucker-Prager models with constant  internal 
friction coefficient , cohesion, and dilatancy factor are clearly oversimplified as in reality all these 
parameters are not  constant  but evolve with both the stress state and the material damage or inelastic 
strain (Fig. 1). 

  
Figure 1: Iso- sections of the yield surfaces with the superposed stress peak points (1) and the points 
corresponding to zero values of the hardening modulus (2). (3) is the linear approximation of the peak points 
corresponding to the failure envelopes.  The slopes of these envelopes pk are different from  = 𝜕̅ / 𝜕m. The 
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numbers on the iso-γ sections of the yield surfaces are 103 × γ;    ̅is the von Mises stress,  m is the mean stress, 
and γ is the accumulated inelastic strain or damage (Mas, Chemenda, IJRMMS, 2015).

Recent analysis of large data set  for Granular Rock Analog Material GRAM1 and two limestones has 
revealed that  not only  defined from yield surfaces is not  constant, but  also it is not directly related to 
the friction coefficient pk routinely defined from the failure envelopes (from the stress peaks) as is 
shown in Fig. 1. 

The details of constitutive description strongly affect the predictions of the material failure particularly 
when the mean stress m is not very small and the failure results from a material instability leading to 
the deformation localization. We present  results from true 3-D experiments showing the formation of 
four types of deformation localization bands with progressively increasing m: pure dilatant/dilatancy, 
shear-dilatant, pure shear, shear-compactive. These bands have different both orientation in the stress 
space and evolution. Only bands with dilatant component  of deformation can rapidly evolve to 
fractures either opening or shear, whereas the bands with compactive deformation undergo a long 
evolution that may never result in a fracture formation. 

Numerical modeling integrating evolution of the constitutive parameters with stress and strain (as 
shown in Fig. 1) and experimentally derived relation between the yield and plastic potential functions 
(Mas and Chemenda, IJRMMS, 2015), allows not  only to reproduce all aforementioned band/fracture 
types, but also more complicated scenarios with evolution of band networks, differential band 
thickening and propagation observed in the experimental tests and in nature (e.g., Chemenda et  al., 
Tectophys., 2012). The numerical models allow also following in detail the initiation and evolution of 
fault systems (Fig. 2) that initiate via deformation banding of different types (Chemenda et al., 2016).
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Figure 2. Comparison of the evolution of the Riedel-type faulting in analogue and numerical models 
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Laboratory characterization of thermal plumes at high Rayleigh numbers

Danielle Brand1 and Anne Davaille1
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S0- What’s up in Modelling ? (PS7)

Introduction:

Thermal plumes are gravitationally buoyant  instabilities which form when a layer of fluid is heated 
from below. Therefore, they are ubiquitous features of thermal convection and should exist  in 
planetary mantle convection. They offer a reasonable explanation for hotspot  volcanism, which could 
be generated by decompression melting as plumes reach the planet surface (Wilson, 1963; Morgan, 
1971). Recent  developments in whole-mantle seismic imaging techniques indeed show that  rather 
broad, quasi-vertical low shear-wave velocity anomalies extending from the core-mantle boundary to 
the near surface exist beneath several major hotspots (French & Romanowicz, 2015). As low shear- 
wave velocities are usually produced by hotter material, this confirms the existence of mantle plumes. 
On the other hand, plume impact  signatures in the lithosphere vary from triple junction and continental 
breakup to large oceanic plateaus to linear volcanic chains. The mechanisms leading to these different 
signatures are not fully understood though.
In this project, we use laboratory experiments and state of the art  visualization techniques to 
characterize thermal plumes and their impingement under a fluid surface. The plume ascent velocity, 
dilation of the plume head, periodicity of plume formation, and plume morphology are systematically 
studied and scaling laws are derived from the experimental data. As reference cases, the fluid layer 
was initially homogeneous. A few additional cases were run where the plume head interacts with a thin 
plastic layer at the top of the experimental tank.

Laboratory study:

Plume generation is carefully studied through fluid laboratory models in the regime of high Rayleigh 
numbers and intermediate viscosity ratios (applicable to Earth’s mantle). We concentrate on the 
development  of laminar, thermal plumes in temperature-dependent, viscous glucose syrups. The fluid 
is uniformly heated from below at a constant temperature and the studied plumes are localized on a 
small copper protuberance in the center of the experimental tank, 25 or 60 mm in diameter.
Visualization Techniques
In order to quantitatively characterize experimental plumes, several new techniques are employed. 
Temperature fields are visualized using thermo-chromatic liquid crystals (TLCs), which map five 
chosen isotherms and also help to define the plume shape (Figure 1). Each of the five types of TLCs 
reflects monochromatic light  at distinct temperatures, which allows for the illumination of a cross 
section in any selected horizontal or vertical plane. Velocity fields are obtained using particle image 
velocimetry (PIV) and topographic profiles and plume ascent are imaged through time-lapse 
photography. Image analysis is then performed using Matlab (Figure 2).
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Figure 1: Development of the plume from t=810 s to t= 960 s, visualized using TLCs. The bright lines 
contouring the plume are the isotherms and each isotherm consists of a different type of TLC. This depicts a 
cross section in the vertical plane, through the center of the plume. The red and blue lines are the horizontal and 
vertical axes used to construct the images presented in Figure 2.  The experimental tank is heated to 60 °C from 
below.

Figure 2: MatLab analysis for the experiment presented in Figure 1. a Development of the plume head through 
time along a horizontal axis (red line in Figure 1). This illustrates the construction of eight consecutive plumes 
over 5000 s. b Plume uplift through time along the vertical plume axis (blue line in Figure 1). The bright lines 
are the isotherms.

References:

French, S.W., and Romanowicz, B., 2015. Broad plumes rooted at  the base of Earth’s mantle beneath 
major hotspots, Nature, 525, 95-99.

Morgan, W.J., 1971. Convection plumes in the lower mantle, Nature, 230, 42-43 Wilson, J.T., 1963. 
Hypothesis of earth’s behavior, Nature, 198, 925-929.

Keywords: Mantle plumes, convection, hotspots, visualization, thermo-chromic liquid crystals, 
laboratory experiments.
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Benchmarking numerical models of brittle thrust wedges
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S0- What’s up in Modelling ? (PS7)

Model experiments that  investigate the evolution of deformation processes in the crust  face specific 
challenges related to, among others, contrasts in material properties, the heterogeneous character of 
continental crust, the presence of a free surface, and large offsets on shear zones. These pose specific 
demands on numerical software and laboratory models. Particularly brittle deformation, with the 
formation and evolution of shear zones, has been challenging for especially continuum numerical 
techniques, resulting in different  approaches to brittle material behaviour. To test the model-
independence of brittle experiments and quantify the variability between their results, we performed a 
direct comparison of three brittle thrust wedge experiments with identical setups. We here report the 
results of 11 numerical experiments and compare these to the 15 analogue experiments of Schreurs et 
al. (2016).

Our three tests resemble setups frequently used by analogue models, which limits the amount of 
deformation and prescribes boundary conditions that include friction and velocity discontinuities. The 
first  experiment tests whether codes reproduce predictions from analytical critical taper theory. Eleven 
codes pass the stable wedge test, showing negligible internal deformation and maintaining the initial 
surface slope upon horizontal translation over a frictional interface. Small deformation of the wedge 
toe occurs in some cases. Eight  codes participated in the second experiment  that  examines the 
evolution of a wedge by thrust formation from a subcritical state to the critical taper geometry (Fig. 1). 
All models recover the critical taper. However, the models show two deformation modes characterised 
by either mainly forward dipping thrusts or a series of thrust pop-ups. We speculate that the two modes 
are caused by differences in effective basal boundary friction related to different algorithms for 
modelling boundary friction. The third experiment  examines stacking of forward thrusts that are 
translated upward along a backward thrust. The results of the seven codes that  run this experiment 
show variability in deformation style, number of thrusts, thrust dip angles and surface slope. 

Overall, our experiments show that numerical models run with different numerical techniques can 
successfully simulate laboratory brittle thrust  wedge models at the cm-scale. The similarity in results 
between the analogue and numerical models encourages using both techniques for investigating the 
formation and evolution of accretionary prisms and fold-and-thrust belts. In more detail, however, we 
find that it  is challenging to reproduce sandbox-type setups numerically, because of frictional 
boundary conditions and velocity discontinuities. We would like to emphasize that, where shear zones 
are concerned, trends, rather than absolute numbers, should be used in applications of model results to 
natural settings. We recommend that future numerical-analogue comparisons use simple boundary 
conditions and that the numerical Earth Science community defines a plasticity test  to resolve the 
variability in model shear zone spacing and dip angle.
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Figure 1: Results of eight numerical thrust wedge models after 1, 2, 6 and 10 cm of shortening (top). Wedge 
formation initiates with a pop-up structure near the mobile wall and continues with in-sequence formation of 
forward thrusts and backward thrusts. Analogue results of the University of Bern and IFP (as imaged in an X-
ray computer tomographer) from Schreurs et al. (2016) shown below. Reprinted from Journal of Structural 
Geology, doi: 10.1016/j.jsg.2016.03.003, Buiter et al.  (2016), Benchmarking numerical models of brittle thrust 
wedges, with permission from Elsevier.

References:
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Laboratory geodesy: Application of open-source photogrammetric software 
MicMac for monitoring surface deformation in laboratory models
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Fanny Bjugger2, Steffi Burchardt2 and Karen Mair1
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S0- What’s up in Modelling ? (PS7)

Abstract:

Quantifying deformation is essential in modern laboratory models of geological systems. However, 
high precision methods are usually costly or not straightforward to implement. This contribution 
presents a new laboratory monitoring method through the implementation of the open-source software 
MicMac, which efficiently implements photogrammetry in Structure-from-Motion (SfM) algorithms 
(Galland et al., 2016). Critical evaluation is provided using results from an example laboratory 
geodesy scenario: magma emplacement (Fig. 1). MicMac automatically processes images from 
synchronized cameras to compute time series of digital elevation models (DEMs) and orthorectified 
images of model surfaces. MicMac also implements Digital Image Correlation (DIC) to produce high-
resolution displacement maps. The resolution of DEMs and displacement  maps corresponds to the 
pixel size of the processed images. Using 24 MPs cameras, the precision of DEMs and displacements 
is ~0.05 mm on a 40×40 cm surface. Processing displacement  maps with Matlab® scripts allows 
automatic fracture mapping on the monitored surface (Fig. 2). MicMac also offers the possibility to 
integrate 3D models of excavated structures with the corresponding surface deformation data. The 
high resolution and high precision of MicMac results and the ability to generate virtual 3D models of 
complex structures make it  a very promising tool for quantitative monitoring in laboratory models of 
geological systems. 

Figure 1.  A. Diagram showing the 
experimental apparatus used for 
volcano geodesy (see text for 
explanations). 

B. Representative oblique view 
photograph of the model surface 
during an experiment. The surface 
exhibited a smooth dome, at the rim 
of which the oi l erupted. C. 
R e p re s e n t a t i v e o b l i q u e v i e w 
photograph of an excavated solidified 
intrusion. As it is fully excavated, it is 
possible to apply photogrammetry 
and compute its 3D shape.
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The implementation of MicMac in the laboratory is highly versatile. This laboratory geodesy platform 
offers great  potential to study numerous geological phenomena involving surface deformation. These 
processes include tectonics, landslides, glacier dynamics, etc. The ultimate objective is to integrate 
laboratory data with real geodetic measurements to help interpreting natural data, and therefore better 
constrain the processes underlying surface deformation. 

Figure 2.  Plots of representative results of the surface evolution during an example magma intrusion experiment 
at three distinct time steps (columns). The plots display ΔDEM (topography change with respect to initial state), 
and divergence field calculated from Ux and Uy field. The yellow star locates oil eruption.

Acknowledgements: This work was supported by a Center of Excellence grant from the Norwegian 
Research Council to PGP (grant no. 146031). Guldstrand’s position is funded by the DIPS (Dynamics 
of igneous plumbing systems, grant  no. 240467) project, distributed by the Norwegian Research 
Council. Girod was funded by the European Research Council under the European Union’s Seventh 
Framework Programme (FP/2007–2013)/ERC grant agreement no. 320816. 
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surface deformation in laboratory models. Journal of Geophysical Research: Solid Earth, 121, 
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Generating tetrahedral meshes for finite element simulations on complex 
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S0- What’s up in Modelling ? (PS7)

Geological 3D models represent complex geometry and topology of geological bodies, taking into 
account geological concepts and data related to the subsurface. They often describe the structural 
model in terms of triangulated surfaces that  specify the extent of objects only by their boundaries. This 
so-called boundary representation requires little storage and is particularly suited to the visualization 
of models. By contrast, a cell representation discretizes the whole volume of the modelling domain 
and is needed when the model is used for numerical simulations. Different types of cell representations 
are available. For finite element codes, unstructured tetrahedral meshes are often used that can adapt  to 
complicated forms and be refined locally. The conversion process from the surface-based 
representation to the volume-based representation is complicated and still under investigation. Many 
methods have been developed to perform it. These methods have to fulfil requirements, such as 
providing a good mesh quality, allowing for local mesh adaption and the incorporation of geometry 
into the definition of the boundary conditions.

In our study, we tested workflows for the generation of unstructured tetrahedral meshes on a real-
world geological model. The modelling area is situated in Niedersachsen (Germany) and comprises an 
Upper Permian salt diapir, its Mesozoic sedimentary host rock, Tertiary eroded sedimentary sequences 
and the Quaternary cover (NIBIS; LBEG, 2013). We use simulations of the transient electromagnetic 
method (TEM) to test the workflows. Each geological unit represents one homogeneous volume with 
constant  specific electrical resistivities as input  parameters for the simulation. The electric source is 
located at one point at  the surface which represents the ground, while the receivers are placed in two 
virtual boreholes at  points with constant  distance to the source. Both source and receiver locations 
have to be nodes of the discretization. Since we apply a linear basis function for the TEM simulation, 
we have to refine the mesh around the receivers in order to avoid evaluation errors with one element.

We tested three workflows starting with the software Skua-Gocad (Paradigm, 2011) in which the  
structural model was created. Since the boundary surfaces are generated independently of each other 
in this software, the nodes of the surface’s triangulation are not identical at  the surface contacts, such 
that a conformable triangulation has to be produced prior to the volume tessellation by tetrahedrons. 
For the first workflow, we used the Skua Finite Element  Mesh Constructor (FEMC) which 
automatically generated a conformable surface triangulation and a tetrahedral mesh. A local mesh 
refinement  and the prescription of geometry for setting the boundary conditions is not possible with 
this workflow. The second workflow generated a conformable surface mesh by re-meshing the 
surfaces from a framework of surface boundaries and contact  lines in the software Gmsh (Geuzane 
and Remacle, 2009). We refined the triangulation of the ground around the electric source and passed 
the conformable set of boundary surfaces to the software TetGen (Si, 2011) for tesselation. Since the 
mesh generated in TetGen is coincident with the surface triangulation, the resulting tetrahedral mesh is 
refined around the source. For the third workflow, we exported the boundary surfaces of the structural 
model to the computer-aided engineering software ANSYS (Ansys, 2013) where the triangulated 
surfaces were converted into one single NURBS. Since a NURBS is a continuous mathematical 
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function, the tetrahedral mesh is produced independently of the original surface triangulation and a 
well-controlled local adaption and refinement of the mesh around the source is possible.

Figure 1: Visualization of the simulation results: The electrical and magnetic vector field rendered in a CAVE.

The three models we generated using the three workflows were passed to the TEM software of 
Afanasjew et  al. (2013). The Matlab code solves the curl-curl equation for the electric field that 
describes the inductive response in the time domain. We ran the simulation on the three meshes 
produced with the three workflows and compared the simulation results. To estimate the absolute 
accuracy, we plotted the numerical solutions for homogeneous material parameters against the 
analytical solution for a homogeneous half-space (Nabighian, 1979). 

The FEMC mesh is not  able to image the expected circular shape of the electric field and cannot 
reproduce the analytical solution. The Gmsh/TetGen and Ansys meshes reproduce well the analytical 
solution and have the correct shape, sign and order of magnitude. Having completed this check, the 
geological units in the 3D model were equipped with electrical resistivities according to Schön (1996) 
and Archie (1942). The numerical solution for the transient  electromagnetic field shows the same 
circular current system as in the homogeneous case, but  adapted to the formation resistivities. The 
current system concentrates on the conductive sedimentary horizons, but  does not protrude into the 
high-resistivity salt rocks (Figure 1). In addition, it  is distorted according to the Jurassic and 
Cretaceous formations which were dragged upward by the rising salt. The FEMC mesh shows a 
different  shape with a zone of high current density directly below the source. We think that  the 
deviation of the simulation results on this mesh in comparison to the others is caused by the coarse 
resolution of the mesh around the electric source due to propagation errors.

We showed that all three workflows successfully yielded a discretization of the diapiric structure on 
which calculations robustly run. However, it  could be seen that the mesh had to be adapted to the 
special requirements of the simulation method. In our case we needed a mesh refinement around the 
source, which could not be generated with the Skua FEMC. So the simulation results on this mesh 
were not feasible. Our example shows that  each model makes special demands of the mesh and the 
user has to decide which workflow is best suited to the model and simulation method desired. 
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S0- What’s up in Modelling ? (PS7)

Introduction:

Fragmentation is the process of separating a material by fractures, and occurs in many geological 
systems, e.g. volcanic eruptions [e.g. Haug et al. (2013)] and landslides [e.g. Locat et  al. (2006)]. 
Despite its common occurrence in landslides, fragmentation is rarely considered in models describing 
their transport.  Instead, most  models use granular material to study the behavior of landslides in 
motion [e.g. Manzella and Labiouse (2009)]. However, this means one must assume that  all 
fragmentation occurs at the point of slope failure, and any reduction of particle size during transport  is 
neglected. Nevertheless, models that include fragmentation [Bowman et  al. (2012)] have shown that 
the final travel length of the front  of the landslide deposit  will increase with increased degree of 
fragmentation. This suggests that  fragmentation can play an important role in the transport  of 
landslides, and needs to be considered.

Analogue experiments are good tools to study the transport of landslides as they easily allow 
considering complex shapes of both the landslide body and the slope. However, existing rock analogue 
are either too strong (e.g. coal), so that fragmentation only occurs in an increased gravity field of a 
centrifuge [e.g. Bowman et  al (2012)], or they allow healing (e.g. powders). Here, we present  a new 
rock analogue that  overcomes these limitations: a cemented granular material that can irreversibly 
fragment on a lab-scale.

Material properties

The material consists of sand cemented with a weak binding material (either gypsum or potato starch). 
The material properties were tested using tri-axial and ring shear tests. The cohesion can be controlled 
from the concentration of cement, allowing us to use cohesion as a variable (Figure 1). Ring shear test 
showed that  only the primary cohesion of the material was increased, and that the angle of friction was 
unchanged compared to uncemented sand.

Cohesion as a variable – application for fragmentation during landslides

Since the strength of the analogue material can easily be varied, cohesion becomes an experimental 
variable. Experiments with varying cohesion reveal that three kinematic regimes exists (Figure 2): (1) 
Immediate collapse, The sample undergoes complete failure at the point  of release, leading to a 
granular flow. (2) Dynamic fragmentation, the sample stays intact while acceleration, but fragments 
during an impact, leading to a transition from an elastic block to a granular flow. (3) Elastic block, the 
sample can withstand the impact, and stays largely intact during its entire travel path.
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Figure 2: Cohesion as a variable reveals three kinematic regimes: (a-d) immediate collapse, (e-h) Dynamic 
fragmentation and (i-l) Elastic block.

References:

Bowman, E. T., Take, W. A., Rait, K. L., & Hann, C. (2012). Physical models of rock avalanche 
spreading behaviour with dynamic fragmentation. Canadian Geotechnical Journal, 49(4), 460–
476. http://doi.org/10.1139/t2012-007

Haug, Ø. T., Galland, O., & Gisler, G. R. (2013). Experimental modelling of fragmentation applied to 
volcanic explosions. Earth and Planetary Science Letters, 384, 188–197. http://doi.org/10.1016/
j.epsl.2013.10.004

Locat, P., Couture, R., Leroueil, S., Locat, J., & Jaboyedoff, M. (2006). Fragmentation energy in rock 
avalanches. Canadian Geotechnical Journal, 43(8), 830–851. http://doi.org/10.1139/t06-045

Manzella, I., & Labiouse, V. (2009). Flow experiments with gravel and blocks at small scale to 
investigate parameters and mechanisms involved in rock avalanches. Engineering Geology, 109
(1-2), 146–158. http://doi.org/10.1016/j.enggeo.2008.11.006.

Keywords: Analogue material, fragmentation, landslides.

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

16

http://doi.org/10.1139/t2012-007
http://doi.org/10.1139/t2012-007
http://doi.org/10.1016/j.epsl.2013.10.004
http://doi.org/10.1016/j.epsl.2013.10.004
http://doi.org/10.1016/j.epsl.2013.10.004
http://doi.org/10.1016/j.epsl.2013.10.004
http://doi.org/10.1016/j.enggeo.2008.11.006
http://doi.org/10.1016/j.enggeo.2008.11.006


Modelling fully-coupled Thermo-Hydro-Mechanical (THM) processes in 
fractured geothermal reservoirs using GOLEM: a massively parallel open-source 
simulator.

Antoine B. Jacquey1,2 and Mauro Cacace1

1) GFZ – German Research Centre for Geosciences, Potsdam, Germany
2) RWTH Aachen University, Aachen, Germany

Corresponding author: antoine.jacquey@gfz-potsdam.de 

S0- What’s up in Modelling ? (PS7)

Deep geothermal resources have received increasing attention in the last decades as a source of 
carbon-free energy. However, extracting the heat from such low permeable reservoirs requires fluid 
pathways whether natural or engineered. Understanding the key processes controlling fluid and heat 
flow around geological discontinuities such as faults and fractures is therefore of interest  in order to 
design safe and sustainable geothermal operations. Furthermore, numerical simulators have become 
indispensable in geological studies to model coupled processes and complex geological geometries. In 
this study, we present a new simulator GOLEM, using multiphysics coupling to characterize 
geological reservoirs. In particular, special attention is given to discrete geological features such as 
faults and fractures.

Multiphysics coupling:

GOLEM is based on the Multiphysics Object-Oriented Simulation Environment (MOOSE) [Gaston et 
al., 2009]. The MOOSE framework provides a powerful and flexible platform to solve multiphysics 
problems implicitly and in a tightly coupled manner on unstructured meshes which is of interest  for 
the considered non-linear context. Governing equations for fluid flow, heat transfer (conductive and 
advective), saline transport  as well as deformation (elastic and plastic) have been implemented into the 
GOLEM application. Coupling between rock deformation and fluid and heat flow is considered using 
theories of poroelasticity and thermoelasticity (see Figure 1). Furthermore, considering material 
properties such as density and viscosity and transport properties such as porosity as dependent on the 
state variables (based on the International Association for the Properties of Water and Steam models) 
increase the coupling complexity of the problem. The GOLEM application aims therefore at 
integrating more physical processes observed in the field or in the laboratory to simulate more realistic 
scenarios.
The use of high-level nonlinear solver technology [Balay et al., 1997] allow us to tackle these complex 
multiphysics problems in three dimensions.

Discrete faults and fractures:

To include in a three-dimensinal model discrete faults and fractures, the interface elements approach is 
used. These geological discontinuities are considered as two-dimensional inclusions within the three-
dimensional domain. By considering the aperture of such features as scaling parameter for the 
governing equations, one can insure that the conservations of mass and energy are respected. 
This approach can be used to model fratures ans faults as fluid pathways without considerable 
meshing efforts. Evolution of the fractures aperture is also considered based on the surrounding stress 
field.
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Basic concepts behing the GOLEM simulator will be presented in this study as well as a few 
application examples to illustrate its main features.

Figure 1: Example of a poroelastic response of a geothermal reservoir during hydraulic stimulation of a well. 
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S0- What’s up in Modelling ? (PS7)

We report  the material properties of 26 granular analogue materials used in 14 analogue modelling 
laboratories. We determined physical characteristics such as bulk density, grain size distribution, and 
grain shape, and performed ring shear tests to determine friction angles and cohesion, and uniaxial 
compression tests to evaluate the compaction behaviour. Mean grain size of the materials varied 
between (c. 100 and 400 micrometer). Analysis of grain shape factors show that  the four different 
classes of granular materials (14 quartz sands, 5 dyed quartz sands, 4 heavy mineral sands and 3 size 
fractions of glass beads) can be broadly divided into two groups consisting of 12 angular and 14 
rounded materials. Grain shape has an influence on friction angles, with most angular materials having 
higher internal friction angles (between c. 35_ and 40_) than rounded materials, whereas well-rounded 
glass beads have the lowest internal friction angles (between c. 25° and 30°). 

We interpret this as an effect  of intergranular sliding versus rolling. Most  angular materials have also 
higher basal friction angles (tested for a specific foil) than more rounded materials, suggesting that 
angular grains scratch and wear the foil., Most materials have a cohesion in the order of 10-100 Pa 
except  for well-rounded glass beads, which show a trend towards a quasi-cohesionless (C<10 Pa) 
Coulomb-type material. The uniaxial confined compression tests reveal that rounded grains generally 
show less compaction than angular grains. We interpret  this to be related to the initial packing density 
reached during sieving which is higher for rounded grains than for angular grains. Ring-shear test  data 
show that angular grains undergo a longer strain-hardening phase than more rounded materials. This 
might  explain why analogue models consisting of angular grains accommodate deformation in a more 
distributed manner prior to strain localization than models consisting of rounded grains. Also, models 
build with angular grains will tend to show more dilatancy during shear zone formation than models 
build with round grains of comparable mean grain size. 
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S0- What’s up in Modelling ? (PS7)

Shales are widespread fine grained sedimentary rocks that are highly anisotropic in their mechanical 
behavior. This mechanical anisotropy influences faulting, hydraulic fracturing or magma emplacement 
in sedimentary basins and it is becoming an important issue in petroleum exploration and reservoir 
geophysics. However most of the time, this fundamental property remains neglected in experiments 
because of the lack of suitable analogue materials. 

In this contribution, we describe transversely isotropic analogue materials that  can be used in scaled 
experiments to simulate anisotropic sediments. The materials consist  of mixtures of micas 
(muscovite), sand and gel. The sheets of muscovite give the anisotropic property, and the gel fill pores 
and increase cohesion. All the mixtures were prepared and all the mechanical tests were conducted 
under water. The materials are thus suitable for immersed experiments.

All tested materials were prepared in the same standardized way (fig.1a). We heated up water and the 
required quantity of gelatin powder until boiling. Then, the sand and the micas were poured into the 
solution and compacted by vibrating and applying a load on the surface. This vibration allowed the 
micas to deposit with a preferred orientation defining a plane of anisotropy. The material was then 
cooled down. We produced several granular cohesive materials by mixing sand and micas with 
different  proportions and by controlling the concentration of the gel. For each material, we 
systematically estimated cohesion and friction at  various orientations to the plane of anisotropy (α=0°, 
30°, 45°, 60°, 90°, 120°, 135°, 150°, fig.1). 

We used a classic shear-box to determine each envelope of failure which was approximated by a linear 
Mohr-Coulomb law  (fig.1a). For mixtures containing only micas without  gel to stick the grains, we 
measured values of cohesion ranging between 280 Pa for α=0° and 580Pa for α=90° (fig.1b). The 
material was thus highly anisotropic with minimal shear strength in the bedding plane. By adding 
sand, the anisotropy decreased with values of C between 220 Pa for α=0° and 330 Pa for α=90° for 
mixture 30% micas / 70% sand. The gel within the pore increased cohesion (510Pa for α=0° in 100% 
micas mixture) but it also decreased anisotropy  (fig.1b). 

In order to compare the mechanical behavior of the analogue material with natural shale, we used the 
experimental data to compute virtual uniaxial tests and define uniaxial compressive strengths relative 
to the anisotropy plane (fig.1c). We calculated anisotropy ratios k=σcmax/σcmin between 0 and 3.37 for 
mixtures without  gel and between 0 and 2.7 for mixtures with gel. These values are compatible with 
anisotropy degrees in shale fig.1d). 
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Fig1. a. Preparation of the material, sampling and shear tests. b.Cohesion measured at different orientations α. 
c.Calculated uniaxial compressive strengths for the various mixtures. d. Comparison with a natural shale (data 
from Ajalloeian and Lashkaripour, 2000).

Keywords: Anisotropy, cohesion, friction coefficient, tensile strength, hydraulic fracturing.
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S0- What’s up in Modelling ? (PS7)

Analogue sand box models have been widely used to study geo-tectonic deformation processes. While 
past  outcomes of analogue models have commonly comprised qualitative structural descriptions, 
recent  work has emphasized quantifying the geometric, kinematic and dynamic parameters of the 
deformation. This has led to two main trends in model development over the last number of years.

Firstly, there has been an increased emphasis on 3D quantification of model deformation. While 
optical image analysis techniques (e.g. Structure-from-Motion (SfM) photogrammetry and Digital 
Image Correlation (DIC); see e.g. Galland et  al. 2016) used for this purpose are limited to model 
surfaces, there is an emerging possibility of full 3D imaging of deformation of both the model surfaces 
and the model interior by X-ray Computed Tomography (XCT) (Adam et al., 2013). Complicated 
trade-off relations between image resolution (voxel size) and maximum object  size, scanning time and 
high operational costs have led to very few applications of this powerful imaging technique to 
analogue models so far. Secondly, there has been deeper investigation of the mechanics of modeling 
materials, such as granular analogues for upper crustal rocks (e.g. Abdelmalak et al. 2016; Klinkmüller 
et  al. 2016). Sand-filler mixtures used for this purpose, especially in volcano-tectonic analogue 
models, have not yet received detailed attention, however.

In our study, we quantified the physical and X-ray imaging properties of a range of mixtures of fine-
grained fillers and silica sand. We assessed the mechanical impact of powdered gypsum (plaster) and 
kaolin clay as fillers, but  we also tested the effect  of adding more dense garnet sand into the silica sand 
to provide texture in XCT  images. Using a Schülze Ring-Shear Tester (RST) and a Hubert-type shear 
box, we estimated the density, cohesion and friction coefficient  of the granular materials, both as end-
members and when mixed at different volumetric ratios. We tested both pouring and sieving from 20 
cm height as emplacement techniques. By using medical XCT scanners, we also estimated the X-ray 
attenuation characteristics of the four above granular materials and three liquid or visco-elastic 
materials (corn oil, golden syrup, silicon putty).

We find that the handling technique (sieving vs. pouring) had a strong impact  on the compositional 
homogeneity and mechanics of the mixed materials. In general, sieving resulted in layered (i.e. 
inhomogeneous) bulk materials because of the strong size and density contrast  between the 
endmember materials (sand vs. filler). Pouring increased compositional homogeneity, but  resulted in a 
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less dense packing of the bulk material, causing a larger amount  of distributed deformation to occur 
before strain localisation. RST results show that the mechanical behavior of pure fillers (plaster, kaolin 
clay) displays complex, non-brittle components and stick-slip behavior. Adding filler to sand 
progressively increases the mechanical heterogeneity of the mixture. Friction coefficients increased 
from ~0.6 to ~0.8 and cohesions from few tens to few hundreds Pa. Pouring the granular materials 
instead of sieving resulted in a progressive deviation of the mechanics of sand-filler mixtures from the 
brittle Mohr-Coulomb behavior typical for granular materials (Lohrmann et al. 2003). Both the 
emplacement  technique and the amount  of filler mixed into sand hence significantly influence the 
mechanics of the mixture, potentially due to the contrast in their respective mean grain sizes. The 
approximation of sand-filler mixtures as Mohr-Coulomb-type brittle material might  therefore be an 
oversimplification of their true rheology.

The X-ray attenuation of the tested materials varied over a range of X-ray energies and the nature of 
the attenuation curve differed largely between the liquids (near-linear curve) and granular materials 
which are of much higher density (sigmoidal curve). In this way, sand-filler mixtures provided a clear 
contrast  with the liquid magma analogues at  an X-ray energy of 100-120 KeV. These variations should 
be taken into account when setting up the optimal XCT scan acquisition parameters for obtaining 
sharp and contrast-rich XCT images of a sand box model.

Finally, we obtained a time series of XCT scans of an analogue simulation of golden syrup injection in 
a granular sand-plaster host, analogue to the intrusion of low-viscous magma in dense volcanic rock. 
We demonstrate that the constrained physical properties help to produce contrast-rich images of an 
analogue experiment in which the host  medium, the propagating liquid body and formed structures are 
efficiently imaged during the ongoing injection process. The outcome of our work should serve as a 
useful reference for quantification of analogue model deformation in 3D by using dynamic X-ray CT.
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S0- What’s up in Modelling ? (PS7)

Tectonic analog models frequently use silicone oils to simulate viscous flow in the lower crust and 
mantle. Precise knowledge of the model rheology is required to ensure dynamic similarity with the 
prototype. We assessed the rheological properties of various silicone oils using rotational and 
oscillatory tests. Resulting viscosities are in the range of 2 – 3x104 Pa s with a transition from 
Newtonian viscous to power-law, shear-thinning, around shear rates of 10-2 to 10-1 s-1. Maxwell 
relaxation times are in the range of 10-1 s. Comparing the rheological properties of chemically similar 
silicone oils from different laboratories shows that they differ from laboratory to laboratory. 

Furthermore, we characterized the temperature dependency of viscosity and aging effects. The 
samples show a reduction in zero-shear viscosity over time. This stabilizes at a certain value over 
several months. The dynamic moduli decrease as well, but other viscoelastic constants, such as the 
Maxwell relaxation time, are not affected by aging. We conclude that  the aging is mainly controlled by 
the storage conditions and that a silicone shows no further aging when it  has equilibrated with the 
ambient laboratory conditions. We consider all these differences as minor compared to the much larger 
uncertainties for estimating the lithosphere rheology. 

Nevertheless, it is important  that the rheological properties of the experimental materials are 
monitored during an experimental series that  spans over several weeks to months. Additionally, the 
viscoelastic properties may be scaled using dimensionless parameters (Deborah number) and show a 
dynamically similar change from Newtonian to power-law flow, like the natural prototype. In 
consequence, the viscoelasticity of these silicone oils is able to mimic the change in deformation 
mechanism from diffusion to dislocation creep.
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S0- What’s up in Modelling ? (PS7)

We performed a quantitative comparison of brittle thrust wedge experiments to evaluate the variability 
among analogue models and to appraise the reproducibility and limits of model interpretation 
(Schreurs et  al., 2016). Fifteen analogue modeling laboratories participated in this benchmark 
initiative. Each laboratory received a shipment of the same type of quartz and corundum sand and all 
laboratories adhered to a stringent model building protocol and used the same type of foil to cover 
base and sidewalls of the sandbox. Sieve structure, sifting height, filling rate, and details on 
offscraping of excess sand followed prescribed procedures. In a companion benchmark, Buiter et  al. 
(2016) present  the results of numerical experiments reproducing the analogue model set-ups. Our 
analogue benchmark shows that  even for simple plane-strain experiments with prescribed stringent 
model construction techniques, quantitative model results show variability, most  notably for surface 
slope, thrust spacing and number of forward and backthrusts (Fig. 1 and 2). One of the sources of the 
variability in model results is related to slight variations in how sand is deposited in the sandbox. 
Small changes in sifting height, sifting rate, and scraping will result in slightly heterogeneous material 
bulk densities, which will affect  the mechanical properties of the sand, and will result  in lateral and 
vertical differences in peak and boundary friction angles, as well as cohesion values once the model is 
constructed. Initial variations in basal friction are inferred to play the most  important role in causing 
model variability.

Figure 1. Cross sections through centre of thrust wedge models after 10 cm of shortening. In the experimental 
set-up alternating horizontal layers of quartz and corundum sand are shortened by inward movement of a mobile 
wall from right to left. Width of each panel shown is 25 cm. Note that some labs added a layer of sand before 
cutting the model. Sections of Bern, GFZ@Bern and IFP represent X-ray computed tomography slices.  Figure 
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reprinted from Journal of Structural Geology, doi: 10.1016/j.jsg.2016.03.00,Schreurs et al. (2016), 
Benchmarking analogue models of brittle thrust wedges, with permission from Elsevier.

Figure 2. Cross sections through centre of thrust wedge models after 10 cm of shortening. In the experimental 
set-up a thin rigid sheet,  1 mm thick, and 12 cm in length is attached to the mobile wall and underlies part of the 
model. Movement of the mobile wall is from right to left. Width of each panel shown is 25 cm. Note that some 
labs added a layer of sand before cutting the model. Sections of Bern, GFZ@Bern and IFP represent X-ray 
computed tomography slices. Figure reprinted from Journal of Structural Geology, doi: 10.1016/j.jsg.
2016.03.00,Schreurs et al. (2016), Benchmarking analogue models of brittle thrust wedges, with permission from 
Elsevier.

Our comparison shows that  the human factor plays a decisive role, and even when one modeler repeats 
the same experiment, quantitative model results still show variability. Our observations highlight the 
limits of up-scaling quantitative analogue model results to nature or for making comparisons with 
numerical models. The frictional behavior of sand is highly sensitive to small variations in material 
state or experimental set-up, and hence, it  will remain difficult to scale quantitative results such as 
number of thrusts, thrust spacing, and pop-up width from model to nature.
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S0- What’s up in Modelling ? (PS7)

The European Plate Observing System (EPOS) is a developing interdisciplinary virtual platform that 
aims at providing geo-scientific data and services to the worldwide community. As a part of this 
project, now at  its implementation phase (EPOS-IP), the Work Package 16 (WP16) represents a 
building up community of European Geoscience “Multiscale Laboratories”. The currently 
participating and collaborating laboratories (Utrecht University, GFZ, Roma Tre University, INGV, 
NERC, CSIC-ICTJA, CNRS, LMU, UBI, ETH, CNR) embody several types of laboratory 
infrastructures, engaged in different  fields of interest of Earth Science. They hold data covering a wide 
range of scales, from the continental to the molecular one. This long-view project aims at merging the 
top class multidisciplinary laboratories in Geoscience into a coherent  and collaborative network, 
additionally working towards the standardization of virtual access to data, data products, and physical 
access to the infrastructures, i.e. laboratories. At this time, most of data produced by the different 
laboratories are usually available only within the related scholarly publications (often as print-version 
only) or they remain unpublished and inaccessible on local devices.
However, all high-quality datasets have potential value for secondary use in science, teaching and 
outreach. They could be of crucial importance for the exploration of geo-resources, geo-storage, geo-
hazards and for the understanding of the earth system evolution in general. The EPOS multi-scale 
laboratory platform represents a unique opportunity to share and discover data by means of open 
access, DOI-referenced, online data publication including long-term storage, managing and curation 
services and to set up a cohesive community of laboratories.

The WP16 is starting to provide data, data services and software (DDSS) for three pilot case 
laboratories:  (1) rock physics, (2) palaeomagnetic, and (3) analogue modelling. As a proof of concept, 
first  analogue modelling datasets have been published via GFZ Data Services (http://doidb.wdc-
terra.org/search/public/ui?&sort=updated+desc&q=epos). First datasets include rock analogue 
material properties (e.g. friction data, rheology data, SEM imagery) as well as supplementary figures, 
images and movies from experiments on tectonic processes. Soon, a metadata catalogue tailored to the 
specific communities will link the growing number of datasets to a centralized EPOS hub. 
Additionally, WP16 aims at creating mechanisms and procedures for trans-national access (TNA) to 
multi-scale laboratory facilities´. By the end of next year EPOS-IP will enter a pilot phase to test, 
validate, and consolidate the services and to provide a proof of concept  for the operational features 
that will be offered beyond the completion of the EPOS IP. 
Local and national repositories will be connected by means of a centralized Thematic Core Service 
(TCS) system associated to a metadata catalogue. The TCS communicates at higher level with the 
Integrated Core Service (ICS) that  collects information from all the TCSs, allowing the final user to 
perform a complete interdisciplinary research within a web interface.
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As a scenario, an experimentalist  willing to decide which material is suitable for his experimental 
setup, can get  “virtual lab access” to retrieve information about material parameters with minimum 
effort and then may decide to move in a specific laboratory equipped with the instruments needed. 
This scenario will offer the possibility to share and implement  knowledge in cooperation with all the 
participant European laboratories.

The participation to the development of this project is open to everybody who is interested in.
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S0- What’s up in Modelling ? (PS7)

Introduction:

Although tectonic modelers generally apply constant deformation velocities throughout their models, 
natural settings can involve along-strike velocity variations. In extensional regimes, we often observe 
the propagation and associated “scissor-like” opening of a rift, as older rift  parts are further evolved 
than the rift  tip (e.g. opening of the North Atlantic). In specific settings this scissor-like opening on 
one side of the vertical scissor axis can result  in compression on the other side of the scissor axis (e.g. 
the Bay of Biscay-Pyrenees system). 

The two model set-ups:

To model scissor tectonics, we use an experimental machine, which allows two types of set-ups: a 
foam-base set-up and a rigid-base set  up. The machine consists of two long sidewalls that  can rotate 
about a vertical axis and two curved sidewalls to confine the experimental space. As the sidewalls 
scissor open at one side of the model (extension) they close on the other side (compression). 
Computer-guided motors can move the sidewalls independently form one another (velocity range: 0.1 
mm/h to 8 m/h). For both types of set-ups, special components can be added to the machine. No metal 
parts are used to allow X-Ray CT-scanning and 3D analysis of the internal structural evolution.

When applying the foam-base set-up, the sidewalls motion deforms the foam uniformly and induces 
distributed deformation at  the base of the overlying brittle-ductile model materials: sand and a viscous 
polydimethylsiloxane (PDMS)/sand mixture respectively). Lines of viscous material can be added on 
top of the basal model layer (seeds) to control where faulting occurs. This model set-up allows the 
modeling of a full scissor-tectonic system with both a compressional and extensional domain. First 
tests have shown that this set-up yields useful results.

The concept  of the base-plate machine is more traditional, applying rigid base plates to induce 
deformation of the overlying model materials (brittle-ductile or brittle only) along the edges of the 
base plates. This is a major difference with the foam-base set-up, which allows much more freedom 
for the model to evolve (Zwaan et al., 2016). The shape of the standard base plate components allows 
some room for different  base plate geometries. However, this set-up only permits extensional scissor 
motion. Therefore an additional internal barrier fences off one side of the experimental space. 
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Figure 1. The two model set-ups our machine allows. Left: Foam base set-up, right: base plate set-up.
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S1 – Geodynamics, Plate tectonics

Geodynamics involves processes that may be either very fast or extremely slow 
(earthquakes vs. oceanic plate cooling), multi-scale and depth-dependent, which limits 
their study from an observational-only prospect. This  is why both analogue and 
numerical modelings play an essential role to test hypothesis on the physics and 
evolution of geodynamic processes.

The ongoing development of computational andanalysis capabilities in both numerical 
and analogue simulations  allows for an improvement of the spatial and temporal 
resolutions and helps reducing the gap between small-scale and large-scale 
deformations, which results in a fast-improvement of the understanding of geodynamic 
problems. 

In this session, we invite contributions  highlighting the state-of-the-art in analogue and 
numerical modelings of geodynamic processes, which include, but are not limited to, 
deformation of the lithosphere, subduction, rifting, mantle convection, and plumes. 
Contributions  that use the joint numerical-analogue modeling approaches  are 
particularly welcome.

Conveners: Thibault Duretz (University of Lausanne, Switzerland) and Laetitia Le 
Pourhiet (University Pierre et Marie Curie, Paris).

Keynote speaker:

"The impact of Wilson Cycle inheritance on continental rifted margins" by 
Susanne Buiter (Norway Geological Survey, Norway) - susanne.buiter@ngu.no
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S1 – Geodynamics, Plate tectonics (Keynote) 

The Wilson Cycle theory describes how oceanic subduction initiates at  a rifted continental margin, 
leading to closure of the ocean, and how future continental extension localises at  the resulting 
continental collision zone. Each stage of the Wilson Cycle is expected to develop lithospheric 
heterogeneities, which can influence the next  deformation phases of the cycle. We present  numerical 
experiments that investigate the Wilson Cycle from rifting to orogenesis to rifting and use these results 
to discuss the effects of collisional inheritance on rifted margin architecture. 

Continental rifted margins differ in margin width, onshore topography, fault  patterns, and offshore 
sediment  thickness. For example, the mid-Norwegian and Iberian margins are considered hyper-
extended margins, displaying highly thinned continental crust  over a wide region. Other continental 
margins, such as in the northern Norway and Flemish Cap regions, are much narrower. Numerical 
experiments of continental extension show that the width of rifted margins varies with crustal rheology 
and extension velocity. A strong lower crust  leads to a short  margin accompanied by high rift  flank 
uplift. A weak lower crust at  moderate extension rates forms a long, hyper-extended crust. However, 
such studies are usually aimed at systematic mapping of the sensitivities of continental rifting to 
parameter variations and are therefore composed of laterally homogeneous lithospheric layers. A small 
region of elevated temperatures and/or weak material properties ensures the initial localisation of 
deformation away from model boundaries, but this region does not represent collisional inheritance.

Continental collision causes structural, compositional, and thermal inheritances that can all favour 
localisation of rifting. Orogenic thrust  faults form large-scale heterogeneities for rifts to initiate on, 
inherited sedimentary and magmatic sequences can act as deformation localisers, and orogens are 
thermally weak because of the greater amount of heat  producing elements in their vertical column due 
to their thicker crustal root. The present-day margins of the Atlantic and Indian Oceans illustrate that 
continental break-up can occur on both relatively young and very old sutures, such as Morocco–Nova 
Scotia and East Antarctica–Australia, respectively.

Our Wilson Cycle experiments illustrate how structural and thermal inheritance impacts rifted margin 
architecture. A continental rift  can utilize the weak former subduction interface, promoting 
exhumation of previously subducted oceanic crust  and sediments. In tandem, elevated temperatures in 
the collisional orogen can weaken its crustal rheology sufficiently to localize rifting. In the latter case, 
the weak crust promotes the formation of a hyper-extended margin. But  inheritance also lies in the 
sub-lithospheric mantle, where mantle flow currents produced during subduction and slab detachment 
influence rift development from below.

Keywords: Numerical modelling, Rifted margins, Continental extension, Subduction, Collision.
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Introduction:

Although tectonic modelers generally apply constant deformation velocities throughout their models, 
natural settings can involve along-strike velocity variations. In extensional regimes (e.g. the North 
Atlantic), we often observe the propagation and associated “scissor-like” opening of a rift, as older rift 
parts are further evolved than the rift tip. In some cases, this extension can result in compression on 
the other side of the rotation axis to complete a full scissor tectonic system (e.g. Pyrenees). 

Methods:

To model scissor tectonics, we apply a foam base that allows distributed deformation at the base of 
overlying brittle-ductile model material: quartz sand sieved upon a layer of a viscous PDMS/sand 
mixture (Fig. 1a). Both layers are 4 cm thick (1 cm = 5 km in nature), representing upper and lower 
crust respectively. Rotation of the model sidewalls around a rotation point  induces extension at one 
side of the model and compression at  the other side (Fig. 1b). Seeds of ductile material (diameter ca. 1 
cm) are placed on top of the basal model layer to control where faulting occurs in the overlying brittle 
sand (Fig. 1c). The sidewall tips are moving apart  with 4 mm/h during 7.5 h for a total of 30 mm 
extension, which translates to 30 km of extension at  a natural deformation rate. X-Ray computer 
tomography allows 3D analysis of the internal structural evolution (hence 4D). 

Results:

Top views show that our model produces rifting in the extensional domain, no visible deformation 
near the scissor axis and thrusting in the compressional domain (Fig. 1c). These structures are also 
well visible on a horizontal section though the brittle sand layer (Fig. 1d). It also shows the 
development  of a second thrust  as part  of a pop-up structure that is evident on vertical CT-sections 
(Fig. 1e, panel I). The vertical CT-sections also show no deformation near the scissor axis (Fig.1e, 
panel II). In the extension domain, rift  structures occur (Fig.1e, panel III). The rift becomes more 
developed farther away from the scissor axis, as total extension increased and rift-internal faulting 
occurs. Towards the model edge, we observe a 36 mm wide and 8 mm deep basin, horst structures, and 
a strongly deformed seed (Fig.1e, panels IV-VI). Some boundary effects are present in the shape of 
extensional faulting along the sidewalls.

Outlook

These initial model results show the functionality of our model set-up. Future modeling will involve 
syn-rift sedimentation, various weak zone geometries and the testing of another possible set-up with 
rigid base plates that our new machine allows. Both 3D surface scanning and particle-tracing analysis 
will be used for surface evolution mapping and to quantify surface and internal model deformation.
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Figure 1. (a) 3D model set-up sketch. (b) Top view showing seed geometry without sand cover. (c) Final top view, 
showing surface structures at the end of the model run. (d) Horizontal CT-section through the sand layer, 
showing structures at ca. 2 cm depth (see Fig. 1e). Vertical stripes are CT-artifacts.  (e) Vertical CT-sections 
showing internal model structures. Section locations are depicted on Figs. 1d and f. (f) CT-derived 3D 
topography at the end of the model run.

Keywords: Scissor Tectonics, Analogue Modeling, Rifting, Compression.
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Plates reorganization associated with mantle convection leads to changes in absolute plate velocities. 
These changes may in turn impact the geometry of the subducting plate and the overriding plate 
regime of deformation, as proposed by Heuret et al., (2007) on the basis of geodynamical models of 
subduction. These authors obtain a very good correlation between upper plate absolute motion on one 
hand and slab dip and upper plate deformation on the other hand. Specifically, steep slab and 
extension are generally associated with overriding plate moving away from the trench, while shallow 
slab and shortening generally occur when the upper plate goes the other way. However, these 
correlations are established considering models in which the motion of the overriding plate is constant 
and the subduction steady-state. It  may not  represent  the general case since plate tectonic 
reconstructions show that in Nature plate motions change through times both at short (i.e., 1-10 Ma) 
and long (i.e., 10-100 Ma) time scales (e.g., Müller et al., in press). It raises some first-order 
questions: How does the subduction adapt  to changes in the overriding plate absolute velocity? What 
is the impact  on slab geometry and upper plate deformation? Could it  explain why correlations in 
Nature between overriding plate absolute motion and slab dip are poorer than expected?

Materials and methods: 3D laboratory models vs. natural subduction zones:

We conducted a series of 3D analogue models of subduction performed in the Laboratory of 
Experimental Tectonics of the Roma Tre University, in which we instantaneously changed the velocity 
of the overriding plate after a period of steady-state subduction. These variations reproduce kinematic 
changes that  may arise from far-field changes in boundary conditions in Nature. In parallel, present-
day subduction parameters (dip, velocities, slab depth) have been extracted from the global database 
SUBMAP (Heuret  and Lallemand, 2005) for 260 transects evenly distributed all along present-day 
subduction zones. The evolution of overriding plate velocity for the last 5, 10 and 20 Myr have been 
extracted for the same transects from the tectonic reconstruction by Seton et al., 2012.

Results: comparison between analogue models and Nature:

Instantaneous changes in the overriding plate absolute velocity produce a transient  stage during which 
both shallow and deep slab dips and upper plate deformation adjust, followed by a period of 
stabilization. The correlation coefficient between overriding plate velocity and upper plate 
deformation (including all points) is 0.88 (Fig. 1a). It  only slightly increases (0.90) when discarding 
points corresponding to the transient  stage, evidencing that deformation velocity adjusts rapidly to 
changes in upper plate kinematics. Correlation coefficients between overriding plate velocity and 
shallow and deep slab dips give values of 0.73 and 0.63, respectively (including all points; Fig.1b). 
The correlation largely increases when considering only the stage after slab stabilized with values of 
0.85 for shallow dip and 0.93 for deep dip (Fig.1b). It  shows that  slab geometry requires a larger time 
to adjust  to plate kinematic changes. For deep slab dip, our models show that this time delay is on 
average 17±4 Myr and is independent of both absolute velocity and changes in absolute velocity. 
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There is a systematic trend toward lower than expected slab dip when the upper plate slows down and 
higher than expected slab dip when the upper plate accelerates (Fig.1b). Analysis of present-day 
subduction zones shows the same general trends. However, in Nature, the correlations for all transects 
are poorer than in laboratory models (<0.35). Correlations can be improved by discarding transects 
close to slab edges and for which the slab has not  reached the 660 km discontinuity, similar to what 
found by Lallemand et al., (2005). More interestingly, the distribution of slab dip as a function of 
overriding plate accelerations or decelerations above specific periods of time supports the idea of a 
global adjustment time of ~10 Ma, close to what found in analogue models.  Over this time period, 
deep slab dips tend to be lower than expected when the upper plate constantly decelerated, and higher 
than expected when it  accelerated (Fig.1c). The same analysis for upper plate deformation gives a best 
result for an adjustment  time of 5 Ma. The unsteady nature of overriding plate kinematics may explain 
the poor correlation in Nature between present-day subduction kinematics, slab dip and upper plate 
deformation, because the present-day velocities corresponds to a snapshot  in the evolving history of 
subduction.

Figure 1: a) Upper plate deformation velocity vs. overriding plate absolute velocity for all models. b) 
Distribution of deep slab dip (330 km-depth) following overriding plate acceleration (orange) or deceleration 
(green) for all models. c) Distribution of deep slab dip as a function of changes in upper plate velocity over the 
last 10 Ma for all transects in Nature (after Heuret et al., 2005 and Seton et al.,  2012). The black lines 
correspond to the linear regression line for steady-state subduction in models and for all transects in Nature. 
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Introduction: 

Remotely forced mantle flow might  significantly influence the position of the subduction zone, while 
keeping the slab shape relatively unaffected (Chertova et  al., 2016), suggesting that the present day 
slab morphology may not easily reveal mantle flow that was forced elsewhere in the mantle. Here we 
make a first attempt  to find diagnostics for the existence of past  external mantle flow from the present 
day finite strain pattern surrounding a slab. When modeling real Earth subduction zones, these could 
provide a new link for understanding shear wave splitting observations, e.g. for the Gibraltar 
subduction region (Diaz and Gallart, 2014).
To investigate the impact of the external mantle flow on the final pattern of finite strain ellipsoid 
(FSE) evolution we perform numerical subduction modeling in a Cartesian domain and analyze how 
mantle inflow prescribed for different sides of the model affects FSE patterns. We evaluate FSE 
dependence on the redirection of mantle flow, which may also occur for actual subduction zones. We 
examine the possibility of determining of the dominant direction of past mantle flow using the present 
day finite strain pattern. 

Model description:

To analyze the finite strain development for the subduction zone in the presence of the external mantle 
flow we employ the generic model from Chertova et al. (2016) which comprises subducting and 
overriding plates and two side-plates at  the surface of a Cartesian domain of 3000x2000 km with a 
depth of 1000 km. Plates are decoupled via 70 km weak zones with viscosity of 3 1020 Pas. The width 
of subducting plate varies between 600 and 1400 km. At  the start of modeling the subduction angle of 
45° and the slab reaches depth of 300 km. We use non-linear rheology, which consists of diffusion, 
dislocation creep, and a viscosity limiter of 5 1023 Pas, and include two upper mantle phase transition 
zones and a viscosity jump at the transition to the lower mantle. To test  different mantle flow 
directions we prescribe a uniform in-flowing velocity of 3 cm/yr on either the western, eastern, or 
southern boundary of the model, while the other boundaries are open. Subduction is initially dipping 
east and to ensure that the slab does not  get  close to the side boundary due to westward rollback we 
prescribe a constant  input  velocity for the subducting plate in the range of 1.5-3 cm/yr at  the western 
boundary. 

Dependence of the FSE pattern on the imposed mantle flow:

To evaluate the influence of the mantle flow on the final pattern of FSE, we compare models with 
mantle flow imposed on one particular model side with the reference model that has open boundary 
conditions on all sides. An example of the resulting pattern of long FSE axis is shown in figure 1. We 
plot two cross-sections oriented in WE direction through the center of the slab and slab edge.

In the subslab area, the model with eastern inflow is similar to the reference model showing a wide 
area of trench-parallel long FSE axis. We relate this effect  to the same boundary conditions used for 
the western boundary, which is closest  to the subslab region and to the “shielding” of the subslab 
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region by the slab. In contrast, a distinctly different  pattern is observed in the mantle wedge above the 
slab where a wide area of trench-parallel FSE long-axis exists that  is not observed in any other model. 
This serves as diagnostic for the existence of mantle inflow from the east. The model with western 
mantle inflow shows patterns of long FSE axis quite similar to the reference model. Only small 
differences exist  in the subslab area attributable to the western inflow. The last  model, with southern, 
or trench parallel, mantle flow demonstrates a distinctly different pattern of long FSE axis from all 
other models. Nowhere in the modeling domain the long axes are oriented trench parallel or lie within 
the symmetry plane.

Another question we address with our work is how fast the finite strain pattern responds to changes in 
the dominant direction of mantle flow. With our models we test changing of boundary conditions for 
10 My after a strong FSE pattern is developed in the model.  We show that, in the case of a well-
developed finite strain pattern, we can recover the dominant direction of the past mantle flow and, to 
some extent, can trace the history of its variations through time.  The inherited finite strain pattern is 
rather stable and, after changing the mantle flow direction, it will be maintained for at least 5-10 My. 

Figure 1. Long FSE axis for models with open boundaries, with western inflow, eastern inflow and frontal inflow 
after 25 My of the subduction evolution. Colors indicate angle between long axis and symmetry plane.
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Introduction:

At obliquely convergent plate margins strain partitioning is a common tectonic process dividing 
oblique convergence into margin-normal slip on the plate-bounding fault  and horizontal shearing on a 
strike-slip system parallel to the margin. In subduction zones, strain partitioning in the upper 
continental plate is mainly controlled by the shear forces acting on the plate interface and the strength 
of the continental crust (e.g., Stern, 2002). Plate interface forces are influenced by the dip angle of the 
subducting plate (i.e. the length of plate interface in the frictional domain) and the obliquity angle  
between the normal to the plate margin and the plate convergence velocity vector (Fig. 1A). The 
crustal strength of the continent  is strongly affected by the presence or absence of a volcanic arc, with 
the absence of volcanic arcs being common at ‘flat slab’ subduction zones. Along the ~7000 km 
western margin of South America the convergence obliquity, subduction dip angles and presence of a 
volcanic arc all vary, and strain partitioning is only observed along parts of it. This raises the question, 
which are the most important subduction zone characteristics to control strain partitioning in the 
overriding continental plate?

In this work, we focus on the Northern Volcanic Zone (NVZ; 5°N - 2°S; Fig. 1A) of the Andes, which 
is characterized by a ~35° subduction dip angle with an obliquity angle of about  = 40°, extensive 
volcanism and significant strain partitioning in the continental crust.
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Introduction 
 
At obliquely convergent plate margins strain partitioning is a common tectonic process dividing 
oblique convergence into margin-normal slip on the plate-bounding fault and horizontal shearing on a 
strike-slip system parallel to the margin. In subduction zones, strain partitioning in the upper 
continental plate is mainly controlled by the shear forces acting on the plate interface and the strength 
of the continental crust (e.g., Stern, 2002). Plate interface forces are influenced by the dip angle of the 
subducting plate (i.e. the length of plate interface in the frictional domain) and the obliquity angle 

between the normal to the plate margin and the plate convergence velocity vector (Fig. 1A). The 
crustal strength of the continent is strongly affected by the presence or absence of a volcanic arc, with 
the absence of volcanic arcs being common at ‘flat slab’ subduction zones. Along the ~7000 km 
western margin of South America the convergence obliquity, subduction dip angles and presence of a 
volcanic arc all vary, and strain partitioning is only observed along parts of it. This raises the question, 
which are the most important subduction zone characteristics to control strain partitioning in the 
overriding continental plate? 
 
In this work, we focus on the Northern Volcanic Zone (NVZ; 5°N - 2°S; Fig. 1A) of the Andes, which 
is characterized by a ~35° subduction dip angle with an obliquity angle of about 40°, extensive 
volcanism and significant strain partitioning in the continental crust.  
 

         

 
 

 
Figure 1: A: Simplified tectonic map of northern South America: Northern Volcanic Zone (NVZ) with Dolores Guayaqil 
Mega Shear Zone (DGM) and the southern ‘flat slab’ (south of 3°S) zone with the slowly moving Inca sliver; black polygons 
represent volcanoes; B: Schematic sketch of strain partitioning as in the NVZ: The oceanic Nazca Plate (1) is subducting 
underneath the continental South American Plate (2) with a steep and oblique angle (3). On the continental side strain 
partitioning, a right lateral shear zone (DGM) and a volcanic arc (4) are observed; C: No partitioning case with oblique 
subduction (5).  
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Figure 1: A: Simplified tectonic map of northern South America: Northern Volcanic Zone (NVZ) with Dolores 
Guayaqil Mega Shear Zone (DGM) and the southern ‘flat slab’ (south of 3°S) zone with the slowly moving Inca 
sliver; black polygons represent volcanoes; B: Schematic sketch of strain partitioning as in the NVZ: The 
oceanic Nazca Plate (1) is subducting underneath the continental South American Plate (2) with a steep and 
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oblique angle (3). On the continental side strain partitioning, a right lateral shear zone (DGM) and a volcanic 
arc (4) are observed; C: No partitioning case with oblique subduction (5).

Model design We use lithospheric-scale 3D numerical geodynamic experiments to investigate the 
influence of subduction geometry on strain partitioning above an oblique subduction zone. Herein we 
focus on how weaknesses in the crust change strain partitioning behavior. The numerical modelling 
software (DOUAR; Braun, et  al., 2008) solves the Stokes flow equation for a viscous-plastic creeping 
flow to calculate velocity fields, rock uplift and strain rates in a 1600 km x 1600 km box with a depth 
of 160 km. The subduction geometry and material properties are based on a simplified, generic 
subduction zone similar to the northern Andes. The upper surface is initially defined to resemble 
Andean topography and is fixed over the entire run time (1 Ma). We consider two main model 
designs, one with and one without a weak zone representing the volcanic arc in the NVZ. The 
weakness is introduced applying a region of low friction angle in a purely mechanical frictional-
viscous medium.

Results and Conclusions:

Preliminary results shown in Figure 2A and B confirm that the weak volcanic arc is needed for 
significant strain partitioning to occur. We observe little strain partitioning for a uniform continental 
crustal strength with a friction angle of F = 15° (Fig. 2B). However, strain partitioning does occur 
when including a weak zone in the continental crust  (with F = 2°) resulting from arc volcanic activity 
(Fig. 2A). This results in margin-parallel northeastward translation of a continental sliver at 1.2 cm/
year, which agrees well with observations of a continental sliver identified by GPS measurements in 
the NVZ (Veloza et al., 2012).
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Figure 2: Oblique view of the 3D numerical experiments after 1 Ma with velocity vectors, strain rates, and the north 
component of surface velocities: (A) model with a volcanic arc (white outline on top surface) shows strain partitioning in the 
continental crust (e.g. a coherent block moving northward with about 1.2 cm/a) while (B) model without a volcanic arc does 
not experience clear strain partitioning. The legends are valid for both A and B: the velocity northward at the top surface and 
the strain at the front cross section.  
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Figure 2: Oblique view of the 3D numerical experiments after 1 Ma with velocity vectors, strain rates, and the 
north component of surface velocities: (A) model with a volcanic arc (white outline on top surface) shows strain 
partitioning in the continental crust (e.g. a coherent block moving northward with about 1.2 cm/a) while (B) 
model without a volcanic arc does not experience clear strain partitioning. The legends are valid for both A and 
B: the velocity northward at the top surface and the strain at the front cross section.
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The aim of this study is to reevaluate the character and evolution of the large-scale subsidence of 
intracontinental basins by using novel developed 3D thermo-mechanical numerical modelling 
techniques accounting for the coupling between sedimentation, rheology-dependent  lithospheric 
flexural deformation and thermal contraction by transient  lithospheric cooling (Cacace & Scheck-
Wenderoth, 2016). In our formulation, the flexural rigidity of the plate, which accounts for the bulk of 
deformation, is controlled by elasto-brittle-plastic and viscous rheology thus enabling the computation 
and quantification of thermal and mechanical feedback processes occurring during basin subsidence 
(Fig. 1). 

Figure 1: Thermomechanical processes and their feedback effects affecting the subsidence in intracontinental 
basins.  An initial perturbation initiates a thermal anomaly in the deeper part of the lithosphere and moves the 
system out of thermal and mechanical equilibrium. This leads to the generation of internal stresses acting on the 
plate resulting from variations in the thermal configuration (ΔT) in the form of a net shear force (FT) and a 
bending moment (MT) as well as to changes in the rheological configuration of the lithosphere. Those variations 
trigger crustal deformation (subsidence and/or uplift), which retro affects the thermal and rheological 
configurations, thus promoting new internal stresses and renewed lithospheric deformation (thermal feedback 
cycle). Sedimentation additionally affects the deformation history by imposing a direct load on the plate, by 
changing the strength of the lithosphere via the nonlinear rheological constitutive equations, and by retarding 
the cooling via thermal blanketing (mechanical feedback cycle).
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When applied to generic-type intracontinental settings, the results from the modelling efforts are able 
to explain the first order characteristics of their long and, yet  to be understood subsidence and 
reconcile all major observations common to their deformation history. Depending on the sedimentary 
loading history and on the level of initial thermal perturbation of the lithosphere, we demonstrate how 
a rheologically stratified lithosphere can subside naturally over geological time scales without the need 
to impose “ad hoc” geometric and/or kinematic initial conditions. 3D feedback effects of 
sedimentation on the thermo-mechanical structure of the plate result  in a weakened lower crust, which 
is mechanically decoupled form the underlying upper mantle, and therefore easily reactivated even 
under relatively low far-field tectonic stresses (possibly enhanced by lower crustal flow) thus leading 
to impulse of acceleration of subsidence rates with respect to their background values (Fig. 2). 

Figure 2: Effects of loading by sediments on the mechanical configuration of the lithosphere. (a) Differential 
stress distribution after 150Myr of simulation time. White curves indicate the locations of neutral flexural planes 
(no differential stress) at different depths. Black lines contour the extent of the domains of plastic yielding (brittle 
or ductile creep) due to either tensile (positive) or compressive (negative) stresses.  (b) Yield strength envelope 
(YSE) and bending stress distribution (shaded areas) at the point of maximum bending. Thermal and mechanical 
effects of the sedimentary cover result in a ductile weakening of the lower crust and in a decoupling of the 
lithosphere across the crust-to-mantle level. This is indicated by the high values of shear stresses and by a 
reversal of their signs (from compression to extension) at this depth. Due to crustal-mantle decoupling, each 
layer behaves mechanically independently and show a separate distribution of bending stresses. Stress decay 
due to thermally activated olivine creep occurs at depths greater than 80km.

Based on the obtained results, we hypothesize that intracontinental basins should be conceived as 
extreme members of the rift-to-drift  suite of basin, which were formed under low magnitudes 
extensional tectonics. Despite their longevity and long-term potential for mineral, fossil and renewable 
resources, intracontinental basins do represent highly dynamic systems that did not attain a state of 
isostatic equilibrium during any stage in their history. Therefore, their subsidence can be explained by 
the striving for a thermal and mechanical equilibrium that, however, is never reached. 
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Introduction:

Arc volcanism tends to occur in a narrow region where the vertical distance to the top of the slab is 
~100±30 km [e.g., England et  al. 2004]. Slab-derived fluids are thought to trigger hydrous melting in 
the hot region of the mantle wedge [e.g., Grove et  al. 2006]. However, numerical thermo-petrologic 
models for subduction zones predict fluid release from slabs over a wide depth range [Hacker et al., 
2008], and the mechanism that focuses fluids and melts beneath the arcs is still highly debated 
[Tatsumi et  al., 1986 ; Cagnioncle et al., 2007, Grove et al., 2006, Wilson et  al., 2014]. Fluid migration 
depends on the permeability of the medium, which in turn depends on fluid fraction and mineral grain 
size [e.g., Wark et al., 2003]. Using a numerical fluid migration (FM) model with a uniform grain size, 
Cagnioncle et al. [2007] showed that  finer grain size tends to drag fluids down-dip along the base of 
the mantle wedge due to lower permeability. 

Recently, Wada and Behn [2015] adopted a grain size distribution in the mantle wedge calculated by a 
coupled thermal-grain size evolution (T-GSE) model in their FM model and showed that  the predicted 
grain size distribution leads to focusing of fluids beneath the arcs. However, these models do not 
include the effects of matrix compaction and mantle solid rheology on fluid flow. Viscous resistance of 
the matrix to the volumetric strain in porous flow generates compaction pressure that partly drives 
fluid flow in the mantle wedge as shown by Wilson et  al, [2014]. Yet  the authors only considered 
uniform grain sizes. In the present work we aim to quantify the combined effects of grain size 
variation and mantle viscosity structure on FM pathways in the mantle wedge using a 2-D numerical 
model. We also assess the influence of slab age, slab dip, slab velocity, and fluid influx on fluid flow.
Model

We develop a 2-D mantle wedge FM model that incorporates the effects of grain size variation and 
mantle viscosity based on a coupled Darcy’s-Stokes flow model [McKenzie, 1984]. Here, we assume 
uniform densities for both the fluid and solid phases and a small-porosity approximation such that  the 
solid mantle flow is independent of the fluid flow. For the solid flow calculation, we use a kinematic- 
dynamic model, in which dynamic mantle flow is driven by the subduction velocity prescribed at the 
top of the slab. In the model, we use a composite rheology that accounts for both diffusion and 
dislocation creep and employ a T-GSE model to calculate the grain size distribution, following Wada 
and Behn [2015]. For the fluid flow calculation, we incorporate the effects of mantle compaction. We 
use a constant  fluid viscosity based on the assumed composition of the fluids. Permeability depends on 
porosity and grain-size while solid matrix bulk viscosity is porosity-dependent. The fluid influx from 
the slab is imposed as a boundary condition at the base of the mantle wedge. We solve the governing 
equations of each problem with finite elements in space and finite differences in time using the 
software package TerraFERMA [Wilson and Spiegelman, 2015].
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Preliminary Results:

In our preliminary work we assess the general trends of the effect of spatial variations in grain size and 
solid shear viscosity while keeping all other parameter values the same. Particularly, we first impose a 
single influx source at a prescribed depth. When influx is imposed at  a relatively shallow depth 
(80-100 km) our models predict an initial down-dip fluid transport  by the mantle velocity due to a 
relatively low grain size (≤ 1 mm) and a relatively high matrix shear viscosity (>1020 Pa.s). With 
increase in grain size with depth, fluids become primarily driven by buoyancy and start  to migrate 
upwards as porosity waves. The migrating fluids tend to move towards the trench due to the mantle 
inflow and to pond where the solid shear viscosity becomes too high and the resulting compaction 
pressure gradients counterbalance buoyancy at  ~ 50-60 km depth. Based on a series of model runs that 
we performed, these general trends are sensitive to grain size distribution, shear viscosity, and fluid 
flux, all of which are dependent  on subduction parameters such as slab age, slab dip, and subduction 
rate. We thus aim to quantify the effects of subduction parameters and to provide a better 
understanding of fluid migration pathways beneath arcs.
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Introduction:

In a subduction zone, the properties of the interplate domain affects the seismogenic characteristics of 
the interplate perceivable at  the time-scale of the seismic cycle. Moreover, as the interplate domain 
interacts with the whole subduction system, it partly controls the subduction viability. As such its 
structure is likely to equilibrate at  the time-scale of tens of Myr. The relationships between the 
behaviors at  these two end-member time scales are poorly known, while they may be one of the basic 
keys of the subduction factory. This study focuses on the processes governing the thermo-mechanical 
structure of the subduction interface, by performing long-term experiments (~20 Myr of convergence) 
in which the diving and overriding lithospheres interact with the surrounding mantle.
Model set-up

The 2D simulation box, 2220 km wide and 555 km deep, is made of 2 lithological layers: an 8 km 
thick layer covers the surface of the incoming lithosphere, while the remaining domain is made of 
mantle. A non-Newtonian viscous rheology and a pseudo-brittle rheology are combined. Strength 
depends on depth, temperature and strain rate, for both oceanic crust and mantle rocks. The crust is 
significantly weaker than the mantle both in the brittle and ductile realms to favor strain localization at 
the incoming plate surface. A constant convergence rate of 6.5 cm/yr is applied on the subducting plate 
far away from the subduction zone. Regarding the modelled subduction interface, a special attention is 
paid to the down-dip extent, labelled zcoup, of the domain of kinematic decoupling between the two 
converging plates. At  depth shallower than zcoup, the tangential velocity is discontinuous across the 
subduction interface, while at  deeper levels, mantle rocks are kinematically dragged down along with 
the subducting plate. The depth zcoup affects the interplate domain structure, as it  is the shallowest 
depth reached by hot asthenosphere in the mantle wedge tip.
Simulated functioning of the interplate factory

Two end-member cases are considered: the subduction of an old oceanic lithosphere (~100 Myr old 
and ~100 km thick), on one hand, and of a young (20 Myr old) lithosphere (~ 40 km thick), on the 
other hand. The overriding plate is ~100 km thick in all cases. When convergence starts, the efficiency 
of strain localization within the weak crustal layer forming the subduction channel depends on the 
strength contrast  between the soft  crustal layer and the more or less stiff cold mantle composing the 
base of the fore-arc lithosphere. Simulations show that, to promote subduction, the interplate channel 
has to allow simultaneously for two opposite processes. At  shallow depths, the subduction interface 
must localize deformation to sustain the kinematic discontinuity between the two converging plates.

Still, at depth close to the boundary between the upper plate and the asthenosphere, strain localization 
has to jump from the subduction plane to the soft  asthenosphere to spatially decouple the incoming 
plate from the overlying lithosphere. If not, a continuous localization of deformation within the weak 
oceanic crust  results either, for an old incoming plate, in a downward dragging of the upper plate base 
(“asymmetric double subduction”, Fig. 1a1), or, for a young subducting lithosphere, in an horizontal 
subduction since the asthenospheric “corner flow” has not been activated (Fig. 1b1).
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Case 1: Subduction of an old and cold lithosphere This set-up is used to first  highlight the influence of 
the numerical resolution on the modeled zcoup value. If the weak crustal layer is too thinned within 
the subduction channel, the average composition at Eulerian nodes within the crustal layer is a mix 
between weak crust and stiff mantle (see insert in Fig. 1a1). This numerically strengthens the 
interplate channel and promotes an early jump of strain into the asthenosphere. As a result, the 
simulated zcoup depth shallows because of numerical artifacts. Second, by varying the ductile strength 
contrast  between the mantle and the weak interplate crust (ΔEa), an activation energy offset between 
the two lithologies greater than 135 kJ/mol appears to impede the necessary strain jump into the 
asthenosphere, leading to subduction of the base of the arc lithosphere (Fig. 1a2). This yield an 
extremely cold fore-arc structure preventing mantle melting at  water-saturation conditions, and thus 
the formation of a volcanic front.

Case 2: Subduction of a young and warm lithosphere
Simulating the subduction of a 20 Myr old lithosphere reveals that in this set-up, a successful initiation 
depends on (1) the strength difference between mantle and interplate channel (ΔEa) and on (2) the 
density contrast between them. A too buoyant  crust impedes subduction unless imposing a high to very 
high ductile strength contrast, ΔEa. However if ΔEa is too high, an interplate partial coupling with the 
upper plate base and/or and diapirism of the buoyant interplate crust (Fig. 1b2) appear.
The modeled down-dip extent  of the interplate boundary, zcoup, is finally compared to proxies in 
nature: (1) slab surface depth right below the volcanic front, (2) depth of strong lateral contrast close 
to the slab surface in high resolution seismic tomography when available, and (3) location of the heat 
flow maxima observed in heat flux profiles from the trench toward the arc lithosphere.
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Figure 1: Influence of activation energy offset 

between crust and mantle, !Ea, on the 

subduction mode: Zooms on the steady-state 

subduction. One isotherm every 200°C. The 

concentration in weak oceanic marker is  >49% 

within the white line. The color scale focuses on 

very high concent in crust marker (>990 %o). 

Panel (a): Subduction of an old lithosphere for 

a high !Ea, yieldind a two-sided subduction. On 

the bottom row, the logarithmic water content 

color scale highlights very low water amounts 

in the asthenosphere. The pink line is the 980°C 

isotherm, i.e., the minimum temperature of the 

peridotite water-saturated solidus. Panel (b): 

Subduction of a 20 Myr old lithosphere as a 

function of !Ea for a very buoyant subducting 

crust. 
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Figure 1: Influence of activation energy offset between crust and mantle, ΔEa, on the subduction mode: Zooms 
on the steady-state subduction. One isotherm every 200°C. The concentration in weak oceanic marker is >49% 
within the white line. The color scale focuses on very high concent in crust marker (>990 %o). Panel (a): 
Subduction of an old lithosphere for a high ΔEa, yieldind a two-sided subduction. On the bottom row, the 
logarithmic water content color scale highlights very low water amounts in the asthenosphere. The pink line is 
the 980°C isotherm, i.e.,  the minimum temperature of the peridotite water-saturated solidus. Panel (b): 
Subduction of a 20 Myr old lithosphere as a function of ΔEa for a very buoyant subducting crust
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The subduction of rough sea floor results in lower plate coupling than the subduction of smooth sea 
floor (Wang and Bilek, 2011). On the other hand, rough sea floor is also associated with higher 
effective friction coefficient of the subduction interface than smooth sea floor (Gao and Wang 2016). 

To investigate this paradoxical situation, we perform two-dimensional (2D) numerical simulation of 
subduction with varying ruguosity of the sea floor. We focus on the shallow part of the subduction 
zone, in particular the subduction prism and the upper plate near the interface. We describe the 
variations in tectonic structures caused by sea floor ruguosity and we characterize the interplate region 
in terms of effective strength. The effective strength of the shallow interplate region is strongly 
affected by the presence of water, therefore, we built  a so-called hydro-thermo-mechanical numerical 
model (e.g. Bercovici et  al., 2001; Dymkova and Gerya, 2013). The numerical scheme is based on the 
finite-difference staggered grid method/Marker-in-cell (e.g. Gerya and Yuen, 2003). The model 
describes the flow of rocks on a geological time scale, as well as the flow of water through it. The 
mechanical properties of the solid are described by a visco-elasto-plastic rheology, where the viscous 
part of the rheology is dependent on temperature. Water affects the yield criterion of the solid phase by 
lowering the effective pressure.

We present early results demonstrating the influence of sea floor topography on the strength and 
structures of the interplate region in the presence of water. We also discuss the pros and cons of 
parameterizing the effect of water by prescribing an effective coefficient of friction a priori rather than 
solving for the dynamical system.  
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Abstract: 

The necessary conditions for plate tectonics and continental growth to occur on a terrestrial planet  are 
still debated. Both require plate failure and subduction, but  understanding their onset  remains a 
challenge due to the complexity of mantle rocks. We carried out  experiments on convection in aqueous 
colloidal dispersions heated from below, and dried and cooled from above. The rheology of these 
fluids depends strongly on solid particle fraction p, being Newtonian at low p, and presenting 
memory, yield stress, elasticity, and brittle properties as p increases (Di Giuseppe et al, 2012). Such a 
behaviour is analogue to the rheology of mantle rocks as temperature decreases. 

When drying is sufficiently rapid in the laboratory, a visco-elasto-plastic skin (”lithosphere”) forms on 
the fluid surface. Depending on its rheology, and on the different scales of convection existing in our 
laboratory mantle, we observed different modes of one-sided subduction initiation. However, not all of 
them lead to continuous plate tectonics. If subduction is definitely a necessary condition for plate 
tectonics, it is not sufficient.

Amongst the different modes of subduction initiation, we observed one of them where one-sided 
subduction was induced by the impingement of a hot  plume under the skin, the trench being localized 
on the rim of the plume impingement zone under the lithosphere (fig.1). Due to the plastic/brittle 
character of the skin, the subduction trench will never describe a complete circle, but several tears and/
or transform faults will develop as subduction and roll back proceed. Then depending on the 
lithospheric rheology, the nascent  subduction can either stop as the result  of subducted plate necking, 
or continue to sink smoothly.

Those experiments therefore demonstrate a strong association between plumes and subduction 
initiation. This could explain on Venus the association of large coronae (created by hot  upwelling 
mantle plumes) with trenches that have topographic signatures similar to Earth’s subduction trenches 
(Sandwell and Schubert, 1992 ; Smrekar et  al, 2016). Moreover, inspection of the geological record on 
Earth cratons suggests that  many continental growth bursts open by a plume event closely followed by 
generation of granitoids in a subduction environment (e.g. Arndt  and Davaille, 2013 ; Condie et al, 
2014). This suggests that plume-induced subduction may have been instrumental in the nucleation and 
growth of cratons, and in the onset of continuous plate tectonics.
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Figure 1: Plume-induced subduction in the laboratory. a) side view. 10 images have been superimposed to show 
the slab roll-back as the plume spreads. b) 3D view from above where the plume material has been removed. c) 
close up (1 cm across) on the boundary between plume material and subducting plate.  Darker areas are thicker. 
The outer bulge close to the trench presents cracks and stripes. The trench (black dashed lines) shows faults 
parallel to it. The small black ovoids are spurious bubbles.
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Introduction: 

Numerous geological and geophysical studies have drawn attention to the multi-stage and depth-
dependent character of lithospheric thinning. Throughout rifting, a variety of structures are responsible 
for accommodating lithospheric thinning (normal faults, low angle detachments, extensional shear 
zones, extraction faults), resulting in the formation of complexly structured passive margins (e.g. 
necking zones, extremely thinned continental crust, mantle exhumation, continental allochthons). It  is 
well documented that the lithosphere often encompasses mechanical heterogeneities inherited from 
previous tectonic events (e.g. orogeny). These inherited mechanical heterogeneities can cause 
structural softening. The impact on the dynamics of lithospheric thinning is so far incompletely 
understood.  

Modelling strategy: 

We study the role of inherited mechanical heterogeneities on the development of passive margins 
using two-dimensional thermo-mechanical models of lithospheric thinning. The equation of energy 
and momentum balance for incompressible materials are solved with an implicit  finite difference 
method. The advection is treated explicitly using the marker-and-cell method and fourth-order in space 
Runge-Kutta scheme. At first order, we decide to represent  inherited heterogeneities by mechanical 
layering (km-scale). Both the crust and the upper mantle incorporate a number of mechanically strong 
layers. The rheologies are voluntarily kept  relatively simple (temperature, stress, and strain rate-
dependent visco-plastic) and do not include any material strain softening.
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Figure 1: Geometry of the reference model after 40%  extension. The different layers represent competent 
horizons (red to brown for crustal lithologies, white to dark grey for mantle lithologies). The black line indicates 
the location of the Moho and the blue and red lines symbolize the main structures that accommodate lithospheric 
thinning. 

Results:

The different  simulations demonstrate that mechanical layering causes multi-stage and depth-
dependent extension (Fig. 1). At  first the deformation style is decoupled: while upper crustal and 
lithospheric layers undergo thinning by brittle (frictional-plastic) faults, lower crustal and lithospheric 
levels accommodate extension by symmetric ductile necking. In addition, competent mid-crustal 
levels are lateraly extracted from the hyper-extended domain (Fig. 1). Secondly, as extensional 
structures cut across the Moho, crustal and lithospheric deformation becomes coupled leading to 
asymmetric extension. Subsequently, , subcontinental mantle exhumation occurs along a low angle 
extensional shear zone that  cross cuts the lithosphere. Noticeably crustal allochthons develop at  the 
edges of the conjugate necking zone. 

Conclusions:

Our results further highlight the importance of mechanical heterogeneities and related structural 
softening for lithospheric thinning. Incorporating mechanical heterogeneities in lithospheric extension 
models allows for the formation of numerous observed geological features (necking zones, mantle 
exhumation, continental allochthons) despite the use of a simple rheological model. Structural 
softening can therefore alone explain the complex structuration of passive margins. 

Keywords: Lithospheric extension, structural softening, mechanical heterogeneities.
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Analogue models were used to investigate the 4D evolution of a transcurrent structure and its 
interaction with a preexisting thrust front. An analysis of 7 models applying: pure strike-slip, 
transtension (10/20/30 degrees) and transpression (10/20/30 degrees) kinematics, shows important 
structural variations in the area of transcurrent  fault. The models closely resemble the geometries of 
natural interaction observed between the transcurrent  transfer zone and the Maghrebian fold-and-thrust 
belt in the area of the Sicily Channel (fig. 1a).

The experimental apparatus consisted of a box with three independent rigid base plates. These plates 
were covered by a 4-cm-thick layer of quartz and the upper plate was sliding on the fixed plate (fig. 
1b). During this first  phase of deformation the thrust front was created. In the second phase the lower 
plate was sliding under the fixed plate. The shape of the fixed plate permitted to build a transcurrent 
fault and at the same time the thrust front from the first  phase was reactivated and new thrust faults 
were formed. The analogue models were analyzed by X-Ray Computer Tomography (XRCT, fig. 1d). 
This technique permits visualization of the interior of a model during deformation without destroying 
it. 

In the area of SW Sicily and northern part of the Sicily channel, two main structures, the Maghrebian 
fold-and-thrust  belt  and a transfer zone, interact. The most recent  interaction was recorder during the 
Belice earthquake sequence in 1968 and the calculated focal mechanisms are compatible either with a 
pure E-W thrust plane or with a prevalently right-lateral movement on a NNW striking, WSW dipping 
plane. Analysis of multichannel seismic reflection profiles acquired in the northern part  of the Sicily 
Channel were used to analyze the Sciacca fault  which displays a mainly transpressional structural 
character. The outermost thrust  sheet-Gela Nappe is interpreted by many authors as a complex, 
imbricate wedge, involving the sequences of a foredeep basin. The Gela Nappe is well exposed along 
the south coast of Sicily, where both Sciacca fault and Gela Nappe can be observed (fig. 1c).

The observations suggest  that the SW of Sicily and the northern part of the Sicily channel was shaped 
by the occurrence of two independent  tectonic processes, the Maghrebian fold-and-thrust belt  and 
transcurrent fault  which act  simultaneously and overlap each other. The interpretation of seismic 
reflection profiles, merged in a 3-D model with the bathymetry, and its comparison with analogue 
models demonstrated a fair match between the model and natural case. Main equivalences are (1) the 
presence of well-developed flower structures along the transcurrent structure (fig. 1c-d), (2) rotation of 
the thrust front  during deformation and (3) segmentation of transcurrent  structure in the area of the 
thrust front. 
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Figure 1: a) Structural map of the study area in the Sicily Channel and SW Sicily, b) top view image of analogue 
model. Capture shows deformation after 35mm of displacement during the 2nd phase, c) seismic line showing the 
complex of the transcurrent structure and the outermost thrust sheet-Gela Nappe, location red line A-A’ in fig.1a, 
d) section view from XRCT location red line B-B’ in fig.1b.

Keywords: Analogue modeling, transcurrent structure, thrust front, interaction, Sicily, XRCT scan.
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Abstract:

The Aegean region (eastern Mediterranean) has known continuous subduction for at  least 100 My (van 
Hinsbergen et al., 2005), rendering it  an ideal candidate for the study of the interaction between crustal 
tectonics, plate motion, subduction and mantle flow. To better understand this coupling of the tectonic 
evolution of the crust  and the underlying mantle dynamics, we have developed 3D numerical models 
of the instantaneous dynamics of the present-day Aegean subduction system.

We use the finite element  code ASPECT (Kronbichler et  al., 2012) and have developed plugins to this 
code to create complex, realistic model set-ups (see figure). The initial and boundary conditions of the 
instantaneous models are derived from geological and geophysical data. For example, the geometry of 
the subducting slab is inferred from seismic tomography (Amaru, 2007) and earthquake hypocenters 
(NCEDC, 2014), and the plate boundary configuration is based on the tectonic map of Faccenna et al. 
(2014). Moreover, the models incorporate the major crustal weak zones of the overriding plate and 
crust and lithosphere thickness variations abstracted from Moho and LAB maps (Faccenna et  al., 
2014, Carafa et al., 2015). 

The mantle initial temperature conditions can include variations to an adiabatic profile from 
conversion of seismic velocity anomalies (e.g. Steinberger and Calderwood, 2006). Mantle flow 
through the model boundaries is either left  free through open boundary conditions (Chertova et  al., 
2012) or is prescribed. The bounding plate velocities are also varied based on literature propositions of 
relative and absolute plate motions, e.g. Le Pichon and Kreemer (2010), Doubrovine et  al. (2012) and 
DeMets et al. (2010).

We first test the effect  of different tomographic models (e.g. UU-P07 (Amaru, 2007) and TX2015 (Lu 
and Grand, 2016)) and methods for converting seismic velocity to temperature on model predictions of 
the regional flow field. Subsequent  models combine representative initial conditions with constructed 
variations in subduction morphology, slab segmentation, fault zone geometry and boundary 
conditions, for which a wide range of hypotheses can be found in the literature (e.g. Biryol et al., 
2011). 

By comparing the resulting model predictions of velocity, stress and strain- and rotation rates to the 
widely available observations, such as focal mechanisms, GPS velocities and seismic anisotropy, we 
aim at determining the controls of mantle dynamics on present-day tectonic deformation in the Aegean 
region. This enables us to characterize the general sensitivity of surface observables to plate motions, 
mantle flow and slab dynamics and, thus, to further quantify the coupling of crust and mantle 
dynamics.
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Figure 1: Example model setup: In purple colors the four plates with variable thickness and type (oceanic versus 
continental). The Nubian plate is partly removed to show the initial temperature conditions from 200 km depth to 
the core-mantle boundary. The lateral temperature variations are based on the tomographic model UU-P07 
(Amaru, 2007).
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Source separation is a key issue of gravimetric data interpretation because contributions from many 
sources  such as crutal signal, mantle mass distribution (Richard & Hager, 1984, Hager,1984),… are 
mixed together in the gravity signal. If one wants to use geoid data in order to infer information about 
one of the source, it  requires to separate the contributions in order to isolate the relevant contribution. 
Ideally, this process should use as little a priori information as possible. That  could be performed 
either by using some statistical analysis methods which separate the contributions based on a given 
definition of independence (Lorenz, 1956, Kutzbach, 1967), or, if some complementary dataset are 
available on the studied area, by using precise information about one of the contributors.

In the Mediterranean we use a tomographic model that  provided an insight  on how mantle structures 
are distributed within the 800 first kilometers of the mantle (Piromallo and Morelli, 2003). We isolate 
majors features of this model and confront it to the geoid's behavior in the area. 
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Introduction:

Most  of deformation at  the Earth’s surface is localized at plate boundaries. This deformation can be 
accommodated in very different ways depending on the tectonic setting. 

In the case of the convergence zones, the deformation is classically classified as follows:

i) intra-oceanic convergence (when convergence involves two oceanic lithospheres), which generally 
leads to the subduction/obduction initiation and to the formation of an island arc;
ii) convergence between an oceanic and a continental lithosphere, which is generally accommodated 
by subduction and can also lead to the formation of a mountains range at the plate boundary and 
iii) convergence between two continental lithospheres leading to the formation of a collisional 
mountain range formed by the stacking of crustal slices.

Hence, different materials (i.e., oceanic crust, continental crust, sediments) evolving in different 
contexts (i.e., oceanic subduction, continental subduction, obduction) result  in the formation of 
contrasted structures in terms of units size, morphology and metamorphism. In addition, some 
convergent  zones from a similar tectonic context (e.g., ocean/continent  convergence) can produce 
mountains range presenting very different characteristics (e.g., characterized by extension as in the 
Aegean or, at the opposite, by significant shortening, as in the Andes). 

Although the mechanism of plate convergence appears to be the same, the structures obtained at the 
surface (e.g., Alps, Andes, Aegean, Himalayas) seem rather unique. Rheology of both the lower 
subducting plate and of the plates interface is known to influence the convergence zones dynamics 
while very few studies have addressed the role of the overriding plate rheology in details (Heuret et 
al., 2007; Guillaume et al., 2009; Yamato et al., 2009; Schellart et al., 2011; Butterworth  et al., 2012; 
Iaffaldano et al., 2012; Meyer and Schellart, 2013).

Nevertheless, this statement raises first  order questions: What is the implication of the overriding plate 
rheology on the convergence zones dynamics? And more particularly, what is the influence of the 
crustal part on the deformation style at plate boundaries?

Modelling approach and data constraints:

In this study, we use both numerical and analogue models. Numerical modelling is used in order to 
quantify the influence of vertical variations in the rheological property of the upper plate crust. 
Especially, the numerical tool allows to test, in 2D and at  high resolution, the influence of both the 
initial geotherm and of non-linear rheologies. Analogue modelling are rather used to quantify the 
influence of lateral variations of the rheological properties and to address the problem in 3D.
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These models have been constrained at  best  via a compilation of geophysical and field (i.e., 
petrological and structural) data extracted from the literature concerning the Alps, the Andes, the 
Himalaya and the Aegean domain. 
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Due to the India-Asia collision, the deformation of the Eurasian continent extends over several 
thousand kilometers, far away from the Himalayan belt  (e.g. [Molnar and Tapponnier, 1975]). 
However, some areas like the Tarim craton are poorly deformed while others, as the Tien Shan belt  or 
Tibet plateau, display large deformation rates (e.g. [Avouac et al., 1993]).

These actively deforming areas correspond to ancient  plate boundaries which were previously 
involved in the construction of large orogenic belts. The Tien Shan is a relevant  example to study the 
role of structural inheritance in the localization of recent  deformation because of its Paleozoic tectonic 
history. It  has been built  during two consecutive orogenies (Caledonian and Variscan) which formed 
large scale structures (as suture zones) clearly identifiable on the field (e.g. [ Hegner et al., 2010; 
Wang et al., 2010; Xiao et al., 2013; Loury et al., 2015]). These structures are now reworked as active 
deformation zones where large earthquakes can occur.

Figure 1: Initial model setup. a) Geometry of phases and boundary conditions for run1. b) Geometry of phases 
for runs2, 3 and 4 with same boundary conditions as for run1.c) Yield-strength envelopes. d)Initial temperature 
conditions.
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In order to improve our understanding of the role of this structural inheritance on the Cenozoic 
deformation, we use the thermomechanical modeling code pTatin [May et al., 2014] to simulate the 
lithospheric deformation of the belt depending on the geometry and rheology of inherited structures 
(Figure 1).

Figure 2: Final step of the run1.Colors indicate the different phases, contours represent the second invariant of 
the strain rate tensor.

Our results (Figure 2) show that  inherited structures first localize the deformation before antithetic 
neoformed structures develop on the outer parts of the belt. This result is consistent  with seismologic, 
seismic and GPS data, which show that the deformation is now localized on the borders of the belt, 
and especially at the South Tien Shan/ North Tarim boundary along a N-dipping top-to-the South fold 
and thrust belt.  It suggests that  all present-day structures must  not be interpreted as reflecting the 
Paleozoic structuration of the belt.
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Geological-tectonic- geoarchaeological researches in sea level changes on Mediterranean coasts and 
these changes' physical effects on coastal areas have been made from past to present. Although at the 
ancient  age many settlements as Phaselis, Olympos, Myra, Kekova, Patara etc. and their harbour 
structures are established near the sea coast, today they are mostly under water (sunken city). It  is 
obvious that the physical changes that big till ancient  ages to now, were much more bigger size at 
expanded geological times zone. There are many parameters about the sea level changes and their 
physical effects on coastal areas. But their most  important respond is the active tectonic movements 
and destroying earthquakes.

In this study, many geological-geomorphological features has been used, archaeological researches 
have been made in ancient  harbour cities as Andriake, Patara, Phaselis, Kekova which sited in West 
Mediterranean Region.

In this study, the datas that  achieved from the excavations before have been used. Also in this study 
drawn benefit  from some ancient  author's as Strabon’s writings about  region geography, the reasons 
and outcomes of the sea level changes on West  Mediterranean Region are tried to enlightened by 
geological and archaeometric datas obtained today.
On the other hand, present  and ancient ages' sea levels are compared to each other, in the light  of the 
foregoing determined that the sea level changes made important destruction on the ancient cities. 
Ancient  ports' geomorphological structure and coastal formation during the ancient  process are tried to 
enlightened on the account of earthquakes, volcanic activities on the near islands, plate movements 
and climate events.

With this report, in light of geology-archaeology-geoarchaeology datas, sea level changes have been 
occur of tectonic reasons and results are mentioned in West Mediterranean ancient  ports. Natural 
disasters, plate movements and river flows' effects on ancient  cities are analyzed. Datas from ancient 
cities are compared. For example as in present some parts of Kekova are under water Patara Harbour 
is filled with alluvium. With this report West Mediterranean shorelines preassessments will be made 
by benefiting from the geological and archaeological datas of the site.
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The research explores the highly oblique continental convergence at the South Island of New Zealand, 
considering the fundamental geodynamic mechanisms of sub-crustal lithospheric deformation during 
the orogenesis. In addition to the high velocity of along-strike plate motion, the oppositely verging 
subduction zones bounding the collision make the problem inherently three-dimensional. To study 
such factors during orogenesis, we conduct  3D computational modelling and present the results of a 
series of new experiments configured for the oblique South Island collision. 

The geodynamic modelling uses ASPECT  – a robust highly-scalable and extendable geodynamic code 
featuring adaptive mesh refinement and complex rheologies. The model domain is defined by a box 
with prescribed velocities on the left and right  faces with varied ratio of convergent versus strike-slip 
components, periodic boundary conditions for the front  and back faces, free surface on top, and free 
slip at  the bottom. Visco-plastic rheology (P-, T- and strain rate-dependent) is being used for the entire 
domain, with varied material parameters determining the prevailing behaviour of crustal, lithospheric 
and sublithospheric rocks. The obtained results provide insight  into the behaviour of the lithosphere 
under the situation of young oblique convergence.  

Collision model at 5 Myr. Colour field shows the lithospheric mantle material plot (dimensionless), vectors show 
the velocity field (in m/year)
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We focus on the development of the mantle lithosphere, considering how the morphology of the sub-
crustal orogenic root  evolves during the convergent/strike-slip plate motions. The numerical 
experiments explore the dependence of this process on rheological parameters of crust and mantle and 
ratio of convergent  versus strike-slip motion at  the plate boundary. The resulting topography is also 
tracked to determine how the deep 3D tectonics may manifest at the surface.

Keywords: continental collision, lithosphere, plate tectonics, oblique convergence, ASPECT.
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Introduction:

Deciphering the development of ancient  geologic terranes is difficult and multiple scenarios are often 
proposed to explain their formation through time. Numerical modelling can play an important  role in 
developing and testing geodynamic hypotheses and help us explain the evolution of terranes. The 
Halls Creek Orogen (HCO) is a well-preserved and well-exposed Paleoproterozoic orogenic belts 
which can provide insight into the assembly of the Kimberley Craton to the edge Diamantina Craton 
during the Nuna amalgamation. Therefore, here Hall Creek Orogen is used as a case study to reveal 
the tectonic evolution of a Precambrian orogeny using numerical modelling. 

Geology and tectonic evolution of the study area:

The Halls Creek Orogen (HCO) forms part  of the 1910-1805 Ma Lamboo province and is developed 
between Kimberley and North Australian cratons in the north of Australia. It consists of three parallel, 
north-northeast trending zones (western, central and eastern) that  are each interpreted as distinct 
tectonostratigraphic terranes. These zones contain geological units formed during the early 
Paleoproterozoic that may have originated in different  settings and times, and were likely juxtaposed 
during the 1870-1850 Ma Hooper and 1835-1805 Ma Halls Creek orogenies.

There is some controversy as to how the Halls Creek Orogen developed. The 1865 Ma Tickalara 
Metamorphics seem to be a key unit  within the Halls Creek Orogen for solving this. The formation of 
the protolith sedimentary and igneous rocks of central zone have been described as either forming in 
(1) an oceanic island arc setting above an easterly dipping subduction zone outboard of Kimberley 
Craton, or in (2) an ensialic marginal basin located closer to the margin of Kimberley Craton 
(Sheppard et al., 1999). 

If the Tickalara Metamorphics represent an oceanic island arc, an east  dipping subduction may have 
formed towards an over-riding North Australian Craton. Retreat  of the subduction zone and then 
reversal of subduction polarity may have followed until the 1835-1805 Ma Halls Creek Orogeny, 
which resulted in the collision of the eastern and central zones. In contrast, the ensialic marginal basin 
may have been initiated due to the westward subduction zone stepping back following collision of a 
continent fragment sometimes before 1900 Ma. 

Results of Numerical Experiments:
 
The two plausible tectonic scenarios of the Halls Creek Orogen are examined through 33 2D thermo-
mechanical-petrological numerical experiments based on I2VIS code (Gerya and Yuen, 2003). The 
initial constraints for model setup are appropriate to the inferred tectonic environment  for the 
protoliths to the Tickalara Metaomorphics in an intra-ocean subduction or ocean-continent subduction/
collision.
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These numerical models allowed us to examine the conceptual models of geodynamic setting 
scenarios of the Halls Creek Orogen through time. With this approach we were able to determine 
experiments with specific physical parameters that  are compatible with the geology observed in the 
Halls Creek Orogen. Finding the model most compatible with the geology can reveal processes which 
led to the generation of key lithological units and major structures during the tectonic evolution of the 
Halls Creek Orogen (Fig.1). 

The results indicate that  the most  plausible processes that  represents the inferred tectonic evolution of 
the Halls Creek Orogen and geology is represented by the ensialic marginal basin scenario (ocean-
continent  subduction/collision setting). Finally, the results presented here have implications for 
assembly of the Australian continent and the early formation of the Nuna supercontinent.

Figure 1.(a-b) Major lithological units during the evolution of numerical experiments (colored squares represent 
rock markers with propagation of P-T paths traced in window e; (c-d) second invariant strain models represent 
major structures; (e) P-T evolution from numerical model at several locations using markers; (f) Magmatic 
evolution of the numerical model. 
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Introduction: 

The conceptual model of transform margin is an adaptation of the model of transform plate boundary 
and was first  proposed by Francheteau and Le Pichon (1972) based on plate kinematic reconstruction. 
It  was then adopted by marine geologists to conceptualize the dynamic of extremely oblique passive 
margins (e.g. ,Basile et al. ,1993). In this "kinematic model", the direction of transport  is everywhere 
parallel to the relative plate motion with a sharp change of sign at the divergent boundary and across 
the transform boundary. With this velocity field there is no internal deformation except thinning at 
divergent margin and no oblique structures are expected. Using this simple model to reconstruct  plates 
is known to fail along large off-set oblique margins where attempts to match conjugate margins 
typically lead to isolated pockets of oceanic crust  along rifted segments (e.g., Unternehr et al.1988) or 
overlapping (Moulin et al., 2010). This lack of match is typically explained by pre-break up 
deformation or a delayed break-up along oblique segment. In both case, it is clear that the deviation 
from rigid kinematic block model should find an explanation in the dynamic of break up in oblique 
rifting context. Here, we revisit  the classical kinematic model of the formation of transform margins 
using both new concepts in tectonic inheritance and newly available massively parallel computational 
techniques (May et al., 2015). 

Model Set up:

The set-up of the models is the classic off-set  weak notch, but we can now run the models with 4km 
cube resolution at  sufficient  scale (600 km by 1200 km by 200 km) to avoid border effects and for 
sufficient time (30 Myr) to simulate all the tectonic phase from rifting to break-up. In order to study 
the impact  of tectonic inheritance on the dynamic of the oblique margins, two different  type of crust 
have been tested. One regular crust  which is homogeneous in composition and one post-orogenic 
crust, in which the lower crust is made of less mafic material, in order to simulate the presence of 
upper crustal material underplated during a previous orogenic event. This post orogenic crust was 
previously showed to amplified strain localization on strike slip segment  in 3D and to favor the 
occurrence of asymmetric detachment structure in extension.Figure 1: Modeling set up

Results:

In 3D, the decoupling between the upper crust and the upper mantle leads to an obliquity between the 
different  level of necking and results without  any change in the other all kinematics in the boundary in 
three main faulting direction with time which reflects jumps of the strength of the lithosphere from 
one necking level to the other. The time scale and the apparition of different orientation of faults are 
controlled mainly by the stratification of the lithosphere. The models display a systematic asymmetry 
of spreading at the onset of the oblique margin that impacts the heat flow. 
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Figure 2: Results of the parametric study showing the strain rate and the topography of the models according to 
the nature of the lower crust and the spacing between the weak zones. The larger strength of the lithosphere 
favours linkage.

We detail our finding with interpretative cross-sections of models which are compared to natural 
dataset from the Gulf of Aden and other published section from the Central Atlantic. We discuss in 
detail the relationship between fault orientation and length of the margin as well as the timing, location 
and intensity of heat pulse affecting the margin just after the continental break-up.
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In northern Taiwan, contraction, extension, transcurrent  shearing, and block rotation are four major 
tectonic deformation mechanisms involved in the progressive deformation of this arcuate collision 
mountain belt. The neotectonic evolution of the Taiwan mountain belt  is controlled not only by the 
oblique convergence between the Eurasian plate and the Philippine Sea plate but  also the corner shape 
of the plate boundary. 

Based on field observations and analyses, and taking geophysical data (mostly GPS) and results of 
experimental modelling into account, we interpret the curved belt  of northern Taiwan as a result  of 
contractional deformation (with compression, thrust sheet  stacking & folding, back thrust  duplex & 
back folding) that induced horizontal and vertical extrusion, combined with increasing transcurrent & 
rotational deformation (with transcurrent  faulting, bookshelf-type strike-slip faulting and block 
rotation) that  induced transcurrent/ rotational extrusion and extension deformation which in turn 
induced extensional extrusion. 

As a consequence, a special type of extrusional folds was formed in association with contractional, 
transcurrent & rotational and extensional extrusions subsequently. The extrusion tectonics in northern 
Taiwan reflects a single, albeit  complicated, regional pattern of deformation. The crescent-shaped 
mountain belt  of Northeastern Taiwan develops in response to oblique indentation by an asymmetric 
wedge indenter, retreat  of Ryukyu trench and opening of the Okinawa trough. We performed three 
types of analog sandbox modeling to analyze the kinematics of these structures (e.g. Fig below).

Fig.: Sandbox model designed to simulate deformation induced by a double detachment. Silicone layers simulate 
weak and strong detachment such as overpressured shales and evaporites. Compression rate 1cm / hr, natural 
scale ratio 1cm = 1km, total advance 47.1cm, 2mm initial layers of silicone in the bottom and middle (viscosity, 
1x10 4 and 2x10 4 Pa s respectively), sandwich among the middle and top 1cm each with colored dry quartz sand.
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In Taiwan, obliquity of plate convergence involves the progressive subduction of the thinned 
continental margin of China under the Philippine Sea Plate (PSP). Geological observations and 
insights from analog models allow us to propose a tectonic evolutionary model for this typical 
accretionary orogen. From south to north, transition from oceanic to continental subduction induces 
the growth of the Taiwan belt. (1) To the South, where the Ocean Continent  Transition (OCT) domain 
is involved in the subduction, basal accretion of basement slices (from oceanic and continental origin) 
induces wedge thickening and subsequent eastward backthrusting and shortening of the forearc 
domain against the Luzon arc. (2) In central Taiwan, where subduction of the extended chinese 
continental lithosphere is mature, the continental orogenic wedge grows whereas accretion of 
deformed parts of the volcanic arc edifice occurs along the retro-wedge. 

During more than 20 years, analog models have been realized in Géosciences Montpellier in 
collaboration with the department of Earth Sciences of the National Taiwan University in Taipei, to 
bettre understand the dynamics of the Taiwan orogenic wedge. Numerous advances have been 
achieved thanks to combined geological studies - analog modeling approaches. They help us to 
propose general models which outline the impact of first  order processes such as continental 
subduction, arc accretion, mélanges formation, coupling between tectonics and surface processes.

A new scenario is proposed for mountain building in Taiwan.

Geological observations show that the forearc domain is very narrow along eastern Taiwan and that 
the arc is probably absent to the north of 24°N, suggesting that  the frontal part of the arc lithosphere 
has been subducted. In the core of the growing wedge, metamorphic rocks of the Central Range were 
progressively exhumed in a few My rising through the overlying rocks of the former oceanic wedge. 
Strain partitioning caused by the combined effects of basal accretion at depth and surface erosion 
favored exhumation in the hinterland. During uplift, eroding rocks of the oceanic wedge (including 
ophiolite blocks of former mélanges) are removed and became the source for the olistostromal blocks 
included in the Lichi mélange which outline now the place of forearc subduction. Simultaneously, 
sediments are deposited in collisional basins and continuously deformed during shortening of the 
forearc domain. Then subduction controlled asymmetrical mechanisms of wedge growth by forward 
thrusting that had been operating in the Taiwan region up to this time is replaced by a more 
symmetrical evolution with significant backthrusting and backfolding in the retro-wedge. 
At this stage, the tip of the PSP arc basement enters in the collision process, deeply indenting the 
Central Range, which is cut by an east-dipping, out-of-sequence crustal fault. Today, a major west-
dipping shear zone develops in response to indentation by the arc lithosphere cutting through the 
continental lithosphere of the China margin and resulting in a subduction reversal. 
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Introduction: 

Geodetic and moment  release data have been used to compile global maps of lithospheric strain rate 
(Kreemer et  al., 2014). Plate tectonics is clearly evident  on these maps, which highlight the contrast 
between plate boundaries and plate interiors. While plate interior display strain rates less than 10-18 s-1, 
diffuse plate boundaries deform at rates up to almost  10-15 s-1, continental deformation zones 
somewhat  faster, and narrow plate boundaries at  10-12 s-1 or faster (e.g. Gordon, 2000). We develop 
rheological models that can explain the strain rate contrasts of a factor of 1000 between stable plate 
interiors, diffuse plate boundaries, and narrow plate boundaries based on the concepts of shear zone 
localization and the evolution of rock structure upon strain. We find that grain size evolution alone can 
explain the deformation rate of oceanic diffuse plate boundaries and, combined with layer 
development, the rate of continental deformation zones However, an additional localization process, 
possibly serpentinization or stress enhancement due to variations in lithospheric thickness, is needed 
to explain narrow plate boundaries. 

Mechanical analysis of localization in ductile shear zones:

Ductile shear zones constitute a mechanical paradox in the lithosphere. The very definition of a ductile 
rock implies that deformation remains distributed. As the plastic deformation mechanism active in 
ductile shear zones are all characterized by strain rate hardening, it  is energetically favorable for the 
rock to deform at low strain rate and low stress, which, for a given velocity, implies a broad zone of 
deformation. Localized ductile shear zones requires either a localized forcing (locally high stress) or a 
temperature or structural anomaly in the shear zone (Montési and Zuber, 2002). Either origin of 
localization can be inherited or develop progressively, as rock structure and temperature can change as 
deformation proceeds, and a shear zone nucleus can produce a stress, helping it propagate in a manner 
akin to a crack. 

To quantity the efficiency of various localization processes, Montési (2013) proposed the definition of 
a localization criterion. Starting from a reference condition, where a thickness H of material in a 
reference state is shearing at a velocity V and stress σ, we determine the thickness h of a perturbed 
material that  would also shear at  velocity V and stress σ, therefore dissipating the same energy as the 
reference material. The nature of the perturbation is extremely flexible and can include a grain size 
change, a temperature increase, the development of layers, or metamorphism. The localization 
potential L=H/h indicates how narrow a shear zone might become if the prescribed change were to 
take place. Although the full localization potential is unlikely to be realized, it  is possible to identify 
the most efficient  localization process at each level of the continental lithosphere. (Gueydan et al., 
2014). In the upper crust  and middle crust, rocks fabric, including damage and alignment  of 
phyllosilicates controls localization. Grain size reduction is the most  efficient  mechanism in the 
uppermost mantle, while the lower crust features no significant localization process, absent melting. 

Localization at the scale of the lithosphere:

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

75



In the analysis of Montési (2013) and Gueydan et al. (2014), the shear zone develops under specific 
pressure, temperature and stress conditions, isolated from the rest  of the lithosphere. However, the 
analysis can be generalized to consider a complete lithospheric section. We assume that  the 
lithospheric deformation zone is characterized by a strain rate that  is invariant  with depth. The strength 
of the lithosphere is represented by the vertically integrated stress, where the integration is conducted 
to a depth sufficient for the lower viscosity to be considered “asthenospheric”. We generate curves of 
integrated stress vs. strain rate for both reference and modified conditions and calculate the increase in 
strain rate associated with the perturbation at a given constant integrated strength. This assumption is 
motivated by the understanding that the stress level is controlled by the global convective system and 
plate driving forces, and they does not change upon localization. 

We may start with a model of the oceanic lithosphere with a grain size coarse enough for the 
lithosphere to deform in grain-size insensitive dislocation creep. We then let the grain size decrease to 
a value in agreement  with the stress level (piezometer) while letting that  stress vary from depth to 
depth all the while subjected to the constraints that  the strain rate is constant  with depth and the 
integrated stress remains the same. The resulting structure lets lithosphere deforms at  a rate about a 
thousand times faster than originally. This difference can explain the speed of diffuse plate boundaries. 
If a continental crust is added to the model, grain size reduction is slightly less effective. However, the 
possibility of fabric development in the mid-crust  compensate for that  loss, explaining the 
development of continental plate boundaries. 

Narrow plate boundaries deform faster than can be explained by fabric and grain size reduction alone. 
An additional weakening process must be identified. For example, the high heat  flux near mid-ocean 
ridge implies a thin lithosphere, which enhances stress. Stress focusing related to plate thickness 
variations can increase strain rate by another three orders of magnitude, explaining the stability of 
narrow plate boundaries. However, another process must  generate the lithospheric thickness variation 
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in the first  place. One possibility is serpentinization, which reduces the strength of the brittle crust, 
especially when coupled with the development of a fabric in brittle faults.
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S1 – Geodynamics, Plate tectonics (PS7)

Introduction and objectives:

The interaction of two subducting plates having opposite vergence has been proposed in the literature 
in several regions of the Earth (e.g., Lallemand et al., 2001; Lamb, 2011; Vignaroli et  al., 2008). 
Recently, Vergés and Fernàndez (2012) proposed a new interpretation of the tectonic history of the 
Western Mediterranean that involves two subducting plates with opposite polarity. The goal of this 
work is to understand the dynamics of such a subduction system and its observable geotectonic 
consequences, with the aim of estimating its feasibility in the context of the Western Mediterranean.

Laboratory model setup:

A series of analogue models based on viscous syrup (representing the mantle) and silicone putty 
(representing the subducting plate) have been designed to simulate the evolution of a double 
subduction system. The models were recorded and post-processed to obtain subduction velocities, 
retreat rates, trench curvatures and plate separation, all being functions of experimental time. 
Moreover, single subduction systems with similar properties were preliminary developed as reference 
models, such that we can identify those behaviors that are produced as a consequence of the 
interaction between plates.

The basic setup contains a pair of plates subducting in opposite directions (Figure 1). The plates are 
fixed at  their back edge to enforce a slab rollback behavior. Subduction is started by deflecting 
manually the leading edge of the plate (i.e., initial slab pull). Different setups were designed to test  the 
influence of two variables on the system: i) the width of the plates and ii) the lateral distance between 
the two subducting plates. These parameters were chosen in order to compare our results with the 
numerical experiments of Kiraly et al., (2016).
The width of the plates varies from 10 cm (i.e., 600 km in nature) to 30 cm (i.e., 1800 km in nature). 
The lateral distance, on the other hand, varies from 10 to 0.5 cm (i.e., 30 km in nature).

Results:

The evolution of the models is characterized, according to Kiraly et al. (2016), by three different 
phases: (1) initial stage of subduction, corresponding to the evolution of the system until the plates 
reach the base of the model box; (2) approaching trenches until they pass each other; (3) diverging 
trenches, until the retreating of plates is over. The duration of the phases is tuned by the relative 
distance between the subducting plates.
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Preliminary results show that trench velocities increase during phase 2 and then decrease during phase 
3, indicating a constructing interaction of the mantle flows produced by the two retreating slabs. 
Moreover, the lateral distance between plates remains constant along time, indicating that  no effective 
lateral stress is produced when the opposing plates have similar dimensions.
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Results 
 
The evolution of the models is characterized, according to Kiraly et al. (2016), by three different phases: 
(1) initial stage of subduction, corresponding to the evolution of the system until the plates reach the base 
of the model box; (2) approaching trenches until they pass each other; (3) diverging trenches, until the 
retreating of plates is over. The duration of the phases is tuned by the relative distance between the 
subducting plates. 
 
Preliminary results show that trench velocities increase during phase 2 and then decrease during phase 3, 
indicating a constructing interaction of the mantle flows produced by the two retreating slabs. Moreover, 
the lateral distance between plates remains constant along time, indicating that no effective lateral stress is 
produced when the opposing plates have similar dimensions. 
 

 

Figure 1: Top view of a double-polarity subduction experiment. 
The image corresponds to the transition stage between phase 2 and 
phase 3 of the evolution. The plates are initially spaced 0,5 cm and 
both are 10 cm width. 
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between phase 2 and phase 3 of the evolution. The plates are initially spaced 0,5 cm and both are 10 cm width.
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S1 – Geodynamics, Plate tectonics (PS7)

Whereas oceanic subduction is one of the most important  processes of plate tectonics, understanding 
how and where it begins is still a matter of debate, mostly because examples of incipient oceanic 
subduction worldwide are scarce (e.g., Gerya, 2011, and references therein). Northern Algeria 
currently undergoes a slow compressional deformation due to the on-going Africa-Eurasia 
convergence. Deformation occurs on its continental margin (Frizon de Lamotte et al., 2011), as 
evidenced by active seismicity recorded both on land and at sea (Yelles et al., 2006; Domzig, 2006). 
The North African margin in Algeria may therefore represent  a transitional stage between active and 
passive margin settings (e.g., Jolivet et al., 2006). Published data from four wide-angle seismic 
profiles showed evidence of active or recent compressive deformation along the margin. Models of 
isostatic anomalies showed that the North Algerian margin displays isostatic anomalies close to that of 
an active margin (Hamai et  al., 2015). From these observations, two questions arise: i) what 
rheological and thermal parameters control compressional strain localization at  the foot of the former 
passive margin? ii) are those parameters suitable for a long-term evolution of the North Algerian 
margin towards a mature subduction zone ?

In this study, we use the thermo-mechanical code pTatin (May et al., 2014) to test  the effect  of thermal 
and rheological parameters on the tectonic inversion of a passive margin characterized by a young, hot 
oceanic domain adjacent  to a cooler continental plate, following a setting similar to the North Algerian 
margin. As there is no evidence for a typical ocean-continent  transition made of exhumed mantle, we 
simply consider a ~20 km wide transition zone between the oceanic and continental lithosphere, that 
can be either of oceanic affinity (implying a sharp transition between the oceanic and the continental 
domain) or of continental affinity (implying the presence of extended continental crust). This 
transition zone may be either vertical or dipping toward the continent. Finally, we test  the effect of a 
smooth thermal gradient  between the ocean and the continent as well as a sharp vertical boundary 
between the oceanic and continental geotherms.

Our results indicate that tectonic inversion may evolve towards subduction, when the transition zone is 
dipping towards the continent (Figure 1), or towards an indentation of the continental lower crust  by 
the oceanic lithosphere, when the transition zone is vertical. In both cases, strain localization at  the 
foot of the margin occurs only when it is sufficiently heated by the adjacent oceanic domain.
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Figure 1: Results of the reference model with a transition zone dipping towards the continent and a hot 
geotherm; blue color scale corresponds to the different model phases; rainbow color scale is the second 
invariant of the 2D strain rate tensor.
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Introduction:

The geotherm of a subduction zone is thought to vary as a function of subduction rate and the age of 
the subducting lithosphere (Kirby et  al., 1991; Peacock and Wang, 1999). Along a single subduction 
zone the rate of subduction can strongly vary due to changes in the angle between the trench and the 
plate convergence vector, namely the subduction obliquity. This phenomenon is observed all around 
the Pacific (i.e, Marianna, Sunda-Sumatra, Aleutian...) and is supposed in the geological record of 
Turkey (van Hinsbergen et al., 2016). However due to observed differences in subducting lithosphere 
age or lateral convergence rate in nature, the quantification of temperature variation due to obliquity is 
not obvious and need to be better constrained (Bengtson and Van Keken, 2012; Morishige and van 
Keken, 2014).

Modelling approach:

In order to investigate this effect, 3D generic numerical models were carried out using the finite 
element  code ELEFANT (Thieulot, 2014). We designed a simplified setup to avoid interaction with 
other parameters. An ocean/ocean subduction setting was chosen and the domain is represented by a 
400 × 500 × 200 km Cartesian box. The trench geometry is prescribed by means of a simple arc-
tangent function. The mantle flow is computed in the mantle wedge by solving the equation of mass 
conservation. The energy conservation equation is solved in the entire domain and the results are 
analysed after steady state is reached. Depths-temperature trajectories along are computed in order to 
quantify the influence of obliquity on the temperature of the subduction interface.

Results: 

First results show that  the effect  of the trench curvature on the geotherm with respect to the 
convergence direction is not  negligible (Figure 1). A small obliquity yields isotherms that are slightly 
deflected upwards where the obliquity is maximum. With an angle of ∼30°, the isotherms are deflected 
upwards of about 10 kilometres. Strong obliquity (i.e, angles from 60° to almost 90°) reveals extreme 
effects of the position of the isotherms. Further model will include other parameter as the dip of the 
slab and convergence rate to highlight their relative influence on the geotherm of subduction zone. 
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Figure 1: Left panel: top view of temperature in the model and location of depth-temperature paths. Middle 
panel: bottom view of the 450°C isotherm; note the deflection in link with the geometry.  Right panel: Depths-
temperature path along the interface showing a ca. 100°C difference as function of obliquity. 
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Abstract:

The Biella pluton (30-31 Ma) is a Periadriatic intrusive of the Alps, emplaced in the internal part of the 
HP continental Sesia Lanzo Zone (Berger et  al., 2012). Pluton cooling involved contact metamorphism 
overprinting eclogitic to greenschist  facies assemblages in country rocks. Multiscale structural 
analysis combined with thermos-barometric estimates suggest that  magma intrusion took place at 
shallow crustal levels (Zanoni et al., 2008; Zanoni et al., 2010; Zanoni, 2015). 

The emplacement  history indicates that  the intrusion of Biella body occurred when the Sesia Lanzo 
Zone had almost  completed its exhumation under low thermal state consistent  with an ongoing 
subduction (e.g. Roda et al., 2012 and refs therein). The mechanism proposed for triggering the 
Periadriatic magmatism are either subduction (Tiepolo et  al., 2014) or slab break-off (e.g. Von 
Blankenburg & Davies, 1995). However recent numerical modeling (Freeburn et al., 2015) suggests 
that a slab break-off related melting does not result in the widespread magmatism characterizing many 
collisional belts. 

In order to unravel the thermal state of the Biella stock country rocks at the intrusion time we develop 
a preliminary 2D thermal model of pluton cooling testing four different thermal gradients of the host 
rocks. We compare the extent and the variation in the thermal peak of the contact  aureole recorded in 
the country rock (Fig. 1) with the results of the numerical simulations. 

Figure 1: Summary of P-T evolution in Biella aureole at 
different distances from the pluton margin. Thick line: P-
T from calculated petrogenetic grids; thin line: P-T from 
independent thermobarometry only.
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Figure 2: Spatial distribution of Tmax due to heat 
conduction from the pluton to host rock for different base 
temperatures (lines) and comparison with natural data 
(dots).

The computed thermal boundary of the aureole is between 300 and 400°C and is wider than the 
mapped one due to the difficulty to distinguish between contact and greenschists regional 
metamorphism at  such low temperatures. The best  fit occurs for the simulation accounting for 
temperatures between 427 and 527°C (700 and 800 K) at  8 km depth (Fig. 2), assuming conduction as 
the only effective heat transfer mechanism. This indicates that the emplacement  occurred under 
thermal gradients between 55 and 65°C/km that would exclude a syn-subductive magmatism. The 
suggested thermal gradient for the country rock of the Biella pluton would represent the constraint for 
testing different scenarios responsible for the generation of Periadriatic magmatism.
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Introduction:

In the last decades, much effort  has been made towards understanding thin‐skinned evolution of 
mountain belts, i.e. without taking into account  any involvement of basement  deformation, applying 
analogue, numerical, and analytical solutions (Davis et al., 1983; Gwinn, 1964; Hsu, 1979). Recent 
studies have shown that  basement‐involvement  during orogenic growth can strongly influence the 
structural and mechanical evolution of mountain belts (e.g., Bauville and Schmalholz, 2015). 
Furthermore, focus is often limited on purely compressive systems, although new studies emphasize 
the importance of inversion of pre‐orogenic extensional basins and inheritance of basement  normal 
faults for the dynamics of evolving mountain belts (e.g., Boutoux et al., 2014). Numerical studies 
show proposed that even old and thermally strong basins can potentially be inverted if they are 
associated to weak shear zones (Buiter et al., 2009).

Natural example: Kopet Dagh Mountains, NE Iran

The Kopet Dagh mountain belt in NE Iran is an excellent  example of an inverted fold‐and‐thrust belt 
and suits perfect to investigate and understand long‐term processes and evolution of a basement‐
involvement and tectonic inversion (Figure 1; Robert  et al., 2014, and references therein). The Kopet 
Dagh underwent  a short period of extension in the Middle Jurassic, when the northern branch of the 
Tethys (Paleotethys) closed. Subduction of the southern branch of the Tethys (Neotethys) initiated and 
the Kopet Dagh Mountains developed although their timing is not clear yet: late Eocene-Oligocene or 
Miocene during continental collision. Therefore, the temporal and structural evolution of the Kopet 
Dagh is an important  key towards understanding the large-scale tectonic history of the Arabia‐Eurasia 
continental collision.

Applied numerical model

We apply a fully-staggered, marker-in-cell, finite difference numerical code with a framework written 
after a text book for numerical geodynamic modelling (Gerya, 2010) that  was further developed. The 
presented model exhibits a visco-elasto-plastic rheology and simplified strain-dependent plastic 
softening. Initial extension and subsequent tectonic inversion towards convergence is applied to a 30 
km thick crustal sequence (Figure 2). Syn-tectonic sedimentation during extension as well as filling-up 
of the basin during the tectonically quite phase is applied to investigate the effect of deep-rooted 
inherited basement faults on the structural evolution of the overlying sedimentary sequence (Figure 1). 
We test the effects of varying thermal gradients, crustal rheology, and amount  of (non-physical) rock 
softening.
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Figure 1: Regional cross-section showing inversion of inherited basement structures in the Kopet Dagh. 
Structural framework of Mesozoic and Cenozoic stratigraphy is strongly dependent on basement deformation. 
Adapted from Robert et al. (2014).

Figure 2: Preliminary numerical result after extensional phase. Top: Composition shows 500 m to 1 km normal 
fault offset. Reddish color indicate syn-tectonic sedimentation. Bottom: Second invariant of the strain-rate 
tensor.
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S1 – Geodynamics, Plate tectonics (PS7)

Abstract:

A series of 3-D analogue models have been conducted in the laboratory in order to simulate the arrival 
at  trench of a spreading ridge and understand its effect  on plate kinematics, slab geometry and 
overriding plate deformation. These models are made of a two-layered linearly viscous system 
including a lithosphere (PDMS silicone) and an asthenosphere (glucose syrup). To reproduce a 
progressive decrease of the oceanic lithosphere age approaching the trench and the associated 
lithosphere thickness decrease, the thickness of the oceanic plate in the model is gradually reduced 
from the equivalent of ~80 km to 0, eventually completing the ridge subduction. We measure i) trench, 
subduction and plates velocities, ii) slab dip at different depths, and iii) deformation of the overriding 
plate. We specifically study the effect of the overriding plate by both including it or not  in the system 
and by changing its absolute motion. We also test the effect of a variable plate width. These models are 
finally confronted to natural subduction zones where an interaction with an active spreading ridge has 
been documented (e.g., Chile Ridge subduction beneath Patagonia since the Miocene).

Keywords: Analogue modeling, subduction, ridge, lithosphere, Patagonia.
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Introduction:

We present results of analogue subduction models in which we investigate the effect of the Hikurangi 
plateau-Chatham rise and free northern slab edge on evolution of the Tonga-Kermadec-Hikurangi 
subduction zone. The Tonga-Kermadec-Hikurangi subduction zone presents a marked along-trench 
variation in trench retreat and subduction velocities, which increase gradually from south to north to 
reach very fast  velocity close to the northern slab edge. The origin of this kinematic asymmetry is 
intriguing. However, when placed in a geodynamic framework, the kinematic asymmetry can be 
thought  as produced by lateral variation in subducting plate density, and by different  boundary 
conditions between the southern and the northern lateral slab edges. Presence of the Chatham rise and 
the Hikurangi plateau born by the subducting plate to the south of the subduction zone are in particular 
expected to induce a strong positive density anomaly locally, whereas there is a free lateral slab edge 
to the north.

Method:

Using three-dimensional fully dynamic subduction models, we study how the presence of the 
Hikurangi plateau and Chatham rise affects the dynamics of the Tonga-Kermadec-Hikurangi 
subduction zone. We vary systematically the thickness of both the Hikurangi plateau and Chatham rise 
as their thickness is not perfectly constrained from geophysical observation. We measure subducting 
plate kinematics such as trench retreat and subduction velocities. We also use a stereoscopic Particle 
Image Velocimetry (sPIV) technique to map the 3 components of the subduction-induced mantle flow 
velocity field in the middle of the upper mantle, focusing on the associated production of upwellings 
around the free northern slab edge. We then study how the presence or absence of the Hikurangi 
plateau and Chatham rise and their different possible thicknesses affect the geometry and kinematics 
of the subducting plate, and the resulting subduction-induced mantle flow around the northern free 
slab edge.

Results:

Our model results show that presence of the Hikurangi plateau and Chatham rise strongly affect  the 
evolution of the subduction models. Without  these geological features subduction occurs 
symmetrically with a trench curvature evolving from quasi-linear to slightly convex towards the 
overriding plate in the centre of the subduction zone. This geometry is characteristic of subduction 
zones with intermediate trench-parallel slab extent (Schellart et  al., 2007; Strak and Schellart, 2016). 
When including the Hikurangi plateau and Chatham rise subduction slows down and/or ceases in the 
south but continues in the north (Figure 1), resulting in a trench-parallel increase in trench retreat and 
subduction velocity from south to north. When increasing the thickness of the Hikurangi plateau and 
Chatham rise, we observe a stronger velocity gradient in trench retreat  and subduction velocity along 
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the trench. Furthermore, maps of the subduction-induced mantle flow show that  an upwelling is 
produced around the northern free slab edge (Figure 1). This upwelling always stays focused close to 
the northern slab edge during progressive slab rollback and follows an easterly path. It can in part 
explain volcanism observed at  the northern termination of the Tonga-Kermadec-Hikurangi subduction 
zone, where mantle decompression melting and interaction between the melt  and slab produce an 
adakite signature.

Figure 1: Line drawing and mantle flow velocity field from top views of analogue model to study subduction of 
the Pacific Subducting Plate (PSP) at the Tonga-Kermadec-Hikurangi subduction zone, with inclusion of the 
Hikurangi Plateau (HP) and Chatham rise (CR) born by the subducting plate. The 3 components of the mantle 
flow velocity field have been measured at a depth of 5.5 cm (scaling to 275 km) using a stereoscopic particle 
image velocimetry technique. The black vectors indicate the in-plane components (x and y) and the colour map 
shows upwellings in red and downwellings in blue (z). Note that 1 mm/min in the model scales to 1 cm/yr in 
nature. A black dashed line indicates the contour of the slab below the colour map.
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S1 – Geodynamics, Plate tectonics (PS7)

Introduction:

Lithospheric-scale shear zones are responsible for mechanical decoupling of tectonic plates and 
therefore represent prominent tectonic features. Paradoxically, the way they develop both in space and 
time remains poorly constrained and constitutes a challenging issue in tectonics. Here, we focus on 
lithospheric shear zones developing in a convergent  setting. The aim of our study is to follow the 
complete evolution of a lithospheric shear zone from its genesis. A special attention is paid on 
identifying the dominant rheological behaviours (brittle vs. ductile) active during the evolution of the 
shear zone and how they alternate both in space and time. 

Modelling strategy: 

We performed numerical simulations by using a thermo-mechanical code that  solves for 2D 
incompressible Stokes flow and the energy conservation equation. These equations are discretized on a 
Eulerian-staggered grid encompassing a free surface. Advection is treated explicitly using a set of 
Lagrangian markers, which are used for (i) tracking material properties over time and (ii) recording 
stress and temperature sustained by the rocks throughout the simulations. All lithologies are 
characterized by a visco-elasto-plastic rheology and combine different  flow laws (i.e., diffusion, 
dislocation, and exponential creep). We do not  impose any parameterised material strain softening.  
We include thermal softening, which arises from the principle of energy conservation (i.e. shear 
heating).

Throughout  the simulation we identify the dominant rheological behaviour, which is responsible for 
accommodating the deformation at  any given location in the model (see Figure 1). The stress state is 
also recorded in order to quantify the strength (differential stress) evolution within the modelled 
lithospheric shear zones. 

Results:

Our results show that  deformation within lithospheric shear zones is not necessarily ductile, even in 
(U)HP-LT  conditions, as commonly believed. If ductile behaviour generally occurs after a first  stage 
of brittle deformation this transition is strongly dependent  on the amount  of shear heating. As a 
consequence, the dominant  deformation behaviour at  a given location is transient. During convergence 
the state of stress in the shear zone depends on the far field forces applied on the lithosphere but also 
on the local temperature conditions. As these parameters vary in space and time, the strength within 
shear zones is highly variable.
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Figure 1: Example of deformation maps extracted from a continental collision model. [a] Material configuration 
after 15%  of shortening. [b] Effective strain rate (second invariant) in the collision zone.[c] Strain rate 
partitioning between the various rheological behaviours (colour scale is the same as for b).

Implications for convergence zones:

Our models present  how dominant rheological behaviours are distributed during continental collision 
and how the stress state evolves within (and close to) a lithospheric-scale shear zone. They particularly 
highlight  the spatial and temporal variations of the location of brittle-ductile transitions. The 
implications of our study for (U)HP-LT metamorphism and deep seismicity will be discussed.

Keywords: Lithospheric shear zones, Rheology, Convergence zones dynamics.
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S1 – Geodynamics, Plate tectonics (PS7)

Introduction:

During the early stages of rifting, rift  segments may form along non-continuous and/or offset pre-
existing structures. They can link in various ways to form a continuous rift  system. Here we test the 
effects of 1) dextral and sinistral oblique extension as e.g. observed in the East African Rift  System 
and 2) various geometries of structural inheritance on rift segment  linkage. We use a similar method as 
Zwaan et al. (2016) that allows distributed deformation in the overlying model materials: sand layers 
for the brittle upper crust and a viscous sand/silicone mixture for the lower crust. Above the basal 
viscous layer we apply right stepping offset lines (seeds) of the same viscous mixture, representing 
inherited weaknesses in the sand, along which deformation focuses. Selected models are run in a CT-
scanner to reveal their 3D internal evolution (hence 4D).

Results:

Our models show that  rift segments initially form along the main seeds and subsequently propagate ca. 
parallel to the extension direction (Fig. 1a). With sinistral transtension they grow apart, orthogonal 
extension has them propagating in a parallel fashion and with dextral transtension rift  segments grow 
together. When we apply a secondary seed that connects the main seeds, the former seed seldom 
activates. This is in contrast  with previous studies (e.g. Acocella et  al., 1999), but  in line with the 
notion that inherited structures do not  always reactivate during a next  tectonic phase (e.g. Nalpas & 
Brun, 1995). Furthermore, in our sinistral transtension models without  rift-connecting seeds and with 
the initial seeds laterally far apart, a surprising phenomenon occurs: instead of rifts that grow apart, a 
strike-slip transfer zone develops, connecting both rift  segments (Fig. 1ax1-4 and 1b). In some models, 
a hybrid system develops, with both a strike-slip transfer zone and a rift  arm propagating away. This 
might  indicate that these models are close to a transition between two modes: propagating apart  or 
strike-slip transfer zone mode. The latter bears resemblance to the Tanganyika-Malawi fault zone in 
East  Africa (Fig. 1c): we observe 1) a similar extension direction, 2) a strike-slip transfer zone with the 
same motion with 3) a similar orientation to the main rifts and 4) rift segments that grow apart. 
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Figure 1. a) Final top view structures as a function of seed geometry and extension direction; b) CT-derived 3D 
evolution of model x4 (NB: mirrored with respect to Fig. 1a-b); c) Model-nature comparison, image modified 
after Acocella et al., 1999.
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S1 – Geodynamics, Plate tectonics (PS7)

Abstract:
The aim of the work is to describe the neotectonics indications observed near the thrust fault 
nominated Chevauchement Sud Kabyle(SKF). The fault  is a segment  of a regional Miocene front 
thrusting which separates the internal zones from external zones of Maghrebides in Eastern Algeria. 
The fault is E-W direction and north dipping, has been identified by Bouillin. It is visible between 
Beni Haroun and Kantour in Mila- Skikda areas. The fault  reveals direct  and indirect plausible 
indications of its activity during the Pliocene and Quaternary. A number of small earthquakes with 
Magnitudes Ms less than 4 which have occurred during the last  century in the vicinity of the fault  can 
argue in favour of its activity.

Introduction: 

The Maghrebides chain is extending from North Africa to the Far East regrouping the peri- 
mediterrannean orogens. It  is derived from opening then closure of the Tethys ocean [Mc kenzi, 1972, 
De Mets. 1990, I Stampfl and al., 2002]. It  is related to the convergence of African, European plates 
and interposition of blocks or microplates Alkapeca [Durand Delga, 1974, 1980; Raoult, 1979; Vila, 
1980; Bouillin, 1983; Wildi, 1984]. 

The Miocene paroxysmal phase produced significant folds distinguished in two principal directions 
NE- SW and E-W. According to Vila [1980], in the Eastern Algerian Maghrebides, the alpine tectonics 
took place in several phases: Priabonian phase generated the «front  thrust” accident  in which is 
expressed epizonal metamorphism, the flysch overthrust  nappe, Tellian nappes and the folding of 
parautochthon domain. The Burdigalian phase generated olistostromes, Numidian flysch and plicatives 
structures in internal zone. The Tortonian phase is expressed by decametric thrusting. The neotectonic 
phase has been initialized from the middle Miocene by distension creating major post  nappes basins 
and marked by calc-alkaline magmatism. The Pliocene is particularly distinguished by a continental 
sedimentation.
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Figure1: Map of the geomorphological domains of North Algeria: Maghrébides [(Alpine chain regroups Tell 
Atlas and High Plateaus) and Saharan Atlas (Hercynian, Meso-Cenozoic chain)] [Domzig, 2006]. Study area 
[36.80° - 36.25° N], [5.50° - 7.00° E] located inside the red square.

Figure 2: The main geological units of the Maghrebides chain 1 - internal zones (Paleozoic basement, Mesozoic 
Dorsale + Oligo-Miocene), 2 - Flyshs Southern (Meso-Cenozoic), 3 - external zones (Tellian massifs + the 
High Plateaux Meso- Cenozoic) (in Kharoubi, 2006)
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Tectonic setting: 

The Alpine tectonic structures correspond mainly to NE-SW, NW- SE system faults, E–W Thrust 
faults and NE-SW folds. The recent tectonics can be highlighted by reactivation of certain NE-SW 
reverse faults and E-W strike-slip faults.

Neotectonic indications

The obviousness related to the Pliocene and Quaternary activities of the South kabylian fault (SKF), It 
is marked by deformation of Pliocene; in southern Skikda and Mila areas.

Deformation lamella marking the Pliocene suggesting the proximity of a fault which has functioned 
during the Pliocene-Quaternary period.
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Pliocene of Mila: Monoclinal structure

Keywords: alpine tectonic, neotectonic indications, geomorphological indication, historical 
seismicity.
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S2 - Coupling Tectonic and Surface 
processes

Tectonic deformation and climate-driven erosion control the shape and evolution of 
continental topography. In turn, landscapes and sedimentary records offer valuable 
archives of the dynamics  of these processes  and of their potential couplings. However, 
unravelling the respective influence of mantle or lithosphere dynamics,erosion, 
sedimentation, climatic changes and structural inheritance remains a major challenge 
in the Geosciences. 

This partly results from a lack of understanding of how integrating short- and fine-
scale processes into the big picture of topography building, basin development and 
structural evolution. To address this issue, numerical and experimental modelling is 
required both to refine our understanding of the dynamics of the Earthʼs surface and 
sub-surface and to guide future geophysical, geochemical and field-based 
observations. To this session, we welcome studies that develop one or both 
approaches, as well as  innovative contributions addressing technical and theoretical 
challenges. 

We particular warmly welcome studies  1) that model processes occurring on short time 
scales (earthquakes, typhoons or floods) or on fine spatial scales (fracturing, 
landsliding or river avulsion) or 2) that integrate these short- or fine-scale processes 
into longer- or larger-scale models to investigate how the wide spectrum of couplings 
between deformation, climate and surface processes shape the Earthʼs topography.

Conveners: Philippe Steer (University of Rennes, France) and Oriol Ferrer 
(University of Barcelona, Spain).

Keynote speaker:

"Scale-independent self-organization in channelized transport systems" by Chris 
Paola (University of Minnesota, USA) - cpaola@umn.edu
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S2 - Coupling Tectonic and Surface processes (Keynote)

Major elements of the dynamics of channelized systems, from erosional landscapes to the deep ocean, 
appear to replicate themselves in more or less similar form across scales and environments. Among 
other things this allows simplified experiments and simplified dynamical models to contribute a 
surprising amount of useful insight. We will review examples from experiments on wave and tide 
influence on deltas, and on the interplay of tectonics and rivers. We will consider  parallels between 
experiments and simplified models, as well as what  these examples of "unreasonable effectiveness" 
can tell us about scale-independence or, perhaps, detail-independence in channelized systems.

Overhead image of a delta produced under the combined influence of rivers,  waves and tides. Can you guess the 
relative proportions? (Image credit: Sarah Baumgardner)*
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S2 - Coupling Tectonic and Surface processes (Oral)

1. Introduction:

State-of-the-art reflection seismics and borehole data give us an exceedingly detailed picture of the 
stratigraphic development  within forearc and wedge-top basins and the underlying accretionary 
wedges  [Strasser et al., 2009; Gulick et  al., 2010; Moore et al., 2015]. Stratigraphic patterns within 
these basins reveal that  instead of being passive, undeformed basins, basins are being constantly 
shaped by varying influences ranging between wedge tectonics and hinterland sediment flux. As the 
forearc and wedge-top basins are formed on top of the accretionary wedge, their basins stratigraphy 
proves to be an invaluable repository of past  tectonic movements of the underlying accretionary prism 
[Beaudry and Moore, 1985]. However, a comprehensive interpretation on the evolution of accretionary 
wedges predicated upon basin stratigraphy can be contentious, because reconstructed tectonic 
movements could be dynamically inconsistent with wedge mechanics. Here, we present a 
methodology to generate synthetic stratigraphy consistent  with dynamics of the accretionary wedge 
using the assumption that  stratal surfaces and unconformities identified in reflection seismics are 
generated by vertical aggradation of sediments and can be approximated by isochronal surfaces [Vail, 
Todd & Sangree, 1977].  This synthetic stratigraphy is then compared to reflection seismics and 
borehole data obtained within the IODP (Integrated Ocean Drilling Program) Nankai Trough 
Seismogenic Zone Experiment  (NanTroSEIZE) offshore SW Japan, to ascertain the self-consistency of 
some of the interpretation for the Nankai accretionary prism underlying the Kumano Forearc basin 
[Strasser et al., 2009; Gulick et al., 2010; Moore et al., 2015].

2. Method:

In this study, we use a dynamic 2D, high-resolution, thermo-mechanical,  subduction model (I2VIS 
[Gerya and Yuen, 2003]) coupled to an adaptive irregular surface grid to model the free surface. The 
numerical method is similar to the approach used in Mannu et al. (submitted). In addition, we track 
basin stratigraphy developing in the wedge top basins atop the accretionary prism by emplacing lines 
of Lagrangian markers at discrete times along the upper surface of the model, which subsequently are 
buried, transported, and deformed according to the velocity field generated in the model. 

3. Results:

We observe that  the development of forearc basins in wedges with low and high taper angle follow 
different  mechanisms. We find that, in models with low décollement strength (µD≤0.05) and thus low 
taper angle, the predominant mechanism of forearc basin formation is due to the formation of negative 
alpha basin (Figure 1a;d;f). These basins exhibit  a landward basin uplift  due to landward wedge 
thickening with time, resulting in seaward tilt  of the basin strata (Figure 1d). On the contrary, in 
models with high décollement  strength (µD≥0.15) and high taper angle, forearc basins form due to 
creation of accommodation space landward to an active OOST (Out-of-sequence Thrust) (Figure 1 
b;e;g). OOST  formation is triggered by high trench sedimentation in initial phases of hinterland 
sedimentation. Basin uplift due to OOST  activity produces a landward basin tilting (Figure 1e) 
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accompanied by a seaward slope basin. Hypothetical boreholes in forearc basin and slope basin exhibit 
multiple unconformities which indicate an interplay between hinterland sediment flux and 
accommodation space.

Figure 1: Forearc and slope basins with their stratigraphy.  a) Strain-rate invariant plot for model R1S2(µD=0). 
b) Strain-rate invariant plot for model R3S2(µD=0.2).  c) Stratigraphy of slope basin in model R3S2. d) 
Stratigraphy of forearc basin in model R1S2. e) Stratigraphy of forearc basin in model R3S2. f) Borehole-A time 
log. g) Borehole-B time log. h) Borehole-C time log.
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S2 - Coupling Tectonic and Surface processes (Oral)

Introduction:

Observed peaks of igneous activity worldwide during the current  interglacial (e.g., Huybers and 
Langmuir, 2009) suggest that climate oscillations affect the melting of the Earth’s interior. A deglacial-
triggering hypothesis (Hardarson and Fitton, 1991), according to which continental unloading owing 
to the melting of ice-caps during the transition to interglacials leads to enhanced magma production, is 
currently the most  accredited explanation for this correspondence. The impact  of climate oscillations 
on magma production, however, has been evaluated regardless of surface erosion although the density 
of upper crustal rocks and sediments exceeds that  of ice by approximately three times. Such a density 
difference implies that  the melting of 1 km of ice leads to the same increase of basalt production as the 
removal ~0.3 km of upper crustal rocks by erosion, provided that such unloading occurs during similar 
time intervals.

Methodology:

We use datasets relating to the evolution of erosion rates (e.g., Hallet et  al., 1996; Herman et al., 2013) 
to calibrate numerical models of surface erosion processes and evaluate the relative dynamic 
contributions of erosion and ice building/melting to continental loading/unloading during a 100 ka 
glacial-interglacial climate oscillation. Assuming that  the Earth possess a linear rheology, a time 
invariant geothermal gradient and negligible deviatoric stresses at depth, variations of the melt 
production at  any given depth due to surface ice building/melting and erosion can be inferred from 
modelled loading/unloading histories beneath an eroding ice sheet responding to such a climate signal.

Results:

Our numerical experiments are capable of linking self-consistently short- and long-term observational 
constraints and suggest that  the observed rates of glacial erosion imply comparable contributions to 
the magma production by continental unloading from ice melting during the deglaciation and surface 
erosion. 

Implications:

Degassing associated with mantle melting injects chemically and physically active gases and aerosol 
particles into the atmosphere, which affect  climate and weather changes (Cole-Dai, 2010). The 
decompression of volatile saturated magmas also drives gas exsolution, which increases the 
probability of eruption and degassing events to occur as well as the amount of volatiles potentially 
released in the atmosphere (Jellinek and De Paolo, 2003). While many other physical and biological 
feedbacks in the ocean are certainly involved, our results suggest  that  erosion may play a role as 
important  as that  of ice building/melting in controlling the emissions of greenhouse gases from the 
solid Earth across continental domains. Although the forcing of climate oscillations on submarine 
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volcanisms is debated (Olive et al., 2015), sea-level rise following continental ice melting seems able 
to reduce the magma production of mid oceanic ridges (Crowley et al., 2015), in turn buffering the 
increased subaerial volcanic and degassing activity owing to continental unloading by the deglaciation 
(e.g., Huybers and Langmuir, 2009). Such a buffering mechanism, however, does not apply to 
continental unloading by erosion because loading by sediment deposition in the ocean is unlikely to 
occur atop of oceanic ridge. Therefore continental erosion may have greater net  effects than ice 
building/melting on the CO2 outflux and magma production from the solid Earth.

Figure 2: Schematic representation of the 
proposed feedback between surface and deep 
processes. Building and melting of erosive 
continental glaciers and ice-sheets throughout 
climate cycles control the redistribution of ice, 
water and rock masses across the Earth’s surface 
and affect the magma production by mantle 
decompression melting. In turn, the eruption of 
magma at the Earth’s surface affects the 
atmospheric greenhouse gas budget and 
feedbacks on climate and weather.
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S2 - Coupling Tectonic and Surface processes (Oral)

Introduction:

We used a deformation and erosion device that allows reproducing and monitoring the interactions 
between tectonics, erosion and sedimentation during the development  of successive thrust  sheets at 
different  convergence and rainfall rates. We generated a synthetic mountain front  that  evolves with 
time and gives us the chance to study the evolution of the fluvial network and the landscape evolution 
associated with active tectonics. Our experiments adapt the experimental set-up proposed by 
Graveleau and Dominguez (2008). The deformation device is constituted by a basal film pulled 
beneath a static buttress. The film is overlaid by synthetic material made of glass microbeads, silica 
powder and plastic powder (PVC), which models the upper crust. The shortening induces deformation 
in the synthetic material and generates an accretionary wedge composed of imbricated thrusts. The 
rainfall system consists of sprinklers that produce water micro-droplets over the model. We monitored 
deformation during the experiments with an optical measurement bench composed by photograph 
cameras coupled to a laser interferometer that allows generating a Digital Elevation Model (DEM) and 
quantifying surface deformation.  

Drainage network evolution and implications on the patterns of sedimentation:

Drainage network exerts a first  order control on erosion in mountain ranges. In a source-to-sink 
system, rivers erode source areas and transport  the sediments to the adjacent basin (sink). The pathway 
of the drainage network within a mountain range defines the sediment pathway. During mountain 
building, the interactions between deformation and natural drainage-network evolution can result  in 
river diversions, thus controlling the spacing between outlets and alter the patterns of sedimentation in 
basins. By varying the ratio of rainfall rate over shortening rate we can observe substantial differences 
in both; the drainage organization and along-strike variations in sedimentation patterns. With higher 
ratios between rainfall and shortening transverse channels are not  diverted and they produce a line-
source dispersal system developed in front  of the active structure. At  lower ratios channels merge in 
the backlimb of frontal structures, producing gridiron drainage patterns and in point-sourced 
depositional systems (Fig.1) separated by areas fed only by small channels developed in the external 
limbs (Viaplana-Muzas et  al., 2015). The adjustment of the rivers to uplift rate and/or climate can 
reorganize the drainage network by divide migration and capture processes, as interpreted in some 
active mountains (Babault et al., 2012, Struth et al., 2015) where an early longitudinal drainage 
network is substituted by a new transverse drainage network.  A river capture modifies the size of the 
catchments, resulting in rapid change in the sediment routing system and spatial distribution of erosion 
which potentially modify the sedimentation rates in the outlets and the composition of the sediments 
that infill the basins.
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Figure 1.Patterns of sedimentation in two experiments run under low shortening rate (A) and high shortening 
rate (B). Rainfall rate is 9 mm/h in all experiments.  
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S2 - Coupling Tectonic and Surface processes (Oral)

Introduction:

The Northwest  Mediterranean Basin includes a thick Messinian salt sequence formed by three 
evaporitic units: 1) Lower Units (LU) including clastic turbidites with resedimented gypsum; 2) 
Mobile Unit (MU) composed by halite; and 3) Upper Unit  (UU) containing dolomitic marls, marls and 
anhydrites (Lofi et al., 2011). The MU acts as a gravitational detachment favoring the downdip failure 
of the overlying sediments. As a result  the structure of this margin is characterized by an upper 
extensional domain with basinward-dipping listric normal faults and a lower contractional domain that 
accommodates up-dip extension by folding, salt inflation or diapir squeezing. Nevertheless, this 
classic structural zonation can be locally disrupted by Lower to middle Miocene calc-alkaline volcanic 
edifices (Martí et  al., 1992) that acting as a “barriers” awkward early gravitational gliding and hinder 
downslope salt  drainage. These pre-salt  reliefs modify the downslope salt flow and constraint  the 
subsequent deformation of supra-salt cover during gravitational failure.

Using an experimental approach (sand-box models) this study aims to analyze the role played by these 
seamounts during the kinematic evolution of passive margins and how they alters salt flow and supra- 
salt deformation during gravitational gliding.
Experimental procedure

The experimental program consisted on seven analogue models including seamounts with different 
heights. Models were carried out  in a glass-sided deformation rig that was 110 cm-long, 50 cm-wide 
and up to 15 cm-deep. The seamounts were built  with plasticine and were attached to a basal plastic 
sheet  remaining fixed throughout the experiment. The geometry of the analog salt basin consisted in 
an upslope panel dipping 3o and a vertical downslope edge built  above four layers of 2.5 mm-thick. 
The LU was modeled using a 5 mm-thick layer of a volumetric mixture of sand and a silicone polymer 
giving a higher effective viscosity than pure polymer. Different colored polymer plugs located around 
the seamount  were used as passive markers to trace the flow of the pure polymer during gravitational 
gliding (Dooley et al., 2009). The MU, was simulated using a 10mm-thick layer of pure polymer. 
Finally two layers of 2.5 mm-thick of green and white silica sand were used as analog of the UU. 
Gravitational gliding started after to tilt the baseboard of the rig 4.5o. Different syn-kinematic layers 
of white and red silica sand were added at intervals of two hours.

Results and conclusions:

The presence of a seamount  favors the early development  of two gravitational sub-systems up- and 
downslope with their corresponding extensional and contractional pairs. Whereas upslope the 
contraction is characterized by polymer inflation and thrusting, a listric normal growth fault  dipping 
basinwards developed in the downdip flank. This listric fault constraints the development  of a basin on 
its hangingwall. As the margin failure continue the cover overthrusts the seamount  and is passively 
transported downdip by gliding using the pure polymer as a detachment. When this occurs, the 
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previous sub-systems are reconnected as a unique system. The structural style of the experiments 
dramatically changes when salt depletion took place below the basin. Overthrusting and welding force 
the development of a second contractional zone downdip of the seamount  (Fig. 1). A local 
unconformity developed above this contractional zone formed by a break-back thrust system (Fig. 1).
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Figure 1: Detailed cross-sections of experiment 5 after 18 hours showing the main structures produced by the seamount 
during gravitational gliding. Whereas the pure polymer (blackish color) acts as a detachment, the pink layer (mixture of sand 
and pure polymer) was deformed after the depletion of pure polymer. 
 
The kinematic evolution is clearly controlled by polymer flow velocity during gravitational gliding 
and by the dip differences between the flanks and the edge of the seamount. According to the 
evolution pattern we have defined a new by the 
similarity between both. During early gravity gliding, flow velocity upslope the seamount is basically 
reduced by buttressing. This is clearly dependent on the seamount shape. When the polymer reaches 
the apex of the seamount, the flow accelerates and descends rapidly throughout the downdip flank. On 
the seamount edge the flow velocity decrease again especially if the thickness of the source layer is 
progressively reduced by welding.  
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Figure 1: Detailed cross-sections of experiment 5 after 18 hours showing the main structures produced by the 
seamount during gravitational gliding. Whereas the pure polymer (blackish color) acts as a detachment, the pink 
layer (mixture of sand and pure polymer) was deformed after the depletion of pure polymer.

The kinematic evolution is clearly controlled by polymer flow velocity during gravitational gliding 
and by the dip differences between the flanks and the edge of the seamount. According to the 
evolution pattern we have defined a new deformation mechanism we called “roller coaster” by the 
similarity between both. During early gravity gliding, flow velocity upslope the seamount is basically 
reduced by buttressing. This is clearly dependent on the seamount shape. When the polymer reaches 
the apex of the seamount, the flow accelerates and descends rapidly throughout  the downdip flank. On 
the seamount edge the flow velocity decrease again especially if the thickness of the source layer is 
progressively reduced by welding.
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S2 - Coupling Tectonic and Surface processes (Oral)

Abstract:

The ‘Grands Causses’ is located in the southern part  of the Massif Central (France) and it  comprises 
several plateaux that are extensively incised by gorges showing vertical cliffs of decametric scale (10 – 
100 m). Cliff geometry is mostly controlled by preexisting discontinuities (fractures and joint  sets) that 
cut across massive limestone and dolomitic layers.

The observed erosion mechanisms in the bounding cliffs involve landslide processes such as rock 
falls, rock topples and slides. Field observations suggest that  landslides are initiated by the incremental 
enlargement of steeply dipping discontinuities that  progressively detach and separate rock columns or 
larger cliff portions in the direction of the free boundary. Discontinuities (e.g., fractures) have varying 
scales, and may cut across the entire cliff, and may be enlarged up to metric distances.
The incremental enlargement  of fractures is linked with seasonal temperature oscillations in relation 
with movement of rock blocks that are blocked inside the fractures. The mechanism involves two 
successive stages in which rock blocks create a wedging and a ratcheting effect on the rock column.

Wedging is associated with compressional forces acting on the rock column, resulting from 
temperature increase and dilation of shallow rock material in the uphill main cliff, the blocks and the 
emerged part of the rock column. On the contrary, the base of the rock column, which is often buried 
beneath a thick layer of talus deposits, remains at relatively constant temperature and exhibits 
negligible volume changes. Thermal dilation tends to close the fracture inducing compressional forces 
in the blocks and an active lateral pressure on the rock column; if compressional forces are large 
enough the rock column moves outward an incremental (submillimetric) distance along a basal shear 
surface (e.g. a landslide) while the fracture is enlarged. 
Ratcheting is associated with the downward displacement of blocks by gravity to a new equilibrium 
position, resulting from temperature decrease and contraction of the cliff – blocks – rock column 
system. Downward block movement sets the initial condition for the next wedging cycle as the 
temperature rises. 

The model involving thermo-mechanical wedging-ratcheting is based on many field observations and 
it has been constrained with data from an instrumented rock column 50 m high for which displacement 
and temperature measurements are available over 3 years. The annual displacement shows an overall 
concave geometry, and the net displacement  is roughly 1.6 mm/yr dipping downward 30° toward the 
free boundary. Temperature cycles composed of cooling and heating phases have periods between 
3-15 days. The amplitudes of cooling and heating phases vary over the seasons, and control the 
enlargement of the fracture and plastic deformation along the shear plane beneath the rock column. 
Different behaviors are observed during three distinctive periods (winter, spring to summer and 
summer to autumn).
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Figure 1: Block-diagram illustrating the wedging effect of blocks located inside a vertical fracture; the external 
portion of the cliff moves outward as temperature rises and external rock material dilates.
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S2 - Coupling Tectonic and Surface processes (Oral)

Introduction:

Hypervelocity meteorite impact is now recognized as a fundamental geological process of the solar 
system. In particular, large meteorite impact is paramount for understanding (1) the evolution of the 
early Earth, (2) the geological modification of Earth’s crust  and surface, (3) the evolution of life and 
(4) the formation of giant  natural resource deposits. The largest  known terrestrial impact  structures, 
Chicxulub (Mexico), Sudbury (Canada) and Vredefort (South Africa), are on the order of 200 km in 
diameter and formed within less than 10 minutes. Hypervelocity impact processes of this caliber 
require a transient loss in target rock cohesion, which is typically modelled using hydro codes.
 
The presence of fractures in crater floors of the Moon and Mercury (Fig. 1d - f) and dikes in target 
rock of the Vredefort  and Sudbury impact structures consisting of largely differentiated impact  melt 
indicates that  impact structures, notably large ones, undergo long-term crustal relaxation associated 
with discontinuous deformation. The duration of this process, which entails post-impact  cooling and 
isostatic re-equilibration of crust, as well as the cause for the variable geometry of crater floor 
fractures showing radial, concentric and polygonal patterns are not well known. We focus on the 
isostatic component  of crustal re-equilibration on floor fracture patterns by means of analogue 
modeling using viscous and granular materials scaled respectively to a terrestrial lower and upper 
crust. Analogue modelling is complemented by numerical modelling in order to constrain the 
influence of cooling and strain rates on the crustal strength profile. The study highlights the 
significance of rheological layering on the formation of distinct  crater floor fracture patterns. Our 
results may help to constrain pre-impact target rock configurations on other planets.

Method:

The starting conditions driving isostatic relaxation of model crust  are flat topographic depressions 
(Fig. 1a-c) resembling crudely the morphology of large craters imparted in brittle layers. In nature, 
viscous flow in the lower crust  and the yield strength of brittle crust resist isostatic re-equilibration on 
crustal scale. We set  up experiments in which we varied the thicknesses of brittle layers, composed of 
a sand-flour mixture, and the viscous layers, modelled by silicon oil. The density difference Δρ of 
these layers is approximately 2-3 %. Except for the area occupied by the model crater, the initial total 
layer thickness is 10 cm, corresponding to 35 km in nature, in all experiments. To explore the 
geometric variation of floor fractures with crater diameter and crater depth, both were varied 
respectively from 80 to 120 mm and from 5 to 10 mm. Surface deformation was monitored by Particle 
Image Velocimetry at micrometer resolution. 

Results:

The numerical models indicate that  thermal relaxation of the impact  lasts on the order of 10 Myr. 
However, because of the high initial strain rates and rapid surficial cooling, a thin (<5 km thick) brittle 
crust is attained within less than 10 kyr. The decrease in strain rate and simultaneous cooling of the 
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deeper crust causes the crustal strength profile to be rather stable during the first 1 Myr (e.g. a strain 
rate decrease by one order of magnitude counterbalances cooling by 50°C). This result  justifies our 
starting condition of a brittle layer with uniform thickness to model the geometric evolution of crater 
floor fractures caused by long-term crustal relaxation.

Fig. 1: Experimental (a - c) and equivalent natural (d - f) crater floor fracture patterns, which are polygonal (a, 
d), concentric (b, e) and radial (c, f). (d) and (e) are from Watters et al. (2012). (d) is from Jozwiak et al. (2012).

The analogue experiments show three distinct  crater floor fracture patterns, which can be attributed to 
combinations of a specific rheological layering and crater depth. Pattern 1 is characterized by 
polygonal fractures (Fig. 1a) and occurs in deep craters hosted in thin brittle layers. Pattern 2 is made 
up of concentric fractures (Fig. 1b) and is more prominent in shallow craters imparted in thin brittle 
layers. Pattern 3 is displayed by radial fractures (Fig. 1c) and is observed in deep craters hosted in 
thick brittle layers. Shallow craters embedded in thick crust  did not result in any measurable surface 
deformation, let  alone visible fractures in model craters. Our analogue modelling results indicate that 
isostatic equilibration of material underlying the model crater and fracture-induced dilation are non-
linear. This deformation is characterized by a uniform deceleration in strain rate until approximately 
15 minutes, corresponding to ca. 10 kyr in nature, after onset  of relaxation. Uplift  of the crater floor is 
consistent with Airy isostasy modified by a yield criterion corresponding to the integrated strength of 
the brittle upper crust below the crater floor.
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S2 - Coupling Tectonic and Surface processes (PS7)

Introduction:

Accretionary orogens are generally considered as Coulomb wedges that display a taper geometry with 
a general slope from the backstop to the front of deformation. The mechanical properties of the 
material accreted in a wedge are known to control the magnitude of the taper angle. Surface processes 
have been shown in numerical and experimental models to be capable of controlling the patterns of 
fault propagation and exhumation style. 

But  it is generally accepted that in accretionary orogens rivers follow the regional slope (taper angle). 
This view has been supported by a compilation of drainage network organization that  shows most of 
rivers in orogens to be transverse, i.e., perpendicular to tectonic trend. However, thrusts emerge at  the 
front of accretionary wedges and preexisting transverse rivers may be diverted where they can’t incise 
uplifting folds and thrusts resulting in longitudinal reaches in backlimbs. Natural examples and models 
of accretionary wedges that combine surface processes and mechanical processes show that  the ability 
to incise or not uplifting thrust sheets controls the number of diversions, and by extension drainage 
organization. 

Studies of drainage dynamics during mountain building based on natural examples in the western 
High Atlas (Babault  et  al., 2012), the Colombian Andes and in the Central Range of Papua New 
Guinea (Figure 1) show that  longitudinal drainage, inherited from early stages of fluvial organization, 
is replaced by transverse-dominated one. It  has been proposed that regional slope amplification 
enhances the potential energy for erosion in transverse rivers by increasing their local slopes leading to 
captures of longitudinal reaches. 

Such evolution from a longitudinal to a transverse-dominated drainage may represent a common 
mechanism of fluvial network development  during mountain building. Here we validate these 
interpretations using an experimental approach.

The experimental set-up is described in Viaplana-Muzas et al (2015). The analogue material is 
composed of three different materials: glass microbeads, silica powder and plastic powder (PVC). It  is 
submitted to shortening and erosion. Shortening induces material deformation and generates an 
accretionary wedge composed of imbricated thrusts. Rainfall in the experiment allows water runoff to 
generate both diffusive erosion processes on hillslopes and incision/lateral erosion in channels. The 
models described in this study are a selection of the experiments analyzed in Viaplana-Muzas et al 
(2015) where all the models evolved under constant shortening rate and constant rainfall rate.
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Figure 1: 3D view to the West of the upper Derewo river (catchment B) in the Central Range of Papua New 
Guinea. Colors indicate the steepness index values. The transverse rivers in the southern flank where erosion 
rate is 1.7 mm/a threaten to capture longitudinal reaches in the smooth and slowly eroding Kemabu plateau.

Experimental set-up:

Drainage reorganization during accretionary wedge building:

When a new thrust sheet  emerges the topographic surface is folded. The external limb is incised by 
transverse channels. These transverse channels are the downstream part  of preexisting transverse 
channels diverted by the emerging thrust  sheet. The headwaters of these transverse channels propagate 
in the uplifting thrust by headward erosion toward the internal part  of the wedges (ch2 in Figure 2). 
Headward erosion induces the migration of the water divide shared by longitudinal reaches in the 
backlimbs and transverse reaches in the forelimbs. A capture occurs when the headwater of a 
transverse channel reaches a longitudinal reach of another channel whose basin is located at a higher 
elevation. A capture creates an elbow of capture above the thrust sheet and the captured longitudinal 
reach suddenly starts to flow toward the captor’s drainage basin. 

Figure 2: 3D view of an experiment showing drainage network reorganization during accretionary prism 
building under steady external forcing. Transverse channel ch2 captures the longitudinal reaches of channels 
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ch3b and ch1b by headward erosion and three succesive captures. This process is triggered by the surface uplift 
above thrust 4.

Experiments show that  reorganization from longitudinal to transverse drainage networks occurs under 
steady rainfall and shortening conditions. This behavior is controlled by the relation between mean 
headward erosion velocity and uplift  rate. These results confirm the view that the evolution from a 
longitudinal to a transverse-dominated drainage is a transient  stage of drainage evolution during 
mountain building.
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S2 - Coupling Tectonic and Surface processes (PS7)

During mountain growth, fold-and-thrust  belt widening generally occurs through a propagation of 
deformation toward the foreland basin. The accommodation of shortening is mainly localized and 
partitioned along faults and folds that  detach on one or several décollements. This dynamics of 
deformation propagation depends on several parameters, such as the décollement’s strength, the bulk 
rheology of the sedimentary pile, the intensity of surface processes (erosion, sedimentation), among 
others (Graveleau et al., 2012). In some rare cases, deformation can be very poorly partitioned but 
instead focuses on a very few structures. This is notably the case in the Huallaga Basin in the Sub-
Andean zone of north Peru, where the major Chazuta Thrust  accommodates more than 40 km of 
horizontal displacement, which represents more than 50% of the total shortening imposed to the 
foreland (Calderon et al., submitted). The Chazuta Thrust  involves a salt-related detachment and is 
associated to a major syntectonic depocenter, the Biabo syncline. Interestingly, the allochthonous 
Chazuta thrust sheet has remained remarkably intact with little or no internal deformation (faults or 
folds) despite having been translated tens of km (Fig.1.A).

In order to unravel the complex kinematic relationships between the Biabo syncline and the Chazuta 
Thrust, and with it  the dynamics of highly localized deformation in a foreland basin, we have 
undertaken an analogue modeling study deforming a brittle sedimentary cover (made of dry sand) 
above a viscous décollement  (made of silicone polymer). The experimental box was 85 cm long and 
60 cm wide. The deformation rate was 5 mm/h. The 1.5 cm high basal silicone layer pinched out at 60 
cm from the movable backstop, and was covered by either a constant thickness of brittle cover or a 
forward tapering brittle cover. We also tested lubrication along glass sidewalls, erosion, and 
sedimentation in some models. Our goal was to investigate the influence of these different  parameters 
on the mechanisms of strain localization.

Model results confirm that  the number of structures decreases (hence deformation is more localized) 
when the thickness of the brittle sedimentary cover increases (Liu et al., 1992). Additionally, a tapered 
brittle sequence above the viscous detachment (forming a brittle sedimentary wedge) favors the 
localization of deformation at the distal silicone pinchout. Finally, high syncontraction sedimentation, 
combined with local erosion of the deformation front  contributes also to increase the amount  of slip 
along the frontal thrust. We also tested the potential influence of the early subsidence of a synform 
located at  the rear of the foreland domain. Interestingly, once the syncline had subsided into the 
viscous layer and touched the viscous layer’ base, it  acted as a bulldozer, causing silicone to thicken 
and flow toward the frontal thrust. It allows for alimenting continuously the frontal thrust in silicone 
and favors is unusually large horizontal slip, and the emplacement of a thick silicone layer in an 
allochthonous position. Finally, combining syncontractional erosion and sedimentation, and early 
backward subsidence led to the formation of a wedge where only one major thrust  accommodates all 
the shortening (30% of the initial length) (Fig. 1.B).
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Figure 1: A: Cross-section of the Chazuta Thrust in the Huallaga Basin (Peru). The Chazuta Thrust involves a 
salt-related detachment (in white on the cross-section). B: Cross-section in a model which combined 
syncontractional erosion and sedimentation, and early backward subsidence. The viscous décollement is in pink. 

This investigation helps to understand which mechanisms have likely controlled the formation of the 
Chazuta Thrust  in the Huallaga basin. Our results suggest that an early high sedimentation rate at the 
rear of the Huallaga basin and a subsequent  continuous sedimentation and erosion of the progressing 
Chazuta thrust  sheet  can explain the structural geometry and kinematics of the central part of the 
basin. The preservation of a thick syntectonic sedimentary series in the Biabo syncline seems to have 
played a crucial role in controlling the evolution of the Chazuta Thrust. Indeed, it  contributed to 
thickening the evaporites under the Chazuta Thrust, helping him to accommodate more displacement. 
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S2 - Coupling Tectonic and Surface processes (PS7)

Introduction: 

Syntectonic sediments have been widely studied to decipher the kinematic evolution of different 
geological systems and structures. Nonetheless, the control of sediment on the structural style or on 
fold geometry is more difficult to determine, since it  is complicated to derive conclusions directly 
from the geological record, as only the final stage can be observed. Considering this, a numerical 
model is used to study the effect of syntectonic sedimentation on fold geometry specifically related to 
a delta progradation surrounded by two growing anticlines.  The study is performed using a numerical 
model (Carmona et. al 2010) that merges deformation (DE code, Hardy et al. 2005) and sedimentation 
(SFM code, Gratacós et al., 2009).
Initial set-up and boundary conditions

The initial DE model (figure 1A) is defined with initial cohesion and a detachment  level at the base of 
the model (with low cohesion). The model is tilted 1.6 degrees with an increasing bathymetry in y 
direction ranging from 51 to 861 m. Different  shortening rates are defined perpendicular to y-axis 
from right  to left, corresponding to fold growth rates of 0.1, 0.5, 1 and 2 mm/y. At  the base, two 
velocity discontinuities (figure 1B) perpendicular to the shortening direction are defined acting as 
breaking points, which unleash in the formation of two folds. Total simulation time is 800ky. To this 
initial configuration, three different cases are considered, one without sediments, and two with the 
addition of syntectonic sediments and considering two different  rates of sea-level rise (0.25mm/y and 
0.5mm/y). The incoming water and sediment  points are located in the boundary with the lowest 
bathymetry (figure 1A).

Figure 1: A - Initial set-up: the 3D DEM model colored by facies, tilted 1,6º. The reddish dots indicate the 
incoming point for water and sediment. B - DEM after 800ky illustrating the shortening direction and the 
discontinuities at the base. DEM is colored by layers, which are just for a visualization purpose, and they does 
not attend to any mechanical property.
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Results and conclusions:

Example without sedimentation: two detachment anticlines with box-fold geometry are obtained over 
the discontinuities defined at the base of the model (figure 2A). 
Example with sedimentation and a sea-level rise of 0.25m/y (figure 2B): the deposition of the new 
materials clearly controls the geometry of the left-side fold, showing a left-vergent asymmetric wide 
anticline. Moreover, the strain suggests that this anticline is passing from a detachment  fold to a fault 
propagation fold basinwards. Structural changes are more noticeable where sediment settling is higher.
Example with sedimentation and a sea-level rise of 0,5 mm/y (figure 2C): the control of the 
syntectonic unit over the left-side anticline is more evident as a consequence of the increase in the 
accommodation space, e.g. the more proximal cross-section a-a' now is showing a fold-propagation 
fold instead of a detachment  fold. Furthermore, the right-side anticline now is showing a right-vergent 
asymmetric geometry (cross-section b-b' figure 2C).
Summing up, the syntectonic sedimentation is controlling the fold style and the fold geometry. As a 
consequence, the inner syncline and the related sedimentary basin are also changing in transversal and 
longitudinal direction, being wider with syntectonic sedimentation and a higher sea-level rise. 

Figure 2- Cross-sections from the DE model for each sample experiment considering a fold growth rate of 1mm/
y: without sediments (A) and two with syntectonic sedimentation considering two different sea-level rise, 
0,25mm/y (B) and 0,5mm/y (C). Pretectonic unit is colored by layers, Yellow and reddish layers represent the 
syntectonic sediments added by SFM. The maximum strain for the pretectonic unit is also computed using the 
SSPX program. 
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S2 - Coupling Tectonic and Surface processes (PS7)

The sudden breakup of ice shelves is expected to result in significant acceleration of inland glaciers, a   
process related to the removal of the buttressing effect exerted by the ice shelf on the tributary 
glaciers. This effect has been tested in previous analogue models, which however applied to ice sheets 
grounded above sea level (e.g., East  Antarctic Ice Sheet;  Antarctic Peninsula and the Larsen Ice 
Shelf).  

In this work we expand these previous results by performing small-scale laboratory models that 
analyse the influence of ice shelf collapse on the flow of ice streams draining an ice sheet grounded 
below sea level (e.g., the West  Antarctic Ice Sheet). The analogue models, with dimensions (width, 
length, thickness) of 120x70x1.5cm were performed at the Tectonic Modelling Laboratory of CNR-
IGG of Florence, Italy, by using Polydimethilsyloxane (PDMS) as analogue for the flowing ice. This 
transparent, Newtonian silicone has been shown to well approximate the rheology of natural ice. The 
silicone was allowed to flow into a water reservoir simulating natural conditions  in which ice streams 
flow into the sea, terminating in extensive ice shelves which act  as a buttress for their glaciers and 
slow their flow. 

The geometric scaling ratio was 10-5, such that  1cm in the models simulated 1km in nature; a velocity 
of PDMS of 1 mm/hr simulated natural velocities of 100 m/year. Instability of glacier flow was 
induced by manually removing a basal silicone platform (floating on water) exerting backstresses to 
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the flowing analogue glacier: the simple set-up adopted in the experiments isolates the effect  of the 
removal of the buttressing effect that  the floating platform exerts on the flowing glaciers, thus offering 
insights into the influence of this parameter on the flow perturbations resulting from a collapse event. 

The experimental results showed a significant increase in glacier velocity close to its outlet following 
ice shelf breakup, a process similar to what observed in previous models. However, this transient 
effect  did not  significantly propagate upstream towards the inner parts of ice sheet, and rapidly 
decayed with time. The process was also accompanied by significant ice thinning close to the 
grounding line. Models results suggest that  the ice sheet  is almost  unaffected by flow perturbations 
induced by ice shelf collapse, unless other processes (e.g., grounding line instability induced by warm 
water penetration) are involved.
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S2 - Coupling Tectonic and Surface processes (PS7)

The morphology of a fluvial landscape is a balance between its own dynamics and external forcings, 
and it can be used to reveal tectonic pattern or climate evolution. In particular, rivers have long been 
recognized as markers of localized horizontal deformation in strike-slip context and used to estimate 
fault slip velocity. However, deformation is not always partitioned on major faults only and in oblique 
context, it  can be distributed over larger areas, as it is the case in the Southern Alps of New Zealand 
(Castelltort et al, 2012). To better document and understand the regional dynamics of such systems, 
reliable markers of the horizontal tectonic motion over geological time scales are needed. River 
networks are able to record a large amount of distributed strain and they can thus be used to 
reconstruct the mode and rate of distribution away from major active structures. 

Figure 1: Main drainage basins developed on the surface of the experimental wedge and typical velocity field 
map from image correlation between two pictures. In response to the deformation field, the basins are rotated 
clockwise.
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To explore the controls on river resilience to deformation, we used a sand-box experiment equipped 
with a rainfall system to model the evolution of a drainage network over a doubly-vergent  orogenic 
wedge growing in a context of oblique convergence. Inspired by the geological and geodynamical 
context of the Southern Alps of New Zealand, we developed a new experimental material. This new 
granular mixture has a ductile behavior and allows the propagation of the deformation insuring a 
continuous growth of the wedge. However, when it reaches the surface, erosion takes place and 
drainage pattern can develop on its surface.

During the experiment, drainage basins are clearly rotated clockwise (Figure 1, Guerit  et  al, 2016). 
Image analysis of the time-space evolution of the landscape shows how the velocity field decreases 
toward the fault both in amplitude and in obliquity (Figure 1), and we show that this pattern is 
responsible for the rotation of the main trunk valleys. However, the rivers do not record the whole 
imposed rotation rate, suggesting that the channel dynamics competes with the passive deformation. 
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S2 - Coupling Tectonic and Surface processes (PS7)

Abstract: 

The Calabrian subduction in the central Mediterranean is a type example of a highly arcuate roll-back 
subduction. There is ongoing debate as to the geometry and activity of the associated lateral slab tear 
faults (Fig. 1). Two recent studies propose major dextral strike-slip displacement  along two different 
NW-SE oriented structures; the North and South Alfeo faults (Gutscher et al., 2016) (Fig. 1B) or the 
Ionian Fault  which forms the limit  between the E and SW lobes of the accretionary wedge (Polonia et 
al., 2016) (Fig. 1C). 

In the first model the entire accretionary wedge would be active, with deformation and thrusting 
throughout the external wedge caused by the SE-ward advance of both the Calabrian and the Peloritan 
blocks, serving as active backstops (Fig. 1B). 

In the second hypothesis, the Peloritan backstop has become fixed and only the Calabrian backstop 
advances, thus driving compression in the E-lobe and large-scale dextral shear along the Ionian Fault 
(Fig. 1C). Results from several recent  geophysical surveys provide complete coverage of the seafloor 
bathymetry at  a resolution of 60m and reveal morpho-sedimentary and tectonic structures in 
unprecedented detail (Fig. 1A).

Analog modeling using granular materials was applied to answer specific questions as to the 
kinematics of candidate faults. In one experiment silicone was used as well to represent the 
rheological behavior of the external Calabrian wedge formed over a detachment  at the base of the 
Messinian evaporites. One experiment  indicates that clockwise rotation predicted by large-scale 
dextral shear along the proposed Ionian Fault cannot  produce the counterclockwise vortex-like 
morphology observed at the boundary between the two lobes of the accretionary wedge. A pair of 
experiments applied to the intersection of the W Mediterranean Ridge and Calabrian wedge suggests 
ongoing activity of both systems and thus favors continued shortening in the SW lobe of the 
accretionary wedge. 

Finally, an experiment  examined the origin of radial slip-lines observed to emanate from the sharp 
corner-shaped indenter formed by the internal clastic wedge and propagating 60-80 km into the 
external evaporitic wedge (Fig. 2). The experiment suggests this pattern can be caused by dextral shear 
along the South Alfeo Fault (Fig. 1B).
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Figure 1: A: Tectonic map of the Calabrian arc/ Ionian Sea region with seismicity (NEIC Catalog 1973-2016) 
and relief (SRTM topography and a new bathymetric compilation at a 60m grid spacing). B: Kinematic model 
where the lateral slab tear fault is expressed by large-scale dextral strike slip motion along the North and South 
Alfeo faults (Gutscher et al., 2016) Compression occurs throughout the external wedge (thin red lines). C: 
Kinematic model where the major slab tear fault causes dextral strike slip motion along the Ionian Fault (dashed 
purple line) forming the limit between the E and SW lobes of the accretionary wedge (Polonia et al., 2016). 
Compression occurs only in the Eastern Lobe (thin red lines).

Figure 2: Analog modeling experiment 
with dextral strike slip along the lateral 
ramp of a modeled thrust wedge. (At left) 
The boundary between the backstop 
(pink) and the clastic (sand) wedge 
(green). Shortening causes thrusting in 
both the internal (clastic) wedge and an 
external viscous wedge (sand overlying a 
silicon layer). (At right) Slip-lines 
(transtensional linear faults with minor 
displacement) propagate through the 
thrust wedge and towards the deformation 
f ro n t . T h e s e r a d i a t e f ro m t h e 
rheologically stronger corner of the 
clastic wedge similar to the radial slip 
lines observed in the bathymetry (Fig. 1). 
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S2 - Coupling Tectonic and Surface processes (PS7)

Introduction :

Rock avalanches are very large volume landslides (larger than 106 m3) with long travel lengths [Hsü, 
(1975)], which can cause dramatic changes to a landscape. The triggering of rock avalanches is often 
related to tectonic processes: they often fail along planes of weakness such as faults, and can be 
triggered by earthquakes. For an accurate description of their contribution to a landscape, one needs to 
understand the processes that  control primary parameters, such as their travel length and the length of 
their deposits. The exceptional long travel lengths suggest that  a weakening mechanism is at work 
during emplacement, which reduces the effective basal friction. Several mechanisms have been 
suggested in the literature, ranging from air cushioning to acoustic fluidization [see e.g. Legros (2002) 
and references therein]. A well-established observation is that  travel length depends on the volume of 
the rock avalanche. However, large scatter in the data is observed: even for similar volume, the travel 
lengths are seen to span several orders of magnitude. 

The deposits of rock avalanches are found to consist of highly fragmented material. Fragmentation has 
been suggested to increase their travel lengths, either by reducing basal friction by exploding 
fragments [Davies and McSavaney (2009)], reducing frictional interactions by fluidization of fine 
material, or simply by becoming more flow-like the smaller the particles become [Locat et  al. (2006)]. 
However, no correlation has been found between the degree of fragmentation and the travel lengths 
[Locat  et al. (2006)], and the effect of fragmentation on rock avalanches remains enigmatic. So how 
does the fragmentation affect the transport of rock avalanches? Here, we present  simple analogue 
experiments of fragmenting analogue rock slabs that aim to answer this question.

Experiments:

Taking advantage of a newly developed rock analogue material, we perform a series of experiments in 
a chute (see Figure 1). We vary the cohesion and geometry of the experimental samples, and measure 
the travel length of their front and deposit length and compare these to the degree of fragmentation.
To study the effect of fragmentation on similar conditions as a natural rock avalanche, we hypothesis a 
mechanism exists that  lowers the basal friction, and use a basal coefficient  of friction of 0.15. To 
quantify the degree of fragmentation we use the parameter (mc), which is the ratio between the 
sample’s mass before an experiments and the mass of the largest  fragment. Though very simple, it  is a 
convenient measure, where mc=1 represent  an intact sample and an increasing value represent  an 
increasing degree of fragmentation. 

Competition between spreading and internal friction:

We present  the travel length and deposit length of our experimental samples normalized by their fall 
height (Figure 2). The results show that  between mc=1 and mc=5, both the travel and deposit  length 
increase, however, for higher values of mc they decrease again. Careful visual inspection of the 
experiments suggests that these trends may result  from a competition between spreading induced by 
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the fragmentation while at the same time the internal interaction between particles increase the more 
the material fragments. We compare our result  to a set of natural data set  from the literature [Locat et 
al. (2006)]. From this set  of 9 rock avalanches, only 6 have comparable slope geometry as our setup. 
These 6 selected natural cases are seen to follow the same trend as our experiments, which provide 
confidence in our experimental results. The volumes of the 6 selected natural cases range over 2 orders 
of magnitude. That  they are seen to follow the same trend as the experimental data, which we know 
have a constant basal friction, suggest  that  the variation of runout length may not depend on variations 
of basal friction, but rather on the degree of fragmentation.

Figure 1: Experimental setup. A rectangular sample is released by opening the trap door, and it accelerates 
down the slope. When impacting on the horizontal plate, fragmentation may occur.  After the impact, the sample 
slides on the horizontal plate before coming to rest. A camera captures the travel of the sample, and image 
analysis is used to quantify the travel length of the front and center of mass, and deposit length.

Figure 2: The relative travel length (a) and deposit length (b) of experimental (gray circles) and natural (red and 
open symbols) rock avalanches versus the degree of fragmentation. The experiments are observed to follow the 
same trend as the rock avalanches of comparable slope geometry (red symbols).
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S2 - Coupling Tectonic and Surface processes (PS7)

Coseismic landsliding is an important contributor to the long-term erosion of mountain belts. If the 
scaling between earthquake magnitude and the volume of eroded material is well known, the resulting 
geomorphic consequences, such as divide migration or valley infilling, are still poorly understood. 
Indeed, the prediction of the location of co-seismic landslides sources and deposits is a challenging 
issue and algorithms accounting for triggering of landslides by ground shaking are needed. Peak 
Ground Acceleration (PGA) has been shown to control at first order the spatial density of landslides. 
PGA can trigger landslides by two mechanisms: the direct  effect  of seismic acceleration on forces 
balance, and a transient decrease in hillslope strength parameters.  

To test  the accuracy of modelling seismic waves effect by a cohesion drop, we use SLIPOS, an 
algorithm of bedrock landsliding based on a simple stability analysis (Culmann criteria) applied at 
local scale, to model the spatial distribution of co-seismic landslides. The model is able to reproduce 
the landslide area-volume scaling relationship and the area-frequency distribution of natural 
landslides. Co-seismic landslide triggering is accounted for in SLIPOS by imposing a cohesion drop 
that is defined as a function of PGA. The spatial distribution of PGA is modeled using empirical 
relationships between earthquake source and PGA. 
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Numerical modeling of earthquake-triggered landslide in the case of a magnitude 8 scenario for the Alpine fault 
in New-Zealand. Mechanical triggering of co-seismic landsliding is here modeled by a cohesion drop that we 
empirically express as a function of the seismic peak-ground acceleration.

We run the model (i) on the Mw 7.6 Chi-Chi earthquake (1999) to quantitatively test the accuracy of 
the predictions and (ii) on earthquake scenarios (Mw 6.5 to 8) applied to the Alpine fault of New-
Zealand to predict the volume of landslides associated with large magnitude earthquakes. 
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We demonstrate for the Alpine fault scenarios that  simulating the effect  of ground acceleration on 
landsliding using a cohesion drop leads to a realistic scaling between the volume of sediments and the 
earthquake magnitude.

Keywords: Landslides, earthquakes, numerical modeling, New-Zealand.
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S2 - Coupling Tectonic and Surface processes (PS7)

Bolivian Andes:

The “Bolivian orocline” is a change in the orientation of the central Andes from N-S south of ~18°S in 
central Bolivia to roughly NW-SE to the north (Figure 1A). This bend coincides with ~50 % reduction 
in the width of the orogen east of the Altiplano, a significant  increase in the yearly precipitation 
(Figure 1B), and the presence of a basement  arch that  reduces the thickness of relatively weak 
Paleozoic sediments upon which the orogen detaches. This has led to uncertainty about  whether the 
growth of the orogen is controlled primarily by climate (erosion) or tectonics (e.g. Whipple and 
Gasparini 2014).
 

Figure 1: A) Topography of the Bolivian Andes with major structural features (from McQuarrie, 2002). Inset: 
Strike-slip faults near cities of Cochabamba and Sucre possibly accommodate shortening (after Dewey and 
Lamb, 1992). Gray arrows show direction of the rotational field deduced from paleomagnetic studies.  B) 
Rainfall pattern in the Bolivian Andes region. Note the correlation between rainfall and width of the backthrust 
region. (Modified from Barnes et al. 2012).

The study of the kinematics in such three-dimensional oroclines is complicated by the fact that they 
are inherently three-dimensional and cannot be reduced to 2-D vertical cross-sections to reconstruct 
deformation. We aim to study deformation in a curved orogen to better understand how along-strike 
variations in rainfall and basal detachment strength affect orogen deformation. The presence of a 
rotational velocity/strain field near the orocline core is one of the manifestations of the orogen's 3D 
structure that  complicate the experiments in the study area. Possibly caused by gradients in the amount 
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of shortening, radial material displacement, and local strain partitioning, these rotational fields south 
(clockwise) and north (counter-clockwise) of the orocline core (Figure 1A), deduced from 
paleomagnetic data, are still present and observable in GPS measurements.

Methods and preliminary results

We use finite element code DOUAR (Braun et al. 2008) to solve the visco-plastic deformation in the 
retro-wedge of a curved Andean-style orogen, integrated with the surface process model FastScape 
(Braun and Willett  2013). Model setup comprises the crust in a 1000x1000x50 km box, including the 
fold-and-thrust  belt  east  of the Altiplano and the basement of the western edge of the South American 
plate. A basal detachment zone with a change in its orientation is prescribed as an initially strain-
softened (weak) region. Strain softening also allows development of new faults elsewhere and 
evolution of the geometry of the detachment zone. The effects of varying rock strength in the 
detachment  zone and in the overlaying rocks, orocline angle, and varying erosion rates (precipitation) 
along the orogen are considered to determine the primary control(s) on the geometry and evolution of 
curved orogens.

Figure 2: Preliminary results from a model 
where along-strike material properties are 
kept constant show a rotational velocity field 
(vorticity, in cyan-red, negative values 
counter-clockwise; black arrows: surface 
velocity) in the  Andean orogenic wedge east 
of the Altiplano plateau, compatible with 
observations from the Bolivian Andes.

Preliminary results (Figure 2) with rotational fields of opposite directions south and north of the 
orocline bend show first-order similarity with the observed velocity/strain field. Minor along-strike 
mass transfer takes place along the length of the orogen, feeding material into the apex of the orocline.
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S2 - Coupling Tectonic and Surface processes (PS7)

Introduction:

We attempt at modeling the effects of recent and active, deep-seated landslide movements that  affect a 
historic-artistic Renaissance site, namely the city centre of Pienza (southern Tuscany, Italy), UNESCO 
heritage site. The site is located on the western edge of a relief of regional importance, the Chianti-
Rapolano-Mt.Cetona Ridge, that  corresponds to a positive structural high consisting of a mesozoic 
substratum. The city itself is built  on a calcareous-arenaceous plateau some tens m thick, that overlies 
a pelitic unit of Lower Pliocene age. The city of Pienza owes its name to, and was committed by Pope 
Pius II, Enea Silvio Piccolomini (1405-1464)  to the florentine architect  Bernardo di Matteo 
Gambarelli, known as “il Rossellino” (1409-1464), who worked at  the project  between 1459 and 
1462. Of particular artistic relevance is the Cathedral (Duomo) complex, flanked by the Bishop Palace 
and the Piccolomini Palace, that bound a trapezoid-shaped square; the peculiar shape of the square 
was designed to achieve a prospectic convergence of its lines towards the horizon. The Cathedral 
(Duomo) complex is built  on the south-western edge of the calcareous-arenaceous plateau, that 
laterally terminates in a sub-vertical cliff. The middle and absidal parts of the Cathedral (Duomo) are 
affected by a set of sub-vertical, sub-parallel fractures developed above the trace of a WNW-ESE 
trending normal fault  belonging to a regionally important extensional fault  system whose lateral 
continuity is interrupted and segmented by a ca. NE-SW trending transfer fault  set. Creep along the 
abovementioned normal fault, already documented during the construction of the city, determined a 
slow downthrow and tilt  of the absidal part of the Duomo, associated to development of several 
fractures in its walls. Initially “il Rossellino” thought that these fractures were due to hardening and 
dissecation of the cement that  covered the wall of the Duomo; however, Pius II rejected this 
explanation, correctly thinking that the cause for the development  of fractures, instead, was due to 
instability of the calcareous-arenaceous plateau on which the Duomo was built. Soon the architect 
tried to remedy to the problem, in order to limit  its effects, already visible on the structure of the 
Cathedral, especially on its internal and external walls. During the last  five centuries many important 
restorations, based on geological, hydrogeological, geomorphological and geotechnical investigations 
(Spighi, 1910; Barbacci, 1956; Brandi, 1980), and supported by drainage and consolidations of the 
foundations of the Duomo have been subsequently performed; however, slow and steady-state 
movements keep affecting the absidal part  of the Cathedral, as indicated by high-resolution geometric 
and geodetic surveys (Calabresi et al., 1988; Guidi, 1992; Izzo et al., 1992; Calabresi et al., 1995).

Experimental models:

Using the methods described by several Authors during the last decades (e.g. Hubbert, 1937; Ramberg, 
1981; Schellart, 2000; Buiter & Schreuers 2006), modified to take local complexities into due account, 
we present  the results of mass- and time-scaled physical analogue experiments performed in the 
Laboratory of Modeling at the University of Siena, aimed at  reproducing the effects of gravitational 
movements experienced by the absidal part  of the Pienza Cathedral and by neighbouring historical 
palaces. Our approach is based on compilation of an original, detailed, 1:10.000 scale geological map 
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of the city of Pienza and vicinities, coupled to cross-sections whose deep structure is constrained by 
seismic profiles acquired for petroleum exploration.

Figure1. Across the Pienza foult system :  t2-Anidriti di Burano (Tias sup.); FT-Falda Toscana (Mesozoico-
Terziario); UL-Unità Luguri (Cretaceo-Eocene); aVo-Argille della Val d’Orcia (Pliocene); sP-Sabbie gialle e 
arenarie di Pienza e S. Quirico (Pliocene); cL-Calcare organogeno (Pliocene); sP-Sabbie a brachiopodi 
(Pliocene); aVT-Argille della Val di Tuoma (Plionene); fr-Frana superficiale (Quaternario).

The geological map, the cross-sections and the seismic profiles provided the main source of 
information to build a computer-generated 3D model using the Move-TM Structural Modeling & 
Analysis Software (courtesy of Midland Valley Inc.). The 3D visualisation of the main geological 
structures provided the basis for construction of a mass- and time-scaled sandbox analogue physical 
model acquired under coditions of stable static equilibrium. Several evolutionary steps during the 
analogue physical modeling experiment were image-monitored thanks to the use of the Velocimetry 
Particle Imaging (PIV) high-resolution technique (Adam et al., 2005), whose results made it  possible 
to reconstruct and constrain the kinematic evolution of phenomena reconstructed in the model.

Our findings suggest that the movements experienced by the absidal part  of the Duomo and flanking 
historical buildings in Pienza are the direct  manifestation of a Deep Seated Gravitational Slope 
Deformation (DSGSD), a phenomenon that  has been widely recognised and reported in the geological 
literature. Such movements are likely to be triggered by slip along a slow-moving, actively creeping 
normal fault. 
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S2 - Coupling Tectonic and Surface processes (PS7)

Subglacial meltwater flow, occurring at  the ice-bed interface or as groundwater flow, exerts a major 
control on basal erosion and ice dynamics. The understanding of the subglacial meltwater drainage 
system is therefore a major issue to reconstruct  the dynamics of glacial paleo-environment  and to 
predict the evolution of modern glacial systems. Tunnel valleys are an important component of this 
subglacial drainage system and exhibit  specific characteristics including for examples: U-shaped 
cross-sectional profile with flat  bottom, abrupt  flank slopes, constant width, longitudinal profile with 
local adverse slopes. So far, most  of tunnel valley studies were based on field and subsurface data 
analysis or numerical simulation and contributed to the establishment of three main models of 
formation. All these models underline the necessity of an over pressurized water flow at  the base of 
the ice although the mechanisms of formation differ between these three models. 

This contribution is based on analog modelling and presents an innovative approach in the study of 
subglacial water circulation. This experimental approach allows the formation of tunnel valleys and 
their morphologic evolution to be monitored.  

Figure 1: Acquisition device, analog model and water injection system used in this study. 
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In our experiments the ice is simulated by a circular and transparent lid of silicon, an impermeable 
material whom viscosity simulates the glacial dynamic on a reasonable timescale. Substratum is 
simulated with a porous sand of fine grain size (110 µm). Meltwater production is modeled by a 
punctual injection of water in the substratum at the center of the model (Figure 1). 

For reduced injection discharge, low water pressure is recorded and water is evacuated as groundwater 
without  any associated drainage features at  the silicon-sand interface. For increasing injection 
discharge, water pressure exceeds the lithostatic stress, leading to the decoupling of the sand/silicon 
interface. This decoupling episode is associated with a relatively large zone where meltwater can be 
evacuated at the interface. 

This rapid episode is followed by silicon-sand recoupling and establishment  of a channelized drainage 
system morphologically resembling to tunnel valleys. Morphological analysis of these tunnel valley 
analogs are based on DEM generation (stereophotogrammetry methods) of the valley geometries using 
six cameras device taking simultaneous high resolution photographs of the experiments (Figure 2). 
The influence of various parameters such as lid thickness, water discharge and water discharge 
variations on valley dimensions were tested experimentally to analyse the impact of ice thickness 
variations or meltwater production rate changes on tunnel valley morphologies. In parallel, we also 
examined the impact of subglacial meltwater drainage evolution on ice dynamics by realizing silicon 
flow velocity maps during injection of water below the silicon lid. These maps were achieved using 
ultraviolet markers positioned at  the base, within and at the surface of the lid. Ultraviolet  markers were 
preferred in order to follow simultaneously the drainage features characteristics evolution by 
transparency (in “white light”) and the silicon flow evolution by evaluating the displacement  of 
ultraviolet makers between different photographs (in “black light”). This method gives the opportunity 
to associate the 3D reconstruction of drainage features including tunnel valleys and the evolution of 
ice flow velocities through time.

Figure 2: Example of a digital elevation model for an experimental valley
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S2 - Coupling Tectonic and Surface processes (PS7)

The building of fold and thrust belts (FTB) is mainly controlled by the general mechanics of 
continental subduction and by the interactions between tectonics and surface processes that modify 
wedge dynamics through material transfer. Because subduction orogens suffer large convergence, the 
long-term deformation is intense and generates specific structures. Among them, the way large-scale 
recumbent fold-nappes observed in FTB grow and evolve remains enigmatic as much as antiformal 
stacks of thrust units and subsequent  frontal klippen. What  mechanisms control large scale folding, 
basal accretion and its cyclicity remain an open question. Basal accretion activity is generally not 
constant  during the long-term convergent history of orogenic wedges, alternating underthrusting of 
new tectonic slices with the internal deformation of the already accreted ones, or even with the 
migration of the underplating locus to a new place. Such a cyclical underplating behavior could 
promote, at a whole wedge scale, an alternate change from supercritical to subcritical taper condition. 

Deformation mechanisms, long-term kinematics and evolution of FTB submitted to erosion and/or 
sedimentation are studied through 2D analog experiments (figure) involving large convergence. First 
order parameters tested include: i) décollements and/or plastic layers interbedded at different location 
within analog materials; ii) synconvergence surface erosion and sedimentation.

In the experiments, weak layers, favor deformation partitioning characterized by the simultaneous 
development  of: i) underplating domains in the inner part  of the wedge (basal accretion); ii) frontal 
accretion where the wedge grows forward. Development of antiformal thrust  stacks is controlled by 
underplating. Thin plastic layers induce folding processes. 

Recumbent and overturned folds, with large inverted limbs, develop in shear induced asymmetric 
deformation regime via progressive unrolling of synclinal hinges. Surface erosion and underplating at 
depth induce further rotation (passive tilting) and horizontalization of fold limbs.
Models give insights to discuss the mechanisms responsible for the large-scale structures (i.e., 
antiformal nappe stacks, klippen and kilometer scale recumbent fold-nappes) encountered in several 
mountain belts such as the Montagne Noire (French Massif Central), the hercynian Pyrénées and 
Galicia belt (Spain), the Western Alps or the Northern Apennines (Italy).
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What deformation processes in Fold and Thrust Belts ?

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

142



Modeling the interaction between slip events, erosion and sedimentation along an 
active strike-slip fault in New Zealand: insights from morphotectonic 
experiments

1Malavieille, J., 1Dominguez, S., 2Graveleau, F., 3Manighetti, I., 1Ferdinand, A., 1Romano, C. 

1Université Montpellier 2,  CNRS UMR 5243, Lab. Géosciences Montpellier, 34095 Montpellier cedex 5, France 
and LIA D3E, C.N.R.S.-M.O.S.T. France-Taiwan International Laboratory
2Université Lille 1, CNRS UMR 8187, LOG, F59655 Villeneuve d'Ascq, France
3GEOAZUR-OCA-CNRS, Nice, France 

Corresponding author: jacques.malavieille@gm.univ-montp2.fr

S2 - Coupling Tectonic and Surface processes (PS7)

Tectonically controlled landforms develop morphologic features that provide useful markers to 
investigate rates of tectonic deformation and mechanisms of relief growth. Most  of the morphological, 
structural and sedimentary markers observed along major seismogenic faults, result  from the impact of 
repeated large earthquakes. Recovering information on past  (i.e., last  102-104 yrs) large earthquakes on 
faults is a challenge and our capability to recognize similar markers on either side of a fault in turn 
greatly depends on the ‘evolution’ that  these markers may have sustained subsequently to their very 
first slip disruption. 

To better understand and document the nature and ‘evolution’ of the morphological markers that are 
commonly used in morphotectonic and paleoseismological analyses, we have developed an original 
experimental set-up made to simulate repeated slip events on a strike-slip fault  placed in a wet 
environment  (rainfall system) sustaining sedimentation and erosion. The analog material is a mix of 
granular materials, whose mechanical properties lead to a geometric scaling of about  1:10 000 and to a 
temporal scaling on the order of one second equivalent  to a few dozens of years. We survey the 
formation and evolution of a strike-slip fault from its immature stages up to one hundred repeated slip 
events. 

Experimental set up

Under the combined effects of accumulating slip, erosion and sedimentation, the model surface 
exhibits tectonic and morphological structures similar to natural features (Riedel's shears, pressure and 
shutter ridges, pull-apart basins, alluvial fans, terrace risers, braided rivers, etc), whose space and time 
evolution can be precisely analyzed. Deformation partitioning, sequential formation of alluvial 
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terraces, stream captures, development of ‘traps’ filling with sediments, etc, are observed. The control 
on the imposed amplitude and frequency of the rainfall cycles allows us to examine the impact  of 
these rainfalls on the fault morphology and the evolution of the associated morphological markers. 

Finally, we can compare the imposed slip events (number, amplitudes, repeat  times) with the 
cumulative offsets eventually visible and measurable at  the model surface. Marked discrepancies are 
found between imposed and final apparent offsets that  shed light on the uncertainties that may affect 
the morphological and paleoseismological analyses performed on natural cases. We apply our results 
to further analyze several natural fault sites in New Zealand.

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

144



Diapiric architecture controlled by syn- and post-extension prograding 
sedimentary wedges

Mar Moragas1, Jaume Vergés1, Thierry Nalpas2, Eduard Saura1, Juan-Diego Martín-Martín3, Grégoire 
Messager4, David William Hunt4

1) Group of Dynamic of the Lithosphere (GDL), Institute of Earth Sciences Jaume Almera, ICTJA-CSIC, Lluís 
Solé i Sabarís s/n, 08028 Barcelona, Spain
2) Géosciences Rennes, Université de Rennes 1, UMR 6118 CNRS, Campus de Beaulieu, 35042 Rennes cedex, 
France 
3) Grup de Geologia Sedimentària, Departament de Geoquímica, Petrologia i Prospecció Geològica. Universitat 
de Barcelona (UB), Martí i Franquès s/n, 08028 Barcelona, Spain
4) Statoil, TDP RDI CPR CP, Sandsliveiein 90, 5020, Bergen, Norway

Corresponding author: mmoragas@ictja.csic.es

S2 - Coupling Tectonic and Surface processes (PS7)

Introduction:

Analogue modelling has been previously applied to the analysis of the impact of the progradation of a 
sedimentary system above a ductile layer (McClay et al., 1998). Commonly, diapiric architecture 
increases in complexity with: (i) lobe progradation, where the radial shape of the prograding system 
causes a complex network of polygonal or circular depocenters separated by salt  ridges (Gaullier and 
Vendeville, 2005); (ii) basement topography beneath the ductile layer (Ge et  al., 1997); and (iii) the 
confluence of two sedimentary wedges (Guerra and Underhill, 2012). The outstanding results obtained 
in all these models, however, did not consider ongoing tectonic processes during diapirism.

We present  2 models with two phases (extension and post-extension phases) with different timing of 
progradation of sedimentary wedge in order to analyse how the time relationship between extension 
and sedimentary progradation control the formation of diapiric structures and their geometries.

Results: 

The Model 1 (Fig 1) illustrates the evolution of a basin with homogeneous sedimentation in the central 
graben during the extension phase and axial progradation of a sedimentary wedge during the post-
extension stage. This configuration implies that the progradation occurs on top of a thick sand layer. In 
this model, the diapirs developed along the borders of the central graben as continuous diapiric ridges 
during the extension stage. However, the geometry of these diapirs (salt walls) varies along the strike 
of the central graben. In the proximal domain, where sedimentation rate is equal to the diapir growth 
rate, the diapirs are inward leaning, with very steep walls. Contrarily, the resulting diapirs in the distal 
domains, where sedimentation rate is lower than the diapir growth rate, are inward leaning, with very 
steep walls but with well-developed extrusions. 

The Model 2 (Fig. 1) illustrates the evolution of a basin with progradation of a sedimentary wedge 
from the onset  of the extension up to the end of the post-extension stage, and consequently on top of a 
ductile layer covered by a thin sand layer. This model shows well-developed diapiric structures in the 
proximal part of the model. Contrarily, diapirs are stagnated in the reactive phase formed during the 
extension and do not  evolve to more mature diapiric phases in the distal domain. Additionally, the 
loading of the progradation wedge causes the collapse of the sedimentary pile in the proximal domain 
and the growth of a transversal silicone dome in the central part of the system. 

Concluding remarks:
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The ratio between diapir growth and sedimentation rates, as well as the amount  of sedimentary loading 
on top of a ductile layer influence the shape of the diapirs, enhance or hamper the formation of diapiric 
extrusions, and have a clear impact  on the evolution of incipient diapiric structures to more evolved 
phases. Additionally, our results also highlight  that the time of the onset  of the progradation of the 
sedimentary wedge and the relative thickness of the sedimentary cover beneath the prograding system 
have a major impact on the final distribution of diapirs in a basin. 

Figure 1: Top view of 3 steps of model 1 and 2. In model 1 the progradation started during the post-extension 
phase. In model 2, the inception of the sedimentary wedge progradation is coetaneous to the onset of the 
extension phase.
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S2 - Coupling Tectonic and Surface processes (PS7)

In active mountain ranges, large earthquakes (Mw > 5-6) trigger numerous landslides that  impact river 
dynamics. These landslides bring local and sudden sediment  piles that  will be eroded and transported 
along the river network causing downstream changes in river geometry, transport capacity and erosion 
efficiency. The progressive removal of landslide materials has implications for downstream hazards 
management and also for understanding landscape dynamics at the timescale of the seismic cycle. The 
export time of landslide-derived sediments after large-magnitude earthquakes has been studied from 
suspended load measurements but a full understanding of the total process, including the coupling 
between sediment transfer and channel geometry change, still remains an issue. Note that  the transport 
of small sediment pulses has been studied in the context of river restoration, but the magnitude of 
sediment pulses generated by landslides may make the problem different. 

Here, we study the export of large volumes (>106 m3) of sediments with the 2D hydro-
morphodynamic model, Eros. This model uses a new hydrodynamic module that  resolves a reduced 
form of the Saint-Venant equations with a particle method. It is coupled with a sediment transport and 
lateral and vertical erosion model. Eros accounts for the complex retroactions between sediment 
transport and fluvial geometry, with a stochastic description of the floods experienced by the river.  
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Numerical modeling of landslide export by river transport using the hydro-morphodynamic model Eros.

Moreover, it is able to reproduce several features deemed necessary to study the evacuation of large 
sediment  pulses, such as river regime modification (single-thread to multi-thread), river avulsion and 
aggradation, floods and bank erosion. Using a synthetic and simple topography we first present  how 
granulometry, landslide volume and geometry, channel slope and flood frequency influence 1) the 
dominance of pulse advection vs. diffusion during its evacuation, 2) the pulse export time and 3) the 
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remaining volume of sediment in the catchment. The model is then applied to a high resolution (5-10 
m) digital elevation model of the Poerua catchment in New Zealand which has been impacted by the 
effect of a large landslide during the last 15 years. 

We investigate several plausible Alpine Faults earthquake scenarios to study the propagation of the 
sediment  along a complex river network. We characterize and quantify the sediment pulse export  time 
and mechanism for this river configuration and show its impact on the alluvial plain evolution. Our 
findings have strong implications for the understanding of aggradation rates and the temporal 
persistence of induced hazards in the alluvial plain as well as of sediment  transfers in active mountain 
belts.

Keywords: River dynamics, landslides, sediment export  times, earthquakes, numerical modeling, 
New-Zealand, hazards.
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S2 - Coupling Tectonic and Surface processes (PS7)

In tectonically active regions, topography, and stresses, are altered by tectonics and surface processes 
redistributing mass. Their interaction can be explored numerically by integrating (thermo-)mechanical 
with landscape evolution models (LEM) into a fully coupled geomorphological-thermomechanical 
(GmTM) approach (Ueda et al., 2015). A substantial open question is whether and how complexities 
and asymmetries, structural or geomorphic, can be related to system coupling including with feedback.
High-resolution (thermo-)mechanical models are coupled both with a new regular, continuous-grid 
diffusion LEM, and an irregular, non-continuous fluvial LEM with topologic relationships between 
fluvial channels and hillslopes (Fig. 1). In both extensional and convergent settings, geometric 
complexity (structure, topography) is accentuated with the fluvial approach (Fig. 1a,e,f), e.g. by 
localizing thrusts at incising rivers. Efficient  large-scale use of the regular LEM characterizes 
geodynamic surface expressions, and shows surface-process influence on deep subduction (Fig. 1e). 
Potential is also shown to trace characteristic basin evolution during complex rifting (Fig. 1b), where 
continental break-up may take place under a range of different  far-field and active mantle 
contributions.
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Figure 1: Representative model results. a) regional extension,  80x34 km wide block. b) break-up, 1000x1000 km 
continent (second strain rate invariant). Lower inset composition cut (plume red, sediment brown, ocean 
formation green), right inset erosion/deposition rate +/- 5 cm/a. Convergent settings: e) subduction zone, two 
domains of different LEM efficiency, varying slab angle (inset: front/back). c,d) LEM comparison, same wedge; 
note more complex (back-)thrust pattern for fluvial LEM (c). f,g) Surface, composition of model comparable to 
Zagros simply folded zone depicted in h) ( from Walker et al., 2011).
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S2 - Coupling Tectonic and Surface processes (PS7)

Introduction:

The morphometry of geomorphological features along mountains front has been classically applied to 
characterize the regional degree of tectonic activity. The analysis of the shape and slope of alluvial 
fans as well as the geometry and distribution of the rivers and drainage basins is useful to detect 
enhanced/decreased uplift and ongoing tectonic deformation on mountain areas worldwide. The most 
common calculated parameters refer to the sinuosity of mountains front (Smf), the valley floor to 
width ratio (Vf), the stream-length gradient index (SL) or the percentage of dissection (Fd). Recently, 
new morphotectonic parameters, such as the Chi have permitted to better localize interest  areas of 
tectonic activity.  

All the previous studies, however, have analyzed the morphometry of the present-day landscape, this 
is, a snapshot of the whole history of changes experienced in active areas. Thus, the spatial 
comparison between areas undergoing different  tectonic activity has been the only way to infer the 
expected changes in morphometry in the landscape. This “static” approach has to face the limitations 
related to controlling factors that vary in space such as lithology, structure and climate. 

Figure 1. 3D view of a model run under 8 cm/h of shortening rate and 9 mm/h of rainfall rate, after the third 
thrust activity. The photographs are overlapped on the DEM. Drainage network is superimposed in white. 
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Variation in time of morphometric parameters:

We propose to use the Digital Elevation Models (DEMs) obtained for a set of experiments generating 
an artificial synthetic mountain front  evolving with time. The system experienced orogenic growth at 
different  rates and under different  rainfall conditions, allowing us to reproduce and to monitor the 
interactions between tectonics, erosion and sedimentation. During the experiments, wedges were 
monitored by an optical measurement bench composed of photograph cameras coupled to a laser 
interferometer that allows quantifying surface deformations and generating DEMs. The experimental 
set-up used is adapted from the setup used by Graveleau and Dominguez, (2008). The deformation 
device is constituted by a basal film pulled beneath a static buttress. The film is overlaid by the 
analogue material, composed of glass microbeads, silica powder and plastic powder (PVC), which 
models the upper part  of the crust. Shortening induces material deformation and generates an 
accretionary wedge composed of imbricated thrusts (Fig.1). The rainfall system is composed of 
sprinklers that deliver water micro-droplets over the model. 

The experimental channels adjust to uplift  rate by both increasing their slope and narrowing their 
channels as it is observed in nature above active faults.This analogyis evidenced by the values, in the 
erosion law, ofexponents on the slope “n”, that  is 1.5±0.2, and on the drainage area “m”, that is 
0.8±0.2 (Viaplana-Muzas et  al., 2015). A set  of 8 different analogues models coupling deformation and 
erosion were analyzed and changes in morphotectonic parameters were studied following, among 
others, the approach proposed by Pérez-Peña et  al. (2009) for natural systems inspected using GIS 
tools. Results confirm that this type of modeling reproduce accurately the erosion dynamics of an 
active natural setting. Thus, morphotectonics of mountain fronts are analyzed for the first  time in an 
experimental approach. This methodology emerges as a powerful way to study quantitatively the 
evolution of the landscape and permits to get  some insights in the changes of active tectonics through 
the analysis of the different DEMs obtained synthetically.
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S2 - Coupling Tectonic and Surface processes (PS7)

Introduction:

Subduction of aseismic oceanic ridges causes considerable deformation of the forearc (e.g. Spikings 
and Simpson 2014; references therein). Using three-dimensional finite-element models solved with the 
commercial software ABAQUS we investigate the forearc deformation and impact  on the river 
network caused by ridge subduction. Following the approach of Cailleau and Oncken (2008) we use a 
cylindrical shape for the subducting plate which carries the oceanic ridge and subducts beneath a 
wedge-shaped forearc (Figure 1a, Zeumann and Hampel, 2015, 2016). Since the focus is on the 
deformation of the forearc we consider the oceanic plate as rigid. The ridge is arc-shaped with its 
maximum height  at the ridge crest. To investigate the impact  on the river networks in continental 
forearcs we implement landscape evolution (erosion/sedimentation) using the CASQUS tool (Kurfeß 
and Heidbach, 2009) which links the landscape evolution model CASCADE (Braun and Sambridge, 
1997) with three-dimensional models of ABAQUS.

General results:

Generally, ridge subduction induces vertical and horizontal displacement, forearc indentation, and both 
contractional and extensional strain. The distribution of displacement and strain depends on ridge 
orientation related to convergence direction and margin (Zeumann and Hampel, 2015). The amount of 
deformation depends on ridge geometry (height/width), the frictional coupling along the plate 
interface, and rheological parameters of the forearc (Zeumann and Hampel, 2016).

Impact on river networks:

The landscape evolution model includes diffusive hillslope processes and fluvial erosion and 
deposition. It  calculates the amount of erosion and sedimentation for each time step at each node based 
on given parameters as e.g. diffusion constant or constant of stream erosion times net precipitation 
rate. Using the adaptive meshing technique the elevation of each node is changed due to the surface 
processes and a river network develops at the forearc surface after some time.

Figure 1b clearly shows the influence of ridge subduction at  the river system. In regions without  ridge 
influence the rivers run more or less straight  downward the forearc wedge, which has a slope of 2°. 
Preliminary results show, that the ridge uplifts the forearc and redirects the rivers toward the ridge 
flanks. The rivers near the ridge crest show the strongest deflection whereas the rivers near the ridge 
toe seem nearly unaffected in their flow direction.
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Figure 1: a) Model setup. Density 2700 kg/m³,  Young’s modulus 10 GPa for the 1-km-thick upper sediment layer 
and 60 GPa for the lower part of the wedge. The slope of the forearc wedge is 2° and the friction coefficient 
along the plate interface is µ=0.3. b) Top view of the vertical displacement after 1.5 Ma of ridge subduction with 
a convergence velocity of 9 cm/a. Surface processes start after 400 ka of subduction with time steps of 10 ka. 
Parameters for surface processes are diffusion constant of 0.3 m2/a and stream erosion times net precipitation 
rate of 0.01 m/a. Dashed black line indicates the ridge position beneath the forearc wedge.
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S3 – Volcanoes: from the plumbing system 
to the eruptive plume

Eruptions dynamics is  controlled by magma discharge rates  and by magma physical 
properties when reaching the Earth's surface. Magmas are complex 3 phases  mixtures 
of liquid, gas and crystals. Their physical properties and their ability to reach the 
surface depend not only on their composition but also on how they interact with the 
crust during their journey from depth. 

Experimental, analytical and numerical approaches are required to capture the physics 
of magma transfer and stalling in the crust, the building and destruction of volcanic 
edifices, and the transport of the erupted products at the Earth's surface or in the 
atmosphere. Models should aim to explain and reconcile a diversity of geological, 
geophysical and geochemical observations characterized by various uncertainties. 

This session welcomes contributions describing progresses in volcano and volcanic 
hazard modeling, and that relies on improved model complexities, on the integration 
of physical observations, or on the characterization of uncertainties.

Conveners: Francesco Maccaferri (GFZ, Potsdam, Germany) and Catherine Annen 
(University of Bristol, U.K.).

Keynote speaker:

"Shallow magmatic intrusions in planetary crusts" by Chloe Michaut (IPGP, 
Paris, France) - michaut@ipgp.fr
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Shallow magmatic intrusions in planetary crusts
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S3 – Volcanoes: from the plumbing system to the eruptive plume (Keynote)

Shallow magmatic intrusions make room for themselves by lifting up their overlying roof, creating 
characteristic surface deformations that can be observed at the surface of planets. 
We develop a model for magma flow below an overlying elastic layer characterized by a flexural 
wavelength Λ and study the dynamics and morphology of such a magmatic intrusion. We demonstrate 
that, depending on its size, the intrusion can show two different shapes and thickness-to-radius 
relationships (Michaut, 2011). In a first regime, the elasticity of the overlying layer is the main source 
of driving pressure in the flow; the intrusion is bell-shaped and its thickness is close to being 
proportional to its radius (Figure 1). When the intrusion radius becomes larger than 4 times Λ  the 
flow enters a gravity current  regime and progressively develops a pancake shape with a flat top 
(Figure 1). 

Figure 1: Maximum thickness of an intrusion normalized by the characteristic thickness of a gravity current as a 
function of the intrusion radius normalized by the flexural wavelength (Left); three regimes of propagation are 
identified, characterized by specific thickness to radius power-law relationships and specific shapes (Right).

We then account for the cooling of the intrusion and temperature-dependence of the magma viscosity 
and show that this does not  modify the successive shapes of the intrusion. Our simulations show that, 
during the elastic-dominated regime, the flow effective viscosity is the average viscosity of a thin 
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peeling region at the tip of the flow. The effective flow viscosity thus rapidly increases as the flow 
cools, which could rapidly stops its spreading in this regime. We also show that spreading is 
influenced by the presence of a positive topography on the overlying elastic layer (Thorey and 
Michaut, 2014). 
The model is applied to understand and characterize the dynamics of emplacement  of laccoliths and 
saucer-shaped sills in the upper crust on Earth. We further use our results to detect and characterize 
shallow magmatic intrusions in the crust of planets.
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Measuring host-rock deformation and fluid flow in an evolving model volcanic 
plumbing system: Insights from PIV, DIC and high-resolution laser scanning 
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S3 – Volcanoes: from the plumbing system to the eruptive plume (Oral)

The mechanics of magma transport  are important  for understanding magma distribution within the 
shallow crust and the tendency for intrusion or eruption.  We will present the results from a series of 
layered gelatine analogue experiments analysed by Particle Image Velocimetry (PIV) and Digital 
Image Correlation (DIC) to document the fluid flow and small-scale surface and sub-surface 
deformation processes that occur during dyke and sill emplacement. 

Gelatine is a viscoelastic material that displays predominantly elastic deformation when used at  low 
temperatures (5-10 ºC) and mid-to-low concentrations (2-5 wt%) (Kavanagh et  al., 2013). To study 
dyke propagation and sill formation we have used a combination of Particle Image Velocimetry (PIV) 
and Digital Image Correlation (DIC) to characterise the dynamics of fluid flow within the intrusion 
and contemporaneous subsurface deformation of the host gelatine (e.g. Figure 1). Experiments are 
prepared by filling a 40x40x30 cm3 clear-Perspex tank with a gelatine mixture that has been seeded 
with neutrally buoyant  fluorescent particles. Water, also seeded with tracer particles, is then injected 
into the solid gelatine from below under a constant flux or constant  head pressure. This causes a 
vertical penny-shaped crack (dyke) to propagate through the gelatine and erupt at the surface.  

During the experiment, a vertical high-power laser sheet positioned along the centre of the tank is 
triggered to illuminate the seeding particles with short intense pulses, and two Dantec CCD cameras 
record successive images. Surface deformation profiles of the gelatine are also obtained during 
injection by a Micro-Epsilon laser scanner positioned above the experiment tank.  Using PIV and DIC, 
vector fields of fluid flow within the intrusion and strain within the gelatine host  is calculated by 
cross-correlation between successive images at  a defined time interval. The experiments indicate that, 
prior to eruption, dyke propagation is characterised by rapid centralised and upwards fluid flow with 
accompanying downwards motion at  the intrusion margin. The viscosity and rheology of the intruding 
fluid is also significant. Deformation of the gelatine solid is focused at  a small head region, with the 
tail remaining relatively static as the dyke grows. Upon eruption, rapid centralised fluid evacuation 
occurs with contemporaneous contraction of the dyke and relaxation of the host gelatine.  

Models that simultaneously monitor fluid dynamics and host deformation during magma ascent and 
eruption make an important step towards improving our understanding of the dynamics of magma 
transport through the crust, and may help to constrain the tendency for eruption. This work has 
important  implications for interpreting field observations of volcanic plumbing systems, and for 
understanding the surface and sub-surface deformation associated with magma flow.

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

158



Figure 1: Colour-map of incremental strain and vector field of displacement of a two-layered elastic gelatine 
intruded by water (Kavanagh et al., 2015). Digital image correlation is used to capture the characteristics of 
host-deformation when a vertically propagating dyke turns to intrude as a sill along a weak interface between 
layers.  The gelatine layers have equal Young’s modulus.  
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The control of host rock strength on sill and laccolith emplacement
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S3 – Volcanoes: from the plumbing system to the eruptive plume (Oral)

Igneous intrusions in sedimentary basins exhibit  a great  diversity of shapes from thin sheets (e.g. sills, 
cone sheets), to massive intrusions (e.g. laccoliths, plugs). Presently, none of the established models of 
magma emplacement has the capability to simulate this diversity (Galland et  al., 2015), showing that 
our understanding of the general mechanisms of magma emplacement in the brittle crust is limited. 

In the literature, two types of mechanical models of magma emplacement exist. On one hand, models 
for sheet  intrusions consider “relatively low” (often neglected) viscosity magma into elastic rock (e.g. 
Pollard and Johnson, 1973). On the other hand, models for massive intrusions consider very viscous 
magma intruding into a weak plastic host  rock (e.g. Roman-Berdiel et al., 1995). However, natural 
rocks are complex elasto-plastic materials, and field observations and seismic data evidence that both 
elastic and plastic deformation commonly accommodate the emplacement of magma. Therefore, the 
“elastic” and “plastic” end member models are not sufficient  to simulate the complex host rock 
behaviour during the emplacement of igneous intrusions, explaining why they fail to reproducing the 
natural diversity of intrusion shapes.

In this study, we present  new results of quantitative laboratory models of magma emplacement in the 
brittle crust. In this experimental series, we use Coulomb dry granular materials of variable cohesion 
as model host  rock; we use molten vegetable oil, which solidifies after the end of the experiments, as 
model magma. In the models, a horizontal flexible net positioned at the injection inlet represents a 
weak strata, along which the oil initially intrudes. We investigate the effects of the host  cohesion on 
magma emplacement  through a series of experiments, in which the cohesion of the host is varied 
systematically and the injection depth and flow rate are kept constant. We show that  when the host 
rock is strong (high cohesion), the resulting intrusions are thin, flat-lying saucer-shaped sills, and their 
emplacement  is dominantly accommodated by elastic bending of the host. Conversely, when the host 
rock is weak (low cohesion), the resulting intrusions are massive laccolithic plugs and their 
emplacement is dominantly accommodated by shear failure of the host. 

Our experiments also suggest that combined elastic/shear failure deformation modes control the 
emplacement  of cone sheets. To our knowledge, our models are the first  that  spontaneously simulate 
both sheet  intrusions and massive intrusions, therefore they fill a long-lasting gap between the 
established “elastic” and “plastic” end member models of magma emplacement. Our models highlight 
that accounting for the complex elasto-plastic behavior of the host  rock is essential for unraveling the 
complex dynamics of magma emplacement in the Earth’s brittle crust.
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Figure 1: Topographic maps of excavated intrusions (top row), profiles of excavated intrusions (second row), 
topographic map of the model surface (third row),  and plots of the surface uplift in over time (fourth row) for 
three characteristic experiments (columns). White lines in topographic maps locate the cross sections of the 
profiles and plots. Black dots locate the point of maximum uplift. Experiment duration te.
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Dynamics of dikes versus cone sheets in volcanic systems
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S3 – Volcanoes: from the plumbing system to the eruptive plume (Oral)

Swarms of hundreds to thousands of igneous sheet  intrusions represent the main magma pathways 
through the Earth’s brittle crust. Igneous sheet  intrusions of various shapes, such as dikes and cone 
sheets, coexist  as parts of complex volcanic plumbing systems likely fed by common sources. How 
they form is fundamental regarding volcanic hazards, but  yet  no dynamic model simulates and predicts 
satisfactorily their diversity. Here we present scaled laboratory experiments that reproduced dike and 
cone sheet  intrusion geometries under controlled conditions (Galland et  al., 2014). The model rock is 
fine-grained, cohesive Coulomb crystalline silica flour. The model magma is a molten vegetable oil 
injected at  constant flow rate. After the experiments, the oil solidifies and the intrusion is excavated to 
observe its shape.

Figure 1. a) Drawing of the experimental apparatus 
used in this study. b) Schematic drawing (top) and 
photograph (bottom) of a typical dike produced 
during the experiments and excavated from the host-
powder after solidification of the oil.  The dike 
initiated from the inlet at the bottom and fed an 
elongated v-shaped, or “boat”-shaped, sheet 
intrusion to the very top. c) and d) Schematic 
drawings (top) and photographs (bottom) of typical 
excavated hybrid and cone sheet intrusions, 
respectively.

We present  the results of 52 experiments, in which we varied independently three controlled 
parameters: the depth of the injection inlet (h) below the free surface, the diameter of the injection 
inlet (d), and the oil injection velocity (v). The experiments produced two basic sheet  intrusion 
morphologies that compare to natural dikes and cone sheets, as well as a transitional type of intrusion 
referred to as hybrid intrusions (Figure 1). We performed a dimensional analysis of the studied system 
and identified two dimensionless parameters that account  for the coupling between the host  rock and 
the magma source: a geometric dimensionless ratios (Π1=h/d), which describes the geometry of the 
magma source, and a dynamics dimensionless ratio (Π2=vη/Cd), which compares the local viscous 
stresses in the flowing magma to the host-rock strength. Here η is the magma viscosity and C the host 
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cohesion. Plotting our experiments against  these two numbers results in a phase diagram evidencing a 
dike and a cone-sheet field, separated by a sharp transition that fits a power law (Figure 2). 

Figure 2. Log-log dimensionless phase 
diagram distinguishing the intrusion shapes 
obtained in the 52 experiments of this study: 
dikes (red circles), hybrid intrusions (orange 
lozenges), and cone sheets (yellow squares). 
Π1=h/d and Π2=vη/Cd. The dikes and cone 
sheet experiments plot in two distinct fields, 
separated by a line, expressed by the power 
law Π1=106.8×Π20.314.

In order to test  the relevance of our empirical law highlighted in Figure 2, we extrapolate it over the 
geological ranges of Π1 and Π2, and compare it with magmatic feeders of dikes and cone sheets of 
different  scales and shapes in nature (Figure 3). Our experimental results match very well with 
geological data, which indicates that our experimental models capture general magma emplacement 
mechanisms, reconciling existing specific models of distinct magmatic feeding systems.

Figure 3. Graph comparing the experimental 
results of this study (dashed line box) to 
characteristic geological values of Π1 and Π2. The 
dike-to-cone sheet transition is extrapolated from 
experimental phase diagram of 2. Geological 
boxes correspond to dike tips (red),  magma 
reservoirs in volcanoes (green) and shallow sills 
in sedimentary basins (blue).
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4D imaging of volcano deformation during viscous  magma intrusion using X-ray 
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S3 – Volcanoes: from the plumbing system to the eruptive plume (Oral)

Analogue models have been used since the 19th century to investigate geological processes, and where 
first  models focused on the qualitative understanding of the process. Since then a more quantitative 
approach with description of the experiment  results has been developed. So several techniques have 
been developed for monitoring of the spatio-temporal evolution of scaled analogue volcanic models. 
A geological process where analogue models play a fundamental role in research is the deformation of 
volcanic edifices during viscous magma intrusion. Quantitative monitoring of these experiments is a 
current challenge with the opportunity to integrate such models with geodetic volcano monitoring. 
Such analogue monitoring must include time evolution of 3D surface displacements and internal 
structure of the model. We show here our approach for such a complete 4D monitoring.

Previous experiments of volcano deformation during viscous magma intrusions (e.g. Donnadieu & 
Merle 1998; Kervyn et  al. 2009) have intruded silicone or Golden Syrup in a volcanic cone of granular 
material. To study the internal structure of such experiments, researchers have cut  cross sections. 
However, the obtained vision is strongly determined by the direction and timing of the section. In 
other volcanic models, Kervyn et al. (2010) introduced the use of computed X-ray microtomography 
(µCT) to observe the models internal structure. On one hand, only 3D data of the final result  of the 
model can be obtained due to long time required for the scanning. On the other hand, X-Ray 
Computerized Axial Tomography (XRCT) using medical scanners has been successfully applied for 
years in tectonic models to visualize the internal structure and temporal evolution of analogue models 
involving granular material (e.g. Adam et al., 2013). We have explored the feasibility of XRCT, which 
has not been yet applied to the study of volcano models, for the monitoring of our experiments. 

Our experimental device consists in the intrusion of magma at  the base of a volcanic cone (Figure 1A). 
We used a sand-plaster mixture for the volcano and Golden Syrup for the magma analogue. We have 
scaled our models so experiments simulated intrusion in a 1100 m high volcano with natural 
magmasviscosity of 1x108–1x1010 Pa s. Flow rates were scale to 1-100 m3/s (e.g. the dacitic 
cryptodome at  St  Helens in 1980). We have used a medical Spiral CT  Scanner Siemens Definition AS 
at  the Hospital Rey Juan Carlos (Móstoles, Spain; Figure 1A). During each scann sequential slices 
were obtained perpendicular to the mobile table. Each slice produces a 512x512 pixel image giving 
quantitative information on density distribution of the scanned volume. Each slice is 1 mm thick, so 
our final volume is formed by around 300 slices. Images are produced in DICOM format  and 
processed using Oxiris free software. We tested the feasibility of scanning experiments with 
continuous Syrup flow, and checked if scanner table movement  introduced any undesirable influence. 
We obtained a scanning time of 26 seconds long, and scanned the device each 2 or 5 minutes during 
experiments between 12 to 50 minutes long. 

We have obtained XRCT data from 14 intrusion experiments and laboratory data of 25 similar 
experiments. We have only modified the flow rate, repeating each experiment several times to 
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compare monitoring results from the hospital and the laboratory. From those comparisons we can 
confirm that our XCRT scanning monitoring procedure does not disturb the experiments. Due to the 
3D nature of the XRCT  data, we can analyze the coeval model interior and (Figure 1B). We can 
identify the intrusion-induced faulting of the edifice as faults are lower density zones, darker in the 
images, analyzing their 3D spatial pattern and temporal evolution by comparing successive volumes. 
We can also observe the intrusion and a zone around with very high pixel values (Figure 1B). Our 
XRCT  data show that this technique allows the 4D reconstruction of the experiment, obtaining internal 
structural information, the evolving morphology of the intrusion and the connection of internal 
deformation with surface features of the model.

Figure 1: A: Experimental device at the XRCF. B: 3D reconstruction of an experiment.
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S3 – Volcanoes: from the plumbing system to the eruptive plume (Oral)

Background:

At andesitic volcanoes (e.g. Soufrière Hills Volcano, Merapi), quiescence periods with effusive lava 
flows and dome emplacement alternate with explosive, sometimes very violent events. Magma gas 
content is a controlling parameter for eruption style, that mainly depends on the ability for magma to 
loose gas while rising toward the surface. Understanding magma degassing evolution during an 
eruption is then essential to improve forecasting of effusive/explosive regime transitions.
Lava domes frequently form during effusive phases, inducing a pressure increase both within the 
conduit  and in the surrounding rock, causing magma flow and degassing conditions to evolve (fig. 1a). 
To quantify dome influence on magma flow and degassing, we couple magma and gas flow in a 2D 
(axisymmetry) numerical model, using Comsol multiphysics software.
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Figure 1: (a) is a global sketch of magma and gas flow inside the volcano and dome possible effects on conduit 
and surrounding rock conditions. Numerical models for magma and gas flow are respectively presented in (b) 
and (c). Boundary conditions,  as well as fixed parameters are specified (black font).  Parameters in red come 
from magma flow conditions solution, blue parameters come from gas flow solution.  (modified from Chevalier et 
al., 2016).

Numerical modeling:

Magma flow conditions
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Mass and momentum conservation equations (Navier-Stokes) for magma flow are first solved in 2D 
axisymmetry (fig. 1b). Magma is represented as a single compressible phase, the bulk properties of 
which (density, viscosity) depend on the properties and interaction of the gas, melt and crystal phases.

Gas flow conditions

Resulting magma flow conditions (magma permeability K, velocity u and pressure p) are used as 
initial conditions to calculate time-dependent gas flow conditions (fig. 1) in 2D. Magma gas content 
evolves due to (i) water exchanges between the melt  and gas phases, (ii) magma flow that advects 
bubbles, and (iii) Darcian gas flow through the permeable magma and surrounding rock. Gas flow 
conditions are solved for the top part  of the conduit, where gas flow through the permeable magma, 
the rock surrounding the conduit and the dome (fig. 1c).

Dome emplacement effects

From realistic initial magma flow conditions in effusive regime (Collombet, 2009), we apply 
increasing pressure at the conduit top. Since volatile solubility increases with pressure, dome growth is 
associated with an increase of magma dissolved water content at a given depth, which corresponds 
with a decrease of magma porosity and permeability. Although dome permeability has almost no 
influence on magma degassing, pressure increase in the surrounding rock as well as magma 
permeability decrease in the conduit  limit gas leak at  the conduit  walls, thus causing gas pressurization 
in the upper conduit  by a few tens of MPa (fig. 2). Magma permeability decrease and gas 
pressurization rise magma explosivity and hazard in case of a rapid decompression due to dome 
collapse.
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Figure 2 : Effects of pressure increase in the surrounding rock on gas flow. (a) Pressure boundary condition 
imposed to the surrounding rock (see fig. 1c), corresponding with dome heights of 50m (gray curve) and 300m 
(black curve). (b) Overpressure in the conduit (compared with effusive conditions) at gas flow equilibrium. (c) 
Gas flux evolution (difference with effusive conditions) at the conduit boundary, at equilibrium. Gas loss is 
limited at depth due to increased pressure in the surrounding rock. Gas pressure then increases in the conduit. At 
the conduit top,  gas pressurization in the conduit is maximal, and is associated with an increased gas flux 
toward the surrounding rock.

Perspectives:

Domes mostly affect magma flow and degassing by limiting gas exchange with the surrounding rock. 
Magma permeability has a great influence on the ability of the gas to flow and escape. Recent  work 
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(Burgisser et al., 2016) that  led to a better understanding of magma permeability development could 
be integrated to the model. We will discuss the implications of such changes in permeability laws. 
Magma permeability is extremely dependent  on flow conditions and on volatile content. Coupling 
magma and gas flow in a full way is thus primordial, and is one of our major current task.
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S3 – Volcanoes: from the plumbing system to the eruptive plume (Oral) 
  
A time analysis of the non-linear magma-edifice coupling at Grimsvötn volcano:

Continuous monitoring of seismicity and surface displacement on active basaltic volcanoes reveals 
important  features of the eruptive cycle. At Piton de la Fournaise volcano, based on averages 
performed over 22 eruptions, Schmid et al. (2012) showed that  seismicity rate and displacement rate 
were increasing in the days and weeks preceding the eruption. 

At Grimsvötn volcano, high-quality earthquake and continuous GPS data were recorded and exhibit 
remarkable patterns : acceleration of the cumulated earthquake number, and a 2-year exponential 
decrease in displacement rate followed by a 3-year constant inflation rate (Figure 1). The 2-year 
exponential decrease in displacement rate may be explained by the pressurization of a superficial 
reservoir feeded by magma through a cylindrical vertical conduit and may be modelled using a linear 
elastic model. In that  case, reservoir overpressure and surface displacement  reach a limited value for 
large times. 

This model however can not explain the constant  inflation rate that follows. A constant inflation rate 
corresponds to a constant volume increase rate, that  is, a constant input magma flow. Imposing a 
constant  magma flow condition in the reservoir in a linear elastic medium leads to the magma pressure 
linearly – and infinitely – increasing with time. However real rock strength is limited and rupture 
occurs. Rock mechanics experiments show that rupture is preceded by a damage phase, during which 
anelastic deformation increases and micro-rupture number accelerates. During this phase, rock 
behaves partly elastically, but Young’s modulus is no more constant  and has to be replaced by an 
effective modulus, decreasing with strain. Therefore understanding the pre-eruptive process needs to 
understand the rupture process and the non- linear magma-edifice coupling, by taking account  for 
damage and introducing an effective modulus. 

Damage laws express the decrease of the effective modulus with strain. We show that  Kachanov’s 
damage law may be used, in the pre-eruptive case, to express the decrease of the effective shear 
modulus with time. Using this law and the pressurization model (spherical reservoir pressurized 
through a magma conduit), we found simple analytical solutions for magma reservoir overpressure, 
surface displacement  and magma flow in the case where magma is incompressible (Figure 1). Critical 
time tc may be estimated from the fit  of the seismicity model to the data, and parameters a, τ0 and uel 
are estimated from the fit of the displacement  model to the data. Results (Figure 1) show how the 
shear modulus decreases with time; they also show that overpressure and magma flow remain constant 
for ~1000 days, and respectively decreases and increases before the rupture and eruption. 
Overpressure decrease is controlled by damage and shear modulus decrease. Displacement  increases, 
although overpressure is decreasing, because shear modulus decreases more than overpressure. 
Characteristic time t(t) shows a maximum ; before this maximum the order of magnitude of τ  is 
controlled by magma transfer, and after it is controlled by damage – this is true for overpressure, 
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magma flow and displacement. When magma is incompressible and τ0 sufficiently large, the final 
stage of the pre-euptive process is controlled by damage.

Damage and strain localization around a pressurized magma reservoir:

When a rock sample is submitted to increasing compression, shear or tension, damage appears and 
strain progressively localizes. We used finite element  modelling of an initially elastic volcanic edifice 
pressurized by a spherical magma reservoir, and Kachanov’s damage law to decrease the effective 
modulus of each element with strain. A complex strain localization pattern appears (Figure 2).

Damage and strain localization around a pressurized magma reservoir. 
 
When a rock sample is submitted to increasing compression, shear or tension, damage appears and 
strain progressively localizes. We used finite element modelling of an initially elastic volcanic edifice 
pressurized by a spherical magma reservoir, and Kachanov’s damage law to decrease the effective 
modulus of each element with strain. A complex strain localization pattern appears (Figure 2).  

 
Figure 1 : Model variables as a function of time from 01/12/2004 to 31/12/2011. Data are represented 
in red, Runge-Kutta (RK) numerical solution in blue, analytical solution in green, linear elastic 
solution in dashed black. tc is estimated from N(t), !0, uel and a from u(t). " : incomplete " function. 
 

 

 Figure 2: Number of ruptures per cell, in a 2D 
finite element model showing the deformation of a 
volcanic edifice pressurized (constant pressure) by 
an initially circular magma reservoir (no 
horizontal displacement of the model vertical 
boundaries). Modeling follows Amitrano et al. 
(1999)’s algorithm: rupture in a cell occurs when 
the Mohr-Coulomb criterion is fulfilled; the 
corresponding effective modulus is decreased. 
Damage and strain localization occur 
progressively. Inverse and normal faults appear, as 
well as an undeformed wedge just above the 
pressurized reservoir.  This pattern is observed in 
analog experiments and on the field. 
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Figure 2: Number of ruptures per cell, in a 2D finite element model showing the deformation of a volcanic 
edifice pressurized (constant pressure) by an initially circular magma reservoir (no horizontal displacement of 
the model vertical boundaries). Modeling follows Amitrano et al.  (1999)’s algorithm: rupture in a cell occurs 
when the Mohr-Coulomb criterion is fulfilled; the corresponding effective modulus is decreased. Damage and 
strain localization occur progressively. Inverse and normal faults appear, as well as an undeformed wedge just 
above the pressurized reservoir. This pattern is observed in analog experiments and on the field.
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S3 – Volcanoes: from the plumbing system to the eruptive plume (PS7)

Contrasting magma intrusion morphologies are evident  in field exposures, ranging from mushroom- 
shaped diapirs to blade-like dykes. Currently, no common theory is able to account  for such 
morphological diversity: only end-member models exist. On the one hand, diapiric rise is often 
simplified as creeping, viscous flow of the intruded host  rock around a magma body. On the other 
hand, dykes are assumed to propagate as fractures in an elastic host rock. However, natural rocks are 
complex visco-elasto-plastic materials. The current theories of magma emplacement  are therefore 
crude simplifications of reality, explaining why they do not  account  for the natural diversity of igneous 
intrusion shapes. In an attempt to fill the gap between the end-member theories, we use laboratory 
models of magma emplacement  in visco-elasto-plastic media. Particularly, we will pay attention to 
constraining the visco-elasto-plastic deformation field accommodating magma emplacement. This is 
achieved using combined polarimetry and digital image correlation to quantify the stress-strain 
relationships in the host matrix and map the distribution of the visco-elasto-plastic deformation 
accommodating magma emplacement (Bertelsen 2014).

In our analogue model the host  rock is represented by laponite, a synthetic smectite clay, which in 
aqueous suspension can display a wide range of rheological properties through varying concentration, 
ionic content, pH, and curing time. Olive oil or water was used as magma analogues. A linear Hele- 
Shaw cell is filled with a laponite matrix and left to cure to a viscoelastic gel form (Figure 1). After an 
appropriate curing period the matrix is intruded by the viscous magma analogue. The intrusion is 
driven by a syringe pump and maintained at a constant  flow rate. When strained, the particles forming 
the elastic phase of the laponite matrix realigns causing birefringence. During experiments, 
birefringence maps are periodically captured with a polariscope composed of a camera and crossed 
polarizers, backlit with a uniform diffused white light  source. In addition, the laponite matrix contains 
markers, the displacements of which can be calculated by digital image correlation.
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Figure 1: Experimental setup. A linear Hele-Shaw cell filled with a viscoelastic laponite matrix is intruded by a 
viscous medium: oil or water. The cell is backlit using a uniform diffused white light source. Strain-induced 
birefringence in the otherwise transparent matrix, as well as particle and interfacial movement is captured using 
a camera and crossed polarizers. Intrusion flow rate is controlled with a syringe pump. Stopcocks at the inlet 
and outlet isolate the laponite sample during gel curing to avoid interaction with air.
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Characteristic results from the experiments are shown in Figure 2. The intrusions formed broad, lobe- 
like Rayleigh-Taylor fingers and narrow, magma-filled fractures in viscous and elastic host materials 
respectively, and more complex intrusion geometries in intermediate visco-elasto-plastic host  media. 
The birefringence patterns are indicative of the strain taken up in the elastic network of the gel, while 
tracer particle movement  shows the bulk flow in the continuous water phase of the gel. Importantly, 
optical refraction allows us to observe hairline fracture features that are invisible to the human eye.

Therefore, our experiments evidence the coeval occurrence of brittle features and elastic when 
observed through a polariscope. Altogether, these experiments are very promising to unravel the 
complex visco-elasto-plastic response of natural rocks to magma intrusions. The experiments 
presented here also show that  the rheological response in a gel matrix subjected to fluid injection is 
indeed dependent on viscosity ratio. Moreover, laponite has proven to be a viable material for studying 
intrusive processes in the visco-elasto-plastic regime, as well as other geological processes taking 
place in complex rheological regimes.
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Figure 2: Top three rows: representative images showing the intrusion evolution and matrix response for three 
different matrix curing times at different time steps. Intrusion contours are outlined in light blue. The 
birefringence (white) highlight domains of distributed deformation separated by hair-thin cracks, invisible to 
human eyes.
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S3 – Volcanoes: from the plumbing system to the eruptive plume (PS7)

Abstract:

Active calderas are seldom associated with circumferential eruptive fissures along their rim, but 
eroded portions of extinct  magmatic complexes reveal widespread evidence of circumferential dikes. 
This discrepancy suggests that, while the conditions to emplace circumferential dikes below volcanoes 
are easily met, mechanisms must exist to arrest the dikes before they reach the surface. 

Here we explain this discrepancy with laboratory experiments of air injection into a gelatin medium 
shaped to mimic a volcanic edifice with caldera. Our models show that the ascending dikes experience 
a variable degree of deflection, depending on the competition between dike overpressure, Pe, and the 
forcing induced by the topographic load, Pl. When Pl/Pe = 4.3 – 4.5 the analog dikes proceed almost 
insensitive to the stress rotation and erupt within the caldera. When Pl/Pe = 4.8 – 5.3 the analog dikes 
closely propagate orthogonal to the least compressive stress σ3 and stall below the caldera rim in a 
circumferential arrangement. 

Progressive buoyancy increase through repeated supply of fluid is fundamental for the occurrence of 
circumferential fissures. Complementary numerical models explain the observed circumferential 
arrangement and validate the experiments. These results contribute defining the shallow magma 
transfer and related hazard assessment within calderas.

Keywords: Circumferential dikes, Eruptive fissures, Caldera, Unloading, Dike trajectory.
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S3 – Volcanoes: from the plumbing system to the eruptive plume (PS7)

Introduction:

Igneous sheet  intrusions, such as dykes and sills, represent  dominant  magma transport  and 
emplacement  channels through the Earth’s crust. Because of their low thickness-to-length aspect 
ratios, sheet intrusions are commonly assumed to be hydraulic fractures. Consequently, most  models 
of dyke and sill emplacement  only account for elastic deformation of the host rock, and their 
propagation is considered to occur by tensile opening (Rivalta et  al., 2015). In this contribution, we 
integrate detailed field observations and quantitative laboratory models to suggest instead that  sheet 
intrusions might propagate as a viscous indenter by shear failure (mode II) of the host rock.

Figure 1. A. Detailed ortho-rectified photograph of the 
Chihuido outcrop, Neuquén Basin, Argentina, 
displaying two Fingers (4 and 5) and the tip of a Sill, 
and the surrounding structures in the host rock 
(Spacapan et al., submitted). B. Detailed map of A, 
displaying parts of layers D (bottom pale yellow), E 
(green) and F (yellow), G (deep blue),  H (purple) and I 
(top pale yellow) and their associated structures. The 
most noticeable feature is the duplications of layer G. 
This is a small part of a ~50 m long outcrop, along 
which many intrusions and each layer of the host rock 
have been mapped in detail (Spacapan et al., 
submitted). The structures show that the host rock 
accommodated the emplacement of the sill by 
shortening, not by opening.

Field observations:

First, we report  on detailed field observations of spectacularly exposed intrusions emplaced in shale at 
Cuesta del Chihuido, in the Neuquén Basin, Argentina. Exceptional outcropping conditions allow 
detailed descriptions of both (1) intrusions sections from tip to tip, and (2) deformation structures 
accommodating intrusion propagation in the host rock (Spacapan et  al., submitted). All intrusions 
exhibit irregular, blunt or rectangular tips (Figure 1). In addition, the structures in the host  rock show 
clear evidence of both brittle and ductile deformation accommodating the propagation of the 
intrusions, and this deformation systematically relates to shortening and even rock wedging. Our 
observations suggest  that  the studied intrusions have propagated by pushing the host  rock ahead, as a 
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viscous indenter. None of our observations are in agreement  with the established tensile elastic 
fracture model.

Laboratory modelling:

In addition to field observations, we performed dynamic two-dimensional laboratory experiments of 
sheet  intrusion emplacement  (here dykes). Our experimental setup consists of a Hele-Shaw cell, in 
which a model magma is injected into a cohesive model crust. Using an optical image correlation 
technique (PIV), we measured the displacements and the strain field induced by magma emplacement 
within the host rock. Dyke emplacement exhibits two stages. During the first  stage corresponds to the 
emplacement  of in a vertical dyke at depth; its propagation was controlled by both shear deformation 
and tensile opening. During the second stage, the intrusion gradually rotates, forming an inclined sheet 
dipping between 45 to 65°. This rotation results in asymmetrical surface uplift and shear failure upon 
the tip of the dyke. The intrusion of magma results in surface uplift, which can be accommodated by 
reverse faults. Our study suggests that  dykes propagate as viscous indenters, rather than linear elastic 
fracturing.
Both field observations and modelling results contradict the established tensile elastic models. Our 
results therefore suggest that elastic models lack some fundamental aspects of the complex dynamics 
of the emplacement of sheet intrusions.

Figure 2. a. Drawing of the laboratory setup, after Abdelmalak et al.  (2012). b and c.  Characteristic maps of 
strain in X direction and shear strain associated with the propagation of a dyke.  The show small-scale reverse 
shear bands at the dyke tip, showing that the dyke indents its overburden instead of opening it in a tensile 
manner.
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S3 – Volcanoes: from the plumbing system to the eruptive plume (PS7)

Since the XIX century, Earth scientists have tried to replicate geological processes in controlled 
laboratory experiments. This contribution (Galland et al., 2015) reviews such laboratory models of the 
complex development and dynamics of volcano plumbing systems (Figure 1). 

Figure 1. Schematic drawing illustrating 
the main characteristics of volcano 
plumbing systems. These include dykes, 
cone sheets, sills, laccoliths, caldera-
related structures and intrusions, 
magma-fault interactions, and explosive 
v o l c a n i c v e n t s . T h e n u m b e r i n g 
correspond to the sections developed in 
the review by Galland et al. (2015).

The first step of laboratory modelling is the choice of relevant  model materials for rock and magma. 
We outline a broad range of suitable model materials used in the literature, and list  their mechanical 
properties. These materials exhibit  very diverse rheological behaviours, so their careful choice is 
crucial for proper experiment design.
The second step is model scaling, which successively calls upon: (1) the principle of dimensional 
analysis, and (2) the principle of similarity. The dimensional analysis aims to identify the 
dimensionless physical parameters that govern the underlying processes. The principle of similarity 
quantifies the extent to which the models are representative of the geological systems they intend to 
simulate. The application of these two steps ensures a solid understanding and geological relevance of 
the laboratory models. In addition, this procedure shows that laboratory models are not designed to 
exactly mimic a given geological system, but to understand underlying generic processes, either 
individually or in combination, and to identify or demonstrate physical laws that govern these 
processes.
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From this perspective, we discuss past applications of laboratory models that aimed to understand the 
development  of key features of volcanic plumbing systems, such as dykes, cone sheets, sills, 
laccoliths, caldera-related structures, ground deformation, magma/fault interactions, and explosive 
vents (Figure 2).

Figure 2: Characteristic examples of laboratory models of volcano plumbing systems using various model 
materials. a. Sand+silicone experiments for models of laccoliths. b. Ignimbrite+Golden Syrup experiment for 
dykes. c. Silica-flour+vegetable oil model for magma emplacement in a deforming brittle crust.  d. Gelatine+air 
experiments for dykes in elastic host rock. e. Silica flour+air 2D experiments for explosive volcanism. f. 
Conceptual magma chamber using a balloon for the replenishment and draining of a magma chamber.
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S3 – Volcanoes: from the plumbing system to the eruptive plume (PS7)

Prior to an eruption, the ground of active volcanic zones deforms as a result of the intrusion of magma 
from below. Appropriate terrestrial or space-based geodetic monitoring used to detect and survey 
ongoing surface deformations while magma is displacing at depth and approaching the surface, is thus 
of primary interest to predict  where, in fine, the magma should breach the Earth’s surface. Assessing 
and mitigating the hazards of an eruption can be greatly improved if an estimated eruption location 
can be determined as it  poses a great threat  to human lives and property if it  occurs in the vicinity of 
populated areas. However, the conventional methods used to analyze surface deformation do not  allow 
for forecasting eruption location in real time or verifiably constraining the geometry of the magma 
feeder prior to an eruption (Wright et al., 2006, Amelung et al., 2000).

The approach suffers from crucial limitations in the aspect  of eruption location and hazard assessment: 
(1) modeling is mostly performed a significant time after data acquisition, such that  real-time analysis 
is out of reach. Consequently, it  has poor potential for forecasting the eruption location. (2) The 
current practice within geodetic monitoring does not have the combined high spatial and temporal 
resolution required to perform the analysis we suggest. (3) Does not provide a verified pre-eruption 
estimate of magma feeder geometry from measured surface, which would allow for a first  order 
estimate of the style of eruption.

We show, using surface deformation from 43 scaled laboratory models, how the simple geometric 
aspects of center of uplifted area (C) and maximum uplift  (M), acquired at  high spatial and temporal 
resolutions, can be used to follow magma pathways at shallow depth and predict eruption locations in

real time (Fig 1 A, B). From (C) and (M) we define a vector that, along with the norm 

 GeoMod 2016 conference 
 Montpellier, France | 17–20 October 2016 

 

Predicting Volcanic Eruption Locations Based on Surface Deformation 
Precursors 
 
Frank Guldstrand1, Olivier Galland1, Erwan Hallot2 and Steffi Burchardt3 
 
1) University of Oslo, Department of Geosciences, Physics of Geological Processes, Oslo,  
2) Université de Rennes 1,Geosciences Rennes, UMR 6118, CNRS, Rennes, France 
3) Uppsala University, Department of Earth Sciences, Centre for Mineralogy, Petrology and      
   Geochemistry, Uppsala, Sweden 
f.b.b.guldstrand@geo.uio.no 
S3- Volcanoes: from the plumbing system to the eruptive  
 
Keywords: Surface Deformation, Analogue Modeling, Eruption Location Forecasting 
Abstract 
 
Prior to an eruption, the ground of active volcanic zones deforms as a result of the intrusion of magma 
from below. Appropriate terrestrial or space-based geodetic monitoring used to detect and survey 
ongoing surface deformations while magma is displacing at depth and approaching the surface, is thus 
of primary interest to predict where, in fine, the magma should breach the Earth’s surface. Assessing 
and mitigating the hazards of an eruption can be greatly improved if an estimated eruption location 
can be determined as it poses a great threat to human lives and property if it occurs in the vicinity of 
populated areas. However, the conventional methods used to analyze surface deformation do not allow 
for forecasting eruption location in real time or verifiably constraining the geometry of the magma 
feeder prior to an eruption (Wright et al., 2006, Amelung et al., 2000).  
 
The approach suffers from crucial limitations in the aspect of eruption location and hazard assessment: 
(1) modeling is mostly performed a significant time after data acquisition, such that real-time analysis 
is out of reach. Consequently, it has poor potential for forecasting the eruption location. (2) The 
current practice within geodetic monitoring does not have the combined high spatial and temporal 
resolution required to perform the analysis we suggest. (3) Does not provide a verified pre-eruption 
estimate of magma feeder geometry from measured surface, which would allow for a first order 
estimate of the style of eruption. 
 
We show, using surface deformation from 43 scaled laboratory models, how the simple geometric 
aspects of center of uplifted area (C) and maximum uplift (M), acquired at high spatial and temporal 
resolutions, can be used to follow magma pathways at shallow depth and predict eruption locations in 
real time (Fig 1 A, B). From (C) and (M) we define a vector !!"  that, along with the norm !!!!!, 
allows us to predict the eruption location before the eruption and a verified intrusion geometry (here 
dykes or cone sheets). 
 
Our modeling approach and results highlight the dynamic nature of the surface deformation associated 
with shallow magma emplacement processes. Resolving surface deformation both at high spatial and 
temporal resolutions has the potential to identify simple geometric features, such as points of 
maximum uplift, which constitute proxies for magma ascent locations. As long as such geometrical 
features develop in a significant time prior to eruption they have the potential to be used as precursors, 
indicative for the potential location of a forthcoming volcanic eruption. Extracted only form surface 
data, these precursors are purely geometrical and relevant for various magma feeder geometries. This 
implies that costly computational surface data modeling, which is based on a, a priori, defined 
magmatic source geometry, is not necessary for eruption location forecasting purposes.  
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Figure 1. (A,B) !DEM at the final timestep for 2 representative experiments, corresponding to a Dyke and a Cone Sheet, 
(uplift in mm) and corresponding vectors VMC at each timestep (C, D). (A, B) White crosses locate the center of the uplifted 
area at each timestep. Connected Black crosses (and lines) show the successive locations (and trajectory) of the maximum 
during the experiments. The final point of maximum uplift marks the point of eruption. (C, D) The color-code for VMC follows 
the timesteps from dark blue to dark red as time proceeds. The random orientation of the short vectors in the initial timesteps 
evolves, prior to the eruption, into a trends pointing towards the points of eruption (shown by a black star). 
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Figure 1.  (A,B) ΔDEM at the final timestep for 2 representative experiments, corresponding to a Dyke and a 
Cone Sheet,  (uplift in mm) and corresponding vectors VMC at each timestep (C, D). (A, B) White crosses locate 
the center of the uplifted area at each timestep. Connected Black crosses (and lines) show the successive 
locations (and trajectory) of the maximum during the experiments. The final point of maximum uplift marks the 
point of eruption. (C, D) The color-code for VMC follows the timesteps from dark blue to dark red as time 
proceeds. The random orientation of the short vectors in the initial timesteps evolves, prior to the eruption, into 
a trends pointing towards the points of eruption (shown by a black star).
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Introduction:

The hazardous nature of volcanoes promotes the development and implementation of various 
monitoring techniques. In particular, geodetic methods such as GNSS and InSAR consist of 
monitoring surface deformation as a response to the dynamics of volcanic plumbing systems at  depth. 
However, none of these methods offer both high spatial and temporal resolution of the surface 
deformation data. The consequence of these limitations is that  the complex dynamics of surface 
deformation due to, for example, the emplacement of a magma intrusion is poorly understood. In this 
contribution, we present quantitative laboratory modeling results of surface deformation induced by 
the emplacement of shallow magma intrusions, here dykes and cone sheets. We show that  surface 
deformation exhibits a complex dynamics that reflects the complex evolution of magma path at  depth. 
Our results also demonstrate that  surface deformation data at  both high spatial and temporal 
resolutions are necessary to capture the dynamics of surface deformation associated with magma 
emplacement.

Method:

Our laboratory setup uses fine-grained silica flour and a vegetable oil to simulate host  rock and 
magma, respectively (Fig. 1). The surface uplift due to intrusion is monitored using a moiré projection 
apparatus (Bréque et  al., 2004). This setup allows us to simulate the emplacement of various intrusion 
geometries in the shallow elasto-plastic crust  and to quantitatively measure: (1) the pressure of the 
magma analogue through time; (2) the high-resolution and high-precision surface deformation induced 
by the emplacement of magma through time (Galland, 2012); (3) the 3D shape of the intrusion, as the 
magma analogue solidifies after the end of the experiment  and the intrusion can be excavated. In 
addition, our models are able to simulate spontaneously various intrusion shapes, including dykes and 
cone sheets (Galland et al., 2014) in a controlled systematic manner.

Results and Conclusion:

We produced 43 experiments, among which 22 produced cone sheets, 19 produced dykes and two 
classified as hybrids (Galland et  al., 2014). During each experiment, a topographic map of the model 
surface is computed every 1.5 s. We performed a quantitative analysis of this substantial surface 
deformation data set, and reveal the dynamic evolution of surface uplift  associated with dykes and 
cone sheets. We analyzed the dynamics of the maximum uplift  (Fig. 2), the uplifted area, and uplifted 
volume, and quantified the asymmetry of the uplift pattern, and show that the surface deformation 
associated with dykes and cone sheets exhibit clearly distinctive, systematic signatures.
The results are highly relevant in the context  of volcano geodesy for comparison, evaluation and 
development  of current geodetic models. We are convinced that  our quantitative laboratory data will 
become very valuable for helping interpreting geodetic data monitored at active volcanoes.
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Introduction 
The hazardous nature of volcanoes promotes the development and implementation of various 
monitoring techniques. In particular, geodetic methods such as GNSS and InSAR consist of 
monitoring surface deformation as a response to the dynamics of volcanic plumbing systems at depth. 
However, none of these methods offer both high spatial and temporal resolution of the surface 
deformation data. The consequence of these limitations is that the complex dynamics of surface 
deformation due to, for example, the emplacement of a magma intrusion is poorly understood. In this 
contribution, we present quantitative laboratory modeling results of surface deformation induced by 
the emplacement of shallow magma intrusions, here dykes and cone sheets. We show that surface 
deformation exhibits a complex dynamics that reflects the complex evolution of magma path at depth. 
Our results also demonstrate that surface deformation data at both high spatial and temporal 
resolutions are necessary to capture the dynamics of surface deformation associated with magma 
emplacement.  
 
Method 
Our laboratory setup uses fine-grained silica flour and a vegetable oil to simulate host rock and 
magma, respectively (Fig. 1). The surface uplift due to intrusion is monitored using a moiré projection 
apparatus (Bréque et al., 2004). This setup allows us to simulate the emplacement of various intrusion 
geometries in the shallow elasto-plastic crust and to quantitatively measure: (1) the pressure of the 
magma analogue through time;  (2) the high-resolution and high-precision surface deformation 
induced by the emplacement of magma  through time (Galland, 2012);  (3) the 3D shape of the 
intrusion, as the magma analogue solidifies after the end of the experiment and  the intrusion can be 
excavated.  In addition, our models are able to simulate spontaneously various intrusion shapes, 
including dykes and cone sheets (Galland et al., 2014) in a controlled systematic manner.  

 

Figure 1. Diagram showing the experimental 
apparatus consisting of a 40 cm wide experimental 
box into which silica flour is poured and 
compacted. Vegetable Oil (Végétaline) is intruded 
using a constant flow rate driven by a volumetric 
pump. Each experiment lasts for about ~1 min or 
less ending with oil erupting at the surface. 
Topography monitoring is done through projecting 
a set of moving fringes recorded by the capture 
camera enabling a monitoring ever 1.5 s. The 
model is left to cool for ~45 min after which it is 
excavated to verify intrusion geometry. In this 
case, either sub-vertical planar dykes, of which 
some exhibit a hull shape, or inverted cone sheets.  

Figure 1.  Diagram showing the experimental apparatus consisting of a 40 cm wide experimental box into which 
silica flour is poured and compacted. Vegetable Oil (Végétaline) is intruded using a constant flow rate driven by 
a volumetric pump. Each experiment lasts for about ~1 min or less ending with oil erupting at the surface. 
Topography monitoring is done through projecting a set of moving fringes recorded by the capture camera 
enabling a monitoring ever 1.5 s. The model is left to cool for ~45 min after which it is excavated to verify 
intrusion geometry. In this case, either sub-vertical planar dykes, of which some exhibit a hull shape, or inverted 
cone sheets.

 GeoMod 2016 conference 
 Montpellier, France | 17–20 October 2016 

 

Results and Conclusion 
We produced 43 experiments, among which 22 produced cone sheets, 19 produced dykes and two 
classified as hybrids (Galland et al., 2014). During each experiment, a topographic map of the model 
surface is computed every 1.5 s. We performed a quantitative analysis of this substantial surface 
deformation data set, and reveal the dynamic evolution of surface uplift associated with dykes and 
cone sheets. We analyzed the dynamics of the maximum uplift (Fig. 2), the uplifted area, and uplifted 
volume, and quantified the asymmetry of the uplift pattern, and show that the surface deformation 
associated with dykes and cone sheets exhibit clearly distinctive, systematic signatures.  
 
The results are highly relevant in the context of volcano geodesy for comparison, evaluation and 
development of current geodetic models. We are convinced that our quantitative laboratory data will 
become very valuable for helping interpreting geodetic data monitored at active volcanoes.  

 

Figure 2. Scaled maximum uplift over dimensionless 
time for dykes (blue) and cone sheets (red). An 
intrusion that has been classified as a cone sheet 
appears in the lower dyke regime. This due to it 
having developed a late stage hull-shaped feature on 
top of the sub-vertical planar dyke. A more robust 
definition is thus based on using the dynamic 
evolution surface deformation as a definition for the 
two end-member regimes and the overlapping 
hybrids. Experiments with more than five timesteps 
have been plotted.  
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Figure 2. Scaled maximum uplift over dimensionless time for dykes (blue) and cone sheets (red). An intrusion 
that has been classified as a cone sheet appears in the lower dyke regime. This due to it having developed a late 
stage hull-shaped feature on top of the sub-vertical planar dyke. A more robust definition is thus based on using 
the dynamic evolution surface deformation as a definition for the two end-member regimes and the overlapping 
hybrids. Experiments with more than five timesteps have been plotted.
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Introduction:

Magmatic intrusions involve magma flowing through a host  rock by the opening and propagation of 
fractures. Numerical modeling of such fluid-driven fracturing processes poses challenges: one has to 
account for the fracturing and opening of the host, the viscous flow of magma, as well as the coupling 
between them. The fracturing process may involve both localized damage such as opening of a 
fracture, and distributed damage such as compaction and zones of micro-fractures. In addition, the 
magma viscosity may significantly influence the specific fracturing process operating in the host  rock, 
e.g. low viscosities can lead to hydro-fracturing, whereas higher viscosities can lead to non-negligible 
shear stresses at the fluid-host interface and cause the magma to act as viscous indenters.

The Discrete Element Method (DEM) is a widely used numerical technique for the study of fracturing 
of geomaterials. However, the implementation of viscous fluid flow in discrete element models is not 
trivial. In this study, we attempt  to model quasi-viscous fluid flow behavior using Esys-Particle 
software (Abe et al., 2004). We build on the methodology presented by Abe and Urai (2012) where a 
combination of elastic repulsion and dashpot interactions between the discrete particles is used. 
Several benchmarks will be presented to illustrate the validity of the approach. We present two such 
tests: the pure shear test (figure 1) and the Poiseuille flow test  (figure 2). These results show promise 
for the use of discrete elements to model viscous flow.

Further testing regarding the breakdown of the methodology for a relative length scale (ratio between 
particle size and fracture aperture) will be presented. The results will also highlight the benefits of 
using DEM for the application of magmatic intrusions as well as the inherent  pitfalls of methodology 
encountered during benchmarking.

Material testing:

Pure shear tests

We run two-dimensional pure shear tests by confining an assemblage of particles in an initially square 
box. The upper and lower walls are moved towards each other until a desired stress is achieved, which 
is then kept constant  for the rest of the test. After reaching the desired stress, the left  and right walls 
start  moving away from each other with a constant velocity. By measuring the wall positions and 
forces acting on them, we calculate the strain rate and the differential stress. Figure 1 displays the 
measured differential stresses versus the corresponding strain rate for five such assemblages. A linear 
correlation is observed, the slope of which represents the bulk viscosity for the particle assemblage. 

Poisseuille flow tests
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While the pure shear tests allow us to calibrate the models, i.e. measure a bulk viscosity, the 
Poisseuille flow test compares the flow of the quasi-viscous particle to the analytical expression of an 
incompressible flow. This therefore serves as a test  to assess how well the DEM particles can be used 
to model the type of fluid flow that may be expected for magma during intrusion. Figure 2 shows a 
snapshot of the displacement of quasi-viscous particles pushed by a piston through a channel. The 
displacement field is seen to be qualitatively comparative to the analytical parabolic displacement 
profile. 

Figure 2: Poiseuille flow tests: A piston pushes the particle assemblage with a constant velocity producing a 
parabolic displacement profile along cross sections of the pipe.
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Introduction:

During phreatic and phreatomagmatic, the sudden evaporation of water leads to a rapid volume 
increase, which may lead to explosive eruptions. These explosions cause fragmentation of the magma 
and/or the host rock, resulting in coarse-grained (lapilli) to very fine-grained (ash) material.

The products of the explosions, i.e. the fragments, are classically described by their fragment  size 
distribution, which commonly follows power laws of exponent D (Kaminski and Jaupart, 1998). Such 
descriptive approach, however, considers the final products only and do not  provide information on 
the dynamics of fragmentation. The aim of this contribution is thus to address the following 
fundamental questions. What  are the physics that govern fragmentation processes? How fragmentation 
occurs through time? What are the mechanisms that produce power law fragment  size distributions? 
And what are the scaling laws that control the exponent D?

Experimental setup and observations:

To address these questions, we performed a quantitative experimental study. The setup consists of a 
Hele-Shaw cell filled with a layer of cohesive silica flour, at the base of which a pulse of pressurized 
air is injected, leading to fragmentation of the layer of flour. The fragmentation process is sequentially 
monitored through time using a high-speed camera (f = 4 kHz). 
To study the dynamics of the fragmentation process, we developed a Matlab-based image analysis 
tool, which automatically retrieves the number and sizes of the fragments at each time step of the 
image sequence (Figure 1). This therefore allows monitoring the evolution of the fragment  size 
distribution over time in the experiments providing quantitative insights into the fragmentation 
process.

Figure 1: Image analysis: (a) Image taken during an experiment showing the production of fragments and dusty 
plume. (b) The image is cropped and its contrast increased. (c) Binary image,  giving fragments a value of 1 
while the background is set to 0. (d) From the binary image, the size of the fragments are determined, the 
distribution of which closely resembles a power law with an exponent D.
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The image analysis tool allows us to capture the exponent  D of the fragment size distribution, the 
average size of fragments (A) and the number of fragments (N), all through time (Figure 2). Based on 
these observations, we are able to propose scaling laws for these parameters as function of time and 
pressure in the air tank (Haug et al., 2013).

Conclusions:

The fragment size distributions in our experiments as in nature are described by power law 
distributions of exponents D (Figure 1). For the first  time, we here determined the scaling laws that 
govern the number of fragments (N), the average size of the fragments (A) and D. We show that  (1) N 
scales with P1/2, (2) A scales with P-2/3, (3) D scales with P1/5. Our experimental procedure thus appears 
as a unique tool to unravel the complex physics of fragmentation during phreatic and phreatomagmatic 
explosions.

Figure 2: Results: (a-c) Three snapshot of an experiment showing the air carving through the layer of 
silica flour and ejecting fragment into the air. (d) The exponent of the power law fragment size 
distributions (D) is plotted though time. It is first observed to increase until it reaches a steady state.
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Introduction:

Magma accumulation in the lithosphere leads to the formation of magmatic reservoirs. The shape of 
these reservoirs is complex and evolves with their growth and failure, which is controlled by the depth 
of the reservoir within the lithosphere [Grosfils, 2007], the tectonic environment [Galgana et al., 
2013], and the mechanical properties of the lithosphere [Le Corvec et al., 2015]. These studies 
principally consider the reservoirs to be spherical, however calderas on Venus demonstrate that  the 
underlying reservoir shapes tend to be elliptical (e.g., Sacajawea Patera, Ishtar Terra). The caldera 
diameters range commonly between 40 and 80 km in diameter [Head et al., 1992]. In addition to the 
formation of calderas, Venusian volcano-tectonic complexes possess intriguing giant radiating dike 
systems [Grosfils and Head, 1994], which have been recently constrained by new studies showing 
that tectonic environments affected by upward flexure tend to promote the formation of radial dikes 
for shallow magma chambers [Galgana et al., 2013; Le Corvec et al., 2015].

Methodology:

Following previous methodology [Galgana et al., 2013; Grosfils, 2007], axisymmetric finite element 
models (FEMs) using COMSOL Multiphysics [COMSOL] were used to study the stability of elliptical 
reservoirs (Fig. 1). The models are gravitationally loaded with lithostatic pre-stress, constrained 
horizontally with rollers at the outer edge of the model. The lithosphere is initially lying in 
equilibrium on top of the asthenosphere (modeled as a boundary condition) [Galgana et al., 2013].

Figure 1: FEM boundary condition for an upward flexure environment. The magma reservoir has a vertical axis 
(Ra) of 1 km, and a horizontal axis (Rb) of 1, 5, 10, 20 and 40 km. The reservoir is pressurized until it reaches 
tensile failure. The depth of the reservoir varies from 3 to 9 km, and 6 to 18 km for a 20 km and 40 km thick 
lithosphere, respectively. ρlith = 2800 kg/m3 and g = -8.87 m/s2. Not to scale.
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The uplift  deformation is created with a conical load applied at the base of the lithosphere (height 5 
km, radius 250 km) (Fig. 1). Embedded within the lithosphere, magma reservoirs are pressurized to 
reach failure of its surrounding material. We tested the influence of ellipticity on the amount of 
overpressure needed to reach failure through different axis ratios (Ra/Rb = 1:1, 1:5, 1:10, 1:20 and 
1:40). The elastic properties were defined with their Young’s Modulus (E= 1e11 Pa), Poisson’s ratio (ν 
= 0.25) and density (ρlith = 2800 kg/m3 equivalent to a basaltic composition).

Results:

We observed that spherical magma reservoirs, when stable (i.e., overpressure > 0 MPa), fail at their 
summit. Tensile failure is controlled by the hoop stress, and will promote the formation of vertical 
dikes. These results are in accordance with previous work [Galgana et al., 2013]. Increasing the 
elliptical shape of the reservoirs moves the location of failure from their summit  to their midsection 
and decrease the amount of overpressure required to reach tensile failure. Tensile failure is in these 
cases controlled by the tangential stress, which will promote the formation of sills.
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Figure 2: State of stress within a model 
subjected to upward flexure. The reservoir has 
a Ra/Rb ratio of 1:10. Red and blue cones 
represent the orientation of the minimum and 
maximum compressional stress, respectively. 
The background dark red and green colors 
represent the orientation of the minimum 
compressional stress in the phi-direction, dark 
red: out of plane and green: in plane. 

We observe that the state of stress within models having an elliptical reservoirs and subjected to upward 
flexure allow the propagation to sills for a short distance (Fig. 2, green background color). The magma 
will further away encounter a state of stress favoring the formation of radial dikes (Fig. 2, dark red back 
ground color). We observe that the amount of overpressure relative to the tectonic stresses allows the 
intrusion to rotate from sill to dike and that the distances between the tip of elliptical reservoir and the 
radial dike zone are similar to natural examples on Venus (e.g., Tumas Corona) 
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Figure 2: State of stress within a model subjected to upward flexure. The reservoir has a Ra/Rb ratio of 1:10. 
Red and blue cones represent the orientation of the minimum and maximum compressional stress, respectively. 
The background dark red and green colors represent the orientation of the minimum compressional stress in the 
phi-direction, dark red: out of plane and green: in plane.

We observe that  the state of stress within models having an elliptical reservoirs and subjected to 
upward flexure allow the propagation to sills for a short  distance (Fig. 2, green background color). The 
magma will further away encounter a state of stress favoring the formation of radial dikes (Fig. 2, dark 
red back ground color). We observe that the amount of overpressure relative to the tectonic stresses 
allows the intrusion to rotate from sill to dike and that  the distances between the tip of elliptical 
reservoir and the radial dike zone are similar to natural examples on Venus (e.g., Tumas Corona).
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The simple concept at the base of our research is that  superhot geothermal  fluids circulate very close 
to magma intrusions and, possibly, within the fractures associated with the magma migration and 
emplacement. Magma overpressure at  the time of the emplacement at shallow crustal levels may lead 
to deformation (i.e. forced folding, fracturing and faulting) in the country rock both at local and 
regional scale (e.g. Senger et al., 2015). 

Previous studies on magma emplacement and the evolution of caldera/resurgent domes in different 
tectonic contexts were mainly addressed to the analysis of the system evolution, magma depth, 
intrusion shape, etc., and rarely on the analysis of the brittle deformation of the overburden (e.g. 
Galland 2012). To get  insights into these processes, we explored in the laboratory the development  of 
fracture/fault networks associated with the emplacement of magma at shallow crustal levels. We used 
a mixture of quartz sand and K-feldspar fine sand as an analogue for the brittle crust, and 
polyglycerols for the magma. Polyglycerols are interesting new analogue ductile materials, in that they 
allow the reproduction of a wide range of viscosities. The modeling apparatus is a modified version of 
that developed by Montanari et al. (2010), to which the reader is referred for the scaling approach. 

Analogue models suggest that possible supercritical fluid pathways,  apart from the fluids circulating within the 
metamorphic aureola, could be found within the structures related to magma emplacement, and consequently 
coeval and geometrically associated to emplacing magma.  Inward dipping annular reverse faults are expected to 
significantly influence the distribution and migration of supercritical geothermal fluids near the edge of the 
magma intrusions.
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The presented modeling approach produced interesting results, providing useful hints for geothermal 
researches. In particular, sets of anular faults and fractures developed in close connection with the 
emplacement  of the analogue magma, and are expected to significantly influence the distribution and 
migration of superhot  geothermal fluids near the edge of the magma intrusion. These structures can 
therefore be considered as possible targets for geothermal and/or mineral deposits exploration, with 
evidence by analogue models providing geometric and conceptual constraints useful also for the 3D 
seismic interpretation.

The research leading to these results has received funding from the European Community’s Seventh 
Framework Programme under grant agreement No. 608553 (Project IMAGE).
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Abstract:

The structural architecture of large volcanoes is governed substantially by gravity-driven deformation 
that is manifest  as distinct processes such as basement  flexure or volcanic spreading. Temporal effects 
and the mutual interplay of these processes have been investigated only to a limited extent, and so we 
present  novel numerical models of the time-dependent deformation associated with them. The models 
simulate the combined effects of lithospheric flexure and volcanic spreading during growth increments
of an elastoplastic volcanic cone. Different  spreading scenarios are considered by a variable coupling 
decoupling behavior at the interface between volcano and basement. We apply our models to Olympus
Mons on Mars, which is characterized by upper to middle flank terraces on the shield, is encircled by a 
basal scarp that has an average slope of 30° and is surrounded by distant deposits that  resemble large-
scale slumping features on Earth.

Figure 1: Concentric inward- and outward-dipping thrust faults on the model volcano surface, caused by 
edifice-induced lithospheric flexure, resemble observations of terraces on the shield of Olympus Mons volcano, 
Mars.

Our results are consistent  with the interpretation that terraces on Olympus Mons’ flanks form by thrust 
faulting that  results from lithospheric flexure (Figure 1). The presence and expression of terraces 
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depend on the coupling of volcano and basement, on the time of volcano growth relative to mantle 
relaxation, and on the cohesion of the edifice. The encircling scarp may be related to a very low 
friction detachment at the edifice base, which leads to a normal fault regime on the lowermost flanks. 
With time and volcano growth, predicted stress and faulting regimes migrate only slightly, indicating 
that the structural architecture of volcanoes is largely set in the very early stages of formation.
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Introduction: 

Analog experiments show that both dyke trajectories and dyke propagation velocities are influenced 
by the magma driving pressure and by the external stress field (Watanabe et  al., 2002). It follows that 
the temporal evolution of magma propagation inferred from seismic and geodetic data can be used to 
constrain the magma overpressure and the local stress field. Numerical models for dyke propagation 
can be divided in two general categories based on different  approaches, one in which the behavior is 
controlled by fluid dynamics and the other which focuses on rock fracturing. 

The first set  of models, based on fluid dynamics, are 1D and provide an information about the 
propagation velocity, whereas the second set, based on rock fracturing, are 2 D and estimate the 
magma path depending on the crustal properties, stress field and buoyancy forces.  Here we couple a 
static numerical model solving for magma pathway (Maccaferri et al., 2011) with a dynamical model 
of dyke propagation (Pinel & Jaupart, 2000) providing velocities in order to study the effect  of a 
surface load on magma transport.
This model is compared to analogue experiments and applied to the dyke responsible for the Etna’s 
2001 eruption.

Model description:

This is a two-step model where the magma trajectory is first  estimated for a given stress field and 
density contrast  between the magma and the surrounding crust. The amplitude of the normal stress 
component  applied on a surface parallel to this trajectory, which correspond to the stress the magma 
have to counterbalance for the dyke to open is also estimated. In a second step, we model the fluid 
dynamic propagation along the trajectory considering a Newtonian, incompressible viscous magma in 
a laminar regime.

Results:

Our model is applied to the surface loading case, similarly to previous analog models (Watanabe et  al., 
2002). We confirm that surface loading tends to attract the magma. The rising dyke is all the more 
deflected as the ratio between the applied load and the magma driving pressure is large (Figure 1). 
Besides the dynamical calculation clearly shows that  when the dyke enters the compressive stress field 
induced by the load it velocity decreases (Figure 2).
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Figure 1: Dyke trajectories in a crust loaded at the surface for a dyke starting at a normalized depth of 2.7 and a 
normalized radial distance of 2.8 from the axis of the load. The magma path depends on the ratio between the 
magma driving pressure and the load applied (Pm/Pload) (from Pinel et al, in prep.).

Figure 2: Front position as a function of time for 
two end-member trajectories.  N2 is the ratio 
between the magma driving pressure and the load 
applied (Pm/Pload).

The model is then applied to the July 2001 eruption of Etna, for which the final dyke deflection had 
been previously interpreted as due to the topographic load by Bonaccorso et al. (2010). We show that 
the velocity decrease observed during the last  stage of the propagation can also be attributed to the 
local stress field. We use the dyke propagation duration to estimate the magma overpressure at  the 
dyke bottom to be less than 4 MPa
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The Phlegrean Fields are an area in the west  of Naples (Italy), with a huge interest in Geophysical 
community being a volcanic caldera among the most dangerous in the world. Reason of this is high 
exposure of people who live in that  area (550,000 inhabitants ca.). Various techniques of monitoring 
exist. Among all, the control of ground deformations and variations in sea level have a considerable 
importance. The first one are used to verify the presence of possible traces related to a magma 
resurgence which could precede an eventual eruption, while the second one comes in handy to check 
the phenomenon of the bradyseism, which afflicts in a particular way this volcanic area.

We have analysed time series of ground deformation and tidal data in this area to highlight this 
important  geophysical features and comparing these results with those obtained from similar data in 
other time periods. With regard to first mentioned, we have analyzed tiltmetric data. These one come 
from the tiltmeter network sited in Pozzuoli (that is, Pozzuoli North Tunnel and Pozzuoli South 
Tunnel). The second typology of data, namely tidal data, come from the tide gauge in Pozzuoli.
Both time series have been analysed by means of a conventional Fourier Transform and we have 
obtained a Power Spectral Density (PSD) for each specific period in which we have subdivided data. 
But, given that data at  our disposal are not  stationary, it  is clear that a conventional Fourier Analysis is 
not adequate for having a complete picture of frequencies which are present in our signals. Then, 
another goal we want  to reach is maintenance of time information, goal which is impossible to obtain 
with Fourier Analysis.

Therefore, in order to realize an advance analysis of these experimental data, we have used a wavelet 
approach, We have prefered choice of this kind of analysis because it  allows to have information not 
only on frequencies but even on time. Then, it  is an efficient  method to obtain all the frequencies 
which have present  in signal with a good resolution. This factor is relevant in choice of a wavelet 
approach. For example, the Short  Time Fourier Transform is time-frequency localized, but  the 
introduction of the window function to cover signals brings with it resolution problems. 
So, spectral analysis has been obtained by a wavelet approach: results are a local spectrum, for each 
scale in which signal has been decomposed, and a global one achieved by average on each period of 
local spectrum. 

At this proposal, we have used the Continuos Wavelet Transform and, as so-called “Wavelet Mother”, 
we have opted for Gabor-Morlet wavelet. We have made this choice because Gabor-Morlet wavelet  is 
a complex function modulated by a Gaussian window: this characteristic makes it  extremely suitable 
for the Geophysical applications. 
But, the only use of CWT could be not sufficient  to obtain a complete picture of all frequencies which 
are in signals.

So, we have made use of Fractional Wavelet  Transform, too. This for a particular reason. Continuos 
Wavelet  Transform, which we have used, has made of components that are a sort  of scaled bandpass 
filter in frequency domain. So, CWT  results to be limited in the time-frequency plane. Then, we have 
analysed time series by means of Fractional Wavelet Transform proposed by Shi J. et al (2012). 
Through this FWT, we could obtain a more complete picture of all frequencies which are in signals. 
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For each time series, we have the principal harmonic constituents: lunar semidiurnal (M2), solar 
semidiurnal (S2) and lunar diurnal (K1). Besides, time series show peaks for some frequencies higher 
than 1/hour. These peaks highlight  the presence of seiches, which are standing waves occuring in total 
or partial enclosed body water, as Gulf of Naples is. Studies about occurrence of these seiches are very 
important  in volcanic areas, because these oscillations could be link up with generation of discrete 
plumes of rising magma.

Wavelet spectrogram of tiltmeter data registered in May 2008 by North Tunnel Pozzuoli Tiltmeter

Frequencies at which we notice these seiches are in agreement with previous studies.  In this case, 
spectra obtained by means of FWT individuate variations in variance which are similar to which 
obtained by means CWT. These two kinds of variation underline the presence of principal harmonic 
constituents and of seiches, respectively. Since Wavelet analysis preserve time information about 
happening of these frequencies, we can obtain time periods where seiches recur in an evident way.  So, 
we perform another kind of wavelet  analysis and particularly we perform fractional derivative of 
CWT  according to Caputo's approach. We notice that  spectra obtained from this kind of analysis 
underline presence of seiches which we are not present in “traditional” CWT and FWT  analysis.  For 
the future, we would perform this kind of analysis for other time series (not  necessarily Phlegrean 
Fields time series) to verify if results of it have a physical meaning or are only a mathematical effect.

Keywords: Phlegrean Fields, tiltmeters, tides, Fourier Analysis, Power Spectral Density, Gabor-
Morlet wavelet, Fractional wavelet transform.
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Introduction:

Host-rock failure during magma intrusion is commonly assumed to occur by tensile fractures. 
However, in some cases, complex structures such as shear bands, rock wedging, or imbricated thrusts 
can form in sedimentary rocks around sills and dikes (i.e., Galland et  al. (in this session); Pollard, 
1973). These structures, which developed during the intrusion event, suggest that  the faulting 
mechanism of the host-rock can be dominated by shear stresses near the intrusion interface and 
highlight  the impact of the magma viscosity on the host-rock deformation. A number of studies have 
investigated the fracturing pattern of host-rocks around magmatic intrusions within the framework of 
elasto-plasticity or rigid-plasticity theory (i.e., Gerbault et al., 1998, 2012; Pollard, 1973). However, 
the coupling of the intrusive magma dynamic on the system is often simplified and implemented as 
hydrostatic pressure acting normally on the host-rock interface.
In this study, we numerically solve the viscous fluid flow of the magma with the deformation of the 
host-rock and quantify the effect  of the shear stresses along the intrusion interface on the failure 
mechanism of the host-rock. Thus, we aim to investigate under which condition failure may shift  from 
different  propagation modes (mode I versus mode II) during the growth of the intrusion. Special 
consideration will be given to the viscosity of the magma, the crack-tip geometry, and the rheological 
heterogeneities of the host-rock.

Numerical approaches:

We numerically explore the onset  of a fluid-driven fracturing process where a viscous fluid (the 
magma) intrudes an elasto-plastic medium (the host-rock). The traction imposed by the fluid at  the 
interface is fully resolved by solving for Stokes flow within the intrusion. Two numerical finite 
element approaches are tested to approximate the plastic deformation:
1) using an effective viscosity approach (e.g., Kaus, 2010), where the entire domain is discretized with 
a visco-elasto-plastic formulation with dominant  viscous and elasto-plastic behavior for the magma 
and host-rock respectively. 2) using an incremental procedure based on a Newton-Raphson algorithm 
with a consistent tangent  operator (Yarushina et al., 2009). In this approach, the viscous fluid flow of 
the magma is coupled to the mechanical deformation of the host-rock by imposing a traction boundary 
condition along the intrusion interface.

Results:

We present preliminary results obtained from the numerical code using an effective viscosity approach 
to the plastic deformation (first approach described above). Figure 1 shows the results of two 
simulations where only the viscosity of the intruding magma is changed, and where the rheological 
parameters of the host-rock and the injection rate are kept  the same. While the pattern of the 
developing shear bands may be influenced by the prescribe boundary conditions at  the limit of the 
domain, we observe an interesting result regarding the positions of the developing shear bands along 
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the interface. For relatively low viscosity (µ = 1e5 Pa.s, panel A) the shear bands develop from the 
intrusion tip, while for larger viscosity (µ = 1e8 Pa.s, panel B) the shear bands initiate away from the 
intrusion tip due to the shear stresses acting along the interface. This illustrates the importance of the 
shear stresses induced by the viscous magma flow during the emplacement mechanism.
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the interface. For relatively low viscosity (µ = 1e5 Pa.s, panel A) the shear bands develop from the 
intrusion tip, while for larger viscosity (µ = 1e8 Pa.s, panel B) the shear bands initiate away from the 
intrusion tip due to the shear stresses acting along the interface. This illustrates the importance of the 
shear stresses induced by the viscous magma flow during the emplacement mechanism. 
 

 
Figure 1: Second invariant of the deviatoric strain rate [s-1] obtained for two simulations with different magma viscosity (µ 
=  1e5 Pa.s, panel A, and µ =  1e8 Pa.s, panel B). A Poiseuille flow profile is imposed at the left side of the intrusion with 
maximum x-velocity of 10 cm/s. The results are obtained after 0.6 s of injection. The domain size is 2x2 m and the thickness 
of the intrusion is 20 cm. Left boundary condition with free slip along the y-direction, right boundary condition with no slip, 
and free surface on the top and bottom.  
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Figure 1: Second invariant of the deviatoric strain rate [s-1] obtained for two simulations with different magma 
viscosity (µ = 1e5 Pa.s, panel A, and µ = 1e8 Pa.s, panel B). A Poiseuille flow profile is imposed at the left side 
of the intrusion with maximum x-velocity of 10 cm/s. The results are obtained after 0.6 s of injection.  The domain 
size is 2x2 m and the thickness of the intrusion is 20 cm. Left boundary condition with free slip along the y-
direction, right boundary condition with no slip, and free surface on the top and bottom.
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S4- Seismic cycle & Earthquake dynamics

Destructive earthquakes, like the Haiti earthquake (2010, Mw=7, >230000 deaths), 
Tohoku earthquake (2011, Mw=9.1, >15000 deaths) or the recent Nepal earthquake 
(2015, Mw7.8, > 9000 deaths), generate heavy human, economic and environmental 
losses. A better understanding of these natural disasters represents, then, a major 
societal and scientific challenge. 

Nowadays, new technological advances in satellite imagery measurements as well as 
the development of dense geodetic and seismologic networks  allow now for detailed 
analyses of surface kinematics associated with these deformation phases. Earthquake 
study faces, however, major limiting factors  related to the difficulty to access the deep 
source of earthquake and to integrate the characteristic time scales of deformation 
processes that extend from seconds to thousands of years. 

Numerical and analog modeling are often the only and best approaches to interpret the 
observations and improve our understanding of such geological processes. All 
contributions  dealing with the seismic cycle, earthquake dynamics, seismic source 
processes, active fault kinematics, co-seismic surface deformations, ... are more than 
welcome.

Conveners: Rodolphe Cattin (University of Montpellier, France) and Matthias 
Rosenau (GFZ German Research Centre for Geosciences, Potsdam, Germany).

Keynote speaker:

"Dynamics of crustal deformation and seismicity, a Himalayan perspective" by 
Jean-Philippe Avouac (Caltech, USA) - avouac@gps.caltech.edu
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Dynamics of crustal deformation and seismicity, a Himalayan perspective

Jean-philippe Avouac

Seismological Laboratory, California Institute of Technology, Pasadena, CA 91125, USA

Corresponding author: avouac@gps.caltech.edu

S4- Seismic cycle & Earthquake dynamics (Keynote)

Thanks to advances in numerical methods and improved computational resources, major progress have 
been made over the last few decades with regard to dynamic modelling of crustal deformation and the 
seismic cycle. We also now have access to various techniques from seismology, GPS geodesy, radar 
and optical remote sensing to measure seismic and aseismic deformation., Validating and calibrating 
dynamic models of crustal deformation and the seismic cycle from observations remains a major 
challenge yet. This is due in particular to the difficulty of isolating the contribution to the measured 
deformation of elastic and anelastic processes and to tell apart different anelastic deformation 
processes (frictional sliding vs viscous deformation for example). I will review these difficulties and 
avenues to solve these difficulties based on the Himalayan example. I’ll focus in particular on 
interseismic, co-seismic and postseismic deformation related to the Mw7.8 Gorkha earthquake of 
2015. We will discuss what  constraints on the frictional properties of crustal faults and bulk rheology 
of the crust  and upper mantle can be derived from the observations at  hands and what  observations 
would be needed to better constrain these properties.
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Slip rate on the Main Himlayan Thrust during the Mw7.8 Gorkha earthquake rupture, Nepal. The dots show the 
sources of high frequency (~1Hz) seismic waves. It is based on Avouac et al (NGEO, 2015) and Galetzka et al 
(Science, 2015).

Keywords: Earthquake dynamics, Gorkha earthquake, elastic and anelastic deformation, postseismic 
deformation
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Zooming into the earthquake zone: An analogue model for seismotectonic plate 
interfaces. 
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S4- Seismic cycle & Earthquake dynamics (Oral)

Introduction: 

The majority of earthquake activity is focused along complex fault  networks that  operate on a 
lithospheric scale. During an earthquake the frictional behavior of the slipping fault segment changes 
and weakens the frictional contact  between the plates. These changes in frictional properties of faults 
can be characterized by rate-and-state friction theory originally introduced by Dieterich (1979) and 
Ruina (1983). Rate-and-state theory allows the assignment of different  frictional conditions like stable, 
unstable, and transitional to individual fault segments. The interplay of fault conditions (loading rate, 
pressure), geometry and slip behavior, including fault  creep, makes it difficult to model such a process 
especially over multiple time and length scales. Here we present an experimental approach to 
understand seismotectonics including an analogue model combined with numerical modelling

Setup:

In our setup we are using a fault  analogue composed of country walls represented by ballistic gelatin 
(25-30wt%, pig skin) and a fault  core or damage  zone made of glass beads. Two different  geometries 
are realized using a ring-shear tester and a shear box (Figure 1). The ring-shear tester imposes a simple 
shear geometry with controlled shear rates (10-6 -10-3 s-1) and uniform normal loads (0.5 - 20 kPa). The 
shear box provides a pure shear vice configuration mimicking a strike-slip fault with a free surface and 
a vertical pressure gradient  as well as a controlled far-field loading. The latter also holds the possibility 
to include a rheological layering of the model, e.g. using silicone oil (PDMS, G30M) as viscoelastic 
lower crust. During the experiments the loading forces  and surface deformation are monitored using 
force-transducers and a PIV-camera setup. In the ring-shear tester we monitor the fault surface (fault 
normal view) while in the shear box the fault trace and adjacent surface of the elastic medium is 
monitored (map view).

Figure 1: Analogue model setup using glass beads between gelatin as shear zone analogue. The left setup has 
additional layers of silicone and sugar syrup to model the ductile rheology of lower crust and mantle.

Preliminary Results:
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Both models show periodic slip events occurring alongside with fault  creep and “out of sequence” 
activity akin to foreshocks on the fault. Foreshock activity results in Gutenberg-Richter like statistics 
(b~1) superimposed by a bump reflecting the periodic system-wide events. We observe no aftershocks 
on the fault  but  occasionally transient  afterslip and creep that  changes systematically over the 
interseismic period. Generally the periodic slip events represent failure of the complete fault area 
while foreshocks are fractional failures occurring on small patches. We observe both bilateral and 
unilateral ruptures which occur as slip pulses or cracks. The resulting fault  and surface displacement 
maps show a strong similarity to natural coseismic fault  motion obtained by GPS (Figure 2) and are 
consistent with elastic dislocation model prediction. Furthermore, the recurrence intervals and stress 
drops can be scaled to the natural prototype. The displacement on the fault zone shows a sequential 
migration of an individual slip event along the shear zone, starting in regions where the local shear 
rate is high. Occasionally, a short  break in slip propagation can be observed, followed by a complete 
failure of the whole shear zone.

Figure 2: Comparison of a model displacement field (left) resulting from digital image correlation and a natural 
earthquake displacement field (right). Right image is taken from Fialko et al. (2001).

Outlook:

The modeling results are combined with numerical rate-and-state models (QDYN, Luo et  al. 2011) 
using physical parameters from the experiment. This enables us to explore a wide range of parameters 
and to draw connections between the parameters that control the behavior of the earthquake system.
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How subduction velocity and seismogenic zone width tune the seismic behavior of 
subduction megathrusts: insights from analog and numerical models
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S4- Seismic cycle & Earthquake dynamics (Oral)

Abstract:

Seismic characteristics of subduction megathrusts have been related to various geodynamic 
parameters. However, correlations are generally weak and difficult  to interpret  due to the short 
instrumental record and multi-parameter influence. Here we use benchmarked against  each other 
analog- and numerical models to investigate how subduction velocity Vs and the width of the 
seismogenic zone W control seismic rate τ, maximum magnitude Mmax and moment  release rate 
MRR. 

The models create thousands of years long timeseries of stress build up and release via frictional 
instabilities (i.e., modeled earthquakes). We find that W is inversely correlated with τ and directly 
correlated with Mmax and MRR. Vs is directly correlated with τ  and MRR. We also find that Mmax is 
independent  from Vs. By random sampling our time series we suggest that  a minimum span of 1 to 5 
times the characteristic recurrence time (or even longer timeseries in case of outliers) would be needed 
to observe at least one event that rupture the 80% of the maximum rupture width.

Keywords: Subduction megathrust earthquakes, Subduction velocity, Width of the seismogenic zone.
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Effect of Subduction Zone Parameters on Maximum Magnitude of Earthquakes: 
Seismic Cycle Modelling
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S4- Seismic cycle & Earthquake dynamics (Oral)

Introduction:

There are different opinions about the role of subduction zone parameters in producing great 
earthquakes (Heuret et al., 2011, 2012).

The aim of this study is to estimate maximum magnitudes of earthquakes in subduction zones and 
their dependence on various subduction zone parameters by using a modeling approach. To do so we 
model seismic cycles of great megathrust  earthquakes in the subduction zone using finite element 
numerical technique that employs elasto-visco-plastic rheology consistent with laboratory data and is 
capable to model both geological and seismic-cycle time-scale deformation in lithosphere (Sobolev 
and Muldashev, 2016). 

Model approach: 

First, we make the model setup shown in Fig. 1, by modeling subduction process in the geological 
time-scale (107 years). We use 2D version of thermomechanical finite element numerical code 
SLIM3D (Popov and Sobolev, 2008) to model subduction during 7-10 Mln years. To do so we employ 
visco-elasto-plastic rheology with constant low (0.01-0.05) friction coefficient  in the uppermost part of 
the subduction slab, that is consistent with the idea of high pore-fluid pressure in subduction channel. 
The time step in such model is 104 years. As a result we get the subduction model with appropriate 
stress distribution. 

Second, we employ classic aging rate-and-state rheology (Dieterich, 1972) in the subduction channel 
and introduce adaptive time-step procedure with maximum time-step of 5 years. The model generates 
spontaneous earthquake sequences and adaptive time-step integration procedure varies time step from 
40 seconds at instability (earthquake), and gradually increases it  to 5 years during postseismic 
relaxation.
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where µ and µ are friction and static friction respectively. a and b are parameters for rate and state 
friction law.  V is velocity of slip on the fault, V* is quasi-static (or reference) velocity i.e. the velocity 
at which µ = µ.  L is the critical slip distance and  is the state variable.

Figure 1: Setup of the 2D model of a subduction zone. Colours represent material phases. Seismogenic zone is 
limited by width W. Dipping angle of the seismogenic zone equals θ. Wireframe represents temperature 
distribution in the range from 100o to 500o. Kinematic boundary conditions are prescribed on the bottom of the 
model.

Parameter sensitivity:

We calibrate rate and state parameters (a, b and Lcr) using rupture parameters of Chile 1960 Great 
Earthquake (Mw 9.3, Moreno et  al, 2009), its expected recurrence time of about 400 years (Scholz & 
Campos, 2012), data on the lithospheric structure (Dzierma, Y. et  al, 2012) and thermal field of the 
region (Currie, 2006) as well as estimation of the friction coefficient  in subduction channel from long-
term tectonic evolution model.
Using the calibrated parameters we perform a series experiments with different  slab geometries, 
convergence rates etc. The modelling results will be presented and compared with the observations.
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Unified cycles of Earthquakes with off-fault deformation
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S4 session: Seismic cycle & Earthquake dynamics (Oral)

Studies of geodetic data across the earthquake cycle indicate a wide range of mechanisms contribute to 
cycles of stress buildup and relaxation. Both on-fault  rate and state friction and off-fault  rheologies can 
contribute to the observed deformation; in particular the postseismic transient  phase of the earthquake 
cycle. One problem with many of these models is that  there is a wide range of parameter space to be 
investigated, with each parameter pair possessing their own tradeoffs. This becomes especially 
problematic when trying to model both on-fault and off-fault deformation simultaneously. The 
computational time to simulate these processes simultaneously using finite element  and spectral 
methods can restrict parametric investigations.

We present a novel approach to simulate on-fault  and off-fault  deformation simultaneously using 
analytical Green’s functions for distributed deformation at  depth [Barbot, Moore and Lambert., 2016]. 
This allows us to jointly explore dynamic frictional properties on the fault, and the plastic properties of 
the bulk rocks (including grain size and water distribution) in the lower crust with low computational 
cost. These new displacement  and stress Green’s functions can be used for both forward and inverse 
modelling of distributed shear, where the calculated strain-rates can be converted to effective 
viscosities.

We also present a case study utilising our new Green’s functions for distributed deformation and the 
associated code, Unicycle. Here, we draw insight from the postseismic geodetic observations 
following the 2015 Mw 7.8 Gorkha earthquake. We forward model afterslip using rate and state 
friction on the megathrust geometry with the two ramp-décollement system presented by Hubbard et 
al., (pers. comm., 2015) and viscoelastic relaxation using recent experimentally derived flow laws 
with transient rheology and the thermal structure from [Cattin et  al., 2001]. The calculated strain-rates 
can be converted to effective viscosities. The postseismic deformation brings new insights into the 
distribution of brittle and ductile crustal processes beneath Nepal.

Finally, we illustrate a number of other applications for these Green’s functions, including inverting 
for rheological properties in the Sumatran-Andaman arc using geodetic measurements of the 
postseismic transient  following the 2004 Mw 9.1 Sumatra-Andaman earthquake, and inverting for 
crustal stretching at  Taupo, New Zealand, between 2000 and 2012 [Hamling, 2015] using permanent 
GPS stations.
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Figure 1: Horizontal (u2) and vertical (u3) displacement due to shear of a buried cube in the e23 direction. Units 
are self-consistent (m or km etc). Initial surface of z=0 shown with dashed red line, and original undeformed 
cross section of the cube outlined in green. Original cube dimensions 20x20x20 centered at (x1,x2,x3)=(0,0,40). 
Analytic expressions evaluated on a grid to show mesh deformation.

Figure 2: Plan view of surface displacements due to 
horizontal rifting (e22=1) of a cube. 
Vertical displacements are shaded, whilst horizontal 
displacements are given by black arrows. Location of 
buried cube outlined in green. 
Original cube dimensions 4x2x2 centered at (x1,x2,x3)=
(0,0,3). Dimensions are normalised.
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S4 - Seismic cycle & Earthquake dynamics (Oral)

Maximum earthquake magnitude and the rate of seismic activity differ among orogenic mountain 
belts. This variation is generally attributed to factors such as tectonic structures and stress and strain 
distribution. However, the processes by which great  earthquakes are variably partitioned in space, 
time, and magnitude, are still strongly debated. Here we show that the seismic behaviour of continent 
continent  orogenic belts is controlled by the plate convergence rate. We demonstrate this using a 
tectonically realistic seismo-thermomechanical (STM) modelling approach that  considers the long-
term deformation, self-consistent collisional orogeny and the short-term seismic cycle. 

We developed a two-dimensional, continuum-based STM-model of continental collision, which 
incorporates a strongly rate-dependent friction formulation and visco-elasto-plastic rheology. The 
model setup consists of two continental plates separated by an oceanic plate, in which the incipient 
subduction phase is followed by collisional orogeny.

Results from the post-subduction collisional orogeny show the development of a wide collisional zone 
(Fig. 1a) dominated by nappe stacking of crustal material in the orogenic wedge and back-thrusting in 
the the retro-wedge. The short-term seismicity pattern (Fig. 1b) shows physically consistent 
emergence of complex rupture paths. The seismic cycle on seismogenic faults involves long periods of 
elastic strain and stress accumulation, driven by aseismic ductile deformation at depth, which is 
ultimately released by sudden fault slip events. 

Numerical experiments indicate that the thickness of the brittle layer increases in proportion to the 
convergence rate, which in turn controls the rupture width, the consequent  growth of slip and the 
maximum earthquake magnitude. Analysing all spontaneous rupture events, we demonstrate that  the 
frequency-size distribution, the corresponding b value and the maximum earthquake magnitude 
positively correlate with the plate convergence rate (Fig. 2a). This is a key observational feature of 
seismicity, which is typically not  reproduced in seismic cycle models, and implies a first-order 
physical control of the convergence rate on the seismicity of mountain belts. 

These results quantitatively agree with the observed seismicity patterns within the Alps, Apennines, 
Zagros and Himalaya (Fig. 2b). In contrast, geometry and tectonic structure of the orogen are observed 
to play a second-order role. In addition we show that  the hypocenter location of earthquakes deepens 
from the upper to the lower crust as the convergence rate increases. Based on these assessments, we 
propose that  the convergence rate, as well as the temperature and the strain rate (to which the 
convergence rate is tied), are the parameters most  strongly controlling brittle strength and the depth of 
the seismogenic zones in orogenic mountain belts.
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Figure 1. (a) Compositional map showing the characteristics of mountain belt reference model. (b) Short-term 
spatial evolution of rupture events in the pro-wedge, orogenic wedge and retro-wedge domains.

Figure 2.  Earthquake-size distribution and b value estimation of (a) the four major continent-continent orogenic 
mountain belts and (b) of the two dimensional, quasi static simulations of seismic cycle, assuming plate 
convergence rates from 10 to 50 mm/yr.
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Introduction:

How earthquakes interact with the evolution of fault  zone structure is an open question that motivates 
emerging efforts to integrate dynamic rupture and long-term crustal deformation modeling. Here, we 
investigate scaling relations between fault  structural properties from the perspective of dynamic and 
quasi-static mechanical processes involved in fault system evolution. In particular, we develop basic 
fracture mechanics theory to explain first-order fault  zone scaling observations. Faults are surrounded 
by damaged zones whose properties vary with fault  maturity and length. Faults develop an “inner 
damage zone” in their vicinity (< few 100 m), usually characterized by micro-fracture observations, 
and an “outer damage zone” at  a larger scale comprising macroscopic fault branches forming splay 
fault fans. For relatively short  faults, the thickness of these two damage zones scales with fault  length. 
However, for long faults their empirical scaling is very different: the inner damage zone thickness 
saturates, whereas the outer damage zone thickness does not (Savage and Brodsky, 2011; Perrin et  al., 
2016a). Here we present theoretical considerations that help explain this scaling difference and shed 
light on the mechanisms and time scales governing the evolution of fault structure.

Inner damage zone: short-term damage processes lead to thickness saturation: 

Inner damage zones can significantly affect earthquake rupture, enhance near-field ground motions 
and facilitate fluid transport in the crust. Fault zone trapped waves can generate pulse-like rupture and 
oscillatory rupture speed, and facilitate supershear ruptures and steady rupture propagation at speeds 
that are unexpected in homogeneous media (Huang et  al., 2011, 2014, 2015; Perrin et  al., 2016b). The 
effects of a fault damage zone crucially depend on its thickness. Field observations of inner damage 
zone thickness as a function of cumulated slip show linear scaling at  small slip but saturation at large 
slip, with maximum thickness of a few 100 m. Ampuero and Mao (2016) developed fracture 
mechanics theory, supported by dynamic rupture simulations with off-fault  inelastic deformation, that 
predicts saturation of inner damage zone thickness due to the finite depth of the seismogenic crust 
(Figure 1, left). In essence, the stress intensity factor at  a rupture front, which controls the distance 
reached by the large off-fault stresses that  cause damage, depends on the shortest  characteristic length 
of the rupture, which is limited by the seismogenic depth. The model implies that  short-term (co-
seismic) processes play a dominant role on the evolution of the inner damage zone. It  also provides 
relations between damage scaling properties and the overall stress at which faults operate.

Outer damage zone: long-term viscous relaxation prevents thickness saturation:

Field observations indicate that outer damage zone width scales with parent fault length, without 
saturation (Perrin et  al., 2016a). Here, we propose a fracture mechanics interpretation of this 
observation (Figure 1, right). The stress intensity factor at  the tips of a fault  cutting through the whole 
depth of an elastic plate (the lithosphere) overlying a linear viscoelastic half-space (the asthenosphere) 
is time-dependent and shows two regimes. At  short times, it  depends on seismogenic depth, as 
expected in an elastic half-space (see above). At times much longer than the viscous relaxation time of 
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the asthenosphere, it  depends on rupture length, as expected for a through-going crack in a thin elastic 
plate decoupled from the mantle (essentially a 2D plane strain configuration). The growth of splay 
fault fans is a long-term process, possibly driven by stress concentration near the propagating tip of the 
main fault governed by the long-term scaling of the stress intensity factor. This view predicts a scaling 
between outer damage zone width and fault length, consistent with the geological observations.

Figure 1: Relation between damage zone thickness (rc) and fault length (L) predicted by fracture mechanics. 
Left: If damage is dominated by short-term processes, Earth behaves as an elastic half-space and rc eventually 
saturates at a value proportional to seismogenic depth (W). Right: If damage is controlled by long-term 
processes, the lithosphere decouples from the asthenosphere and rc scales with L without saturation.
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S4 – Seismic cycle and Earthquake dynamics (PS7)

Introduction:  

Geological and geophysical observations provide limited information on the 3-D structure, formation 
and evolution of faults. Faults are characterized by a complex 3-D architecture with different segments 
and branches that  can be reactivated at different  periods of the fault evolution. Microseismicity shows 
that faults are not simple zero-thickness interfaces, but are several dozen kilometer-thick zones where 
material undergoes damage or irreversible inelastic deformation. On the other hand, interseismic 
deformations revealed by geodetic measurements (GPS and InSAR) are typically interpreted as elastic 
and modelled as a dislocation buried at depth and slipping at constant rate below a certain locking 
depth. The analytical solution for such elastic model shows that, for a strike slip fault, the across-fault 
displacement profile corresponds to an arctangent function. Almost 200 estimates of locking depth 
made over more than 100 faults have been done using this model (Wright  et al., 2013). Most of them 
give values between 10-15 km that would correspond to the depth of the crust seismogenic section. 
Other studies suggest  much lower locking depth. Creeping events on the fault (or its part) are then 
evoked to explain those lower values. In this study, we explore the impact of inelastic deformation 
during the interseismic phase and notably how it  impacts the deformation gradient across a strike-slip 
fault.. 

Modeling results:

The model represents a layer (Fig. 1a) with elasto-plastic properties. The layer is subjected to a gravity 
force that  generates the initial stresses. Along the y-parallel vertical boundaries, free slip conditions are 
applied. Along the y-normal boundaries, kinematic conditions are imposed to simulate an infinite 
model in the y-direction. A shear stress, τzy that  increases progressively during deformation, is applied 
to the layer bottom, which is fixed in the z-direction. 

During the initial stages of the model’s evolution, its response is purely elastic. At  a certain stage, the 
inelastic deformation starts at the surface in the axial (along y) area and rapidly becomes deeper and 
wider (Fig 1b). At  the next  stage, a dense set of parallel deformation localization bands (incipient 
faults) is formed. The whole band set  first evolves uniformly, and then one observes a sort  of ‘‘band 
selection’’ process: most of bands die, while others continue evolving. At the last stage of the model 
deformation one can observe 3 main segments as well as secondary (splay) branches (Fig. 1c). At  all 
deformation stages a wide zone (with width of several layer thicknesses) is involved in inelastic 
deformation/damage. Fig 2b shows that  the arctangent-type shape of the uy, profile becomes 
progressively sharper (the displacement gradient becomes larger) with time.

Comparison with geodetic measurement:

The North and East Anatolian faults (NAF and EAF, respectively) are good examples confirming this 
shape evolution (Cavalie and Jonsson, 2014). For the NAF, at the location where the last  ruptures 
occurred in 1949 and 1992, the across-fault displacement rate gradient is relatively low and 
corresponds to a locking depth of 14 km. For the EAF, where the last  rupture occurred in the 19th 
century, this gradient is much higher, with the predicted locking depth of only 3 km  (Cavalié and 
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Jonsson, 2014). For such high displacement rate gradients, that require very small locking depths with 
a purely elastic model, aseismic slip in the seimogenic zone is postulated. But  we show here that a 
more physically sound solution exists by tacking into account the inelastic deformation in a wide fault 
zone.

Fig1 : (a to c)  Evolution of inelastic deformation and faulting, , and resulting 3-D fault 
architecture (d, corresponding to the evolutionary stage c).

Figure 2: (a) Profiles of displacement rate across the north Anatolian fault (blue lines) and the east Anatolian 
fault (red lines). Solid lines correspond to the observed (InSAR) displacement rates, dashed lines represent the 
best-fit elastic model solutions.  (b) Along-y-axis profiles of the incremental displacement uy at different stages of 
the model’s evolution (see Fig. 1). 1, Purely elastic deformation stage; 2 and 3, successive stages with inelastic 
deformation.
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S4- Seismic cycle & Earthquake dynamics (PS7)

Abstract:

The world largest  earthquakes occur on the subduction megathrust: the interface between the 
subducting and overriding plates. The mechanical properties of megathrusts vary spatially and 
temporally for various reasons e.g., presence of geometrical irregularities or stress fluctuations due to 
past  earthquakes. Such variations result in areas prone to hosting large seismic slip aka asperities and 
areas where the rupture propagation is inhibited aka barriers. According to the “asperity model” [Lay 
and Kanamori, 1981], the magnitude of an earthquake depends on the possibility for asperities to 
synchronize and fail simultaneously during the same event. Clear examples of asperities 
synchronization episodes include the 1960 Chile earthquake (Mw= 9.5) and the 2004 Sumatra–
Andaman earthquake (Mw=9.2), where multiple (> 4) high slip patches have been imaged by 
inversion of geological and geophysical data [Moreno et al., 2009; Subaraya et  al., 2006]. The 
mechanism that  promotes asperities synchronization is debated and remains obscure mainly due to the 
short time interval that is available in the instrumental (both geodetic and seismological) record. 

Here we use analog models focusing on the control of barrier width on asperities synchronization. The 
main advantage of analog models is the possibility to reproduce 105 yr long time series of seismicity in 
a convenient  experimental time using a simple but  physically self-consistent model. In our models, a 
gelatin wedge (the analog of the overriding plate) is underthrusted by a planar, 10° dipping aluminum 
slab (the analog of the subducting plate) containing two rectangular patches with velocity weakening 
friction acting as seismic asperities. The width of the velocity strengthening friction area D between 
the two asperities (i.e., the analog barrier) is varied systematically in the 2.5-10 cm range. The 
experiments are monitored from top view and the images processed by means of standard particle 
image velocimetry PIV. The velocity field is then used to derive the earthquake source parameters.

The models reproduce tens of episodic trenchward slip episodes (the analog earthquakes) alternated by 
relatively longer and slower periods of landward displacements (analog of interseismic stages). The 
magnitude of the analog earthquakes is in the Mw6.0 – Mw8.5 range. We observe both ruptures 
arrested by the barrier and ruptures able to overcome it. The latter represent  clear examples of 
synchronized asperities. The cumulative slip distribution of the synchronized asperities rupture shows 
two high slip patches separated by a low slip region similarly to the 2010 Maule (Mw=8.8) and the 
2005 Nias (Mw=8.6) earthquakes [Konca et al., 2008; Vigny et  al., 2011]. We find that  the degree of 
asperity synchronization is a function of D. When D>6.25 cm (which is equivalent to ~40 km in 
nature) only mono-asperity ruptures with Mw<7.5 are observed. When D≤6.25 cm a fraction of the 
simulated earthquakes are synchronized asperities failures and Mw>8.0 events are observed. 

Future efforts will be devoted to linking the synchronization process to: a) static Coulomb stress 
changes during the coseismic phase and b) degree of plate locking in the preceding interseismic stage. 
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Our models may allow a better understanding of the asperities synchronization process, potentially 
contributing to forecasting the extent of future earthquakes based on geodetically derived pattern of 
interseismic coupling.
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S4 - Seismic cycle & Earthquake dynamics (PS7)

Nowadays, technological advances in satellite imagery measurements as well as the development of 
dense geodetic and seismologic networks allow for a detailed analysis of surface deformation 
associated with active fault  seismic cycle. However, the study of earthquake dynamics faces several 
limiting factors related to the difficulty to access the deep source of earthquake and to integrate the 
characteristic time scales of deformation processes that extend from seconds to thousands of years. To 
overcome part  of these limitations and better constrain the role and couplings between kinematic and 
mechanical parameters, we have developed a new experimental setup dedicated to the study of seismic 
cycle crustal deformation associated to strike-slip faulting. 

Our analog model integrates simple but realistic tectonics and kinematics boundary conditions 
together with a multilayer visco-elasto-plastic rheology simulating the upper and lower crust 
deformation behavior. The analog model is formed by three superimposed layers of different analog 
materials whose physical properties were selected to simulate the mechanical behavior of an idealized 
continental crust (Figure 1). The basal layer is 3 cm thick and is made of a viscoelastic silicone 
compound (Polydimethyl-siloxane polymer PDMS-SGM 36, Dow Corning Ltd., viscosity about  50 
kPa s at  room temperature). The silicone layer allows for simulating the viscous deformation and 
strain-hardening behavior of the lower crust (depth > 10–15 km). The intermediate layer is 4 to 6 cm 
thick and it  is made of a high-resilience Polyurethane foam (Young modulus = 95 ± 10 kPa, Poisson 
ratio = 0.06 ± 0.02, shear modulus = 45 ± 5 kPa, Vp = 100 m/ s, Vs = 68 m/s). The foam has a high 
elasticity, which largely dominates its mechanical behavior. Its viscosity is unknown but considered as 
high enough to be neglected in the process of model scaling. The foam allows for the simulation of the 
elastic deformation that characterizes the upper crust (depth < 10–15 km) mechanical behavior at the 
time scale of the seismic cycle. The brittle/ductile transition corresponds to a, 2–3 mm thick, 
impregnation of the silicone into the base of the polyurethane foam, insuring a strong coupling whose 
mechanical properties depend also on model velocity boundary conditions (elastic loading rate). The 
uppermost layer is 0.25 to 0.5 cm thick and is formed by a granular material mixture (silica powder 
and graphite). It represents the very upper kilometers of the shallow crust  where deformation is 
considered as essentially brittle.
Another originality of our approach is the use of numerical modeling algorithms to investigate the 
distribution and evolution of strain and stress at the surface and at depth, along the fault plane.

First results, based on more than 50 experiments, show that our model succeed in reproducing the 
deformation mechanisms and surface kinematics associated to the main phases of the seismic cycle as 
defined by the elastic rebound theory [Reid, 1910]: - Model interseismic deformation is characterized 
by either total or partial locking of the fault associated to episodic aseismic creep events. Model 
surface kinematics can be predicted using the Savage and Burford [1973] analytical formulation which 
validate the good analogy with nature.
- Coseismic deformation is characterized by almost instantaneous fault slip events that  present a broad 
variability in size and location along the fault. Here also, surface kinematics associated to these 
microquakes is consistent to those predicted using half-space elastic dislocation numerical modeling. - 
Finally, the postseismic deformation exhibits after-slip on the fault  plane and can be also associated to 
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viscoelastic relaxation of the simulated lower crust due to the mechanical readjustment at  the brittle- 
ductile transition.
Consequently, we consider that  model scaling, despite inevitable dissimilarities, is satisfactory and 
allow extrapolation of first-order experimental results to nature taking into account  intrinsic model 
limitations. Some scientific results have been already obtained and are in the process of submission.

They concern interesting relations between fault  mechanical behavior and the role of some key 
parameters such as the normal stress, the loading rate, and the frictional heterogeneity along the fault. 
Future technical developments are on the way, mainly to improve model scaling and to access to 
coseismic rupture propagation analysis. Moreover, we plan to test specific devices to measure the 
vertical component of displacement (laser holography), accelerations, and stresses (microsensors) 
during experiments.
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coseismic rupture propagation analysis. Moreover, we plan to test specific devices to measure the 
vertical component of displacement (laser holography), accelerations, and stresses (microsensors) 
during experiments. 
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Figure 1: Schematic cross section of the experimental device showing its internal mechanical structure, the geometry of 
analog material layers and how boundary conditions (initial normal stress and loading rate) are controlled. (b) Model 
surface horizontal displacements are monitored using subpixel image correlation technique. Numerical modeling tools are 
used to analyze model deformation at the surface and at depth. 
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S4 - Seismic cycle & Earthquake dynamics (PS7)

Abstract:

Subduction megathrust  earthquakes, such as the 2004 Sumatra-Andaman or the 2011 Tohoku 
earthquakes, generate heavy economic and human losses. Their study represents a major societal and 
scientific challenge. However, several limiting factors, related to the difficulty to analyze deformation 
undersea, to access deep source of earthquake and to integrate the characteristic time scales of seismic 
processes, must be overcome first. 

With this aim, we have developed an experimental approach to complement numerical modeling 
techniques that are classically used to analyze available geological and geophysical observations and 
measurements of subduction earthquakes. The main goal of this project is to validate a kinematically 
and mechanically first-order scaled analogue model of a subduction zone capable of reproducing 
megathrust earthquakes and realistic seismic cycle deformation phases. 

Our approach differs from pre-existing experimental devices by several points: we build a large 
experimental device to avoid boundary effects and study lateral variations; we use a realistic model 
rheology (multi-layered elasto-visco-plastic), we take into consideration the elastic deformation of the 
subducting oceanic plate and finally, we model the seismogenic zone by testing different  frictional 
plate interface to modify seismic coupling. 

Preliminary results show that  our subduction model succeeds in reproducing the deformation phases 
associated to the seismic cycle (interseismic elastic loading, coseismic rupture and post-seismic 
relaxation). 

By studying model kinematics and mechanical behavior, we expect to improve our understanding of 
seismic deformation processes and better constrain the role of physical parameters (fault friction, 
rheology, ...) as well as boundary conditions (loading rate,...) on seismic cycle and megathrust 
earthquake dynamics. 

We expect  that results of this project will lead to significant improvement on interpretation of 
geophysical data, satellite observations and seismological records.
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S4- Seismic cycle & Earthquake dynamics (PS7)

Introduction:

The topographic effect  causes seismic wave amplification on the top of the mountains. This 
amplification reportedly produces more damage on the infrastructures of these parts of the reliefs and 
for this reason this effect  has been widely studied using mainly numerical and experimental 
approximations (Massa et al., 2014). However, it  has never been studied using analogue modelling. 
This study aims to start pointing out the main issues and results of carrying out this type of modelling. 
To do so, two gelatin analogue models have been made in order to achieve a correct  scaling of crust’s 
elastic parameters and acoustic waves have been used in order to reproduce seismic P-wave 
propagation. This has been done considering that  the gelatin is efficient to simulate the earth’s crust 
and run laboratory models related to seismicity (e.g.; Kavanagh et al., 2013; Schellart  and Strak, 
2016).  The experiments have been performed in the models allowing the observation of attenuation 
by geometrical spreading and topographic amplification in most of the acoustic signals. The 
experimental setup also affects the signals for some configurations producing anomalies in the 
attenuation and amplification tendencies. 

Figure 1. Configuration of one of the models that have been made in order to study the topographic 
amplification of the acoustic waves.  Left: The model scheme includes a 3D view and two cross sections of the 
model, where the topographic relief and the position of the microphones and the points where the compressed-
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air is injected (1 to 8) are shown. In the upper part, the acoustic records obtained are shown. Topographic 
amplification can be recognized at the top of the topography, especially for the waves with lower frequency. 
Right: Detailed photographs of the model are included. 

Preliminary results and model limitations:

Measurements of the acceleration in the model’s surface have also been performed, but these don’t 
show any enhanced motions at  the top of the relief. The amplification depends on the frequency of the 
acoustic waves, thus the waves with wavelengths more similar to the mountain’s length are the most 
amplified (12% to 28% of maximum amplification), which is in agreement with most of the studies. 
Nevertheless, the limitations of this study must be taken into account  when it  comes to relating the 
processes in the model with the natural ones. The absence of shear waves in the experimental runs and 
scaling problems, especially for the acoustic wave frequencies, constitute the main limitations of this 
study. However, the fact that some processes identified in the model actually occur in the nature, 
ensure the validity of the method at least  from a qualitative perspective. Several improvements must 
be applied in this method in order to obtain better results and get  more useful clues for the natural 
hazard assessment in the future.
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S4- Seismic cycle & Earthquake dynamics (PS7)

Co-seismic continental strike-slip ruptures are usually segmented, with segments of varying 
orientation bounded by fault  bends and step overs. The length of segments has been shown to vary 
from 18km to 25km, independently of the regional tectonic setting (Klinger, 2010). These 
observations led the author to suggest that  the thickness of the seismogenic crust  could control this 
structural scaling. Here, to test this hypothesis, we use analog modeling and seek for the parameters 
controlling the length of strike-slip fault  segments. The formation of strike-slip faults has been 
thoroughly described by Tchalenko (1970). 

We know that theoretically the first structures to appear are en échelon Riedel shears that  then rotate, 
before being abandoned in favor of horizontal shears linking the Riedels that  will end up forming the 
strike-slip fault. These horizontal shears would represent the fault  segments described by Klinger 
(2010). However, no study has been conducted so far to characterize the parameters controlling the 
distance between Riedel shears or the segment length. We here test  and quantify the effect of the sand 
pack thickness as well as the internal and basal frictions on the length of segments. We then compare 
our results to natural case to conclude on their potential relationship with the seismogenic thickness.

Sandbox apparatus and experimental procedure:

Sandbox prototype:

The specific sandbox for Riedel experiments is composed of two PVC plates simulating the base of 
the upper crust. One plate is movable and can be pushed forward to simulate a sinistral strike-slip fault 
at  the base of the model thanks to a lead screw. The other plate is fixed. The dimensions of the box 
(80x210cm) are large enough to ensure that a significant  part  of the observations escapes boundary 
effects. The sand pack is flat and the edges are free. Top view photos are taken every 0.5 mm.

Parametric study description:

We test  sand pack varying from 2 to 6 cm thick. To get  different  internal frictions, the sand is poured 
in two different  mods: (1) sedimented with a sand distributor used to achieve a uniform sand density 
and a high internal friction (CV32): фint=43.7° and (2) by sprinkling and scraping the sand pack for a 
lower friction (CV32): фint=35.6°. A third type of sand with a different grain size range (Ga39) is also 
tested: фint= 33.4°. Two different basal frictions were tested: фb=13° (sand/PVC) and фb=18° (sand/
Alkor foil®). For each experiment, three parameters are measured: the spacing between Riedels (S), 
the Riedels’ length (L) and the angle (ф) formed by the Riedel and the direction of the strike slip fault 
at  the base of the model (Fig. 1). Since experiments need to be repeated several times to obtain 
satisfactory statistical results and to provide a correlation between parameters, 45 experiments were 
run for this study.

Experimental results:
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On one hand, the thickness of the sand pack has a significant  influence on the Riedels spacing. The 
thicker the sand layer is, the greater the spacing is (and implicitly longer). The thickness and the 
average spacing between Riedels appear to be linearly correlated (slope ~1.5) (Fig 1).

 GeoMod 2016 conference 
 Montpellier, France | 17 20 October 2016 

 

Experimental results 
 
On one hand, the thickness of the sand pack has a significant influence on the Riedels spacing. The 
thicker the sand layer is, the greater the spacing is (and implicitly longer). The thickness and the 
average spacing between Riedels appear to be linearly correlated (slope ~1.5) (Fig 1). 
 

 
Figure 1: Three top views with various thicknesses (T). The sand used is int= 43.7°). The measurements 

are highlighted. The shear amount is the same for the three experiments. 

On the other hand, keeping the thickness of sand constant and varying internal friction, the parameters 
(slope and intercept) of the relation linking length of segment with distance varies, although the 
relation remains linear.  In fact we show that the larger the sand internal friction is, the longer the 
spacing is (Fig.2); a frictional variation of 0.1 corresponds to a slope variation equal to 0.25. 
Furthermore, it seems that basal friction has no influence on the Riedels.  
 
Finally, considering a standard internal friction for the upper crust, this study shows that we are able to 
retrieve the same length-over-thickness ratio as for the natural case. 
 

 
Figure 2: Top views with two different sands (T constant). Left: int= 33.4°), right: sand Ga39 poured 

int= 35.6°). The shear amount is the same for the two experiments. 
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Figure 1: Three top views with various thicknesses (T). The sand used is CV32 sedimented (фint= 43.7°). The 
measurements are highlighted. The shear amount is the same for the three experiments.

On the other hand, keeping the thickness of sand constant and varying internal friction, the parameters 
(slope and intercept) of the relation linking length of segment with distance varies, although the 
relation remains linear. In fact we show that the larger the sand internal friction is, the longer the 
spacing is (Fig.2); a frictional variation of 0.1 corresponds to a slope variation equal to 0.25. 
Furthermore, it seems that basal friction has no influence on the Riedels.

Finally, considering a standard internal friction for the upper crust, this study shows that we are able 
to retrieve the same length-over-thickness ratio as for the natural case.
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Figure 2: Top views with two different sands (T constant). Left: sand CV32 poured (фint= 33.4°), right: sand 
Ga39 poured (фint= 35.6°). The shear amount is the same for the two experiments.
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S4- Seismic cycle & Earthquake dynamics (PS7)

In Taiwan, due to the high convergence rate (8 ~ 9 cm/yr) between Eurasia and Philippine Sea Plate 
(PSP), deformation and erosion rates are extreme (horizontal shortening > 2 cm/yr on seismogenic 
faults with vertical motions up to 3 cm/yr). Catastrophic erosion involving landslides induced by 
typhoons and earthquakes, have sculped in a few million years the sharp relief of the island. Looking 
at  the location of big earthquakes (M>7), they occur in the frontal part  of the orogen and along the arc-
continent  plate boundary (yellow stars Fig. 1). If we consider the middle term deformation kinematics, 
most of the shortening is accounted for by just a few major faults on the western foreland side of the 
wedge and along its backside hinterland against the Philippine Sea upper-plate (Fig. 2a); about 4 cm/yr 
are absorbed across the frontal faults, whereas on the backside ~3 cm/yr are absorbed on the onshore 
Longitudinal Valley faults  and ~2 cm/yr offshore within the PSP along the submerged flank of the 
Coastal Range. On the opposite, little horizontal shortening occurs within the main body of the wedge 
due to a strong partitioning of deformation. Such a kinematic pattern closely matches the behavior of 
experimental erosional wedges with décollements (Fig. 2b). 

Experiments are analyzed to investigate the effects of erosion on the active bivergent orogenic wedge 
of Taiwan. The model, has been submitted to erosion under flux steady state conditions, to simulate an 
erosion pattern close to what is expected in Taiwan for the long term. The presence of a weak layer 
(made with glass microbeads) that mimic décollement in the entering sequence, favors strain 
partitioning.  Basal accretion of thrust units develops an antiformal nappe stack, whose growth and 
location is enhanced by erosion. A rapid uplift of underplated material occurs in the rear part  of the 
wedge controlled by backthrusting, whereas frontal accretion characterizes the front  of the growing 
prism.  With continued shortening, a zone of fast exhumation develops in the retrowedge, it  is 
controlled by underplating and the major backthrust. The whole material resting above the abandoned 
décollement is passively uplifted without suffering horizontal shortening.

It  suggests that the main mechanisms of growth can be described by frontal accretion in the foreland 
Foothills and basal accretion of tectonic units at  depth under the hinterland. Intra-crustal décollements 
involving flats and ramps and inherited structures localized within the subducting continental margin 
of Eurasia favor such a style of deformation partitioning and wedge growth. Basal accretion is at the 
origin of rapid uplift and exhumation of wedge material accounting for most of the vertical component 
of deformation. Early décollements are then passively uplifted and folded during continuous 
underplating processes. Thus, a direct  relationship exists between tectonics (shortening inducing the 
partitioning between horizontal and vertical displacements on faults) and surface processes 
contributing to huge material transfer. Such a coupling has important consequences (Fig. 2c): - The 
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main seismogenic faults are located at the boundaries of the wedge both in front (foothills) and along 
its backpart (in the Longitudinal valley and offshore). - Most of the deformation that is responsible for 
the rapid uplift  of the hinterland is taken into account by aseismic ductile strain at depth. Both, the 
high heat flow and the low sismicity observed beneath the Central Range, are consistent  with this 
behavior at the scale of the orogen. 

    Figure 1 : see explanation in the text

Figure 2: See explanation in the text.
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Evidence of interseismic coupling variations along the Himalayan arc from new 
GPS data in Bhutan

Anais Marechal, Stephane Mazzotti, Rodolphe Cattin, Gael Cazes, Philippe Vernant, Dowchu Drukpa, 
Kinzang Thinley, Alizia Tarayoun, Romain Le Roux-Mallouf, Bal Bahadur Thapa, Phuntsho Pelgay, 
Jampel Gyeltshen, Erik Doerflinger, and Stéphanie Gautier

Corresponding author: anais.marechal@gm.univ-montp2.fr

S4- Seismic cycle & Earthquake dynamics (PS7)

Although the first-order pattern of present-day deformation is well resolved across the Himalayas, 
irregular data coverage limits detailed analyses of spatial variations of interseismic coupling. We 
provide the first high-resolution GPS velocity field for the Bhutan Himalaya. Combined with 
published data, these observations show strong East - West variations in geometry and coupling 
between central and eastern Bhutan. In contrast with previous suggestions of uniform interseismic 
coupling along the Himalayan arc, we identify significant lateral variations: In western and central 
Bhutan, the fully coupled segment  is ~ 120 km large with an abrupt downdip transition, whereas in 
eastern Bhutan the fully coupled segment  is only ~ 100 km large and is limited updip and downdip by 
partially creeping segments. This is the first  observation along the Himalayan arc of decoupling on the 
upper ramp, with important implications for large earthquake surface rupture and seismic hazard.
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Seismic cycle modeling on evolving faults: The question of fault branching
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S4- Seismic cycle & Earthquake dynamics (PS7)

Even in well documented fault  zone regions like California, ~30% of the total displacement  occurs off 
the main fault  and large earthquakes have generated on unknown fault branches (e.g. 2010 Baja 
California earthquake). A severe issue is the determination of their location and estimation of their 
potential risk as well as proneness to rupture.

To answer such questions we first need a better physical understanding of the long-term evolution of 
branching fault  structures. Our goal is to quantify the parameters influencing branching structure. In 
our approach we will bridge long-term fault structure evolution and short-term seismicity generation 
using the tools of Seismo-Thermo-Mechanical (STM) modeling (van Dinther et al., 2013).

To start, we adopt  a model with 2D plane view mature strike-slip geometry based on the laboratory 
model of Caniven et al. (2015) using visco-elasto-plastic material behavior to investigate and compare 
seismicity patterns and evolution. The numerical simulation results are comparable to the ones of the 
lab model and reproduce stick-slip behavior, seismic events, nucleation and propagation of ruptures.
Next, we implemented strain weakening of cohesion to analyze evolving fault structure in a 2D top 
view natural scale model. First results of this model show more complex fault  pattern giving rise to 
Riedel shears, R’ shears and sub parallel faults isolated by offsets from the main fault. Linkage of en 
échelon fault segments causes extensional bends and contractional bends.

Evolving fault in a transform setting (plotted is the second invariant of the strain rate).

Finally, these results will be compared to a 2D and 3D long-term geodynamic thermo-mechanical 
model in terms of fault  structure on the surface to analyze the role of a visco-plastic structure with 
depth and short term seismic cycle. Once we have an appropriate setup to study the problem of fault 
branching, we ultimately plan to explore the role of different friction, material and tectonic parameters 
on branching structure.
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S4- Seismic cycle & Earthquake dynamics (PS7)

From rupture models obtained from previous (very large) earthquakes, it is known that the coseismic 
energy release during an earthquake is not distributed homogeneously within the rupture area. It  is 
actually a patchwork of high slip areas (asperities) and areas with low to no slip. This indicates that 
there is also an inhomogeneity in the strength distribution along the plate interface, a variation of 
strong areas which tend to generate seismic behaviour (potential asperities) and weak, aseismic areas 
(Lay et al. 1982; Beck & Ruff 1984). This configuration of weak and strong areas within the 
subduction interface influences the nucleation point of an earthquake, but more importantly, the 
propagation. The area of a rupture plays an important role in the determination of an earthquake’s 
moment magnitude (Kanamori, 1983). Hence, if an earthquake has the possibility to propagate over a 
large distance, it is likely to be a large one.

The alternation of strong and weak regions is influenced by the roughness of the seafloor (e.g. 
subducting seamounts; Wang & Bilek 2014), but  also subducted sediments and fluids in the 
subduction channel may play an important role. In this study we focus on the role of seafloor 
roughness on the seismogenic behaviour in subduction zones. On a global scale, we will investigate 
the relationship between rupture distributions of previous very large earthquakes (Mw > 8.0) and the 
roughness of the seafloor in order to better understand (future) seismogenic behaviour in subduction 
zones. 

Schematic overview of the approach.
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We developed a technique to characterize the roughness of the seafloor seaward of the trench, which we use as a 
proxy for the seafloor roughness within the seismogenic zone (e.g. Basset & Watts, 2015).  We define the 
roughness at short (12-20 km) and long (80-100 km) wavelengths, in order to look at different topographic 
features that may play a role in the seismogenic behaviour of the subduction zone. These roughness values will 
be compared with earthquake rupture distributions gathered for very large earthquakes which occurred 
worldwide along the subduction thrust fault. With this approach we aim to come up with a first-order 
relationship between the seafloor roughness and the seismogenic behaviour of subduction zones. 
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S4 - Seismic Cycle & Earthquake dynamics (PS7)

Introduction:

Subduction zones hosts the largest  earthquakes on earth with moment  magnitudes exceeding 9. Great 
earthquakes are exclusively  generated by interplate slip along the shallow parts (< 50 km depth) of the 
megathrust  which accommodates plate convergence on the long time scale. Following the great 
Sumatra earthquake in 2004 continuous effort has been spent  to develop analog and numerical models 
of subduction zone seismotectonics. The large range in time scales involved in the process, from 
earthquake rupture (seconds) to forearc tectonics (Ma), make this process a challenge for modelling.

Experimental approach:

First analogue models by Rosenau et  al. (2009) were quasi-2D and used elastoplastic, granular 
material to allow for both elastic deformation (seismic cycles) and plastic deformation (tectonics) to 
occur and to mimic across strike seismotectonic evolution of subduction zone forearcs (“Shocks in a 
box”). They demonstrated how shortening is localized updip and downdip of the seismogenic zone 
over several seismic cycles and may lead to the formation of the typical forearc anatomy with forearcs 
basins enclosed between the coastal forearc high and the outer arc high (Figure 1). In a feedback 
mechanism, strongly segmented forearcs tend to generate more periodic earthquakes than 
unsegmented forearcs do (Rosenau and Oncken, 2009).

Figure 2: Conceptual view of seismotectonic 
forearc segmentation.

Here we present first  results from a 3D realization of this approach. We use a compressional wedge 
composed of rice, sugar and rubber pellets on top a rubber belt. Rice has the capability to generate 
stick-slip events analogue to earthquake instabilities due to its velocity weakening friction. Patches of 
rice along the base of the wedge represent seismogenic areas (i.e. asperities). Sugar has velocity 
strengthening friction and is used as basal material to define aseismically creeping areas (i.e. barriers 
to rupture). Rubber pellets mixed with sugar makes the bulk of the elastoplastic wedge material. We 
monitor the wedge deformation using Particle Image Velocimetry (Adam et al., 2005) at  variable 
spatial and temporal resolutions to account for the multispectral character of deformation.

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

237



Experimental observations & analysis:

Because of the intrinsically non-plain strain character of elastic deformation even orthogonal 
convergence leads to along strike segmentation of subduction zone forearcs into topographic highs and 
lows. Over several seismic cycles shortening localizes along the periphery of the seismogenic patches 
at  depth (Figure 2 a, b). As segmentation evolves earthquakes become more periodic and start  to 
synchronize (Fig. 2c). Based on numerical analysis using elastic dislocation model we found that 
synchronization is an effect  of stress coupling, i.e. coseismic static stress changes leads to clock 
advance in neighboring segments. 

Figure 2: Observations in an analogue model of subduction zone seismotectonics: A) Setup of the model with 
two seismogenic patches embedded in an aseismically creeping megathrust. B) Spatiotemporal plot of surface 
deformation. C) Evolution of earthquake sequences towards synchronized characteristic events.

Outlook:

Based on the current  orthogonal convergence models which generate symmetric deformation patterns, 
we plan to realize 3D seismotectonic models of transpressional wedges to simulate oblique 
convergence. We hypothesize to see asymmetries in the evolving structural and topographic features.
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S4 - Rheology, strain localization, folding and faulting (PS7)

Abstract:

The fact that  inherited fault systems show strong variability in their 3D shape provides good reasons to 
consider the strength of the Earth’s brittle crust  as variably anisotropic. We quantify this strength 
anisotropy as a function of fault  system complexity. Real fault system geometries are analysed with a 
numerical 3D boundary-element model based on frictional theory and linear elasticity (Figure 1). 

Using variables such as friction, cohesion, stress state and especially its orientation, we define rupture 
envelopes for fault systems, for which shape is directly related to the fault  system complexity and the 
value of friction coefficient on fault surfaces. 

This technique is applied to the realistic geological conditions of the Olkiluoto high-level nuclear 
waste repository (Finland) and provides new perspective to assess seismic hazard and to study the 
strength of the brittle crust.

Figure 1: Examples of 3D fault system geometry,  from a simple to a very complex case,  and related rupture 
envelopes. A The Landers strike-slip fault segments. B The Chimney rock conjugate strike-slip fault system.  C 
The Oseberg Syd normal fault system. D, E and F are rupture envelopes for each fault system, defining fault 
system stability for variable uniaxial stress orientation (θ), static friction (µ) and cohesion (C0) on fault surfaces.

Keywords: Fault system, strength, rupture envelope, friction, geomechanics.
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crustal and lithospheric paleo-structures
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S4- Seismic cycle & Earthquake dynamics (PS7)

The St Lawrence valley, eastern part of Canada has known a succession of two complete Wilson 
cycles leading to a strong tectonic heritage. We can observe in this area, but also in other intraplate 
domains, numerous earthquakes. This is not  explained by the plate tectonics  theory,  which  proposes  
rigid plates leading to the concentration of the deformation at  plate boundaries. The mechanisms 
involved in intra‐continental deformation are poorly known at present  and still discussed. A theory 
suggests that intraplate deformation is due to the reactivation of crustal and lithospheric paleo‐ 
structures. Yet, a question rises. Can structural inheritance explain the deformation observed? 
We therefore propose to precisely characterize the variation of strain rates measured by GPS in the St 
Lawrence valley. This region suffered five earthquakes with a magnitude above 6 between the XVII 
and XIX centuries.  
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Figure: Elasto-visco-plastic models representing a 500 km long and 150 km thick lithosphere including a crust of 40 km thickness. 

Figure 1: Elasto-visco-plastic models representing a 500 km long and 150 km thick lithosphere including a crust 
of 40 km thickness. We use rheology of quartz and olivine in the crust and the mantle,  respectively. Vectors inside 
the model show the displacement field. Top: Model without structural inheritance.  The surface strain rates are 
between 10-20 and 2.5*10-16 s-1.  Bottom: Model with structural inheritance. Weakening localizes the deformation 
and allows a strain rate of 10-15 s-1 typical of intra- plate domains.
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In  order  to  improve  our  understanding  of  these  earthquakes,  we  propose  to  develop  a  
mechanical  numerical  model  representing  the  lithosphere  behaviour  in  intraplate domains. This 
model integrates  the different forces acting on lithospheric scale,  the rheology of the lithosphere as 
well as tectonic heritage.  These models will be validated by newly measured GPS strain rates.
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S5 – Rheology, strain localization, folding 
and faulting

The deformation of the lithosphere beyond elastic limits is strongly nonlinear and 
involves material damage leading to ductile and/or viscous flow. The damage typically 
results in strain localization, fracturing, folding, and faulting. These are complex 
processes that are sensitive to rock-mechanic properties that in turn depend on the rock 
type, loading conditions, temperature, presence of fluids. Laboratory rock tests, field 
studies as  well as analogue and numerical modeling conducted at different time and 
length scales help to understand these processes. A topical issue here is the question of 
strain localization at the origin of faulting. 

Another key problem is  a definition of constitutive laws from both experimental and 
theoretical studies  considering the scale issues. These laws are implemented into 
numerical codes and taken into account when scaling analogue models. In this session, 
we welcome papers on all the aforementioned approaches and particularly those (1) 
contributing to better understand/describe the rheology of lithosphere and its layers, 
(2) focusing on the quantification of the mechanical parameters governing strain 
localization, (3) addressing the scaling problems in both analogue and numerical 
modeling.

Conveners : Frantz Maerten (Schlumberger-MpTC, France) and Marcel Frehner 
(ETH, Switzerland).

Keynote speaker:

"Experimental analysis of strain transients in a heterogeneous  semi-brittle 
system: Implications for tectonics" by Jacqueline Reber (Dept. of Geological and 
Atmospheric Sciences Iowa State University, USA) - jreber@iastate.edu
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Introduction: 

Tectonic motions leading to destructive earthquakes and enigmatic transient slip events are recorded 
by seismology, geodesy, and paleo-seismology. The magnitude and periodicity of these events are 
commonly explained by rate and state friction laws that describe slip over fractured surfaces or fault 
gouge. Friction laws with the added effects of pore fluid pressure, shear heating, and chemical 
reactions do not  take into account that  over a wide range of pressure and temperature conditions rocks 
often deform following a complex mixed brittle-ductile rheology. Field observations of such semi-
brittle rocks at  the outcrop scale (mm to m) have shown that  depending on composition, temperature, 
and pressure, the formation of fluid-filled brittle fractures and veins precedes and accompanies the 
development of localized ductile flow. Furthermore, analytical models and analog-material 
experiments of mixed brittle-ductile rheology show that the coexistence of brittle and viscous material 
can control some of the physical characteristics of strain transients and slow slip events, such as those 
observed at subduction zones.
There are two fundamental reasons why it is extremely important  to study semi-brittle materials and 
their behavior during deformation. (1) Semi-brittle materials combine the deformation time scale 
associated with fracture and earthquakes and the time scale of viscoelastic deformation associated with 
a flowing ductile crust. (2) Semi-brittle behavior occurs over a wide range of temperature and pressure 
conditions for many mineral assemblages and might affect deformation processes from the micro to 
the lithospheric scale. Therefore a wide range of slip behaviors, with time scales ranging from slightly 
larger than earthquakes (minutes to hours) to time scales similar or smaller than postseismic relaxation 
and postglacial rebound, are possible in such a semi-brittle system.

Physical experiments:

Physical experiments are a useful approach to investigate complex rheology as they allow for in situ 
observation of deformation and do not prescribe a priori rules for frictional or viscous responses. We 
performed experiments on a simple shear apparatus that allows for monitoring the force and the 
fracture pattern evolution during deformation.  As a semi-brittle rock analog we use a visco-elasto-
plastice hydrous gel. The gel shows ‘grain size’ reduction along shear fractures and also allows for the 
opening of mode I fractures. We can vary the yield stress and the bulk viscosity of the gel, which 
allows for a systematic parameter space testing. Depending on the yield strength of the gel we can 
observe strain transients that  range from constant creep to stick-slip. Here we present results from 
experiments where we vary the degree of forced localization. We perform experiments on distributed 
simple shear and compare them to results from experiments with a prescribed localization. This allows 
us to determine the impact of the fracture pattern and mode of fractures on the strain transients.
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Connecting the experiments to numerical solutions:

We are comparing the characteristic duration of stick-slip and creep events occurring within the 
experiments with the numerical solutions of both a rate and state model formulation for a frictional 
interface and a formulation that  takes into account the formation of fluid filled fractures in a semi-
brittle media explicitly. Both formulations include the tectonic elastic loading of a fault  surface 
including the effects of the loading history. For rate and state the shear elastic loading is balanced by 
the rate and state shear stresses that are dependent  of both the slip velocity and a state variable. For the 
semi-brittle media the loading is balanced by the formation of fluid filled fractures that accumulate 
slip as they form. We compare both approaches with the experiments and attempt  to determine the 
range of temperature and pressure conditions and the range of time scales and slip magnitude that  both 
approaches can potentially simulate.

We show that  the nature of localized slip and flow in semi-brittle material depends on the initiation 
and formation of model I and II fractures and does not  involve frictional behavior along the fracture 
walls, supporting an alternative mechanism for the development of tectonic strain transients.

Figure 1: A) The experimental apparatus allows for 
distributed simple shear as well as localized shear 
deformation. B) Micro photograph of the experimental 
rock analog (Carbopol). The dark areas are so called 
micro-gels that are able to break while the bright 
areas are behaving in a more viscous manner. With 
increased deformation a grainsize reduction along the 
shear plane can be observed. C) Photograph of the 
experiment with distributed simple shear. Fractures 
open parallel to σ1.  D) Photograph of experiment 
where the deformation localization is forced by a 
velocity jump along the red line. Fractures open as 
mode I and propagate as mode II in an en echelon 
array.

Keywords: Semi-brittle deformation, Strain transients, Physical simple shear experiments, Analytical 
fracture slip model.
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S5 – Rheology, strain localization, folding and faulting (Oral)

Introduction:

Tracking the evolution of individual components of the deformational work budget within physical 
experiments and numerical simulations of accretion can provide insight into how various processes 
consume or store energy at different  stages of deformation. In this contribution, we track the evolution 
of individual components of the work budget  at various stages of accretionary development in 
numerical simulations of a sandbox accretion experiment. The total work budget of a deforming fault 
system includes the internal work of deformation, Wint, the work of uplift  against  gravity, Wgrav, the 
work done against  frictional sliding along faults, Wfric, the work required to create new fracture 
surfaces, Wprop, and the work released as seismic energy, Wseis. The sum of these components is the 
total external work, Wext, of the system. Del Castello & Cooke [2007] show that accretionary faults 
can evolve to optimize the total work done in the system, even as individual components of the work 
budget increase. Between episodes of accretion thrusting, Wgrav, Wint and Wfric monotonically rise, 
increasing the inefficiency of the system. The development  of a new forethrust  increases Wint, but 
decreases Wfric by a greater degree, which then decreases Wext [Del Castello & Cooke, 2007]. The 
evolution of Wext throughout deformation provides a framework for predicting the development of new 
faults within deforming systems [e.g. Cooke & Madden, 2014; Herbert et al., 2015].
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Tracking the evolution of individual components of the deformational work budget within physical 
experiments and numerical simulations of accretion can provide insight into how various processes 
consume or store energy at different stages of deformation. In this contribution, we track the evolution 
of individual components of the work budget at various stages of accretionary development in 
numerical simulations of a sandbox accretion experiment. The total work budget of a deforming fault 
system includes the internal work of deformation, Wint, the work of uplift against gravity, Wgrav, the 
work done against frictional sliding along faults, Wfric, the work required to create new fracture 
surfaces, Wprop, and the work released as seismic energy, Wseis. The sum of these components is the 
total external work, Wext, of the system. Del Castello & Cooke [2007] show that accretionary faults can 
evolve to optimize the total work done in the system, even as individual components of the work 
budget increase. Between episodes of accretion thrusting, Wgrav, Wint and Wfric monotonically rise, 
increasing the inefficiency of the system. The development of a new forethrust increases Wint, but 
decreases Wfric by a greater degree, which then decreases Wext [Del Castello & Cooke, 2007]. The 
evolution of Wext throughout deformation provides a framework for predicting the development of new 
faults within deforming systems [e.g. Cooke & Madden, 2014; Herbert et al., 2015]. 
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In order to track the evolution of individual work budget components, we simulate stages of fault 
growth observed in a physical accretion experiment performed at the Université de Cergy-Pontoise 
tectonic modeling lab. The Fric2D numerical models employed here simulate increments of 
deformation of the physical sand wedge observed through the glass sidewalls. To simulate this 
deformation, we calculate the displacement vectors near the physical detachment fault using Particle 
Image Velocimetry and apply the displacements to the numerical model boundaries (Fig. 1). 
Laboratory measurements of the analog material determine the model material and fault properties. 
We use the topography of the physical wedge at the stages of interest within the experiment as the 
geometry of the top model boundary. Fric2D solves the quasi-static equations of deformation on each 
element to determine the displacement and tractions produced by the loading and fracture geometry. 
)

Figure 1: Development of numerical simulation of physical accretion experiment.

Development of numerical simulations of physical sandbox accretion experiment:

In order to track the evolution of individual work budget components, we simulate stages of fault 
growth observed in a physical accretion experiment performed at the Université de Cergy-Pontoise 
tectonic modeling lab. The Fric2D numerical models employed here simulate increments of 
deformation of the physical sand wedge observed through the glass sidewalls. To simulate this 
deformation, we calculate the displacement  vectors near the physical detachment fault using Particle 
Image Velocimetry and apply the displacements to the numerical model boundaries (Fig. 1). 
Laboratory measurements of the analog material determine the model material and fault properties. 
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We use the topography of the physical wedge at the stages of interest within the experiment as the 
geometry of the top model boundary. Fric2D solves the quasi-static equations of deformation on each 
element to determine the displacement and tractions produced by the loading and fracture geometry.

Evolution of work budget components:

Analysis of the work budget evolution reveals that  before any faults develop in the wedge, the system 
is the least efficient  and requires the highest Wext to accommodate the applied displacements (Fig. 2, 
system 0). The development of the first  backthrust-forethrust  pair (system 4) increases the efficiency 
of the system to a greater extent  than either the backthrust (system 1) or forethrust (system 2). 
Although Wfric and Wgrav increase, Wint decreases by a larger magnitude for the model with two thrusts. 
Consequently, the reduction in off-fault  deformation accompanying fault development  most 
significantly controls the efficiency of the system. The wedge requires the least  Wext when it  includes 
the first thrust pair, and the loading conditions simulate the observed basal displacements immediately 
after the pair develops (system 4). Updating the applied displacements (3 to 4) promotes slip along the 
new pair and reduces the work done in off-fault deformation, increasing Wfric and decreasing Wint.
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is the least efficient and requires the highest Wext to accommodate the applied displacements (Fig. 2, 
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Consequently, the reduction in off-fault deformation accompanying fault development most 
significantly controls the efficiency of the system. The wedge requires the least Wext when it includes 
the first thrust pair, and the loading conditions simulate the observed basal displacements immediately 
after the pair develops (system 4). Updating the applied displacements (3 to 4) promotes slip along the 
new pair and reduces the work done in off-fault deformation, increasing Wfric and decreasing Wint. 
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Before the second backthrust-forethrust pair develops (system 5), the Wext of the modeled system is 
higher than the model representing the conclusion of the first stage of faulting (system 4). This result 
is consistent with external force measurements that show increasing force on the moving backwall 
between episodes of fault growth (Fig. 2B) [e.g., Cubas et al., 2010; Herbert et al., 2015]. Similar to 
the development of the first backthrust-forethrust pair, Wext decreases following the development of 

Wext due to the propagation of the second pair is smaller 
than the first pair because the pre-existing thrust pair continues to slip after the development of the 
second pair, and consequently, the addition of the new fault pair has less impact on the overall fault 
network. Consistent with the numerical results, the force curve also shows greater drop associated 
with the development of the first pair, than the second. Analysis of the evolving work budget provides 
insight into energy partitioning throughout fracture development, including the energy available to 
generate frictional melt (Wfric), the energy required to drive elastic and inelastic processes, such as 
metamorphic reactions, within the host rock (Wint), and the energy available for seismic slip (Wseis). 
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Figure 2: Evolution of work budget components in numerical simulations at 10 mm (A) and 50 mm (B) of 
shortening, and force measurements in physical experiment (B).

Before the second backthrust-forethrust  pair develops (system 5), the Wext of the modeled system is 
higher than the model representing the conclusion of the first  stage of faulting (system 4). This result 
is consistent  with external force measurements that show increasing force on the moving backwall 
between episodes of fault  growth (Fig. 2B) [e.g., Cubas et al., 2010; Herbert et al., 2015]. Similar to 
the development  of the first backthrust-forethrust pair, Wext decreases following the development  of 
the second pair (system 6). However, the ΔWext due to the propagation of the second pair is smaller 
than the first  pair because the pre-existing thrust  pair continues to slip after the development  of the 
second pair, and consequently, the addition of the new fault pair has less impact on the overall fault 
network. Consistent  with the numerical results, the force curve also shows greater drop associated 
with the development of the first pair, than the second. Analysis of the evolving work budget provides 
insight into energy partitioning throughout  fracture development, including the energy available to 
generate frictional melt (Wfric), the energy required to drive elastic and inelastic processes, such as 
metamorphic reactions, within the host rock (Wint), and the energy available for seismic slip (Wseis).
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Introduction:

Rock failure is generally associated with the phenomenon of localization deformation, especially 
under conditions of low pressure and low temperature. A large amount  of experimental tests of rocks 
performed under axisymmetric compression, covering the whole range of material behavior from 
brittle to brittle-ductile transition, showed that rock failure starts with the development of shear bands. 
The number of these strain localization bands increases with the increasing confining pressure. At the 
onset of brittle-ductile transition, a set  of conjugated shear bands is typically formed, and becomes 
more and more numerous and closely spaced when the shortening of the sample is increased. The 
angle between shear band and the maximum principal stress direction increases with confining 
pressure (Bésuelle et  al., 2000; Nguyen et  al., 2011). However, the evolution of strain localization 
bands, including the moment  and the place of initiation of the first  band and then the others, remains 
poorly known. To predict  the onset  of the shear localization bands, the bifurcation theory has been 
developed by Rudnicki and Rice, (1975). The bifurcation analysis certainly provides a useful 
framework to address the problem of strain localization, but it  is not completely clear what are the 
limits of its application to the behavior of real materials. One of the major criteria of applicability of 
the theory is a correspondence of the critical hardening modulus predicted theoretically with that 
measured in the experiments. To make a correct measurement, one has to precisely define the onset  of 
deformation banding and locate it on the stress-strain curve. 

In this study, we present  new experimental results showing the sequential development of localized 
deformation bands in a rock analogue material GRAM1. The motivation for this work is to study the 
mechanisms of the material during deformation by analyzing strain localization initiation and 
evolution of localized deformation bands from the brittle faulting regime to brittle-ductile transition 
regime. To do this we performed axisymmetric compression test with a range of confining pressures 
from 0.1 to 0.3 MPa with the samples made of a low-strength synthetic granular, cohesive, frictional 
and dilatant rock analogue material GRAM1. The sample can be observed directly through a 
transparent  pressure cell, which allows us to take pictures of the sample during loading and then to 
apply the Digital Image Correlation (DIC) technic in order to obtain the displacement  field and 
calculate the strains during the sample deformation. We can thus well detect the initiation points and 
follow the evolution of deformation bands (cf. Figure 1). In each test  the deformation bands do not 
form simultaneously but sequentially and evolve with loading. The inelastic heterogeneous 
deformation initiated at well positive hardening modulus. In the brittle faulting regime, the first 
localized deformation band appears around the peak stress with very high velocity of propagation. 
Shearing corresponds to the drop stress which in turn explains the strain softening of the specimen’s 
response. While in the brittle-ductile transition regime, the first  localized deformation bands appears 
after the peak stress, for negative hardening modulus. During shearing (hardening modulus close to 
zero), the individual bands exhibit  jerky propagation and thickening. The determination of the 
propagation velocity of major bands shows that the appearance of new strain bands limits the 
propagation of these major bands. The angle of the deformation bands is measured thanks to the traces 
on the jacket. The deformation bands pattern on a post-mortem sample corresponds very well with 
DIC full-field strain results (cf. Figure 2).
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Figure 1: Evolution of localized deformation bands obtained by DIC technic at different increment during the 
compression test at confining pressure 0.3MPa. Axial deformation maps obtained by two cameras at two 
opposite sides.

Figure 2: Results from axisymmetric compression test at confining pressure 0.3 MPa. (a) Surfaces of “post-
mortem” sample observed from 4 sides, (b) Maximal shear deformation maps obtained by two cameras at two 
opposite sides, (c) Measurement of the angle of the fracture/deformation band with traces on the jacket.
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Introduction:

Three components of deformation (layer-parallel shortening (LPS), folding and thrusting) dominate 
the evolution of a fold-and-thrust  belt. LPS, which is the “invisible” penetrative strain (i.e. layer- 
parallel compaction; Koyi et al. 2004) is relatively more difficult to quantify compared to the other 
two components. However, in models, where initial conditions are well known, quantifying LPS is 
relatively easy (Koyi, 1995, Koyi et  al., 2004). Penetrative strain is displayed in the form of for 
example porosity reduction which, in addition to its significance for understanding tectonic evolution 
of a fold-and-thrust  belt, are of significance for hydrocarbon and groundwater explorations. 
Anisotropy of magnetic susceptibility (AMS) has been applied to infer penetrative strain in different 
tectonic environments for more than 50 years, including fold-and-thrust  belts (e.g. review by Pares. 
2015). However, field AMS measurements may bear some uncertainties related to lack of data on 
initial stages and the impact of diagenetic and metamorphic alterations. Furthermore, although there 
exists a clear qualitative correlation between AMS and the strain ellipsoid, there is no consensus in the 
AMS community for inferring a quantitative correlation between AMS and the strain ellipsoid. In this 
study, we apply the AMS approach on a series of analogue models shortened from one end in order to 
quantify penetrative strain at different stages of shortening.

Experimental setup and AMS measurements:

Experiments consisted of a set of four analogue models that  were shortened from one side, from 8 to 
33 % (total model length was 60 cm) above a low-friction substrate of fiberglass (mb = 0.25). The 
model material consisted of quartz sand well-mixed with ca 1 volume % of magnetite, both sieved to a 
grain-size fraction of ≤0.35 mm. The width and height  of the initial models were 37 cm and 2 cm, 
respectively. Subsequent to shortening the model was carefully wetted, avoiding disturbing the 
orientation of grains. Plastic cubes (7 cm3) were used to sub-sample the model (Fig. 1a). AMS was 
measured with an MFK1-FA susceptibility bridge, using the semi-automatic spinning method. The 
measurements yield a symmetric second-rank tensor, from which the magnitude and orientation of 
principal axes of a susceptibility ellipsoid can be calculated; axes are defined by k1≥k2≥k3.

Results:

During shortening, initially, the sand layers were thickened before they formed a box-fold close to the 
backstop. Further shortening led to propagation of deformation towards the foreland where new 
materials were incorporated and new box-folds formed. Models which were shortened up to 33% built 
a low-tapered wedge (3-4°) reflecting the low basal friction (Fig. 1b).
A primary magnetic fabric is created during preparation of the model. AMS from the undeformed part 
of the model show a flattening (bedding) fabric with the k3 axes oriented normal to the horizontal 
plane and k1axes are mainly parallel to side boundaries of the model (Fig. 1a, b). The most  compacted 
part of the model (hinterland), indicate that grains re-orient  during deformation and k1 axes partly 
rotate perpendicular to the direction of shortening. In addition, the magnetic anisotropy reduces during 
compaction, indicated by a decrease in values of magnetic foliation and lineation. The undeformed 
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and compacted parts of the model are separated by a transition zone (Fig. 1c), defined by decreased 
magnetic anisotropy (Fig. 1d). In shear zones, k1 axes tend to lie in the thrust plane and parallel to the 
direction of thrusting, whereas k3 axes orient perpendicular to this plane.

 GeoMod 2016 conference 
 Montpellier, France | 17–20 October 2016 

compaction, indicated by a decrease in values of magnetic foliation and lineation. The undeformed 
and compacted parts of the model are separated by a transition zone (Fig. 1c), defined by decreased 
magnetic anisotropy (Fig. 1d). In shear zones, k1 axes tend to lie in the thrust plane and parallel to the 
direction of thrusting, whereas k3 axes orient perpendicular to this plane.    
 

 
Figure 1: (a) Top view of model 4 at final stage of deformation (33 % shortening) after wetting. The numbered squares are 
sample locations. A transition zone is marked by shaded area, marking the gradual transition towards the undeformed zone 
(b) Cross-section of the model. (c) Principal axes of susceptibility (k1 k2 k3) shown in a lower hemisphere equal area 
projection. Colors represent samples from different parts of the model: light blue, hinterland; red, shear zones; green, 
transition zone; dark blue, undeformed zone. (d) Plot of the magnetic foliation and lineation in different parts of the model. 
 
Discussion and conclusions 
 
AMS analysis of samples chosen from different locations of the models (Fig. 1a) depicts both primary 
and later “tectonic” fabric of the sand layers. Models deformed by different amounts of bulk 
shortening portray proportional anisotropy reflecting the link between penetrative strain and total 
shortening. However, the analysis also shows that shortened layers accommodate certain amount of 
penetrative strain before being folded and thrusted. This “initial” tectonic penetrative strain does not 
show significant change with further bulk shortening of the model as the deformation front propagates 
towards the foreland where it incorporates and deforms additional materials. Our analysis of 
systematic modeling indicates the robustness of the AMS approach and the suitability of sand-box 
models as a testing tool for such applications. It also increases our understanding of how fabric and 
strain develop in fold-and-thrust belts, where AMS may offer a tool for quantification of penetrative 
strain. 
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Figure 1: (a) Top view of model 4 at final stage of deformation (33 % shortening) after wetting. The numbered 
squares are sample locations. A transition zone is marked by shaded area, marking the gradual transition towards 
the undeformed zone (b) Cross-section of the model.  (c) Principal axes of susceptibility (k1≥k2≥k3) shown in a 
lower hemisphere equal area projection. Colors represent samples from different parts of the model: light blue, 
hinterland; red, shear zones; green,  transition zone; dark blue,  undeformed zone. (d) Plot of the magnetic 
foliation and lineation in different parts of the model.

Discussion and conclusions:

AMS analysis of samples chosen from different  locations of the models (Fig. 1a) depicts both primary 
and later “tectonic” fabric of the sand layers. Models deformed by different  amounts of bulk 
shortening portray proportional anisotropy reflecting the link between penetrative strain and total 
shortening. However, the analysis also shows that  shortened layers accommodate certain amount of 
penetrative strain before being folded and thrusted. This “initial” tectonic penetrative strain does not 
show significant  change with further bulk shortening of the model as the deformation front propagates 
towards the foreland where it  incorporates and deforms additional materials. Our analysis of 
systematic modeling indicates the robustness of the AMS approach and the suitability of sand-box 
models as a testing tool for such applications. It also increases our understanding of how fabric and 
strain develop in fold-and-thrust belts, where AMS may offer a tool for quantification of penetrative 
strain.
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S5 – Rheology, strain localization, folding and faulting (Oral)

Introduction:

Taking into account the effect of pre-existing structures, such as folds or faults, on the subsequent 
development  of new structures is fundament to reconstruct  the tectonic history of an area. The 
presence of mechanical anisotropies is indeed one of the primary factors that may impact on the 
evolution of tectonic systems. In many areas worldwide, today contractional structures developed in 
anisotropic settings where anisotropies consist  of inherited structures, such as thrusts and folds. These 
pre-existing structures may affect the evolution of new structures because: 1) previously formed faults 
act  as a thin, mechanical discontinuities; 2) folds change the shape of the volume involved in the 
contractional processes and, as a consequence, the distribution of the topographic load. In this study 
we aim to evaluate the role of a pre-existing thrust  fault-related fold on the evolution of a subsequent, 
non-coaxial contractional structure.

Experimental procedures and strategy:

To study the role of a pre-existing thrust ramp on the subsequent development of a non-coaxial thrust 
ramp we perform a series of wet clay analog model. We use an 80x60 cm claybox in which a pre-
existing fault  is simulated precutting the clay cake before the experiment (Fig. 1). This is made using a 
recently developed method that  is able to introduce thin cuts in the clay pack simulating a fault  surface 
(Cooke et al., 2013; Bonini et al., 2014; Bonini et al., 2015; Bonini et al., 2016). The wet  clay is a 
mixture of kaolin (China Clay) with a water content of 60%. The selected strain rate is 0.005 mm/
second. Under these experimental conditions, 1 cm in our models is about  1 km in nature. The clay 
pack is 5 cm thick and represents 5 km in nature. The experimental apparatus is designed to force the 
nucleation of the new thrust ramp inserting a velocity discontinuity at the base of the box (Fig. 1). 
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Figure 1. a), b), c), d). Plan view and cross-sectional view of the experimental apparatus. a), and b),  represent a 
different view of the initial setup of the experiment without inserted discontinuities used as reference. c) and d) 
represent an example of the experiments with an inserted pre-existing thrust ramp. e) Table showing the 
experimental conditions and material parameters.

We perform five experiments with different initial setups. In the first  experiment  none pre-existing 
structure (precut) has been inserted; we use that  as a reference for the other experiments with precuts. 
In the other experiments, the inserted thrust ramps take a different orientation with respect to the strike 
of velocity discontinuity, namely is differently oriented with respect to the expected new thrust ramp. 
The precut in these experiments form an angle of 45°, 60°, 75°, 90°, respectively (Fig. 1). All 
experiments have been performed in the new analogue modeling laboratory hosted at  the University of 
Trieste, and developed in the framework of a collaborative project between the University of Trieste, 
Department  of Mathematics and Geosciences and the Istituto Nazionale di Oceanografia e Geofisica 
Sperimentale (OGS).

Experimental results and conclusions:

The experimental results allow to evaluate the role of pre-existing thrust  ramp differently oriented with 
respect to a new thrust  ramp. All the results of the experiments with the inserted thrust  ramp are 
different  with respect to the isotropic experiment, namely the reference experiment. In the experiments 
where the strike-angle between the pre-existing fault and the velocity discontinuity is lower (e.g. 30°), 
most of the shortening is accommodated by the reactivation of the pre-existing fault. Conversely, in 
the experiments with a relatively high strike-angle the amount of shortening accommodated by folding 
and fracturing increased. After the experimental phase, we compare these results with a natural case 
located in South-Eastern Alps where the Alpine thrusts overprint  the pre-existing Dinaric thrusts with 
different orientations. We found a good correlation between experiments and nature. 

We believe that using wet  clay with the inserted discontinuity simulating a pre-existing fault  is an 
effective method to study and evaluate the role of a pre-existing thrust ramp on the subsequence 
development  of a contractional structure developed under differently oriented stress field. In fact, the 
use of wet clay allows to analyze the evolution of fold-related faults in a more effective way with 
respect to other dry granular, analog materials (e.g. quartz sand) because wet  clay has a higher 
cohesion that promote folding and not only faulting.
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S5 – Rheology, strain localization, folding and faulting (Oral)

Introducing an alternative theory for folding and boudinage: 

In classical mechanics, folding and boudinage are regarded as a geometric problem. This means 
that an initial infinitesimal small imperfection amplitude grows, which ultimately leads to localization 
through a process known as wavelength selection. One drawback of this approach using a linearized 
material response is that  folding and boudinage develop for different  material parameters or power-law 
exponents. In the past, this complication has led to a discussion about the applicability of such 
approaches to localized structures in real rocks (Hobbs et al., 2010 and references therein). 

Here, we are concerned with a more generic localization theory, i.e. strain localization out  of 
steady-state conditions inside a homogeneous material at a critical material parameter and deformation 
rate (e.g. Regenauer-Lieb and Yuen, 2003; Peters et al., 2015). In this framework considering energy 
flows and microphysical processes, instability arises out of the constitutive description itself for a 
critical amount of shear heating and layer thickness (Gruntfest, 1963). 

The concept of alternating boundary conditions:

The implementation of the coupled thermo-mechanical 2-D finite element model comprises an 
elastic and rate-dependent von Mises plastic rheology (Peters et  al., 2016). The underlying system of 
equations is solved in a 3-layer pure shear box for constant velocity and isothermal boundary 
conditions, using the open-source finite element software REDBACK (for details refer to Poulet et  al., 
in press). In order to examine the transition from stable to localized creep, we study how material 
instabilities are related to energy bifurcations, which arise independently of the sign of the stress 
conditions imposed on the boundaries, whether in compression or extension. The onset of localization 
is determined by a critical amount of shear heating, termed Gruntfest number, when dissipative work 
by temperature-sensitive creep translated into heat  overcomes the diffusive capacity of the layer of a 
given thickness. Through an additional mathematical bifurcation analysis using constant stress 
boundary conditions, we test whether both structures develop at a same critical Gruntfest number. 

Numerical bifurcation results: 

By means of alternating boundary conditions and parameter sensitivity studies, the numerical 
experiments reveal that folding develops for the same material parameters and power-law exponent as 
boudinage, by only inverting the sign of displacement. Boudinage and folding instabilities occur when 
the mechanical work, which is translated into heat, overcomes the diffusive capacity of the layer. 
Consequently, both instabilities develop for the same critical Gruntfest number (Peters et al., 2016). 
Further, we find that  boudinage instability emerges for values of the stress exponent below n < 5 and 
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especially for a Newtonian response (n = 1) of the layer. This finding implies that  not  only can folding 
and boudinage instabilities be treated as the same energy bifurcation, but also that  the energy theory 
predicts boudinage in cases where classical theories anticipate no growth of the structure. 

Discussion: 

The existence of a single critical dissipation number to describe the initiation of folding and 
boudinage provides a solid basis for explaining complex geological observations. Since the critical 
material parameters and boundary conditions for both structures to develop are found to coincide, the 
initiation of localized deformation in mechanically strong layered media within a weaker matrix can 
be captured by means of a unified theory for localization in ductile materials. For an appropriate set of 
material properties, local changes of boundary conditions can be considered sufficient to trigger both 
sets of instabilities close to each other. In this energy framework, neither intrinsic nor extrinsic 
material weaknesses are required, as the nucleation process of strain localization arises out of 
homogeneous conditions. 

This finding allows us to approach localization problems as coupled rheological bifurcations and to 
describe folding and boudinage structures as the same energy attractor of ductile deformation. In 
future, our study will allow geologists to extract  critical material parameters and deformation 
conditions of rate-and temperature-sensitive creep directly from field observations. 
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S5 – Rheology, strain localization, folding and faulting (Oral)

Hydraulic stimulation of geothermal wells is often used to increase heat  extraction from deep 
geothermal reservoirs. Initiation and propagation of fractures due to pore pressure build-up increase 
the effective permeability of the porous medium. Understanding the processes controlling the 
initiation of fractures, the evolution of their geometries and the hydro-mechanical impact  on transport 
properties of the porous medium is therefore of great interest  for geothermal energy production. In this 
study, we will present an approach starting from laboratory results of tri-axial experiments on 
sandstones, micro-structure analysis and numerical modeling aiming to better understand a identify the 
processes controlling micro-cracking and strain localization.

Laboratory experiments:

Three tri-axial experiments under drained conditions were conducted on cylindrical samples of the 
Bentheimer sandstone under different confinements. The first  experiment  under low confinement led 
to a clear shear failure. The second one with high confinement showed more homogeneous 
deformation with initiation of shear-induced compaction bands. The last one with an intermediate 
confinement showed a transitional regime between the two firsts. Continuous porosity measurements 
were conducted during these experiments. It can be observed from these experiments that  the 
deformation behavior ranging from homogeneous compaction to localized features is depending on 
the confining pressure. To better identify the physical processes controlling the different  deformation 
behaviors, several micro-structure analyses were conducted including Scanning Electron Microscope 
(SEM) (see Figure 1) and three-dimensional CT  scanning. These analyses showed evidences of micro-
cracking and presence of a damage zone around the localized features. Some evidences of pore 
collapse were also identified.

Modeling strategy:

A unifying model for deformation of porous rocks dealing with the physical processes mentioned 
above will be presented. By mean of a damage variable and an appropriate plasticity model, modeling 
of the hardening and softening of the elastic stiffness of the porous rock as representation of mico-
cracking can be achieved. Localization of deformation is considered by introducing viscous 
deformation with damage and stress-dependent  viscosity. Hydro-mechanical coupling is also 
considered by introducing appropriate porosity and permeability dependencies. 
This model has been implemented in an in-house simulator GOLEM, which is based on the 
Multiphysics Object-Oriented Simulation  Environment (MOOSE). Calibration strategy for such 
model will be presented by mean of the experimental results previously conducted.
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Figure 1: SEM picture of the Bentheimer sandstone sample after the tri-axial experiment with 70 MPa of 
confining pressure. Micro-cracking of the grains as well as damage zones are observed.

Keywords: Localized deformation, Damage plasticity model, Hydro-Mechanical coupling, MOOSE.
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S5 - Rheology, strain localization, folding and faulting (PS7)

Cohesion and friction coefficient are fundamental parameters for scaling brittle deformation in 
laboratory models of geological processes. However, they are commonly not experimental variable, 
whereas (1) rocks range from cohesion-less to strongly cohesive and from low friction to high friction 
and (2) strata exhibit substantial cohesion and friction contrasts. This brittle paradox implies that the 
effects of brittle properties on processes involving brittle deformation cannot be tested in laboratory 
models. Solving this paradox requires the use of granular materials of tunable and controllable brittle 
properties. 

Figure 1: Schematic drawings of the measurements setups used in this study (Abdelmalak et al.,  2016). A. 
Hubbert-type shear box for shear test measurements. B. Traction tests.  C. Extensional test setup. D. Schematic 
graph of the composite Griffith-Coulomb failure envelope displaying characteristic measurements from shear 
tests (black dots), traction tests (open square) and combined traction/extensional tests (open circle).
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In this contribution, we describe dry mixtures of fine-grained cohesive, high friction silica powder 
(SP) and low-cohesion, low friction glass microspheres (GM) that  fulfill this requirement (Abdelmalak 
et  al., 2016). We systematically estimated the cohesions and friction coefficients of mixtures of 
variable proportions using two independent methods (Figure 1): (1) a classic Hubbert-type shear box 
to determine the extrapolated cohesion (C) and friction coefficient (µ), and (2) direct measurements of 
the tensile strength (T0) and the height  (H) of open fractures to calculate the true cohesion (C0). The 
combination of these methods enabled us to constrain both the linear part  of the Mohr-Coulomb 
failure envelope and the curved Griffith failure envelope, allowing us to calculate the true cohesion 
(C0) of the materials (Figure 1D).

Figure 2: Comparison of extrapolated 
cohesion (C) deduced from shear tests (black 
dots) and from tensile/extensional tests (red 
dots)(Abdelmalak et al., 2016). 

The measured values of cohesion increase from 100 Pa for pure GM to 600 Pa for pure SP, with a sub-
linear trend of the cohesion with the mixture GM content (Figure 2). The two independent cohesion 
measurement  methods, from shear tests and tension/extensional tests, yield very similar results of 
extrapolated cohesion (C) and show that both are robust  and can be used independently. The measured 
values of friction coefficients increase from 0.5 for pure GM to 1.05 for pure SP. The use of these 
granular material mixtures now allows to test  (1) the effects of cohesion and friction coefficient in 
homogeneous laboratory models and (2) to test  the effect of brittle layering on brittle deformation, as 
demonstrated by preliminary experiments. Therefore, the brittle properties become, at  last, 
experimental variables.
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Introduction:

We aim at  understanding the processes leading to incipient subduction at  an oceanic fracture zone 
(FZ), including the specific situation of a transform fault  (TF). In nature, we observe 3 subduction 
initiation modes at  a FZ or a TF as shown by the following examples: old oceanic lithosphere has been 
inferred to subduct  in the Izu-Bonin-Mariana case (Stern et al., 2012 ; Lallemand, 2016); young 
oceanic lithosphere appears to start  to subduct south of New Zealand (“Hjort” and “Puysegur”, 
Meckel, 2005);  subduction initiated but  rapidly aborted along the Gagua ridge, east of Taiwan  
(Deschamps et al., 1998).

Model set-up:

To better assess the conditions controlling the process of subduction initiation, we perform 
experiments using a 2D numerical thermo-mechanical code (Christensen, 1992) at the scale of upper 
mantle. A non-Newtonian rheology and a brittle behavior are both modelled. Using active markers 
advection, two lithologies are tracked within the simulation box: an horizontal crust layer is imposed 
at  the box surface and overlies the underneath lithospheric and asthenospheric mantle. The crust  is 
significantly weaker than the mantle both in the brittle and ductile realms. At  the center of the model 
surface, a vertical weakness zone (WZ) is imposed to mimick the FZ contact  between the two oceanic 
plates of different ages. The simulated WZ has the same physical properties as the oceanic crust. We 
apply a constant and identical convergence velocity on both oceanic plates far away from the WZ. 
We explore two different  sets of parameters. The first one determines the oceanic plates set-up (plate 
age offset, younger lithosphere age, convergence rate). The second parameters set describes the FZ 
characteristics (width and depth, thermal state). The explored FZ geometry is based on an extended 
study of natural TF characteristics.  In nature, the thermal structure in the vicinity of the TF/FZ results 
from competing effects (enlargement by thermal conduction vs shortening by strike-slip kinematics 
and local gravitational instability) that cannot be completely modelled in 2D. We thus impose by hand 
the width of the thermal transition (TT) between the 2 oceanic plates and vary it to test its influence. 

Results:

We obtain 3 modes of convergence: (1) old oceanic lithosphere subduction, (2) young oceanic 
lithosphere subduction, and (3) short-lived or no subduction. Successful subduction occurs following a 
phase of progressive strain localization at the WZ, that  generally starts as soon as simulation begins. 
Subduction fails when deformation do not  localize near the WZ but rather in the vicinity of the applied 
kinematic boundaries. The modelled subduction initiation onsets (ti) range from 0.52 to 10 Myr, 
corresponding to convergence lengths varying from 21 to 100 km, for a total convergence rate of 1 to 
3 cm/yr.
The main studied parameter influences are as follows : If convergence velocity is high or not  applied, 
subduction does not occur. Strong offset  of oceanic plate age seems to impede subduction initiation, at 
least for shallow to moderately deep WZ. However, for strong age contrasts, increasing the TT width 
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promotes subduction initiation. When the WZ bottom is deepened, the subduction mode changes from 
old lithosphere subduction to young lithosphere subduction (fig.1). As the temperature at the WZ 
bottom increases consequently to the WZ deepening, a threshold in WZ temperature, ranging from 712 
to 791°C, may control the subduction polarity. The subduction polarity may be explained by the 
evolution of mechanical parameters such as stress and strain.

Figure 1: Three numerical simulations with the same initial conditions (total convergence velocity = 1 cm/yr, 
thermal transition (TT) width = 10 km, oceanic lithosphere of 5 Myr (left plate) versus 10 Myr (right plate)), 
except for the depth of the weakness zone (WZ) at simulation start (displayed at 0.27 Myr after convergence 
initiation on the left panels). The right panels exhibit the convergence state after 5 Myr. Temperature field is 
shown. White solid lines : isotherms each 200°C. Black solid line is the crust-mantle limit.
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Introduction :

Sandbox experiments are the most useful and practical methods for modelling the faults in laboratory. 
It  can be seen and modelled the deformation when a force applied to material. The sandbox 
mechanism is designed glass-walled to see and digitize all deformation.

In this study, all deformation on material was recorded and digitized to create a model with not only 
seen changes but  also a special electrical resistivity tomography (ERT) device. So it  will be possible to 
compare with ERT  from an active fault  in real. Furthermore, results of this study was compared with 
reverse faults data gathered by authors on previous studies.

Material and Methods:

Sandbox mechanism is so simple, old and known device to modelling faults on laboratory (Coelho et. 
al. 2008, Nishiyama et.al. 2014) Describing the deformation on crust  can be easy by simple 
experiments with it. In this work, a specially designed device was used to create ERT profiles. This 
device is computer controlled and has a power of 144 watts (72 Volt  – DC and 2 Ampere). Wenner – 
Alpha array was chosen to gather resistivity data. Res2D software was used to interpret gathered data.

In sandbox, different grain size material (fine to medium) was used to simulate the crust. This material 
was colored with toner to enhance the visuality and was consolidated with plaster to trace its behavior.

Results:

The experiments were performed in three steps. Firstly, undeformed material was digitized and an 
ERT profile was created (Figure 1-a and 1-b). Then, in second step, deformation was occurred 
(vertical deformation was 0.5 cm, figure 1-c and 1-d) when the forces applied. Digitizing and ERT 
process were made on this half-deformed material. Finally, when vertical deformation reached 1cm 
and fault could be seen clearly (Figure 1-e and 1-f) and all the measurement process repeated again.

Created ERT profiles are compared with digitized graphs and previous ERT profiles. Resultly;
• Laboratory scale ERT studies are so helpful to understand the behavior of crust.
• Prediction of break up time of a normal fault  is possible with 4d resistivity (ERT  profile in 

second step).
• Normal and reverse faults are shows similar pattern on ERT profiles just before breaking-up
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Figure 1: Steps of sandbox experiments and ERT process. 
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Introduction:

Transpression is a combination of strike-slip deformation and shortening orthogonal to the 
deformation zone. Transpressional structures generally form in response to obliquey convergent plate 
motions. Whereas transpression in the upper crust  is dominantly accommodated by faulting, viscous 
parts of the lithosphere accommodate transpression dominantly by folding. In some cases, 
transpressional strain is geographically partitioned (Tikoff and Teyssier, 1994) between a strike-slip 
domain lacking major shortening structures and a neighboring pure-shear domain (e.g., fold-and-thrust 
belt) lacking major strike-slip structures.

Transpressional folding is inherently 3D; hence the growth and rotation of folds during transpression 
as a function of the convergence angle is investigated using 3D numerical finite-element models 
(Figure 1; Frehner, in press). The studied model setup comprises upright  single-layer buckle folds in 
Newtonian materials, which grow from an initial point-like perturbation due to a combination of in-
plane shortening and shearing (i.e., transpression).

Results:

The numerical study suggests that  fold axes are always parallel to the major horizontal principal strain 
axis (λmax), and that sequential folds appearing later form parallel to already existing folds and rotate 
with the major horizontal principal strain axis with increasing strain. This suggests that  fold axes are 
not passive material lines and that fold hinge migration occurs during transpression.

Figure 1: Graphical abstract of main results. Left: Top view snapshots of example simulation with a convergence 
angle, α=45°. With increasing background strain, the fold structure grows in all three dimensions. Top right: 
From the numerical simulation the fold amplitude evolution is calculated in three directions: vertical (fold 
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growth), parallel to the fold axis (fold elongation) and perpendicular to the axial plane (sequential fold growth). 
Bottom right: Fold axis orientation in map view with increasing background strain for different convergence 
angles (α=0°–90°). For all cases, the fold axis is always parallel to the major principal strain axis, λmax; hence 
it is not a passive marker line.

Because the fold axis is always parallel to λmax, there is an analytical triangular relationship between 
the convergence angle, the amount  of strain, and the fold axis orientation. If two of these values are 
known, the third can be determined. Importantly, this relationship is independent of the viscosities and 
viscosity ratios involved in the folded layers.

Application to the Zagros Simply Folded Belt:

For the Zagros Simply Folded Belt  (ZSFB) in NE Iraq, the far-field convergence angle (from GPS; 
Vernant and Chéry, 2006) is α=35°. Strain is partitioned between the ZSFB and the bounding fault 
system. However, the degree of partitioning is disputed, ranging from full partitioning (α=90° in the 
ZSFB; Talebian and Jackson, 2004) to intermediate partitioning (α=60° in the ZSFB; Vernant  and 
Chéry, 2006). Zero strain partitioning (α=35° in the ZSFB) is unrealistic because some strike-slip 
movement along the MZT-MRF-system is clearly documented (Talebian and Jackson, 2002).

The above mentioned triangular relationship is applied to the Zagros fold-and-thrust-belt to estimate 
the degree of strain partitioning between the ZSFB and the bordering strike-slip fault-system (Figure 
2). Despite some data scatter, the orientation of the majority of fold axes indicates a convergence angle 
within the ZSFB of α=60°–90°, confirming the proposed range. However, the data covers this entire 
range; hence it is not clear which end-member model is more appropriate.

Figure 2: Fold axis orientations plotted versus 
kinematic strain estimates of anticlines in the 
ZSFB (NE Iraq). In the background, the 
theoretical fold axis orientation, λmax,  is plotted 
for different convergence angles. End-member 
convergence angles are sketched on the right 
based on the far-field shortening direction and 
strike-slip fault orientation; they are 90° (pure 
shear) for full strain partitioning and 35° for 
zero strain partitioning.
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Introduction:

Parasitic folds are typical structures in geological multilayer folds; they are characterized by a small 
wavelength and are situated within folds with larger wavelength (Ramberg, 1963; Frehner and 
Schmalholz, 2006). Parasitic folds exhibit  a characteristic asymmetry (or vergence; i.e. S-, Z-, or M-
folds) reflecting their structural relationship to the larger-scale fold.
Here we (Frehner and Schmid, 2016) investigate if and how a pre-existing asymmetry (e.g., from 
sedimentary structures or folds from a previous tectonic event) can be inherited during buckle folding 
to form alleged parasitic folds with wrong vergence. We conduct 2D finite-element simulations of 
Newtonian multilayer folding. The applied model setup comprises a thin layer containing the pre-
existing asymmetry sandwiched between two thicker layers, all embedded in a lower-viscosity matrix 
and subjected to layer-parallel shortening. During ongoing layer-parallel shortening and buckling, we 
track the asymmetry’s amplitude with respect to the larger-scale fold median line.

Results:

Typical results demonstrate that during the early folding stages the geometrical asymmetry both grows 
in amplitude and intensifies its asymmetry (increasing skew angle) (Figure 1). However, at later 
folding stages, when the larger-scale fold also macroscopically amplifies, the asymmetry de-amplifies 
and reduces its skew angle again.

Figure 1: Graphical abstract of the main results. Left: Simulation snapshots visualizing the evolution of the 
multilayer system containing an initial geometrical asymmetry of the central thin layer. Colors: second invariant 
of the strain rate tensor, . Dashed white line: larger-scale median line. The initial asymmetry survives the 
early stages of buckle folding, which results in an alleged parasitic fold with wrong vergence, alongside true 
parasitic folds with correct vergence.  Right: From the numerical simulation, different (normalized) fold 
amplitude evolutions can be calculated. Shown are the amplitude of the larger-scale fold (thick layers; dotted 
line), as well as the amplitude of the central thin layer at the larger-scale fold hinge (dashed line) and at the 
larger-scale fold limb (i.e., amplitude of the initial asymmetry; solid line).
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We systematically vary the intensity of the initial geometrical asymmetry (open to tight; Figure 2A) 
and its position on the larger-scale fold (from fold hinge to fold limb; Figure 2B). We investigate how 
the efficiency of de-amplification is controlled by the interplay between larger-scale and smaller-scale 
fold amplification.

Figure 2: Same 
a s F i g u r e 1 
right, but for 
different initial 
skew angles (A) 
and for different 
positions of the 
initial asymmetry 
on the larger-
scale fold (B).

Discussion & Conclusions:

When the two outer thick layers buckle and amplify to finite amplitudes, two processes work against 
the asymmetry: (i) layer-perpendicular flattening (i.e., pure shear between the two thick layers) and (ii) 
the rotational component of flexural flow folding (i.e., simple shear between the two thick layers). 
Both processes promote de-amplification and unfolding of the pre-existing asymmetry.

We conclude that  pre-existing folds that  are open, exhibit  low amplitude, and/or are situated on the 
limb of the larger-scale fold are prone to de-amplification and may disappear during buckling of the 
multilayer system. Large-amplitude and/or tight to isoclinal folds and/or folds situated close to the 
hinge of the larger-scale fold may be inherited and develop into alleged parasitic folds with wrong 
vergence resembling type 3 fold interference patterns.
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Ayleen Gaete1, Mehdi Nikkhoo1 and Thomas R. Walter1

1) Physics of Earthquakes and Volcanoes, GFZ German Research Centre for Geosciences, Telegrafenberg, 
14473 Potsdam, Germany. 

Corresponding author: agaete@gfz-potsdam.de

S5 - Rheology, strain localization, folding and faulting (PS7)

Abstract:

Plumbing system in volcanoes and the process relative to continental crust building are a consequence 
of the magma transport and storage through the crust, where the common mechanisms observed are 
laminar intrusions, such as dikes and sills. The emplacement and propagation of these intrusions are 
thought  to be influenced by topographic load that can control the magma transport and dike arrest  as 
well as the development of reservoirs.

Here we analyze possible sheet intrusion mechanisms associated to unloading topography. We are 
performing hydrofracture experiments in gelatin, an elastic medium allowing to represent the 
properties of the crust. Fracturing is realized by injection of dyed water, creating hydrofractures that 
propagate and arrest, change their shape and geometry in dependence of the surrounding stress field.

Experiments reveal the influence of unloading stress on the injection paths. Varying the geometrical 
and dynamic parameters governing the system we found that  dikes form when the fracture toughness 
associated to gelatin concentration is significant compared to the gravitational stress controlled by the 
unloading topography. Dikes bend and develop into saucer shaped geometries when the gravitational 
stress governs over fracture toughness.

Keywords: Analog modeling, gelatin, stress field, sheet intrusion, saucer shaped sill, dike.
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Subduction zones link surface plate motions to deep mantle convection, but  the detail of how 
subduction (rarely?) initiates remains elusive. Several geodynamic contexts have been proposed for 
subduction initiation, for example : oceanic fracture zones (Hall et al., 2003, Leng and Gurnis, 2011), 
passive margins (Regenauer-Lieb et al., 2001 ; Nikolaeva et  al., 2010), vertical or horizontal 
asthenospheric flow (Burov and Cloetingh, 2001 ; Lu et al., 2015). Studies have highlighted the 
crucial role of strain localization for plate weakening, for example through shear heating (Thielmann 
and Kaus, 2012) or water-induced lubrication (Regenauer-Lieb et al., 2001).

Using the finite-element  thermo-mechanical code Fluidity, we investigate here the process of 
subduction initiation at  a weak fracture zone, putting into contact two plates of different ages, with the 
thermal and rheological discontinuity reinforced by a shallow weak zone. We evidence two possible 
scenarios for subduction initiation. 

Scenario 1 exhibits an asthenosphere upwelling between the two lithospheric plates, leading to a 
pseudo-back-arc spreading (similar to results of Leng and Gurnis, 2011). Scenario 2 results from 
strain-localization at  the interface between the two lithospheric plates (similar to results of Doin and 
Henry, 2001; Thielmann and Kaus, 2012 – see also the poster by Abécassis et  al. in this session). We 
find that parameterization of weak zone properties, of plate ages, and of plate and asthenosphere 
rheology controls the occurrence  and the dynamic scenario of subduction initiation.

Figure 1: Scenarios 1 (left) and 2 (right) for subduction initiation. The background color is a logarithmic scale 
for viscosity, and the white line represents the 1300 K isotherm contour.
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Abstract:

During the last decade geologists and engineers have used the Finite Element  Method (FEM) with 
elasto-plastic or visco-plastic behavior to simulate salt in order to gain a better understanding of the 
in- situ stress distribution. However, building such FEM models can become time consuming and 
challenging, especially when complex geometry is involved, and modeling elaborated non-linear salt 
behavior can take hours to days to process. 

We have developed a different approach using a fast 3D Boundary Element Method (BEM) (Maerten 
et  al., 2014). Instead of using non-linear mechanical behavior of salt, we use the assumption that salt 
can be viewed as a pressurized cavity for which unknown parameters such as far field stress and salt 
pressure gradient  are inverted using available data such as observed natural fracture (e.g., joints, 
faults...) or recorded stress data (e.g., breakout, LOT, micro-seismicity...) associated to past or actual 
deformation around salt. 

To verify this approach, BEM results have been validated against  known 3D analytical solution for 
pressurized spherical cavity (Neuber, 1946) and compared to published (Figure 1), more complex, 3D 
FEM salt  models (Luo et  al., 2012; Sanz and Dasari, 2010). The efficiency of this new approach, in 
terms of model construction and mechanical simulation, is demonstrated through a natural example of 
faults associated to salt diapirs in the Gulf of Mexico (Figure 2).
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During the last decade geologists and engineers have used the Finite Element Method (FEM) with 
elasto-plastic or visco-plastic behavior to simulate salt in order to gain a better understanding of the in-
situ stress distribution. However, building such FEM models can become time consuming and 
challenging, especially when complex geometry is involved, and modeling elaborated non-linear salt 
behavior can take hours to days to process. We have developed a different approach using a fast 3D 
Boundary Element Method (BEM) (Maerten et al., 2014). Instead of using non-linear mechanical 
behavior of salt, we use the assumption that salt can be viewed as a pressurized cavity for which 
unknown parameters such as far field stress and salt pressure gradient are inverted using available data 
such as observed natural fracture (e.g. e.g., breakout, LOT, 
micro-  To verify this approach, 
BEM results have been validated against known 3D analytical solution for pressurized spherical cavity 
(Neuber, 1946) and compared to published (Figure 1), more complex, 3D FEM salt models (Luo et al., 
2012; Sanz and Dasari, 2010). The efficiency of this new approach, in terms of model construction 
and mechanical simulation, is demonstrated through a natural example of faults associated to salt 
diapirs in the Gulf of Mexico (Figure 2). 

 

Figure 1: Comparison between iBem3D solution (right) and FEM solution from Luo et al., 2012 (left). Figure 1: Comparison between iBem3D solution (right) and FEM solution from Luo et al., 2012 (left).
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Figure 2: Comparison between (a) the seismic data (time slice at z=5km) and (b) the geomechanical simulation results for 
the Gulf of Mexico. Maximum Coulomb shear stress (So) is plotted on the map on the right as well as the orientation of the 

model shear planes. 
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Figure 2: Comparison between (a) the seismic data (time slice at z=5km) and (b) the geomechanical simulation 
results for the Gulf of Mexico. Maximum Coulomb shear stress (So) is plotted on the map on the right as well as 
the orientation of the model shear planes.
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Olivine is the most abundant  and weakest mineral in Earth’s asthenosphere. The stress-strain rate 
relation for olivine is believed to govern the rheology of the asthenosphere. The rheological 
parameters of olivine have been studied extensively in laboratories under hydrous and anhydrous 
conditions for both diffusion and dislocation creep regimes. Here, we provide an estimate of some of 
the rheological parameters of olivine in the dislocation creep regime using postseismic geodetic 
observations following the 2012 Mw 8.6 Wharton Basin earthquake in the Indian Ocean. 

The event  involved ruptures on complex conjugate faults with coseismic slip reaching 60 km depth, 
indicating a thick, dry lithosphere in the Wharton Basin. We build a three-dimensional model of 
postseismic deformation with afterslip in the brittle upper mantle and viscous flow in the 
asthenosphere. 

We use laboratory estimates as the prior information and a nonlinear Burgers model to explore the 
rheological parameters of olivine such as water content, activation volume, activation energy, and 
temperature. We find that a minimum water content of 1600 H/106 Si at mantle temperature of 1400 
ºC, indicating the stratification of water content  (dry lithosphere over wet asthenosphere). In addition, 
a higher activation volume is needed to explain the observations, implying a thin high viscous layer in 
the Wharton Basin. 
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Introducing an alternative theory for folding and boudinage:

In classical mechanics, folding and boudinage are regarded as a geometric problem. This means that 
an initial infinitesimal small imperfection amplitude grows, which ultimately leads to localization 
through a process known as wavelength selection. One drawback of this approach using a linearized 
material response is that  folding and boudinage develop for different  material parameters or power-law 
exponents. In the past, this complication has led to a discussion about the applicability of such 
approaches to localized structures in real rocks (Hobbs et al., 2010 and references therein).

Here, we are concerned with a more generic localization theory, i.e. strain localization out of steady-
state conditions inside a homogeneous material at  a critical material parameter and deformation rate 
(e.g. Regenauer-Lieb and Yuen, 2003; Peters et  al., 2015). In this framework considering energy flows 
and microphysical processes, instability arises out  of the constitutive description itself for a critical 
amount of shear heating and layer thickness (Gruntfest, 1963).

The concept of alternating boundary conditions:

The implementation of the coupled thermo-mechanical 2-D finite element  model comprises an elastic 
and rate-dependent von Mises plastic rheology (Peters et al., 2016). The underlying system of 
equations is solved in a 3-layer pure shear box for constant velocity and isothermal boundary 
conditions, using the open-source finite element software REDBACK (for details refer to Poulet et  al., 
in press). In order to examine the transition from stable to localized creep, we study how material 
instabilities are related to energy bifurcations, which arise independently of the sign of the stress 
conditions imposed on the boundaries, whether in compression or extension. The onset of localization 
is determined by a critical amount of shear heating, termed Gruntfest number, when dissipative work 
by temperature-sensitive creep translated into heat  overcomes the diffusive capacity of the layer of a 
given thickness. Through an additional mathematical bifurcation analysis using constant stress 
boundary conditions, we test whether both structures develop at a same critical Gruntfest number.

Numerical bifurcation results:

By means of alternating boundary conditions and parameter sensitivity studies, the numerical 
experiments reveal that folding develops for the same material parameters and power-law exponent as 
boudinage, by only inverting the sign of displacement. Boudinage and folding instabilities occur when 
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the mechanical work, which is translated into heat, overcomes the diffusive capacity of the layer. 
Consequently, both instabilities develop for the same critical Gruntfest number (Peters et al., 2016).
Further, we find that  boudinage instability emerges for values of the stress exponent below n < 5 and 
especially for a Newtonian response (n = 1) of the layer. This finding implies that  not  only can folding 
and boudinage instabilities be treated as the same energy bifurcation, but also that  the energy theory 
predicts boudinage in cases where classical theories anticipate no growth of the structure.
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Discussion:

The existence of a single critical dissipation number to describe the initiation of folding and boudinage 
provides a solid basis for explaining complex geological observations. Since the critical material 
parameters and boundary conditions for both structures to develop are found to coincide, the initiation 
of localized deformation in mechanically strong layered media within a weaker matrix can be captured 
by means of a unified theory for localization in ductile materials. For an appropriate set of material 
properties, local changes of boundary conditions can be considered sufficient to trigger both sets of 
instabilities close to each other. In this energy framework, neither intrinsic nor extrinsic material 
weaknesses are required, as the nucleation process of strain localization arises out  of homogeneous 
conditions.
This finding allows us to approach localization problems as coupled rheological bifurcations and to 
describe folding and boudinage structures as the same energy attractor of ductile deformation. In 
future, our study will allow geologists to extract  critical material parameters and deformation 
conditions of rate-and temperature-sensitive creep directly from field observations.
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Introduction:
Slip partitioned systems, or fault  systems that accommodate oblique convergence with different slip 
rake on two or more faults, are well documented (e.g. Haq & Davis, 1997; Leever et al., 2011).  Slip 
partitioning can occur at multiple scales within the crust  and ranges from local convergence within 
restraining bends (e.g., the Transverse Ranges of the southern San Andreas Fault) to thousands of 
kilometers across along subduction zones such as the Great Sumatra Fault or median tectonic line of 
Japan (e.g., Bowman et al., 2003; Jones & Wesnousky, 1992; Fitch, 1972). Carefully scaled physical 
experiments using crustal analog materials inform our understanding of fault  evolution because we can 
control the loading and directly observe the ensuing deformation.  
Previous experiments in dry sand show that  convergence angle and fault strength control the initiation 
and maintenance of slip partitioning (McClay & Bonora, 2001; Leever et  al., 2011; Haq & Davis, 
2010). Leever et al. (2011) demonstrate using a conveyor style convergence device that  slip 
partitioning in dry sand develops in three stages: early strain accumulation, oblique-slip faulting, and 
finally partitioning along strike-slip and oblique-slip faults.  Haq & Davis, 2010 also use dry sand and 
show slip partitioning above a strike-slip dislocation with convergence angles as high as 60° from 
margin parallel.  These experiments superpose regional contraction and localized strike-slip and do not 
capture the oblique dislocation of a subduction zone.  We simulate oblique convergence using blocks 
with 30° dipping contacts under the clay or sand (Figure 1) where the overlying crust  is obliquely 
thrust over the subducting slab.

Experiment Set-Up:
Although dry sand has many benefits as an analog for modeling crustal processes (e.g. strain-rate 
independence, strength scaling, ease of use) its lack of cohesion favors the growth of new faults over 
fault reactivation. In contrast to dry sand, the non-zero cohesion of wet kaolin produces long-lived 
fault structures that  easily reactivate. Under similar loading, experiments in wet kaolin produce fewer 
faults than dry sand and exhibit  greater degree of fault reactivation (Cooke et al., 2013). These 
properties of wet kaolin are particularly important  for modeling the evolution of fault  systems as the 
abandonment and reactivation of individual fault  segments approximates the evolution of faults in the 
crust. 
Scaled experiments using both dry sand and wet kaolin with identical boundary conditions provide 
insights on the role of material properties in slip partitioning.  We test  convergence angles ranging 
from 5˚ to 45˚ and document  the slip partitioning using high-resolution images. Digital image 
correlation from the images, combined with stereovision techniques, provides the incremental 
horizontal displacement  and uplift  fields. These state of the art methods provide complete slip vectors 
for the faults, constrain fault  dip and provide strain fields surrounding the faults.  Additionally, in both 
experiments we implement  force gauges to record fault normal stress changes associated with the 
onset of faulting. 
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Figure 1: Schematic of experiment has three plastic blocks with abutting 30° contacts and 2.5 cm of overlying 
wet kaolin clay or dry sand. The blocks are positioned on two plates: one fixed and the other moved by two 
orthogonal stepper motors.  Two cameras mounted above the model capture high-resolution images of the region 
of interest (ROI) shown in the red-dashed box.

Figure 2: (A-D) Incremental shear strain for experiments in dry sand and wet kaolin clay.  Note early slip 
partitioning (85 mm) in the sand experiments along active oblique-slip fore and back-thrusts (blue arrows) and 
late-stage through-going strike-slip fault (red arrow).  Slip partitioning develops later in the 05° clay experiment 
(110 mm) with an oblique-slip fore-thrust (blue) and strike-slip fault (red arrow). E) Force data from a 05° 
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convergence angle experiment in wet kaolin reveals an increase in force immediately preceding the formation of 
the fore-thrust.

Results:
The evolution of faulting differs between the experiments with dry sand and wet  kaolin. Early within 
the dry sand experiment, an oblique-slip forethrust-backthrust  pair forms at approximately 25 mm of 
total plate displacement followed by the addition of a late stage through-going strike-slip fault at 
around 85 mm plate displacement  (Fig. 2A,C). These results are consistent with oblique convergence 
dry sand experiments that use a conveyor device (Leever et al., 2011). In contrast, wet kaolin under 
shallow convergence angles first  produces a strike-slip fault at  around 25 mm of plate displacement 
(Fig. 2B). As convergence accumulates in the kaolin, a new forethrust  forms dipping toward the 
underlying discontinuity. No backthrust forms in the wet  kaolin. The delay of strike-slip development 
in the dry sand may owe to diffusion of the mode III stresses around the basal dislocation so that the 
first faults form in response to the compression (thrust pair) rather than shear.
The lack of cohesion in dry sand allows this material to develop three active slip-partitioned faults 
while the wet  kaolin experiment has only two active faults with commensurate lesser total active fault 
surface area. The greater cohesion of the kaolin tempers its ability to produce multiple active faults.  
Within the kaolin, the forethrust only grows after significant  accumulation of compression, as revealed 
by the force measurements (Fig. 2E). Once the strike-slip fault and forethrust  develop, the wet kaolin 
system can sustain slip partitioning without the development of additional faults. Thus, the cohesion of 
the clay, which may be similar to crustal rock strength, may facilitate the maintenance of slip 
partitioned fault systems.
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S6- Dynamics of sedimentary Basins, Fluids 
& Georeservoirs

Surface sedimentary rocks  are the locus of many human underground activities. 
Industrial issues concern the exploration, extraction, and storage of hydrocarbons, 
heat, nuclear waste, or CO2, while societal issues point to the evaluation of the 
environmental risk (pollution, seismicity, soil stability). The sedimentary records also 
give first order informations about plate tectonics, relief dynamics and 
paleoenvironement evolution. In all cases, modeling techniques are challenged to 
improve their efficiency and/or precision in order to simulate more completely the 
various data (surface, wells, seismics). 

Numerical modeling techniques face the challenges of integrating pore pressure, fluid 
flow, temperature and chemical reactions in highly strained media with large 
displacement jumps (faults), in particular in 3D. Complementary physical modeling 
techniques are now developing towards more quantitative protocols and 
measurements, and better controlled rheologies. 

This session welcomes contributions involving numerical or physical basin modeling 
to study basin formation and deformation (including fold-and-thrust belts  and 
accretionary prisms), the structural and thermal evolution of georeservoirs, or the fluid 
production and migration, from both fundamental and industrial perspectives.

Conveners: Jean-Claude Ringenbach (Total, France) and Giacomo Corti (NRC, 
Roma, Italy).

Keynote speaker:

"On the use (and potential abuse) of models  in Earth Science with application to 
inferring sedimentary basin dynamics" by Guy Simpson (University of Geneva, 
Switzerland) - Guy.Simpson@unige.ch

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

281



On the use (and potential abuse) of models in Earth Science with application to 
inferring Sedimentary Basin Dynamics

Guy Simpson

Department of Earth Science, University of Geneva

Corresponding autor: Guy.simpson@unige.ch

S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (Keynote)

Because geological processes act on time and length scales that make direct  observations difficult, 
models are commonly used to explain geological observations or to infer long-term behaviour that is 
otherwise virtually impossible to study.  These models can take many different  forms: for example, 
they may be mathematical and solved analytically or numerically or they may be analogue models 
investigated in a laboratory. In any case, a model represents an abstraction of a far more complex real 
system and an important question is whether a model reveals anything useful about the system it  is 
intended to represent. To answer this question, a number of issues much be addressed. 

First, which observations is a model aiming to explain? This step can be critical, since some 
observations may be ‘favoured’ in comparison to others, which might then influence the choice of 
model. Second, a model must  be formulated and studied (solved). In the case of a numerical model, 
this step involves firstly deciding on the governing equation(s) (which may be no easy task) and then 
obtaining an accurate solution to the equation(s) (which is an entirely separate issue that  can also be 
extremely challenging). Finally, one must decide how the model results can be applied to the real 
system being modelled. Clearly, a model could potentially produce beautiful and very interesting 
results but  that  these results may have little relevance to the real system being modelled.  Although 
most of these issues will be familiar to the scientists who actually construct  the models, they may be 
less obvious to scientists specialising in other tools but who are interesting in applying model results. 

In this presentation I will illustrate some of these issues using two different problems that are relevant 
to understanding the dynamics of sedimentary basins. The first  problem concerns the modelling of 
foreland sedimentary basin profiles along the margins of collisional mountain belts while the second 
problem deals with the modelling of how sediment flux signals linked to climate variability are 
transmitted downstream and eventually recorded in sedimentary basins. As we will see, it  is possible 
to arrive at quite different, though apparently reasonable conclusions, depending on which model is 
chosen and how the data being modelled in the first place is interpreted. These examples demonstrate 
that considerable caution should be exercised when using results of models to make inferences about 
natural systems. 
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Introduction:

We present results of numerical simulations conducted by the MUFITS (Multiphase Filtration 
Transport Simulator, Afanasyev, 2013.) software developed in the Institute of Mechanics, Moscow 
State University. MUFITS is a noncommercial reservoir simulator for analysis of non-isothermal 
multiphase multicomponent flows in porous media. The simulator is designed for parallel 
compositional simulations using both laptops and supercomputers. MUFITS can accommodate 
geologic, petrophysical and thermophysical data of the real-world complexity.

MUFITS has several EOS modules for prediction PVT properties of reservoir fluids:

BINMIXT module for modelling non-isothermal three-phase flows of binary mixtures. The properties 
are specified by the thermodynamic potential of the mixture, which is calculated before hydrodynamic 
simulations. The potential is used in conditional extremum problem, which corresponds to the entropy 
maximum condition in thermodynamic equilibrium. By using this formulation, MUFITS can 
determine single-, two-, and three-phase equilibriums of the mixture under sub- and supercritical 
conditions. The primary variables are the pressure, the mixture total enthalpy and the composition. 
The system singularities in the vicinity of critical thermodynamic conditions are eliminated if these 
variables are used. Therefore, the simulator can avoid dramatic timestep cuts for hydrodynamic 
simulations under near-critical conditions.

BLACKOIL module for modelling petroleum reservoirs using extended Black-oil approach. The 
module is capable of single-phase, two-phase and three-phase flows of water, oil and hydrocarbon gas. 
The gas condensate option is available. This module can be used for analysis of various aspects of oil 
production. 

GASSTORE module for modelling underground CO2 storage, hydrocarbon gas storage and some 
geothermal scenarios. The module covers three-component three-phase flows of water, salt and gas 
components. The permeability reduction due to salt precipitation can be simulated.

T2EOS1 module for modelling non-isothermal single-component flows of water and steam under 
subcritical thermodynamic conditions. Phase transitions between water and steam are taken into 
account. This module can be used in hydrothermal applications.

MUFITS can accommodate complex geological setting of the reservoir like heterogeneity, folds or 
faults. The simulator can load the corner-point grids commonly used in the reservoir simulation 
industry. The simulator can also automatically create cartesian or radial. The local grid refinement, 
faults and aquifer options are available among others.

The simulations can be performed in parallel using supercomputers. From the very outset of MUFITS 
development, the simulator was designed for parallel simulation using MPI interface. This ensured a 
very good scaling of the computational problems. The estimates show that up to 32 processes there is a 
linear acceleration of the simulations for a problem comprising several hundred thousand cells.
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MUFITS takes a free formatted input  data file, which contains the simulation schedule description. 
The description is formulated using keywords syntax. Both the numeric model parameters and the 
computation options can be specified in the input  data file. The properties in the form of functions are 
specified by tables.

Applications:

We discuss several applications of MUFITS for CO2 sequestration proplems (Afanasyev, 2013), 
dynamics of a hydrothermal system (Afanasyev et  al., 2015), interaction of a kimberlitic pipe with 
alternation of olivine to serpentinite (Afanasyev et  al., 2014), volcano syn-eruptive degassing (Melnik 
et al., 2016) and preliminary results of MUFITS application to porphyry coper deposit formation. 

Figure 1: Simulation of CO2 injection in the Johansen 
formation using a real-scale geological model of the 
formation. The model comprises 11 layers of grid blocks. 
There are 5 vertical faults in the model. We simulate two 
scenarios of CO2 injection in this formation for two 
different locations of the injection well in the region of 
depression. The duration of the injection period is 100 
years while the post-injection period, considered in here, 
is 2500 years. The injection results in two-phase 
buoyancy-driven flows of the formation water and 
supercritical CO2. The CO2 plume spreading along the 
caprock is strongly affected by the complicated 
geological settings.
 
Figure 2: Kimberlite volcanism involves the 
emplacement of olivine-rich volcaniclastic deposits into 
volcanic vents or pipes. Kimberlite deposits are typically 
pervasively serpentinised as a result of the reaction of 
olivine and water within a temperature range of 130–400 
°C or less. We present a model for the influx of ground 
water into hot kimberlite deposits coupled with 
progressive cooling and serpentisation. Large-pressure 
gradients cause influx and heating of water within the 
pipe with horizontal convergent flow in the host rock and 
along pipe margins, and upward flow within the pipe 
centre.  Complete serpentisation is predicted for wide 
ranges of permeability of the host rocks and kimberlite 
deposits. For typical pipe dimensions, cooling times are 
centuries to a few millennia. Excess volume of serpentine 
results in filling of pore spaces, eventually inhibiting 
fluid flow.
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Summary:

Onset  of thermal convection of a single-phase fluid in a vertical fault enclosed in impermeable rocks 
was considered in a full 3D approximation by Wang et al. (1987). A fundamental result of those 
investigations was to demonstrate how highly permeable faults allow for onset of free thermal 
convection even under a normal geothermal gradient. In contrast to simple homogenous 1D and 2D 
systems, no appropriate analytical solutions exist to test against numerical models of more complex 
3D systems that account  for variable fluid density and viscosity as well as permeability heterogeneity 
(e.g. presence of faults). Owing to the importance of thermal convection for the transport of energy 
and minerals, the development of a benchmark test  for density/viscosity driven flow is crucial to 
ensure that the applied numerical models accurately simulate the physical processes at hands.
The presented study proposes a 3D test case for the simulation of thermal convection in a faulted 
system that  accounts for temperature dependent fluid density and viscosity. The linear stability 
analysis recently developed by Malkovsky and Magri (2016) is used to estimate the critical Rayleigh 
number above which thermal convection is triggered. 
The numerical simulations are carried out using the finite element  technique. OpenGeoSys (Kolditz et 
al., 2012) and Moose (Gaston et  al., 2009) results are compared to those obtained using the 
commercial software FEFLOW (Diersch, 2014) to test  the ability of widely applied codes in matching 
both the critical Rayleigh number and the dynamical features of convective processes (e.g., Fig. 1). 
The methodology and Rayleigh expressions given in this study can be applied to any numerical model 
that deals with 3D geothermal processes in faulted basins.

Figure 1: Darcy velocity field displaying thermal 
convection within a fault plane (modified after 
Malkovsky and Magri, 2016) The scale of the Darcy 
velocity is 1e-9 m/s and the contour interval is 2.
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Introduction:

It  is classically admitted that faults propagate from the depth toward the surface whatever the scale of 
observation. In an orogen for example, the deformation propagates using shallower and shallower 
décollements. However fold-and-thrust belts can develop in area prefractured by extensive tectonics. 
In such cases, the fold-and-thrust belt  has formed along a non-planar décollement  level disrupted by 
downward and upward steps. We study the behavior of the compressive deformation that encountered 
a downward step in the décollement due to basement relief. Does this step systematically generate an 
abandonment of décollement level? Is it  possible to propagate the deformation on the deepened part of 
the décollement?

Method:

Numerical modeling 
The numerical analysis was carried out with the software OptumG2 using the kinematic approach of 
the Limit  Analysis theory. We realize a parametric study of a prototype composed by a sedimentary 
bulk in which a décollement level, d, is disrupted and deepened by a normal fault, that separates this 
décollement in two parts, dupper and dlower . 

Sandbox modeling
The same prototype is reproduced in sandbox in order to validate numerical results by some 
experiments. The box used is 40 cm length and 28 cm width. The material of the bulk has been 
modeled by the CV32 sand and the décollement level by Alkor foil®. The base of the model is 
composed of a paperboard step.  The topography is composed of a prism close to the pushing wall and 
a plateau.

Results:

Numerical results
Using the limit analysis theory, we demonstrate that for a given set of physical parameters, dlower, can 
be reactivated depending on the height of the offset  and on the topography above it (Fig. 1). We show 
that if the topography above the step is completely flat, even a very small step will stop the 
propagation of the deformation. A low friction on the décollement  favors the activation of dlower while 
a high friction refrains it. A pre-existing ramp at  the upper corner of the step refrains the activation of 
dlower, especially if it has a low friction. 
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Figure 1: Mechanical result with OptumG2. The deformation propagates beyond the step on dlower. 

Sandbox results

By sandbox experiments, we validate the results of some precise cases of the numerical parametric 
study and we illustrate the general behavior in evolution of a deformation that encounter a disruption 
in the décollement. We show that  a step represents a slowdown in the propagation of the deformation 
front. It  acts as a catching point that localizes a ramp until the created topography is sufficient to block 
the ongoing deformation on this ramp allowing its propagation farther along the lowered portion of the 
décollement  level (Fig. 2). The resulting tectonic style is composed of a stack of faults separated from 
the following structures by a plateau. 

Figure 2: Sandbox result of the evolution of a thrust sequence that encounters a décollement step.

Keywords: Limit analysis, sandbox, basement topography, fold-and-thrust belts.
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Several analogue modeling studies have been conducted during the past fifteen years to discuss the 
effects of sedimentation and erosion on Foreland Fold and Thrust  Belts (FFTB), of which a few have 
focused on the kilometric scale (Malavieille et  al., 1993; Nalpas et  al., 1999; Barrier et  al., 2002; 
Pichot and Nalpas, 2009). The influence of syn-deformation sedimentation and erosion on the 
structural evolution of FFTB has been clearly shown. Here, we propose to go further in this approach 
by studying a more complex system with a double decollement  level. The natural study case is the 
Bolivian sub-Andean thrust and fold belt, which presents all the required criteria, such as the double 
decollement  level. A set of analogue models performed under a CT-scan have been perfomed to test 
the influence of several parameters on a fold and thrust belt  system, of which: (i) the spatial variations 
in the sediment input, (ii) the spatial variations in the erosion rate, (iii) the relative distribution of 
sedimentation between foreland and hinterland. These experiments led to the following observations:

1. The upper decollement level acts as a decoupling level in case of increased sedimentation rate: it 
results in the verticalization of the shallower part  (above the upper decollement  level) while the deeper 
parts are not impacted.
2. Similarly, the increase in the erosion rate involves the uplift  of the deeper part  (below the upper 
decollement level) whereas the shallower parts are not impacted.
3. A high sedimentation rate in the foreland involves a fault and fold vergence reversal, followed by a 
back-thrusting of the shallower part.
4. A high sedimentation rate in the hinterland favors thrust  development toward the foreland in the 
shallower parts.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (Oral)

Introduction:

Vertical pipe structures are widely observed in many subsurface reservoirs on Earth. Because of their 
economical interest, an important  number of geophysical surveys are performed in these regions. The 
acquired seismic cross-sections provide reliable data about  the shape and the main characteristics of 
those vertical pipes; their elevated permeability makes them preferential pathways for fast  vertical 
fluid flow. Besides the qualitative understanding of those features, there is a need to quantitatively 
understand the viable physical mechanisms leading to the formation of these high permeability pipes. 

Method:

In that  context, we propose a physical model that  predicts the formation and the evolution of high 
permeability pipes in porous media. We designed a finite difference model that strongly couples a 
Stokes solver to a nonlinear Darcy flow, in two and three dimensions (2D and 3D). We also take into 
account in our models porosity-dependant permeability and rheologies that are representative of 
common reservoir rock types. The 2D model is implemented using a Newton based solver in Matlab. 
The 3D model uses an iterative matrix free scheme that  runs in parallel on multiple graphical 
processing units (GPUs) using C-Cuda and MPI.

Results:

We conduct  numerical simulations and show the formation and propagation of high permeability and 
high porosity pipes as a natural outcome of the coupling of the solid matrix deformation to fluid flow 
(Figure 1). We discuss the treatment of multi-physics coupling and the importance of accurately 
resolving the nonlinearities. We finally show that the Newton based and the matrix free approaches 
converge to identical results. Both approaches capture the generation and evolution of fluid pathways. 
In that context, matrix free algorithms are attractive because they are performing very well on HPC 
implementations in 3D and are very comprehensible.
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Figure 1: 3D normalized porosity distribution of a fluid filled visco-elasto-plastic deforming porous media 
sample compacting under gravity.  The initial porosity distribution, a 3D ellipsoid, evolves into distinct pipe 
structures of elevated porosity and permeability. Fluid flow within these pipes increases more than two orders of 
magnitude compared to background values. 

Keywords: Fluid pathways, pipe structures, two-phase solver, finite-differences, high-resolution, 
GPU.

 GeoMod 2016 conference
 Montpellier, France | 17–20 October 2016

292



Impact of an interbedded viscous décollement on the along-strike segmentation of 
fold-and-thrust belts: insights from analogue modeling. 

Sandra Borderie1, Fabien Graveleau1, César Witt1 and Bruno C. Vendeville1

1) Univ. Lille, CNRS, Univ.  Littoral Côte d’Opale, UMR 8187, LOG, Laboratoire d’Océanologie et de 
Géosciences, F 59000 Lille, France

Corresponding author: sandra.borderie@gmail.com 

S6 - Dynamics of sedimentary Basins, Fluids & Georeservoirs (Oral)

Fold-and-thrust belts can be segmented both across and along strike because of diverse 
factors, including tectonic and stratigraphic inheritance. Along-strike stratigraphic changes in the 
foreland are classically observed and very often cause a curvature of the deformation front. Although 
the parameters controlling this curvature are well documented, the structural interactions and mutual 
influences between adjacent provinces displaying contrasting rheologies are much less analyzed. To 
investigate this issue, we performed a set  of analogue experiments in a compressional box. Models 
were shortened above a basal frictional detachment (glass microbeads) and segmentation was tested by 
having a region in which a viscous level (silicone polymer) was interbedded within the sedimentary 
cover (dry sand). Two models made with and without  the interbedded viscous levels provided end-
member tests. By changing the relative width of the frictional (F) and viscous (V) provinces, we 
characterized geometrically and kinematically the dynamic interactions between both provinces.

Our results indicate that there are reciprocal influences between V and F provinces. First, the 
deformation kinematics in the V province is impacted by the presence of the adjacent  F province. This 
influence depends on the width of the V province. Indeed, narrow V provinces display in sequence 
propagation of shallow thrusts, whereas wide V provinces display an out-of-sequence mode of 
deformation propagation. This results in the deformation front  to reach lately the external décollement 
pinchout in the former case, but  to reach it much more rapidly in the latter. In the latter case (wide V 
province), once deformation has reached the external décollement pinchout, the trend of younger 
thrusts in the V province near the lateral limit between the adjacent provinces are oblique with respect 
to the direction of shortening.

In addition, the structural style in the V provinces is significantly impacted by the adjacent  F 
province. It  notably triggers the distinction between three distinct structural styles along strike. Indeed, 
far from the F province, structures are primarily of salt-massif type. They do not seem to be influenced 
by the F province because they correspond to the structural style observed in the end-member V 
model. Towards the F province, deformation changes gradually to a zone of purely forethrusts 
(foreland verging thrusts), and finally to a highly faulted zone with both fore- and backthrusts.

Second, along-strike segmentation in the foreland stratigraphy affects the deformation 
kinematics of thrusts rooting at  depth in the basal frictional décollement. In one-province end-member 
models, the deep deformation front is located very much backward in the V model, but is located 
extremely forward in the F model. In the two-province models (adjacent F and V provinces), the 
position of the deformation front at  depth in the F province is much more backward than in the end-
member model. Similarly, the position of the deep deformation front in the V province is much more 
forward than in the end-member model. Therefore, two adjacent  F and V provinces influence mutually 
the dynamics of propagation of the deep deformation front  by restraining it backward in the F 
province and pushing it forward in the V province.
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Finally, we compare our experimental results with natural examples in the Kuqa basin (Southern 
Tian Shan, China), or the Franklin Mountains (NW Canada), which allow a better understanding of the 
dynamics of salt-bearing fold-and-thrust belts.

Keywords: Analogue modeling, fold-and-thrust belt, along-strike segmentation, viscous décollement.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Introduction:

The Northern side of Ghadames basin is known as the most  important petroleum province. 
Geochemical data, in South Remada region, indicates that the hot shale layer of the Tannezuft 
Formation is the main source rock which has been charged the Ordovician reservoir. According to 
Ghnima (1993), this formation represents the origin of 80-90% Paleozoic sourced hydrocarbons on the 
entire Saharan Platform. 

The reconstruction of the burial history and thermal history of this layer was established by coupling 
two differents disciplines:

The 1D geochemical modeling of the well localized in Bir Ben Tartar Region, and the 
microthermometry by measuring the homogenization temperature of the fluid inclusions trapped into 
the quartz grains of the Ordovician reservoir. The found results provide important  clues to remodel the 
diagenetics events observed over time.

Geochemical modeling:

According to the model made by the BasinMod-1D software, we deduce that the heat  flow varies 
between 60 °C and 80 °C (Fig.1), related to a thickness of 84m in Silurian series in Bir Tartar region. 

During the Ordovician in the same region, the widespread extension and crustal thinning are expected 
to cause an increase in heat flow, which is estimated on average 100 ° C.

This variation of the heat flow over time can be explained by the presence of major structural events 
that have affected the study area. Indeed the Hercynian compression leads to a significant crustal 
thickening inducing rapid reduction of heat flow (Makhous, 2001).
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Figure 1: Basin modeling and Petroleum Event Chart of Bir Ben Tartar well

Fluid Inclusions assessment:

Fluid inclusions are analyzed by microthermometry are also known as indicative of trapping 
conditions and petroleum fluid flow. The high density and low pressure describe the trapping physical 
characteristics of mineral Banking (Fluid inclusions are trapped in detrital quartz grain, well-rounded 
morphology). The measured salinity is high, on average ≈ 25% weight  eq. NaCl (Fig.2). This external 
fluid is acid circulating in the Ordovician reservoir may come from the Silurian source rock which has 
expelled fluids rich in organic acids during the landfill (Tournier, 2010). These burial temperatures are 
consistent with the homogenization temperatures measured in aqueous two-phase fluid inclusions 
(surrounding of 102 ° C).

Figure 2: Relationship between the degree of charging (F) at 25 ° C and the total density of the inclusions for 
different solutions of NaCl (Clifton H. et al., 1985).
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

The Baram Delta System, Brunei, NW Borneo, is a tertiary delta system nested in the crustal-scale 
Borneo collapse system (Sapin et  al, 2010) (Figure 1a). The margin failure is accommodated by 
proximal extension and distal shortening corresponding to gravity spreading above a miocene shale 
décollement  (Figure 1b). In the offshore Baram delta, seismic resolution and well-correlations are 
lacking to thoroughly describe the calendar of the late pliocene-pleistocene gravity-driven 
deformations, in order to reduce structural uncertainties of the kinematic scenarios of basin 
deformation.
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The Baram Delta System, Brunei, NW Borneo, is a tertiary delta system nested in the crustal-scale 
Borneo collapse system (Sapin et al, 2010) (Figure 1a). The margin failure is accommodated by 
proximal extension and distal shortening corresponding to gravity spreading above a miocene shale 
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lacking to thoroughly describe the calendar of the late pliocene-pleistocene gravity-driven 
deformations, in order to reduce structural uncertainties of the kinematic scenarios of basin 
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Figure 1: a) Tectonic map of N.W. Borneo and b) interpreted depth-converted seismic section of the Baram Delta (modified 
from Sapin, 2010). 

 
In this work, we aim to restore the geological evolution of the Plio-Pleistocene Baram Delta, 
respecting mechanical equilibrium, volume conservation and the maximum rock strength. These 
gravity-driven deformations are constrained using the kinematic approach of limit analysis, 
considering geological materials as overpressured Coulomb frictional materials. SLAMTec 
(Sequential Limit Analysis Method for Tectonic) is a forward method that detects at each increment of 
sedimentation a possible gravitational collapse, with an optimum normal fault and thrust-fold 
emplacement, and updates the basin geometry using a set of geometrical rules (Mary et al, 2013; 
Yuan, in prep.).  
 
1782 simulations are run to explore the influence of the sedimentation processes, fluid overpressure 
and sediments internal friction angle on the Plio-Pleistocene gravity-driven deformations. Boundary 

Figure 1: a) Tectonic map of N.W. Borneo and b) interpreted depth-converted seismic section of the Baram Delta 
(modified from Sapin, 2010).

In this work, we aim to restore the geological evolution of the Plio-Pleistocene Baram Delta, 
respecting mechanical equilibrium, volume conservation and the maximum rock strength. These 
gravity-driven deformations are constrained using the kinematic approach of limit analysis, 
considering geological materials as overpressured Coulomb frictional materials. SLAMTec 
(Sequential Limit  Analysis Method for Tectonic) is a forward method that  detects at each increment of 
sedimentation a possible gravitational collapse, with an optimum normal fault  and thrust-fold 
emplacement, and updates the basin geometry using a set of geometrical rules (Mary et al, 2013; 
Yuan, in prep.).

1782 simulations are run to explore the influence of the sedimentation processes, fluid overpressure 
and sediments internal friction angle on the Plio-Pleistocene gravity-driven deformations. Boundary 
conditions consist  of two fixed walls, a décollement angle (β) of 1.8° and a topographic slope (α) 
divided in three segments of 0°, 2° and -0.8°. The sedimentation model is defined by three parameters: 
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proximal aggradation, distal aggradation and shelf progradation, tested respectively from 2.5 to 
3.5km, 1 to 2km and 25km to 35km. The explored bulk and décollement  effective friction angles (φ’b; 
φ’d) are comprised between 9° to 14° and 0.05° to 0.7°. Assuming dry internal friction angles of 20° 
and 10° for the bulk and décollement, it  corresponds to a fluid overpressure gradient (Δλ) ranging 
respectively from 0.42 to 0.31 and 0.577 to 0.54. Model results show that a high fluid overpressure is 
necessary to create the conditions for gravitational collapse, while the margin stability is critically 
linked to the rates of shelf aggradation and progradation. Eight quantitative criteria are defined to 
grade the 1782 models compared to the available data. As in the inversion theory approach, these are 
used to point the models that  match the best  the interpreted seismic section (Figure 1b). One of these 
models is displayed in Figure 2.
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In this example, the major structural features of the Brunei margin have been successfully modeled. 
However, the two successive gravity-driven systems observed in Figure 1b cannot be explained with 
constant parameters. We suggest that evolutionary sedimentation and mechanical parameters are 
necessary to model this structural feature. As such, this study highlights the existence of distinct 
deformation sequences during the Plio-Pleistocene in the Baram delta, each characterized by different 
sedimentation models and/or pore pressure values. The lessons learned from this work are used to 
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Figure 2: a) Modeled evolution of the Brunei collapsed system for [φ’d=0.35°; φ’b=10°] and b) Position of the 
normal fault/thrust fault couples during the sedimentation.

In this example, the major structural features of the Brunei margin have been successfully modeled. 
However, the two successive gravity-driven systems observed in Figure 1b cannot  be explained with 
constant  parameters. We suggest  that evolutionary sedimentation and mechanical parameters are 
necessary to model this structural feature. As such, this study highlights the existence of distinct 
deformation sequences during the Plio-Pleistocene in the Baram delta, each characterized by different 
sedimentation models and/or pore pressure values. The lessons learned from this work are used to 
conceive a “mechanically balanced” structural restoration, including information on the fluids 
overpressure, sedimentation model and mechanical parameters that controlled its evolution.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Extension during convergence is a structural process commonly encountered in different geodynamic 
settings, such as accretionary wedges subjected to tectonic erosion, or mountain belts undergoing post-
orogenic collapse. This has been investigated with experimental models at the scale of doubly-vergent 
wedges (Bonini et  al., 2000; Buck and Sokoutis, 1994; Haq and Davis, 2008); but  not  thoroughly at 
the scale of fold-and-thrust  belts. During an experimental investigation carried out  on the behavior of 
segmented fold-and-thrust belts induced by stratigraphic inheritance in the foreland series, unexpected 
shallow normal faulting occurred during the latest stages. The models comprised one basal frictional 
décollement  (glass microbeads) and one upper viscous décollement embedded in the cover (silicone 
polymer) (Fig. 1). 

Figure 1: Boundary conditions of a two-province model. A to C: With and without an interbedded silicone 
décollement in the foreland. D: Map-view of the silicone location in one of the models. 

Extension took place during the late stages of the experiments (about after 20 cm of shortening) 
and it was localized at  the transition zone between the rear domain of the wedge and the frontal fold-
and-thrust  belt  that detached on the upper viscous décollement (Fig. 2-A). Normal faults strike parallel 
to the compressional structures and mainly dip toward the foreland. They root  in the viscous 
décollement and are locally contemporary to diapiric piercement, leading to the formation of silicone 
tongue (Fig. 2-B). Through a series of parametrized experiments dedicated to constrain the timing of 
formation of these extensional structures, we could evidence that  these normal faults appear once the 
bulk shortening in the rear domain has created enough uplift  of the internal zone by antiformal 
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stacking and enough forelandward tilting of the upper viscous décollement. These two latter 
mechanisms are direct  consequences of the whole wedge dynamics that links the thrust fault dynamics 
in the upper shallow sedimentary sequence and the thrust dynamics of the deep layers. The occurrence 
of this extension depends on the initial position of the upper viscous décollement and notably the 
position of the internal pinchout  with respect to the position of the backstop. Additional tests have also 
demonstrated that this extension is prevented by sedimentation. We compare our experimental findings 
with natural examples of accretionary systems across the world (e.g. the Mediterranean ridge). 

Figure 2: A: Final stage in map-view of a two-province model (see boundary conditions Fig. 1-D). Empty 
triangles are for backthrusts, full triangles are for forethrusts. Normal faults are in blue. B: Serial cross sections 
of the model (see location in A). Normal faults are located at the transition between the inner and the outer part 
of the wedge. They root in the silicone upper décollement.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Fold-and-thrust belts can be segmented along-strike because of changes in the lithology of the basal 
décollement in the foreland. This change can be generated by sedimentary variations along the strike 
in the initial filling, for instance when a viscous evaporite level evolves laterally toward a frictional 
detrital layer. Such variations in basal décollement strength classically lead to a curvature of the 
deformation front  (Cotton and Koyi, 2000) and to the development of a complex transfer zone 
between adjacent foreland domains (Calassou et  al., 1993). Although several parameters controlling 
this curvature have been well documented (Marshak, 2004), the structural and kinematics interactions 
between adjacent provinces having contrasting rheologies have been investigated much less. 

In order to answer to this question, we carried out a set  of analogue models in a 60 cm wide and 90 cm 
long experimental box (Fig. 1). We used medium quartz sand and a silicone polymer to model 
frictional and viscous natural rheologies, respectively. Boundary conditions were designed to test how 
fold-and-thrust  belt dynamics change as a function of the relative width of the adjacent  viscous and 
purely frictional provinces. We built a total of four models: 1) two end-member models with either a 
purely frictional or a viscous décollement across the entire model’s width (Fig. 1 D-E); and 2) two 
intermediate models comprising 1/3 and 2/3 of either a viscous or purely frictional décollement (Fig 1 
F-G). Models were all laterally lubricated using a silicone coating along the glass sidewall in order to 
reduce lateral edge effects.

Figure 1: Boundary conditions of the set of models.  A to C: Side views of the box filling with or without a viscous 
décollement in the foreland. D to G: Map views of the location of the rheological provinces (frictional and 
viscous provinces). D: 100%  frictional, E: 100% viscous, F: 66% frictional / 33%  viscous and G: 66% 
frictional / 33% viscous
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Deformed models indicate that  regardless of the relative width of the purely frictional vs viscous 
province, the deformation style and kinematic of the frictional province is not  impacted significantly 
by the adjacent  viscous province. By contrast, the deformation kinematics in the viscous provinces is 
significantly influenced by the presence or absence of an adjacent frictional province. Indeed, 
deformation kinematics in the viscous province is typically “out of sequence” in the one-province end-
member model having a viscous décollement all across its width (Fig. 2.A). It  becomes “in sequence” 
in both two-province models (Fig. 2.B-C). Therefore, this suggests that a purely frictional province 
prevents the deformation in the adjacent viscous province from propagating rapidly outward (and thus 
“out-of-sequence”) because of the lateral friction that opposes the advance of the deformation front. 
Interestingly, no significant change in the structural style was observed in the viscous provinces 
despites the change in deformation propagation sequence. 

Figure 2: Final cross-sections of three viscous provinces. The viscous décollement is in pink, the thrusts are in 
black. The deformation sequence is given by numbered forethrusts (t), backthrusts (b), and by the lines above the 
cross-sections. A: Cross-section in the 100%  viscous model.  Deformation propagates rapidly to the silicone 
pinchout and is out of sequence. B and C: Cross-sections in the 66%  and 33%  viscous model, respectively. 
Deformation propagates lately to the silicone pinchout and is in sequence. 
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Determining transport processes in natural faulted and fractured geological systems has been receiving 
increasing attention for different applications in geosciences. Examples comprise oil and gas and 
geothermal recovery and CO2 capture and sequestration. In this study, we present  the results from 
recent  efforts in modelling coupled thermal and hydraulic processes occurring in complex natural 
settings comprising a heterogeneous sedimentary matrix structure, discrete geological discontinuities, 
i.e. faults and fractures, and geothermal wells. We use novel modelling concepts to integrate into 
forward dynamic models details of 3D geological architecture of faulted/fractured geological systems 
at  different  scales (from regional to the reservoir scale). As such, these models enable to fully account 
for the coupling between non-linear physical hydro-thermal processes given their proper temporal and 
spatial scales and to specifically investigate and quantify interactions between discrete flow paths 
through and across faults and fractures and within the porous rock matrix. 

Regional scale models:

We carried out numerical coupled hydraulic and thermal simulations focusing on the region of 
Brandenburg, Northeast  German Basin. The goal of this study is to investigate the impact of major 
fault zones on the groundwater circulation system and on the thermal field for the area of Brandenburg 
in northeast Germany. For this purpose, two regional fault zones – the Gardelegen and Lausitz 
Escarpments – have been integrated into an existing 3D structural of the study area. The study has 
indicated specific yet  unclear interactions between major fault zones and neighboring sediments. The 
hydrodynamic and thermal influence of faults is structurally linked to their internal permeability 
architecture and the nature of hydrogeological connectivity with hosting heterogeneous sediments. 
Highly permeable fault zones focusing and channeling fluid flow has a strong impact  on both the 
thermal and pressure field in the surrounding sedimentary domains. In contrast, low permeable fault 
zones impact only on the pressure evolution of the nearby sediments. Depending on the fault 
permeability structure, their geometry, fault  zones may dynamically interact with the regional 
groundwater circulation in quite distinct ways giving rise to the formation of domains of abnormal 
pressures and thermal anomalies, which may extend further in the surrounding porous host matrix.

Reservoir scale models:

The results from regional studies have shed new information on the large-scale hydrodynamics of 
sedimentary basins characterized by major fault  zones in their interior. In addition to the regional 
picture, existing fault  zones and fractured domains modify the overall reservoir permeability structure 
and therefore change the flow dynamics of the reservoir. Apart for an accurate description of the 
parameter space, to correctly simulate operating scenarios under different working conditions requires 
a detailed representation of the geometry of the target formations comprising local inhomogeneity 
characterizing the natural system. 
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Recent numerical modelling studies focused on improving our understanding of the geothermal 
reservoir dynamics at the Groß Schönebeck geothermal reservoir. In these studies, TH numerical 
forward simulations of the reservoir behavior during geothermal fluid injection and production have 
been carried out. These have been combined with an integrative study aiming at identifying 
uncertainties in the geological data in order to evaluate their influence on the outcome of the process 
simulation. The results have demonstrated that  existing fault  zones and induced fractures modify the 
overall reservoir permeability structure and therefore change the flow dynamics of the reservoir, see 
Fig. 1. This has a great  impact on the productivity of the same reservoir, which can be enhanced or 
reduced depending on the fracture network architecture and their location with respect  to the 
producing well. 

Figure 1: Example of a simulation results after 30 years for the Groß Schönebeck geothermal reservoir. 

The results, as constrained against  available data, demonstrate the relevance of the approach to 
improve current predictive capabilities of reservoir models with a combined consideration of their 
uncertainties in rock properties and structural features. 
Based on the results obtained for the current  situation of the reservoir, additional simulations have 
been carried out with the aim to find optimal well designs to improve both its performance and long-
term sustainability. This latter study shows that a hybrid concept  combining both matrix and fracture-
dominated flow paths between the production and the injection wells could significantly increase the 
reservoir productivity and prolongs the time before the onset of thermal breakthrough. 
Ongoing work focuses on integrating additional processes that  have yet to be fully quantified. These 
include mechanical-chemical processes related to the presence of free gas and two-phase flow in the 
reservoir (e.g. nearby the well screen), chemical precipitates in the wellbore, chemical alteration of the 
porous matrix, and mechanical sustainability of hydraulically induced fractures and barrier effects of 
internal fault zones which could harm the sustainability of the overall system under production.

Keywords: Geothermal Reservoir Analysis, Coupled Thermal and Hydraulic Processes, Numerical 
Modelling, Groß Schönebeck.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Abstract:

The study area is located in the Kasserine region to end of western-central part  of Tunisia, named 
“Bou Chebka” region. It’s characterized by the largest sands deposits extra-siliceous in Tunisia: sands 
and sandstones of Beglia formation, extending into the region of Jebel Chaambi- Jebel Semmama- 
Bou Chebka. They are considered in quantity and quality as the best  silica sand deposit. It  is typified 
by its high silica content, to very low levels of impurities and by their remarkable granularity.

The research was interested to a multidisciplinary study to investigate the potential of extra siliceous, 
Serravallian – Tortonian, sands of Bou Chebka region, and estimate its use in industrial field, mainly 
in glassware. The morphoscopic analysis of detrital series shows that the useful fraction (100 - 630 
microns) consists essentially transparent quartz grains, translucent to opaque. The densimetric 
separation identified very small quantities of some heavy minerals: tourmaline, staurolite and Zircon. 

The mineralogical study of the total rock, by X-ray diffraction, shows that  the sands are rich in quartz 
with low levels of feldspars.  Chemical analysis of sand shows very high levels of SiO2 corresponding 
to an extra siliceous sand (SiO2 ≈ 98 %). Other major elements show low levels. However, contents of 
iron (Fe2O3), and coloring elements (TiO2) are slightly higher. By setting attrition sand processing 
parameters, the results demonstrated a decrease of Fe2O3 (0, 04 %) and an increase in the SiO2 content 
of about  99, 5 %. Geological sands reserves identified in Bou Chebka field are very important. It  can 
be used in the manufacture of certain types of semi-white glass, colored glassware and glass wool. 

The sustainability of the operation can be provided by the reservations contained in the immediate and 
natural extensions of these industrial sands. This site contains an ideal sands deposit, which is 
amenable to exploitation by quarry to produce multiple industrial use, in particular the manufacture of 
glass.

Keywords: The sands, Mineralogy, Chemistry, Attrition, Glassware.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Introduction:

Orogenic wedges locally present  chaotic tectonostratigraphic units that  contain exotic blocks of 
various size, origin, age and lithology, embedded in a sedimentary matrix. The occurrence of ophiolitic 
blocks, sometimes huge, in such “mélanges" raises questions on i) the mechanisms responsible for the 
incorporation of oceanic basement rocks into an accretionary wedge and ii) the mechanisms allowing 
exhumation and redeposition of these exotic elements in “mélanges" during wedge growth.

Analogue modelling:

To address these questions, we present the results of a series of analog experiments performed to 
characterize the processes and parameters responsible for accretion, exhumation and 
tectonosedimentary reworking of oceanic basement lithospheric fragments in an accretionary wedge. 
The experimental setup is designed to simulate the interaction between tectonics, erosion and 
sedimentation. Different  configurations are applied to study the impact of various parameters, such as 
irregular oceanic floor due to structural inheritance, or the presence of layers with contrasted rheology 
that can affect  deformation partitioning in the wedge (frontal accretion vs basal accretion) influencing 
its growth (Fig. 1). Image correlation technique allows extracting instantaneous velocity field, and 
tracking of passive particles. Using the particle paths determined on models the pressure-temperature 
path of mélange units or elementary blocks can be discussed. 

Case studies and tectonic model:

The experimental results are then compared with observations from ophiolite-bearing mélanges in 
Taiwan (Lichi and Kenting mélanges) and Raman spectroscopy of carbonaceous material (RSCM) 
Thermometry data on rocks from the northern Apennines (Casanova mélange). A geological scenario 
is proposed following basic observations (Fig. 2). The tectonic evolution of the retroside of doubly 
vergent  accretionary wedges is mainly controlled by backthrusting and backfolding. The retro wedge 
is characterized by steep slopes that are prone to gravitational instabilities. It triggers submarine 
landslides inducing huge mass transfers. This erosion combined with backthrusting could favour 
exhumation of the ophiolitic fragments formerly accreted at the base of the wedge along the rough 
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seafloor-sediments interface. Such an exhumed material can be reworked and deposited as debris-
flows in proximal basins located at the foot of the retrowedge slope forming a tectono-sedimentary 
mélange. These syntectonic basins are continuously deformed and involved in prograding 
backthrusting-induced deformation.

Figure 1: Evolutionary stages of experiments 3 and 4 outlining the impact of basal friction on wedge dynamics 
and exhumation.

Figure 2: Cartoon illustrating the proposed model for exhumation and redeposition of ophiolitic debris and 
wedge rocks as tectonosedimentary mélanges in the retrowedge setting. Major backthrusting and gravity driven 
submarine erosion allows exhumation and deposition of exotic blocks in the syn-tectonic retrowedge basin. a) 
First setting,  the wedge grows by frontal accretion of imbricated thrust units. The red dotted lines suggest the 
shape of isotherms registered by peak temperature thermometry.  b) Second setting, deformation partitioning 
occurs, the wedge grows by frontal accretion and basal accretion at depth.

Keywords: Tectono-sedimentary mélanges, ophiolites, analog modeling, Raman spectrometry, 
submarine erosion, Casanova mélange, Apennines, Kenting & Lichi mélanges, Taiwan.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Backstripping studies of biostratigraphic data from deep wells show that  sediment loading is one of 
the main factors controlling the subsidence and uplift history of sedimentary basins. Previous studies 
based on single layer models of elastic and viscoelastic plates overlying an inviscid fluid have shown 
that sediment loading, together with a tectonic subsidence that  decreases exponentially with time, can 
explain the large-scale ‘architecture’ of rift-type basins and, in some cases, details of their internal 
stratigraphy such as onlap and offlap. One problem with these so-called ‘steer’s head’ models is that 
they were based on a simple rheological model in which the long-term strength of the lithosphere 
increased with thermal age. Recent oceanic flexure studies, however, reveal that  the long-term strength 
of the lithosphere depends not only on thermal age, but also load age. 

We have used the thermal structure based on plate cooling models, together with recent 
experimentally-derived flow laws, to compute the viscosity structure of the lithosphere and a new 
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analytical model to compute the flexure of a multilayer viscoelastic plate by a trapezoid-shaped 
sediment  load at different times since basin initiation. The combination of basin subsidence and 
viscoelastic flexural response results in the fluctuation of the depositional surface with time. In our 
new analytical model, we can replicate a range of stratigraphic patterns from onlap to offlap with a 
continuum of transitional behaviour. 

This transition regime can produce a basin in which onlap dominates its early evolution while offlap 
dominates its later evolution with an unconformity separating the two different  stratal patterns. The 
model also elucidates the behaviour of the depositional surface which can shallow, deepen, or cycle 
between the two. Cycles of sedimentation occur throughout  the geological column, although they are 
arguably best developed in the Carboniferous cyclothems of Europe and North America. 

Therefore, when consideration is given to the fact that  the long-term strength of the lithosphere 
depends on both thermal and load age we are able to produce stratal geometries that not  only closely 
resemble stratigraphic observations, but do not require either long-term sea-level or sediment  flux 
changes in order to explain them.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Modelling the Messinian Salinity Crisis:

The offshore Levant Basin demonstrates one of the most phenomenal natural examples of a working 
petroleum system associated with a relatively rapid unloading and loading cycle caused by the 
Messinian Salinity Crisis (MSC). In this study (Al-Balushi et  al. 2016, in press), 2D basin modelling 
suggests that  the geologically instantaneous water unloading of c. 2070 m and subsequent  rapid salt 
deposition and refill impact the subsurface pore pressure, temperature and other petrophysical 
parameters in the underlying sediments (Figure 1). The pressure drop is modelled to be instantaneous, 
whereas the impact on temperature is more of a transient response.
 

Figure 1: Conceptual model of the Messinian sea level drop and salt precipitation with results of pressure, 
temperature and compaction modelling.
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Impact on Petroleum Systems:

This has important  consequences for the shallow sub-Messinian biogenic petroleum system, which is 
assumed to have experienced fluid brecciation associated with massive fluid escape events. Deeper 
Oligo-Miocene sediments are far less affected, thus indicating a "preservation window" for biogenic 
gas accumulations, which hosts the recent discoveries (Tamar, Leviathan, Aphrodite; Figure 2). 
Hydrocarbon accumulations of a "bubblepoint  oil" composition are modelled to have experienced a 
phase change followed by gas cap expansion during the drawdown, with the pressure drop being the 
primary control. This study suggests that  seal-limited traps are expected to have undergone a 
catastrophic seal failure, resulting in a series of pockmarks in the vicinity of the Messinian salt.

Figure 2: Cross section with hydrocarbon saturations resulting from petroleum systems modeling.
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S6- Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Introduction:

The Southern North Sea is dissected by a series of Permian-Triassic and Jurassic extensional basins 
that are strongly influenced by salt tectonics, related to a thick layer of Late Permian Zechstein 
evaporites that decouples the Mesozoic basin-fill from the Paleozoic basement. Although the current 
tectonic setting and crustal structure of the Southern North Sea results from repeated tectonic activity 
over the past  400 My, most of the fault  network was already established before the late Carboniferous 
Variscan orogeny. The southern North Sea's segmentation in several basins, platforms and highs was 
completed after the Permian-Triassic and Late Jurassic rifting phases (e.g. Ziegler et  al., 1990). The 
Permian-Triassic and Late Jurassic extensional basins were partly inverted during Late Cretaceous and 
Paleogene convergence. The current basin fill reflects only part of the tectonic history due to salt 
tectonics and several erosion phases. 

Logically, a network of parallel extensional basins of the same age is interlinked by strike-slip faults 
and strike-slip motion should therefore be a general feature. However, like in most  cases, the 
recognition of strike-slip displacement  in the North Sea is not obvious and further complicated by fault 
reactivation and salt tectonics. Moreover, the evaporites cause a strong decrease in seismic resolution, 
limiting the seismic resolution below the Zechstein.

Modelling of strike-slip reactivation:

To better understand the localisation and mechanics of strike slip reactivation in extensional salt-
tectonic basins, a series of tectonic laboratory experiments was performed. We however started our 
experimental study with experiments on post-rift  salt tectonics in light  of the many salt walls and 
diapirs in the Southern North Sea and their possible role in accommodating strike-slip deformation. 
The early stages of salt tectonics in thick-skinned extension has been studied rather well (e.g., Nalpas 
and Brun, 1993), less is known about the further development  of ductile structures after the seize of 
regional extension. 

Because we are unaware of experimental studies that focussed on salt  tectonics in strike-slip settings, 
besides the application to pull-apart basins (e.g. Smit et  al., 2008), we investigated the evolution and 
the internal and external structure of salt tectonics in pure strike slip systems in the second series. 

A final series focussed on reactivation in strike slip of extensional basins. The models demonstrate that 
the presence of a weak layer in a pre-formed basin has a profound effect  on the deformation pattern 
when the preformed basin is subjected to strike-slip deformation. Results are applied to the North Sea 
Central Graben.
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S6 – Dynamics of sedimentary Basins, Fluids & Georeservoirs (PS7)

Introduction:

A number of key processes in sedimentary basins are temperature-controlled. Examples include source 
rock maturation, quartz cementation, and smectite to illite transformation. These processes are 
particularly relevant for petroleum system analysis as they affect the generation of hydrocarbons, fluid 
pressure development, and reservoir quality.

Modeling the thermal evolution of a sedimentary basin involves solving the transient heat  equation, 
which requires the specification of initial and boundary conditions. Within the crust, and more 
generally within the entire lithosphere, a relatively constant  boundary condition through geological 
time scale is the ~1300 oC isotherm defining the Lithosphere-Asthenosphere-Boundary (LAB). 
Petroleum System Models (PSM) are, however, designed to resolve sedimentation processes within a 
specific region of interest where the heat equation is solved at basin-scale and far away from the LAB. 

Therefore, PSM rely on the assumption of a basement heat  flow boundary condition. There are several 
drawbacks in using such boundary condition: 1) the basement heat flow is usually unknown and may 
evolve during the basin formation, and 2) the basement heat flow can be influenced by thermal 
feedbacks from sedimentary processes (Rüpke et al., 2013). Regarding these limitations, several 
geodynamic models can be used to approximate a value of the basement  heat flow, ranging from the 
classic McKenzie model (McKenzie, 1978, Jarvis and McKenzie, 1980) to fully dynamic margin 
models (e.g., Huismans and Beaumont, 2011). However, these lithospheric-scale geodynamic models 
often neglect the basin-scale sedimentation processes.

In this study, we calculate the basement and surface heat flow in a sedimentary basin by taking into 
account both basin-scale and lithospheric-scale thermal processes using a tailored 1D finite element 
model. Our model domain extended thought the entire lithosphere, where the thermal boundaries are 
relatively well constrained, and is greatly refined toward the surface to accurately account  for the 
formation of the basin and solve for the basin-scale thermal processes. We will illustrate the 
importance of taking into account the thermal processes operating on both scales simultaneously with 
the “classical” example of a rift  basin formation. We will also assess the relevance of using surface 
heat flow measurements for the calibration of the basement  heat flow into PSM and show that a simple 
relationship between surface and basement heat flow only exists in thermal steady state.

Results – thermal structure of a rift basin:

Here we model the thermal structure of a rift  basin created by isostatic compensation after uniform 
stretching of the lithosphere. We systematically quantify the effect  of the transient thermal processes 
inherent to basin formation, such as sedimentation and compaction driven fluid flow, on the evolution 
of the basement and surface heat flow.
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Figure 1a shows the temperature evolution of the 10 first km of the model where the black line 
represents the depth of the forming basin. The corresponding evolution of the basement  and surface 
heat flow are plotted Figure 1b. To illustrate the importance of the sedimentary processes in the 
thermal evolution of the system, we compare our results with the heat flow prediction from McKenzie 
model, which neglects the presence of sediments in the basin.
Two important  observations can be made; 1) sedimentation processes may lead to a reduction of the 
surface and basement heat  flow at the initial stage of rifting, and 2) a decoupling between surface and 
basement heat flow may be expected during syn-rift and shortly after post-rift.
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Figure 1: a) Temperature evolution during syn-rift (5 Ma, stretching factor 2) and post-rift in the upper 10 km of the model. 
b) Corresponding evolution of the basement heat flow (Qb), surface heat flow (Qs), and corrected surface heat flow (Qs - 
S) calculated in our model compared to the surface/basement heat flow predicted by McKenzie model where thermal 
disequilibrium and sedimentation processes are neglected. 

 
Our results show that resolving sedimentation processes in basin modeling is crucial, with the thermal 
impact of sediment deposition being at least as important as rifting induced basement heat flow 
variations. 
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Figure 1: a) Temperature evolution during syn-rift (5 Ma, stretching factor 2) and post-rift in the upper 10 km of 
the model. b) Corresponding evolution of the basement heat flow (Qb), surface heat flow (Qs),  and corrected 
surface heat flow (Qs - S) calculated in our model compared to the surface/basement heat flow predicted by 
McKenzie model where thermal disequilibrium and sedimentation processes are neglected.

Our results show that  resolving sedimentation processes in basin modeling is crucial, with the thermal 
impact  of sediment deposition being at  least as important  as rifting induced basement heat  flow 
variations.
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The Po Valley (northern Italy) is a rather peculiar foreland-foredeep tectonic system. Indeed, from 
Oligocene to present the region was the contemporaneous foredeep to the Southern Alps and the 
Northern Apennines belts which intermittently advanced towards the south and the north respectively, 
while deforming across a common foreland.

During the related geodynamic events, the northernmost  sector of the Adria microplate (present-day 
Po Valley) was (i) colliding against the Eurasian plate, (ii) counterclock-rotating around a pivot-zone 
likely placed in the western zone of the Adria indenter and (iii) giving rise to the Southern Alps and 
the Northern Apennines tectonic arcs, now buried by Plio-Pleistocene sediments.

In the attempt  to simulate the Cenozoic fold-and-thrust tectonics across the basin, we carried out  a set 
of sand-box models where a curved shape backstop was used to reproduce the Alpine-age roto-
translational geodynamics that  happened in the region. Intermediate deformation steps were surveyed 
through model surface scan, while internal sections have been carried out  at  the end of the simulation 
process. Results from the experiments suggested the possible evolution of the Po Valley structural arcs 
and they allowed the associated deformation geometries and mechanisms to be reconstructed in the 3D 
space.

Once the role of the Mesozoic, inherited pre-compressional structures distribution is accepted as a key 
factor for the initiation and development  of the Po Valley buried arc, our sandbox models suggest  that 
arc-shaped thrust fronts can be produced simply as a function of

1. the centripetal belt rotation around the pivot-zone and towards a common foreland-foredeep 
region,

2. the displacement  gradient, decreasing towards the pivot, that  is acquired by the different 
tectonic arcs as shortening increases during the deformation progression.

The experiments throw some new insights about  deformation partitioning inside such a three-
dimensional complex tectonic setting that can eventually be used as analogs to other similar settings, 
worldwide.
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Figure 1: Map pictures of different steps of the model have been overlapped on corresponding digital surface 
scan.

Keywords: Po Plain, Analogue Models, Foredeep Deformations, Structural arcs.
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Abstract:

Wadi Meliane is the second major rivers of Tunisia, it opens in the sea at  the coast of the Rades. It is 
particularly affected by the problem of the growing population and the continuous development  of 
industry and agriculture. Wadi Meliane is subject to important  risks of pollution in both urban and 
industrial discharges and, threatening the quality of its waters.

The objective of this study is to contribute the spatial distibution and geostatistics in the study of 
geochemistry wadi Meliane and identifying natural and anthropogenic factors that  control its 
evolution, and to estimate the degree of pollution of waterways.

To achieve our goals, a sampling campaign was conducted and water samples were collected. These 
samples were subject to analysis of physico-chemical parameters, nutrients, evaluation parameters of 
the organic chemical pollution and major elements. 

The use of ArcGIS allowed to mount space distribution of different elements and demonstrate the 
concentrations of elements according to the rate of pollution.

The principal component  analysis allowed to highlight  the correlation between the different 
parameters and differentiate areas of the water quality in the study area, showing that the degree of 
concentration varies from one site to another according varies with the distance away from the source 
of pollution.
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Abstract:

The maturation of organic matter within shales is a complex phenomenon, which can be described as a 
simple mechanism of phase transition (from solid to fluid). During this geological process, 
hydrocarbons that  are fluids (as oil and/or gas) are generated from the solid particles of the immature 
organic matter. This phenomenon leads to a fluid overpressure within the pore space of the source rock 
as well as a hydraulic fracturing when the fluid pressure exceeds the lithostatic pressure. The geometry 
of the fracture network essentially consists of multiple bedding-parallel fractures filled by fibrous 
calcite (often called beef veins).

Nowadays, physical models, able to generate a fluid from solid particles, are mainly the best  approach 
to study these mechanisms. Thus in such models, a mechanism of phase transition is used to generate a 
liquid by an increasing of the temperature and therefore no injector system is required to add a fluid in 
these models. To simulate a source rock, a mixture of silica powder and beeswax microspheres is used. 
This granular and isotropic material is porous but  impermeable. With this experimental approach, the 
study of mechanisms of fluid overpressures and hydraulic fracturing became more adapted but the 
scaling of the physical models are still not clearly done and all of intrinsic source rocks parameters, as 
the anisotropy, are not taking in account. However, the anisotropy of shales seems to be a key 
parameter in the shape of the hydraulic fracturing network.

In such a context, we decided to perform (1) series of shear tests on the previous analogue materials, 
and (2) to develop news materials that  will better take in account  the rheology of a source rock. The 
shear tests have been performed on several mixtures composed by different  proportions of silica 
powder and beeswax microspheres (respectively 30%, 40% and 50% by volume of beeswax), as well 
as different  temperatures (from 20°C to the melting point of wax ~62°C). The proportions of beeswax 
are in volume and allow us to simulate different  concentration of organic matter in a source rock. The 
different temperatures simulate the different maturity degrees of the source rock.

In addition of the previous materials, we developed new granular materials constituted with a mixture 
of silica powder, wax flakes and micas. The flakes of wax and the micas allow us to create an 
anisotropic material, which is still impermeable with interstitial silica particles. With the using of these 
materials in different proportions, we are able to control the organic content, the anisotropic degree 
and the permeability of our analogue source rock. Thus, sources rocks are better considered in 
experimental models.

Keywords: Source rocks, hydraulic fracturing, phase transitions, organic matter.
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