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About this book

This volume contains the extended abstracts of contributions presented during GeoMod 2014 at the
Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences (GFZ Potsdam), showing
the state of the art of the tectonic modeling community.

GeoMod is a biennial conference dedicated to latest results of analogue and numerical modelling
of lithospheric and mantle deformation. It started in 2002 in Milan as RealMod2002, then moved to
Lucerne (GeoMod2004), Florence (2008), Lisbon (2010), and Lausanne (2012).

GeoMod2014 took place from 31 August to 3 September 2014 with 138 participants from 25
countries on all continents. The scientific programme of GeoMod2014 was organized in seven
topical sessions listed below. The conference was followed by a 2-day short course on "Constitutive
Laws: from Observation to Implementation in Models" (including lectures, lab visits, and practical
exercises), as well as a 1-day hands-on tutorial on the ASPECT numerical modelling software.

GeoMod2014 focused on rheology and deformation at a wide range of temporal and spatial
scales: from earthquakes to long-term deformation, from microstructures to orogens and subduction
systems. For the first time, the discipline of volcanotectonics was included, while the (mantle)
geodynamics community was more strongly represented than in previous editions. The bridge to
field geology has traditionally been strong. At GeoMod 2014, fitting to the focus on rheology, the
rock mechanics community was also represented. We thank our sponsors DFG, GFZ Potsdam and
Geo.X, the conveners and all participants for contributing to a successful conference.

The GeoMod2014 Committee
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Tectonics and Surface Processes

Session Description: Tectonics and Surface Processes

Conveners: Fabien Graveleau (U Lille), Niels Hovius (GFZ/U Potsdam)

Interactions between tectonics and surface processes are a primary control on the dynamics of
topography, deformation of the lithosphere and the evolution of sedimentary basins. Due to this
link, landforms contain information about tectonic processes, basins about the development of
surrounding topography, and lithospheric structures about the history of Earth’s surface. To read
this information, and to resolve with it processes that happen elsewhere in this coupled system is an
outstanding challenge in the Geosciences. Different approaches must come together to address this
challenge. Geomorphic, geological, sedimentological and geophysical observations can describe past
or present manifestations of the system, but such observations do not necessarily resolve the nature
of the processes that link between tectonics and surface processes, and their characteristic scales.
Numerical and analogue modelling can fill this gap with simplifications and abstractions of the
essential physics of the system, yielding predictions that can be tested against the geological reality.
To this session, we warmly welcome works that develop both approaches, as well as innovative
contributions addressing technical and theoretical challenges in modelling of the interactions between
tectonics and surface processes.

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 61



Neotectonic evolution of the El Salvador Fault Zone.
Insights from 4D analogue experiments.

J. Alonso-Henar'2, G. Schreurs®, J.J. Martinez-Diaz'*, J.A. Alvarez-Gémez®

! Department of Geodynamics, Faculty of Geology, Universidad Complutense Madrid. Spain
2CEI Campus Moncloa, UCM-UPM, Madrid, Spain.
3 Institute of Geological Sciences, University of Bern, Bern, Switzerland

4 Instituto de Geociencias IGEOQ (UCM,CSIC), Madrid, Spain

SGNS Science, New Zeland
e-mail: johenar@geo.ucm.es
session: Tectonics and Surface Processes

Introduction

The El Salvador Fault Zone (ESFZ) is an act-
ive, c. 150 km long and 20 km wide segmented,
dextral strike-slip fault zone within the EI Sal-
vador Volcanic Arc striking N90° -100° E (figure
1) (Martinez-Diaz et al., 2004). Although several
studies have investigated the surface expression
of the ESFZ, little is known about its structure
at depth and its kinematic evolution. Structural
field data and remote sensing images reveal a
trenchward migration of the volcanic arc. Some
evidences suggest that not all structures within
the ESFZ can be explained with the current tec-
tonic context, but require a phase of extension
or an extensional component of deformation at
some stage in the evolution of the ESFZ. Such
extension and migration of the volcanic arc could
be related to a subduction roll-back of the Cocos
Plate beneath the Chortis Block in Mio-Pliocene
times.

We carried out 4D analogue model experiments
to test whether or not an early extensional phase
is required to form the present-day fstructure of
the ESFZ. We have carried out different experi-
ments combining transtensional, strike-slip and
extensional settings in different ways and with
different geometries of a weak zone related to
the current position of the volcanic arc (table 1
and figure 1B). The deformation was imaged
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with X-ray computed tomopgraphy. All the ex-
perimental process has been carried out in the
Experimental Tectonic Laboratory of the Insti-
tute of Geological Sciences of the University of
Bern and in the CT Scan room of the Institute
of Forensic Medicine of the University of Bern.
Some of the experiments were analyzed with a X
ray Scan Tomography as a non-destructive way
that allows us to see the 3D structure during the
evolution of the experiment (Colleta et al., 1991).

Results

The results of the models that better mimics the
geometry of ESFZ are the models 443 and 448
(figures 2 and 3). Both models include an ex-
tensional phase that create several independent
grabens along the discontinuous weak zone. Dur-
ing a second deformation phase (simple shear in
model 443 and transtension in model 448), all
the grabens are connected and inter-graben areas
with more diffuse deformation appear. In the
experiment 443, the stages 2 and 3 in the Figure
2 are the closest to the geometry of ESFZ In
the experiment 448, the stage 2 also reproduce
geometries similar to ESFZ.
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Fig. 1.: A: Tectonic setting of northern Central America. Orange triangles show the positions of volcanoes in the
Central America Volcanic Arc. Abbreviations are: PF: Polochic Fault; MF Motagua Fault; JF: Jalpatagua Fault;
ESFZ: El Salvador Fault Zone; HE: Hess Scarp. B: Synoptic sketch of the geometry of the continuous and
discontinuous weak zone used in the experimental procedure. C: Main structures of the El Salvador Fault Zone.
Green triangles are Miocene Volcanoes, orange triangles are Pleistocene Volcanoes. Upper right corner: JF:
Jalpatagua Fault; WS: Western segment; AhF: Ahuachapan Fault; GF: Guaycume Fault; AF: Apaneca Fault;
SVF: San Vicente Fault; LI: Lempa Intersegment Zone; BF: Berlin Fault; SMF: San Miguel Fault; IR: Intipuca

Range. Faults from Canora et al., 2010 and 2012.

Discussion and conclusions

Our experiments suggest that a two-phase tec-
tonic evolution explain better the ESFZ struc-
ture: an early pure extensional phase linked to
a segmented volcanic arc is necessary to form
the main structures of the ESFZ and can ex-
plain the shallow geometry of the fault zone.
This extensional phase is followed by a strike-slip
dominated regime, which results in inter-segment
areas with local transtension and segments with
almost pure strike-slip motion. The previous
extensional phase could be related with a sub-
duction roll-back of the Cocos Plate beneath the
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Chortis Block. This roll-back could heat in a
non-homogeneous way the upper crust. Large
magma chambers along the volcanic arc control
the formation of grabens along the CAVA cross-
ing El Salvador. Once the roll-back ceased, the
structures generated during the first phase where
reactived as strike-slip faults. Between the main
strike slip faults intersegment zones would be de-
veloped with distributed deformation and local
transtension areas. Pull-apart basins and releas-
ing bends would also be created (figures 2 and
3).
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Experiment 443
A B C D
e L ] | || |
== "NEEEN EEEE
e [ 1]
‘ e S e
S s S $

a. stage 1: extension = 2.4%. Phase 1 4em 0 p. vertical sections - stage 1

A .B C D

| I I
==n8 1
Irfrsect = [T [T

aem 0 d. vertical sections - stage 2

4cm 0

g. stage 4: extension = 2.4%; shear: y = 0.30. Phase 2 h. volume - stage 4

Fig. 2.: Experiment 443, extension followed by pure strike-slip, running over a discontinuous weak zone. Vertical
sections and volume from the CT Scan.
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Experiment 448
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Fig. 3.: Experiment 448, Extension followed by transtension running over a discontinuous weak zone. Vertical
sections and volumes from the CT Scan.
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Tab. 1.

Exp. Kind of weak Kind of kin- Original

Extension Shear  Ductile Brittle Max.

No.  zone ematic dimen- (mm) (mm)  layer layer Shear
sions thick- thick- strain
(mm) ness ness
(cm) (cm)
435 Continuous Strike-slip 230 x 786 0 80 0.5 250r2 0.35
438  Discontinuous  Strike-slip 230 x 786 0 80 0.5 250r2 0.35
443 Discontinuous  Extension + 230x 786 5.5 70 0.5 250r2 0.3
Strike-slip
444 Continuous Extension 4+ 230 x 786 8 51 0.5 250r2 0.21
Strike-slip
445 Discontinuous  Transtension 230 x 786 22 54 0.5 250r2 0.21
446 Continuous Transtension 230 x 786 22 54 0.5 250r2 0.21
447 Continuous Extension + 23 x 80 28 49 0.5 250r2 0.19
Transtension
448 Discontinuous  Extension 4+ 23 x 80 26 49 0.5 250r2 0.19
Transtension
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Introduction

Modeling has become a powerful tool to repro-
duce geological structures in diverse tectonic en-
vironments. Strike-slip faults and associated pull-
apart basin modeling appear in many papers in
the literature. In this work, we modeled a sinis-
tral strike-slip fault and associated releasing and
restraining bends, and explore the nucleation and
development of thrusts, normal fault, as well as
their relationship with the principal deformation
zone represented by strike-slip fault.

Modeling methods

In the experiments described here, we used only
quartz sand from dunes. Narrow layer of artifi-
cially painted sand was intercalated into natural
color sand pack as markers of the deformation
(total pack width is 3cm). The sand box dimen-
sions were 50x35x20 cm (1 x w x h), with three
fixed walls and a mobile one (figure 1). The
motor-controlled speed of the mobile wall was
0,42 mm/s. The velocity discontinuity, in the bot-
tom of the box, is represented by a paperboard,
attached to the moving wall, which geometry
stimulates the development of contractional and
extensional sites at the edges of a transcurrent
segment (anticlockwise displaced) (figure 1).
The experiments, reproduced several times,
were registered both by conventional photos and
by PIV (Particle Image Velocimetry). Disten-
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Fig. 1.: Line drawing of the basal portion of the sand
box illustrating the geometry of the velocity discon-
tinuity.

sion was about 6 cm and the final stage cut in
slices, each of which with 0,5 ¢m, enabling the
analysis of the structures in the subsurface. An
arbitrary North was created only to facilitate the
reference of the formed structures. The strike of
the transcurrent fault was settled north-south.

Models results

Three distinct sites of deformation were developed
in the models involving normal, reverse and strike-
slip faults. In the south, the contraction induced
the nucleation of oblique NE-SW trending reverse
faults characteristic of restraining bends (figure
2a). The southward propagation of the transcur-
rent segment led to the development of NW-SE
back thrusts. In surface, this region marks a to-
pographic high in the top of which some small
extensional structures could form. In subsurface
a positive flower geometry is recorded (figure 2b).

The northern extremity of the model shows
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Fig. 2.: (A) Surface of the experiment at its final stage of deformation (displacement of 6 cm). The main
structures are drawn and the sections locations are marked; (B) Interpreted sections displaying the geometry of
the structures in subsurface. Notice the positive flower (pop-up like structure) formed in the restraining bend

and the basin developed at the releasing bend.

NW-SE trending normal faults that originated
an oblique basin characteristic of releasing bends
(figure 2a). The sections 30 and 35 (figure 2b,
see location in figure 2a) reveal a steep dipping
master fault in the eastern and several less in-
clined antithetic faults in the western side. At
least in the SE extremity of the basin, in the
interface between normal faults and the strike-
slip segment, a negative flower like-structure was
developed (figure 2b, section 30). During the de-
formation, the north board fault became inactive
while a sequence of antithetic faults progressively
developed toward SE consequently widening the
basin. Figure 3 shows the strain and the geo-
metry of the basin on surface. In figure 3a, we
verify that the progress of the strike-slip fault
into the basin led to the development of a new
normal fault to the SE and the earlier formed
one became inactive.

The sinistral strike-slip fault is better marked
in the central part of the model, connecting the
restraining and releasing bends. In the very early
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stage of its development, R shears nucleated along
with Y shear. The initial stage of these structures
is not visible at naked eye, so it was recorded by
PIV (figure 4a). In the restraining bend, one R
segment became important prior the development
of the reverse faults (figure 4b). With the ongoing
deformation, the strike-slip segment along with
the NE-SW trending thrust became dominant
and R segment turns into NW-SE trending back
thrust (figures 4c, d). Then in the restraining
bend, a positive flower developed, as shown in
figure 2b (sections 8 and 11).

Final remarks

The experiments showed the nucleation of R and
Y shear very early (0,5cm of displacement) in the
strike-slip fault. There is an important interac-
tion between the transcurrent segment and the
restraining and releasing bend’s faults. In the
restraining site, the transcurrent fault develops
in between forward and backward thrusts (these
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Max. normal strain on surface (%)

Fig. 3.: (A) PIV picture showing the maximal strain in surface. Note a small segment of strike-slip fault connected
with a normal fault approximately in the middle of the basin. The board fault attenuated once deformation
progress southward. (B) Conventional photo depicting the basin geometry. In the SE extremity, sand collapsed

into the basin covering part of the faults.

later nucleated initially as R shear), forming pos-
itive flower. When advancing into the oblique
basin, in the realizing bend, the interaction with
normal faults led to negative flower formation. At
surface, restraining and releasing area are marked
by positive and negative topography, respectively
(figure 5).

During the experiments, the movement along
the strike-slip fault was intended to be pure
transcurrence, but once only one plate moved
relative to the other, the 0,2 mm thick paper-
board used as velocity discontinuity provoked a
slight opening along the strike-slip, resulting in a
transtensional component.
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Salt rim synclines are directly linked to salt
diapirs and their sedimentary filling is the key for
understanding the temporal and spatial evolution
of the respective diapir. Furthermore, the devel-
opment of rim synclines is a driving mechanism
for down-building. The load of the adjacent rim
syncline causes lateral salt flow from the source
layer into the diapir.

This study deals with rim syncline and salt
wall development in northern Germany. With up
to 300 salt structures, the North German Basin
is a perfect natural laboratory for studying salt-
dominated basins. The analysed rim syncline
is called Schoningen rim syncline and developed
along the flank of the Helmstedt-Staflfurt salt
wall in northern Germany. The entire salt wall is
70 km long and trends NW-SE. Including the rim
synclines on both sides, the complete structure
is 6 to 10 km wide.

Basis for the study are exploration wells that
were drilled by the Braunschweigische Kohlen-
Bergwerke (BKB, now E.ON Kraftwerke GmbH)
over five decades. Altogether, 357 wells were used
to construct a 3D subsurface model. The subsur-
face modeling was performed with the software
package GOCAD®and the model covers an area
of 32 km?. The basin modelling part of this study
was carried out with the software PetroMod®2D,
which was developed by the Schlumberger Aachen
Technology Center (AaTC), IES GmbH, Ger-
many. PetroModa is a software that simulates
and analyses the burial history and temperature
evolution of a sedimentary basin. It is a dynamic
forward simulation based on the finite element
method.
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The Schoningen rim syncline is 8 km long and
3 km wide. The basin-fill is up to 366 m thick
and characterized by 13 more or less continuous
lignite seams with thicknesses between 0.1 and 30
m. The coal-bearing succession is subdivided into
the early Eocene Lower Seam Group (LSG) and
the Middle Eocene Upper Seam Group (USG).
The clastic units in the syncline include seven
depositional stages: (1) tidally influenced fluvial
estuarine channel deposits; (2) mixed tide- and
wave- dominated estuarine deposits; (3) prograd-
ing wave dominate delta deposits; (4) transgress-
ive shoreline deposits; (5) braided fluvial channel
deposits; (6) estuarine deposits; and (7) prograd-
ing tide-dominated channel deposits. The succes-
sion defines four 3rd order sequences and several
higher order sequences that are possibly related
to Milankovitch cycles (Osman et al., 2013).

Based on the well data, the basin-fill architec-
ture of the rim syncline was reconstructed in 3D.
The basin axis runs parallel to the trend of the
salt wall. Several cross-sections perpendicular to
the basin axis indicate that the basin-fill has a
very pronounced lenticular shape. This shape
varies from more symmetric in the NW to clearly
asymmetric in the SE; where the steeply dipping
beds are close to the salt wall and more gently
dipping units are found along the opposite side
of the basin margin. The 3D model displays that
the basin-fill of the rim syncline consists of a ver-
tical stack of concave packages, where younger
units cover a smaller area than the older ones.
The depositional units show a lateral migration
towards the NNE.
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Fig. 1.: Basin modelling results. The simulation shows the progressive migration of the depocentre of the rim
syncline towards the salt wall. From the 2D simulation, a burial history curve was extracted, which shows an
initial rapid subsidence between 57 and 50 Ma and a more moderate subsidence from 50 to 34 Ma. The highest
sedimentation rate of 76 to 80 m/Myr occurred during the deposition of the main seam. During the formation
of the Upper Seam Group, the rates were significantly lower with values between 20 to 12 m/Myr (modified
after Brandes et al., 2012).
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For the basin simulation, a cross-section was
extracted from the static 3D subsurface model.
This cross-section trends ENE-WSW, is 3.5 km
long and runs perpendicular to the basin axis. It
is a very suitable cross-section for the basin sim-
ulation because there are 16 wells located on the
section, which provide lithology and age control.
The finite element grid that is used for the 2D sim-
ulation has rectangular cells defined by vertical
grid lines and horizontal event lines. The hori-
zontal event lines are time lines derived from the
geological cross-section. The vertical grid lines
are placed at an equal distance along the sec-
tion to generate a mesh. During the simulation,
the finite element grid is fixed to the basin-fill
and subsides with the depositional units. The
modeling workflow with PetroMod®has been de-
scribed in detail by Poelchau et al. (1997). The
first step for basin simulations is the construc-
tion of a conceptual model. This was done on
the basis of the 2D cross-section derived from
the 3D subsurface model. The geometry of the
basin-fill was transferred to PetroMod®and the
depositional history of the basin was divided into
distinct layers. Absolute ages and lithologies were
assigned to each layer. The lithology controls the
behaviour during compaction. The lithology for
each depositional layer was derived from the wells.
Each lithology is characterized by several phys-
ical parameters. Based on the well data, we chose
the appropriate lithology for the simulation. The
water depth is determined based on fossils, facies
and lithology. The conceptual model for the 2D
simulation consists of 18 layers, which have been
defined on the basis of well data and are charac-
terized by a standardized lithology as provided
by the program. The geometry of the individual
layers is derived from the 3D subsurface model.
For the simulation, a finite element mesh was
used with 144 vertical grid lines.

The simulation shows that the present-day
asymmetry of the basin-fill, which is character-
istic for the southern part of the Schoningen
rim syncline, was already developed in the early
phases of basin evolution. The maximum sub-
sidence is concentrated close to the salt wall. In
addition, the modeling results show a progressive
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migration of the depocentre of the rim syncline
towards the salt wall (Brandes et al., 2012). A
similar migration of the depocentre towards the
salt wall was observed based on isopach maps
derived from the 3D subsurface model. Though
the isopach maps are not decompacted they show
the same depocentre evolution as the basin simu-
lation. We therefore assume that most of the
thickness variations visualized on the isopach
maps, represent the subsidence pattern and are
not compaction effects.

From the 2D simulations, a geohistory curve
was extracted that shows initial rapid subsidence
between 57 and 50 Ma and a more moderate
subsidence from 50 to 34 Ma. The subsidence of
the basin can therefore be subdivided into two
distinct phases.

The sedimentation rates were highest in the
area of the basin axis. A clear decrease in sed-
imentation rates through time can be observed.
In the early phase of basin evolution, the sedi-
mentation rates were high, with values of 60 — 80
m/Myr during the formation of the Main Seam
and Seams 1 and 2. Subsequently, the sediment-
ation rates decreased to 32 — 56 m/Myr during
the formation of Seams 3 to 9. In the final stage
of basin evolution, the sedimentation rates were
much lower with values of 2 — 20 m/Myr.

The southeastern part of the Schéningen rim
syncline has an asymmetric geometry with the
deepest part of the basin close to the flank of
the diapir. In contrast, the northwestern part,
is more symmetric. The geometry of the rim
syncline seems to be a function of the diapir mor-
phology. This may be coupled to the well known
fact that sediments close to a diapir margin tend
to be sheared by the rising diapir (Stewart, 2006),
an effect which is probably enhanced where the
diapir becomes broader and the related rim syn-
cline is more asymmetric.

The fill of the Schéningen rim syncline consists
of a vertical stack of concave depositional units,
where the younger units cover a smaller area than
the older ones. This implies that the area where
deposition took place became constantly smaller
over time. It is very likely related to a decrease in
subsidence and the migration of the depocentre.
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The 2D basin simulation shows the progressive
migration of the depocentre towards the flank of
the diapir.

The geohistory curve of a rim syncline may re-
flect salt migration from the source layer into the
salt wall. The geohistory curve derived from our
basin simulation shows initial rapid subsidence
between 57 and 50 Ma and more moderate sub-
sidence from 50 to 34 Ma. It implies that initial
salt-withdrawal was rapid but later decreased
probably due to depletion of the source layer.
Though a salt weld is not developed, this points
to a certain depletion of the source layer. Even
without the development of a salt weld, the salt
flow into the diapir can be significantly reduced.
Hudec and Jackson (2007) described that halving
the thickness of the salt layer will slow down the
flow by a factor of 8. This would explain why the
rise of the Helmstedt-Stafurt salt wall stopped,
though there is still salt in the source layer. The
highest subsidence rate for the Schoningen rim
syncline is 76 - 80 m/Myr during the early phase
of basin formation.

Isopach maps derived from the 3D subsurface
model indicate that the depocentre evolution is
complex and did not take place in a uniform
fashion. There is not a simple migration of the
depocentre towards the flank of the diapir as
the 2D section implies. Depocentres also shifted
laterally, parallel to the basin axis. The shifting
of the depocentres might be a consequence of non-
uniform salt-withdrawal from the source layer and
give a first hint of along-strike variations in salt
movement.
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Introduction

Relay ramps and transfer fault zones are typical
in extensional environments. These structures
play a significant role in sediment dispersal as
they control the sedimentary pathways. Unlike
for subaerial settings, the impact of subaqueous
relay ramps on sediment dispersal, clastic sed-
imentation or carbonate deposits evolution, is
less studied. In these subaqueous cases, numer-
ical approximations could be a good approach to
understand the syntectonic sedimentation.

Considering this, a numerical model is used
to study the sedimentary infill in an extensional
basin and specifically related to a relay ramp
system. The main aim of this contribution is
to show the potential of the syntectonic sedi-
mentation program to analyse these extensional
systems. In this contribution, initial results are
presented together with an analysis of the treated
configuration.

The program

The program uses a novel approach that combines
a discrete element model (DEM) (Finch et al.,
2004; Hardy and Finch, 2006) and a process based
sedimentary model, the SIMAFADIM-CLASTIC
program (Gratacés et al., 2009), to link both pro-
cesses, deformation and sedimentation, in a single
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model (Carmona et al., 2010). It provides inform-
ation in many useful different ways, no just the
resulting topography to combine sedimentation
plus deformation, it also gives detailed informa-
tion about the deposition and facies distribution
as well as the evolution of this new strata with
the deformation, therefore the resulting structure.
It also allows the study of the evolution of the
deformation into the pre and syntectonic materi-
als, so the affection of these new material in the
evolving structure.

The program can simulate different extensional
environments, e.g., movement of one or two faults
(overlapped -relay ramp- or not) in different scales
(since cm to km). For one particular configuration
it allows playing with different parameters, as
positions and movement rates of the faults, and
the overlap distance and separation distance in
the case of a two faults system (figure 1). The
sedimentary model also allows different boundary
conditions, as the number of clastic sediments,
the sedimentation and transportation parameters
that characterize each sediment type (density,
settle rate, critical velocity for deposition), the
inflowing water and sediment source points and
the proportion for each sediment type.
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Fig. 1.: Boundary box base of the DE model for the two overlapped extensional faults configuration at the
beginning of the simulation (A) and in the final stage (B).
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Fig. 2.: Initial and boundary conditions for the sedi-
mentation model.

Initial configuration

In this example, the DEM assemblage has a size
of 2,000 m x 1,500 m x 300 m and consists of
111,132 spheres of four different radii: 12.5, 11.25,
and 10.0, 8.75 m. Two faults are defined in the
DE boundaries (figure 1) with an overlap distance
of 500 m and distance between the two faults of
375 m. Total displacement along the faults plane
is 200 m. Simulated time is 3,060 years.

A finite element mesh of 300 nodes for the
Simsafadim-Clastic program is located above the
assemblage surface. An initial bathymetry of 130
m is defined in the basin. Sealevel is constant
during the evolution of the model, so changes
in bathymetry will be consequence of sediment-
ation and deformation. Two clastic sediments
are defined in the model. The inflowing water
and sediment points are defined as is shown in
figure 2.
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First preliminary results and
discussion

To analyse the evolution of the model figure 3
shows four representative time steps of the DEM.
It can be appreciated the displacement of the
faults (FD) and the new sediments added by the
sedimentary model. In each time step, it is worthy
to note an asymmetric deposition pattern for the
syntectonic sediment due to the fault configura-
tion. It can also be observed how sedimentation
migrates basinwards and it takes place mainly
in the region where subsidence is more relevant
since more accommodation space is available.

To have a look to the final results the model
has been divided in seven cross-sections, four lon-
gitudinal and three transversal (figure 4). The
pretectonic materials have been represented in
blue just to have a better view of the new de-
posited materials. Analysing the sytectonic sed-
iments, growth strata can be observed in both
relay ramp and basinward directions (see longit-
udinal and transversal sections in figure 4).

Syntectonic sediments shows different geomet-
ries into the basin related to the fault position
and its influence over the accommodation space.
In the overlapping area (figure 4 B) the pretec-
tonic surface slope is lower than the surrounding
parts (figures 4 A and 4 C) with only one fault
and consequently a steeper pretectonic surface
slope. So the thickness of the new materials over
the overlap area increases slower basinward than
in the rest of the model, where the deformation
area is smaller and the jump between the footwall
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Fig. 3.: Evolution of the DE element model represented by four different time steps. In yellow and reddish colours
are represented the new DE added by the sedimentation model.

Fig. 4.: Cross-sections of the final stage of the DE model, three transversal, A, B and C; and four longitudinal D,
E, F and G. The pretectonic materials are represented in deep blue for a better visualization of the syntectonic
materials.
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and the hangingwall areas is steeper.

In figure 5, there are represented the evolu-
tion of the fluid flow and the thickness of each
clastic sediment type in the same four time steps.
Regarding to the fluid flow, an asymmetric val-
ues and a velocity increase over the time can be
appreciated.

Looking to the sedimentation of both materials
we can observe again the asymmetric pattern of
deposition due to the position of the two faults.
Coarse materials settle in the whole basin, prox-
imal and distal areas, obviously taken more relev-
ance in distal parts where more accommodation
space is created. As the model moves forward the
deposition of the coarse material is concentrated
just in the distal area.

On the other hand, fine material sedimenta-
tion just takes place in distal regions where the
fluid flow is lower and allows its deposition. The
sedimentation of the fine materials is prograding
basin forward and its thickness decreases in each
time step.

Also, we can appreciate that, for both materi-
als, sedimentation is slightly higher in the subsid-
ence area near the second fault. This is probably
due to the fact that the bypass, i.e., regions where
fluid flow values do not allow significant depos-
ition, is wider in the region that precedes the
second fault, so that the amount of sediment in
suspension that arrive to this subsidence area is
higher.

Conclusions

The results show that the program is a good tool
to analyse the change of sedimentation patterns
with the evolution of the deformation.

The example presented showed that the evolu-
tion of the sedimentation is consistent with the
position and movement of the two faults.

Future work should analyse the same initial
configuration used in this example but with dif-
ferent boundary conditions, in order to better
understand subaquatic extensional systems with
relay ramps
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Abstract: SIMSAFADIM-CLASTIC is a 3D
process-based forward numerical model that simu-
lates the stratigraphic infill and evolution of mar-
ine sedimentary basins (Bitzer and Salas, 2001,
2002; Gratacos et al., 2009a, 2009b; Carmona
et al., 2010; Clavera et al., 2013). The program
is designed to model processes of transport and
sedimentation for clastic terrigenous and clastic
carbonate sediments. The program, also include
the interaction between carbonate producing or-
ganisms and clastic sediments in suspension. Con-
sidering that, the objective of the program is to
model and to represent the spatial and temporal
interplay of the generated sedimentary bodies,
obtaining realistic depositional architectures in
order to reproduce the 3D sediment distribution
and the complex heterogeneity present in the
sedimentary record.

The model for siliciclastic transport and sedi-
mentation is based on a potential fluid flow. This
fluid flow model can establish the general trend of
the flow system to determine the sediment trans-
port in the basin over a geological time scale at
basin scale (hundred meters to kilometres) with
an acceptable computational time. Regarding
to the sediment transport, the fluid flow model
can determine the movement of solid particles in
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suspension due to fluid movement processes that
include advection, diffusion, and dispersion.

The carbonate production model is based in the
generalized equation of Lotka-Volterra ecological
modelling. The program takes into account the
influence of environmental factors to model the
carbonate producing organisms associations (wa-
ter depth, nutrients, clastic sediment concentra-
tion is suspension, fluid flow velocity and bottom
slope), and the interaction among them (preda-
tion, prey, mutualism, competition...).

Other processes are modelled to generate (or re-
duce) accommodation space in the marine basin,
including sea level variations, compaction, and
isostasy.

In order to show the application and possibilit-
ies of the code, the Vilomara Composite Sequence
(VCS) of Sant Lloreng del Munt (SLM) fan delta
complex (Ebro basin, NE Iberian Peninsula) is
modelled.

The Bartonian/Priabonian SLM clastic wedge
is located on the south-eastern margin of the Ebro
foreland basin, adjacent to the Catalan Coastal
Ranges. Loépez-Blanco et al. (2000a, 2000b), and
Goémez-Paccard et al. (2012) provide an analysis
of the tectonosedimentary, tectonogeomorphic
and paleoclimatic setting of the Sant Lloreng del
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Fig. 1.: Geological and geographic situation of the studied area (A) and the correlation panel of six stratigraphic
logs in the western part of Sant Lloreng del Munt system (B) (From Lépez-Blanco et al., 2000b).

Munt complex, as well as an estimate of the rates
of geological processes controlling the fan-delta
development.

VCS was deposited during the regressive com-
posite sequence set of the transgressive-regressive
megasequence of Milany described by the SLM
fan-delta complex, and comprises an alternation
of detrital sediments interbedded with subordin-
ate carbonate platform deposits. The facies asso-
ciations in the VCS are from proximal to distal:
proximal alluvial fan, distal alluvial fan, fan-delta
front, carbonate platform, and fan-delta slope
and prodelta.

The VCS is structured into a lower trans-
gressive sequence set (TSS) and an upper re-
gressive sequence set (RSS). This transgressive-
regressive trend is built from the piling of seven
repetitive, metre-scale transgressive-regressive
high-frequency fundamental sequences (Fig.1).
These sequences are bounded by maximum re-
gressive surfaces, which correspond to the time
of regressive- to-transgressive turnaround of the
shoreline, located at the first indication of up-
ward deepening following a regression. These
sequences are made up of a transgressive systems
tract (TST), overlain by a regressive systems tract
(RST), separated by a maximum flooding surface
(MFS). They record fluctuations in detrital input,
most probably related to a combination of allocyc-
lic (periodic to episodic, relative sea-level changes,
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tectonic pulses and Milankovitch climatic oscil-
lations) and autocyclic factors (variations in the
organization of distributary channels). TSTs de-
velop during periods of low terrigenous input
and/or increasing accommodation; RSTs are a
response to episodes of high terrigenous input
and/or decreasing accommodation space.

Taking into account these previous geological
settings, the observed depositional architecture
has been interpreted as controlled by fluctuations
in the sediment supply rate and changes in ac-
commodation space. The models obtained using
SIMSAFADIM-CLASTIC can help us to discuss
which of both parameters, fluctuations in the sed-
iment supply rate and/or changes in accommod-
ation space, has great influence on the geometry
and on facies distribution.

To show this and considering the observed
field data, 3 different configurations have been
done considering the variation of key parameters
(Fig.2): sediment supply and sea level. Configura-
tion A (Fig.2A) models the influence of variation
in sea level, for this reason it varies the sea level as
shown in Fig.2 and sediment supply is constant;
Configuration B (Fig.2B) models the influence
of sediment supply, and this configuration varies
sediment supply as shown in Fig.2B and sea level
rises linearly (to minimize the affection of it gen-
erating the necessary space); and configuration C
(Fig.2C) combines sea level and sediment supply
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Fig. 2.: Cross-sections and related sea level and sediment supply in each configuration in function of the main
affecting parameter defined: A. sea level. B. sediment supply. C. sea level and sediment supply (see text for

more explanations).

variations as shown in Fig.3C.

The results for the Configuration A show the
carbonate sediments trends to join in the distal
part of the basin, and the coarse sediments from
fan-delta front does not prograde to the centre of
the basin and are located in most proximal part
in the SE. This model does not show the internal
Transgressive —regressive trend of the VCS.

The Configuration B results show tabular geo-
metry of the sedimentary bodies, the carbonate
sediments have been growth from the central part
of the basin to the distal parts with a great thick-
ness. The coarse and medium sediments from
fan-delta front prograde inside de basin. This
configuration shows the internal Transgressive
-regressive trend of the VCS.

The Configuration C results show a sigmoidal
geometry; the carbonate development is less thick
than Configuration B and growth from central
part of the basin till distal parts in NW. The
coarse and medium sediments of fan-delta front
prograde from proximal parts in SE to central
part of the basin. This configuration shows the
internal Transgressive —regressive trend of the
VCS.

From these configurations, Configuration C
is the most accurate model and shows a better
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correlation with the data observed in the field
than others configurations, concluding that both,
sea level and sediment supply play an important
role in the architecture of the depositional system.
Even so, Configuration A shows more distant
results from observed data; while Configuration
B shows better sediment distribution compared
with field data, concluding that the sediment
supply affects more than accommodation space
in the body geometry and sediment distribution.
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The relationship between tectonic and geomorphic processes is important for understanding how
topography evolves, and how the landscape reflects tectonic and climatic signatures. We present a
case study of the relationship between uplift and erosion on the scale of a single seismic cycle, in
which we can observe the creation of substantial coseismic topography and its subsequent removal
by fluvial erosion. In Sept. 1999, the Mw 7.6 Chi-Chi earthquake struck western Taiwan. At the
northern end of the rupture zone, in the Daan River valley, the earthquake activated the Dongshi
Anticline, resulting in up to 13 m of uplift due to coseismic folding. Where the Daan River crosses
the anticline, the river responded to the coseismic uplift by very rapidly cutting into the uplifted
topography, and by 2009 the river had carved a narrow bedrock gorge extending the width of the
anticline. In the current stage of erosion, the river has ceased cutting down, and is now eroding
laterally. Although widening within the gorge is relatively slow, the river is cutting back the
upstream boundary of the anticline at a rate of about 15 m/yr. At this rate, the river will remove
the uplifted topography and returned to its pre-uplift morphology in about 50 years. The post-1999
erosion rates in the Daan River are several orders of magnitude faster than background rates, and
represent a transient phase of erosion in response to the disequilibrium created by coseismic uplift.
In this case, the river is able to respond to the coseismic uplift of the Dongshi anticline solely through
this transient response, and without long term changes in the river’s morphology. This example
highlights the potential importance of short-lived signals of uplift and erosion in the relationship
between tectonics and landscape morphology.
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In Geosciences, an invisible frontier separates
marine geologists and geophysicists from their
"terrestrial” colleagues. In other words, most of
geologists are specialized on dry or wet geological
context and often lack of an integrating view
linking land and sea observation. Consequently,
the interactions and couplings between these two
domains, where intense material fluxes and geo-
morphological processes concentrate, remain re-
latively unstudied. This is also the case for the
analog modeling approach that generally focus
exclusively either on terrestrial processes like
mountain building, river dynamics, watershed
evolution or on marine ones like marine sediment-
ation processes, submarine landslides, turbidite
currents dynamics. Up to now, very few experi-
mental works have investigated the interactions
that exist between land and submarine geological
processes at the scale of a whole active or passive
margin.

Compared for instance to active foreland set-
tings, several first order additional key paramet-
ers must be taken into consideration (Figure 1),
like eustatic changes of sea level, sea bottom
tectonic deformation, underwater sediment trans-
port controlled by current dynamics, biogenic
hemipelagic sediment production and also fluid
pressure driven processes (mud diapirism, hydro-
fracturation,...).

Some of them have been investigated using ana-
log modeling. One should notice that the state of
the art can be quickly summarized since there is
apparently a limited amount of published works
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available in the literature. Among those, several
workers have developed original experimental set-
ups, modeling self-channelized gravity currents
to study the formation of submarine fans and
canyons (e.g. Muto and Steel 2001; Métivier et
al., 2005; Lajeunesse et al., 2010). Others have
modeled experimentally passive margin sediment-
ation, particularly to study delta stratigraphy
architecture (e.g. Van Heijst et al. 2001b; Kim
and Paola, 2007; I. Fardiansyah & A. Budiman,
GPRG) with convincing results when compared
to their natural counterparts imaged by seismic
profiling (Figure 2). Most of these experimental
works, however, simulate land sediment input
to the sea using a simple pipe providing a wa-
ter+sand mixture flow which does not allow to re-
produce feedback process, that is the influence of
marine sedimentation on landscape morphology
dynamics. S. Y. J. Lai and H. Capart (Hydraulic
and Ocean Engineering National Cheng Kung
University) have been among the firsts to per-
form geomorphic experiments coupling landscape
and submarine erosion/sedimentation processes
(Figure 2). Their results show striking analogies
between model and nature in terms of aerial and
submarine morphologies.

Why such type of experiments are still relat-
ively scarce 7 The fact is that analog modeling
faces several limitations related to the use of fresh
and salty water to erode landscape morphology
and to simulate the sea which inevitably induced
scaling distortions (Paola, 2009). Finding an ap-
propriate analog material rheology to model both
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Fig. 2.: Left) geomorphic experiment coupling landscape and submarine erosion /sedimentation processes performed
by S. Y. J. Lai and H. Capart (Hydraulic and Ocean Engineering National Cheng Kung University, Taiwan).
Right) geomorphic experiment dedicated to study interactions between margin sedimentation /active faulting/sea
level changes performed by |. Fardiansyah & A. Budiman (GPRG, Indonesia).

landscape and seascape morphogenetic processes
is also another difficulty to overcome, especially
when tectonic deformation must be also taken
into account.

To illustrate the scientific issues and the po-
tential of modeling coupled sea-land geological
processes, I will present some recent technical de-
velopments and preliminary results dealing with
the tectonic inversion of the Algerian passive mar-
gin (Figure 3) and an ongoing project to study
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tectonic and morphogenetic sea-land processes on
the Eastern coast of Taiwan. The Algerian mar-
gin is a tectonized passive margin that undergoes
active compression since at least Late Quatern-
ary. As a result, its submarine morphology and
terrestrial reliefs suffered huge changes in the
last 2 millions years including coastal emersion,
margin shortening and steepening. The Eastern
coast of Taiwan is one of the most tectonically
active region in the world. Here, the collision
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between the Luzon volcanic arc, carried by the
Philippine Sea Plate, and the continental mar-
gin of the Eurasian plate induces the formation
of a high mountain range (4000m) that literally
emerge from the sea at a very high speed. It
is, then, another appropriate natural laboratory
to study the couplings between submarine and
terrestrial geological processes.

These two natural examples and corresponding
experimental models will be used to demonstrate
that analog modeling is potentially a relevant
tool to investigate such complex geodynamic con-
texts which cannot be studied yet numerically in
3D with the same degree of detail. The final ob-
jective of this presentation will be to outline the
interest of developing new experimental projects,
scientific collaborations and improving technics
to enlarge the field of investigation of analog
modeling.
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Fig. 3.: Example of the final stage (water has been removed) of a morphotectonic analog experiment simulating
the Plio-Quaternary morpho-tectonic evolution of the Algerian margin. Hemipelagic (and pelagic) sedimentation
was not simulated, only terrigenous sedimentation (sediments transported from land to the ocean by rivers)
were modeled
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Summary: Geological folds are inherently 3D
structures; therefore they also grow in three di-
mensions. Here, fold growth in all three dimen-
sions is quantified by numerically simulating up-
right single-layer folds in 3D Newtonian media.
Horizontal uniaxial shortening leads to a buckling
instability, which grows from a point-like initial
perturbation in all three dimensions by fold amp-
lification (vertical), fold elongation (parallel to
fold axis), and sequential fold growth (parallel to
shortening direction) The two lateral directions
exhibit similar averaged growth rates leading to
bulk fold structures with aspect ratios close to 1.
However, fold elongation is continuous with in-
creasing bulk shortening, while sequential fold
growth exhibits jumps whenever a new sequential
fold appears. Compared to the two lateral growth
directions, fold amplification exhibits a slightly
higher growth rate.

Introduction

Geological folds are important natural features for
structural geologists. In the field, the orientation
and geometry of small-scale folds in the three-
dimensional (3D) space helps identify larger-scale
structures not visible in one single outcrop. Fold
structures also provide an essential basis for tec-
tonic interpretations, for example for estimating
tectonic shortening directions. Equally import-
ant, the wavelength, the arclength, and the over-
all geometry of a fold are functions of the rhe-
ological parameters of a folded rock layer and
its surrounding matrix. Therefore, analyzing the
shape of a fold can reveal information about the
rheological properties of the involved rocks (Hud-
dleston and Treagus, 2010).
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The fold shape that can be observed in the
field is a result of the fold growth history. There-
fore, it is essential to not only describe the fold
shape but also to understand the process of fold
growth. Geological folds are inherently 3D struc-
tures; hence their growth also needs to be studied
in 3D.

Definitions of 3D fold growth

To avoid confusion, the following terminology
for fold growth in 3D is used here, using the
coordinate system defined in Figure 1:

e Fold amplification (growth in z-direction)
describes the growth from a fold shape with
low limb-dip angle to a shape with larger
limb-dip angle.

e Fold elongation (growth in y-direction) is
parallel to the fold axis and describes the
growth from a dome-shaped (3D) structure
to a more cylindrical fold (2D).

e Sequential fold growth (growth in x-
direction) is parallel to the shortening direc-
tion and describes the growth of additional
folds adjacent to the initial isolated fold. The
initial fold is termed Oth sequential fold; later
grown folds are numbered consecutively.

Here, lateral fold growth is used as an umbrella
term for both fold elongation and sequential fold
growth.

Aim of this study

Existing studies do not quantify all three growth
directions at once. Analytical solutions for 3D
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Topography / layer thickness

Fig. 1.: Initial numerical model grid, boundary con-
ditions, and coordinate system for studying 3D fold
growth. Gray values on the top interface represent
the initial topography (equation given in the figure),
normalized by the thickness of the top layer. Arrows
indicate the pure-shear shortening boundary condition.

folding (e.g., Fletcher, 1991) neglect the two lat-
eral growth rates because a periodic initial per-
turbation is assumed. The few numerical 3D
folding studies (e.g., Schmid et al., 2008) do not
quantify fold growth, but rather investigate one
specific 3D phenomenon (e.g., linkage). The aim
of the presented study is to numerically simulate
simplified test cases of 3D folding and to quantify
fold growth in all three dimensions to better un-
derstand the first-order relationships between the
different growth directions.

Model and Methods

3D buckle folding is assumed to be a slow flow
process governed by Newtonian rheology. The
self-developed finite-element (FE) code solving
the corresponding continuum mechanics equa-
tions is a 3D version of the code tested and used
in Frehner and Schmalholz (2006) and Frehner
(2011). The model (Figure 1) consists of a higher-
viscosity layer (thickness Hy=1) on top of a lower-
viscosity layer (thickness Hy,»Hp) with viscosity
ratio R. The model has a free surface and is com-
pressed horizontally in x-direction with a constant
shortening strain rate, D, <0. This corresponds,
for example, to pure-shear analog models with
lubricated base and side walls or to fold belts,
where flow parallel to the fold axes is prohibited.

To allow a mechanical folding instability to
develop, a point-like initial perturbation is added
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to the bottom and top interfaces of the upper
layer corresponding to a two-dimensional Gaus-
sian (equation given in Figure 1; Ag=0.01). The
effective initial wavelength of the Gaussian is
defined as

MIT =2 x FWHM =2 x \/8In(2)0 (1)

The full width at half maximum (FWHM) cor-
responds to the circle diameter in the x-y-plane,
within which the initial perturbation is larger
than Ag/2 (i.e., half maximum).

During the FE-simulations, the bulk amp-
litudes (or extent) of the fold structure in all
three coordinate directions are calculated based
on the folded upper surface of the model:

e Amplitude in z-direction:

A, = — 2
z =z 2=0,4=0 Zref ( )
e Amplitude in y-direction:
A
Ay = max(y) where 2|  —zf = 20 3)
=0 2
e Amplitude in x-direction:
A
Az = max(x) where z‘ —Zref = =0 (4)
y=0 2

The reference topography, z,.r, is the average
of the upper model surface. In Figure 2, A,
corresponds to the color in the model center and
A, and A, correspond to half the extent of the
central contour line in y-direction and to half the
maximal extent of all contour lines in x-direction,
respectively.

Exponential growth is assumed in all three
directions. Taking into account the shortening
and extension directions, the exponential bulk
amplitude evolution laws are (t is time):

e Exponential growth in z-direction:

A, =A,

tzoeﬂ:p[ — (g + 1) Dy, t]

()
e Exponential growth in y-direction:

Ay = Ay’tzoea:p[ — qyDyyt] (6)
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e Exponential growth in x-direction:

Ay = A,

—(gz — 1)Dy,t
_eap[~ (g ~ )Duu]

(7)
Equations (2)—(7) are valid for the fold structure
as a whole (bulk values). Similarly, amplitudes
can be calculated for each individual sequential
syn- and antiform. The amplitudes in z- and
y-direction of the initial (or 0"" sequential) fold
are equal to the bulk amplitudes.

Results and Interpretations

As an example, the simulation with viscosity ratio
R=100 and initial perturbation c=6 (Figure 1)
is shown and discussed below.

$=4.89% :
appearance of

Normalized
1" sequential folds !

fold
amplitude

0.1
IOOS

-0.05

5=008% N it
appearance of b
2™ sequential folds

Contours:
Normalized
amplitude = 0.005

(=A,/2) Il 5 4

s=1353% N
appearance of
3" sequential folds

Fig. 2.: Snapshots of a typical FE-simulation showing
the evolution of the 3D fold structure with increas-
ing background shortening, s. The fold amplitude
(z-direction) is normalized by the thickness of the
top layer; black lines are contour lines of the nor-
malized fold amplitude equal to half the initial value
(0.005). The maximum extent in x- and y-direction
of these contour lines is used to calculate the fold
amplitude in x- and y-direction (Equations (5) and
(4)). Parameters for this simulation are: R=100 and
0="6.
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Fold shape evolution and individual folds

Figure 2 shows snapshots of the evolving fold
structure with increasing background shortening
(s = 17exp(Dyyt)). The fold grows in all three
dimensions. Fold amplification (z-direction) is
evident from the increasing topography (indic-
ated by colors); fold elongation (y-direction) is
evident from the elongation of the Ag/2 topo-
graphic contour line in the model center; sequen-
tial fold growth (x-direction) is evident from the
sequential appearance of new Ag/2 topographic
contour lines.

The initial isolated fold starts with normalized
amplitudes, aspect ratio, and amplitude ratios
all equal to 1 (Figure 3), which represents the ini-
tial condition of the simulation. Both the z- and
y-amplitudes of the individual folds increase with
increasing shortening. At the same time, growth
in x-direction of the individual folds is limited
to an x-amplitude of around 1 (Figure 3a) show-
ing that the fold structure as a whole grows in
x-direction by sequential folding, and not by the
growth of one individual anti- or synform. The
combination of the two lateral growths leads to
an increasing aspect ratio of the initial isolated
fold (Figure 3b). New sequential folds appear
already with an elevated aspect ratio and con-
tinue elongating with further shortening (see also
Figure 2). Generally, fold amplitude ratios with
the z-amplitude as the denominator (Figure 3c)
decrease with increasing shortening, indicating
that fold growth in z-direction exhibits a higher
rate than the two lateral directions.

Bulk fold amplitudes and growth rates in
3D

Figure 3 also shows the data for the bulk fold
structure (thick lines). The bulk amplitudes in
z- and y-direction are equal to the amplitudes of
the initial isolated fold and increases continuously
with increasing shortening. Growth of the fold
structure in x-direction (Figure 3a) is marked
by sudden jumps every time a new sequential
fold appears. Despite these jumps, the average
amplitude in x-direction is of the same order as
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in y-direction leading to an almost constant bulk
fold aspect ratio of around 1 (Figure 3b). Such
equal growth in both lateral directions also occurs
when using different parameter combinations and
seems to be a universal feature of 3D fold growth.
However, these two lateral growths exhibit a lower

7
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Fig. 3.: Fold amplitude (a), fold aspect ratio in the
x-y-plane (b), and fold amplitude ratio (c) with in-
creasing shortening for the individual sequential folds
(individual anti- and synforms; thin lines) and the bulk
fold structure (thick lines) for the same simulation
as in Figure 2. The bulk fold amplitudes in z- and
y-direction are equal to the individual fold amplitudes
of the initial fold. All values are normalized by the
initial amplitude in each corresponding direction. b)
and c) are derived from a). Vertical gray lines indicate
the first appearance of sequential folds.
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rate compared to fold amplification (growth in z-
direction) leading to fold amplitude ratios clearly
below 1 (Figure 3c). This is also the case for the
other tested parameter combinations.

Applying Equations (5)—(7) to the amplitude
data in Figure 3a, the fold growth rates in all
three directions can be calculated (Figure 4).
The fold amplification rate (z-direction) increases
slightly (from ~19-25) with increasing shorten-
ing (Figure 4a), while the fold elongation rate
(y-direction) stays roughly constant at a value
of around 10. The sequential fold growth rate
(x-direction) exhibits sharp jumps when new se-
quential folds appear. In the long term, both
lateral fold growth rates are similar, represented
by a lateral growth rate ratio close to 1 (Fig-
ure 4b), and about half of the fold amplification
rate (growth rate ratio around 0.5; Figure 4b).
This general relationship between the different
fold growth rates also occurs for all other tested
parameter combinations.

Discussion

Recently, interest in the lateral growth and link-
age process of natural folds has been renewed by
the oil- and gas-industry because it can lead to
compartmentalization of structurally controlled
reservoirs within an anticline. Previous studies
only considered fold elongation to explain the
linkage process (Bretis et al., 2011; Grasemann
and Schmalholz, 2012), without including the
second lateral growth direction (sequential fold
growth). However, this study demonstrates that
both lateral growth directions are equally import-
ant. In case two initially isolated fold structures
grow in all three directions, the initial fold of one
structure (0" sequential fold) may well link with
the 15 sequential fold of the second structure.
Grasemann and Schmalholz (2012) termed this
scenario no linkage, yet it is equally important
for understanding linked bulk fold structures and
the term 1st order linkage is proposed here. Ac-
cordingly, Grasemann and Schmalholz (2012)’s
linear linkage and oblique linkage scenarios (link-
age of two initial folds) are categorized as 0™
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Fig. 4.: Fold growth rates (a) and ratio between fold
growth rates (b) for the bulk fold structure with in-
creasing shortening for the same simulation as in
Figure 2 and 4. (a) is derived by applying Equations
(6)—(8) to data shown in Figure 3a. (b) is derived from
(a). Vertical gray lines indicate the first appearance
of sequential folds.

order linkage.

The numerical simulations represent simplified
test cases in that they only comprise a two-layer
system, linear viscous (Newtonian) rheology, and
no erosion at the upper surface. Therefore, the
modeled geometries may not be translated one-to-
one to natural fold structures. However, the aim
of these simulations is to demonstrate first-order
phenomena of 3D fold growth. The general result
of almost equal fold growth rates in both lateral
directions (fold elongation and sequential fold
growth) and slightly larger fold growth rate in
vertical direction (fold amplification) is expected
to still hold in more realistic modeling scenarios
or natural situations.

Conclusions

Numerical 3D folding simulations using a range
of parameter combinations demonstrated that a

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001)

fold structure grows in the two lateral directions
with similar rates while the fold amplification
rate is slightly higher. Such growth behavior res-
ults in fold structures that hardly change their
bulk aspect ratio with increasing shortening. If
a fold structure originates from an isolated per-
turbation (e.g., diapir) its aspect ratio remains
roughly 1:1; if a fold structure originates from
a line perturbation (e.g., fault) its aspect ratio
remains large. However, large-aspect ratio fold
structures can also be formed by linkage of two or
more individual fold structures. Thereby, higher-
order linkage (linkage between sequential folds of
different order) is equally important as 0" order
linkage because of the equal fold growth rates in
the two lateral directions.
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Summary: Our study promotes buckle fold-
ing as the dominant process for the formation
of furrow-and-ridge morphology on rockglaciers.
Applying analytical buckle folding expressions
to a high-resolution digital elevation model of
the Murtel rockglacier allows us to estimate the
viscosity ratio between the higher-viscous active
layer and its almost pure ice substratum. Us-
ing these constraints in a dynamic finite-element
model of viscous rockglacier flow reproduces all
key natural observations of the furrow-and-ridge
morphology.

Introduction

Rockglaciers often feature a prominent furrow-
and-ridge morphology, for which the Murtel
rockglacier in Switzerland (Figure 1) is a spectac-
ular example. Previous studies suggesting that a
longitudinal compressive flow in the lower part
of a rockglacier is responsible for these struc-
tures are based on qualitative descriptions and
remained speculative.

Buckle folding is the mechanical response of a
layered viscous material to shortening if the mech-
anical contrast between the layers is significant.
The resulting buckle folds are common structures
in rocks and are well-studied in field outcrops,
experimentally, numerically, and mathematically.

We propose that gravity-driven buckle fold-
ing is also the main responsible process for the
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Switzerland

formation of the transverse furrow-and-ridge mor-
phology on rockglaciers. In this cross-disciplinary
study we use the buckle folding theory, which is
well-established in the field of structural geology,
and apply it to the field of rockglacier geomor-

phology.

Data and Methods

For building a representative model we require
two key ingredients: accurate geometrical inform-
ation and information on the material behavior
(i.e., rheology). Both ingredients are elucidated
below in two subchapters

Geometrical Information

We analyze the surface topography using a 1 m-
resolution digital elevation model (DEM) based
on low-altitude aerial photographs. The three-
dimensional (3D) furrow-and-ridge morphology
is evident when considering the 200 m-diameter
differential elevation (diffDEM; Figure 1C). The
average wavelength of the furrow-and-ridge struc-
ture is around 20 m; the average amplitude is
around 2 m.

Borehole deformation measurements (Arenson
et al., 2002) demonstrate that the lower part of
the Murtel rockglacier is immobile and detached
from the upper 30 m by a discrete shear zone.
Borehole image logs and integrated interpreta-
tions of geoelectric, seismic, and georadar data
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Fig. 1.: Location (A; source Swiss Federal Office of Topography) and surface structure (B, C) of the Murtel
rockglacier in Switzerland. The differential elevation is calculated as the true elevation minus the mean elevation
within a 200 m diameter circle. The employed 1 m-resolution DEM is based on photogrammetry. Coordinates

in Swiss coordinate system CH1903.

(Maurer and Hauck, 2007) suggest that the up-
per part is relatively homogeneous and consists
of almost pure ice. The top-most active layer
is 3-5 m thick and is a mixture of ice and rock
fragments with sizes from sand to boulders (Fig-
ure 1B), which freezes and unfreezes during the
course of a year. Ké&éb et al. (1998) speculated
that the thickness of the active layer below ridges
is larger than below furrows.

Based on this geometrical information we ap-
proximate the Murtel rockglacier as a two-layer
system consisting of a lower 27 m thick layer
and an upper 3—5 m thick layer. Both layers are
assumed to obey a viscous flow law, the upper
exhibiting a higher viscosity because of its rock
fragment content. We consider the part below
30 m not important for the formation of furrows
and ridges and we neglect it.

Rheological information

Borehole deformation experiments (Arenson et
al., 2002) demonstrate that the shear zone at
30 m depth accommodates 60% of the total de-
formation. The parabolic flow profiles above the
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shear zone can be approximated using a viscous
flow law. For the active layer it is not possible
to determine the power-law exponent, first be-
cause it is a complex mixture of ice and rock frag-
ments and second because the borehole data is
too sparse in this layer. Hence, we treat both lay-
ers as Newtonian (linear viscous) materials. This
assumption has the advantage that the modeled
deformation does not depend on strain rate and
on absolute viscosity values, but only on the vis-
cosity ratio.

To determine the viscosity ratio, R, we assume
that the furrow-and-ridge morphology is a result
of viscous buckle folding. The Fold Geometry
Toolbox (FGT; Adamuszek et al., 2011) auto-
matically analyzes the geometry of a folded layer
and applies various buckle folding theories to de-
termine the viscosity ratio between the folded
layer and its surrounding. We feed the FGT with
longitudinal sections of the furrow-and-ridge geo-
metry derived from the difDEM (Figure 1C).
We vary the thickness of the active layer (3-5
m; Figure 2A) according to its uncertainty and
also use a non-constant thickness (Kaib et al.,
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1998). The FGT yields viscosity ratios of R=9-21
depending on the input model (Figure 2B).

Numerical Finite-Element Modeling

Based on the above geometrical and rheological
analysis we designed a finite-element (FE) model
(Figure 3B) to simulate rockglacier flow under
the effect of gravity. The model solves the gov-
erning force balance and rheological (Newtonian)
equations in 2D (details in Frehner, 2011; Frehner
et al., 2012). For the Murtel rockglacier the 2D
approximation is justified because of its straight
tongue-like geometry and unidirectional flow field
(Kaab et al., 1998). The initial model surface
is randomly disturbed (Figure 3A), represent-
ing natural irregularities of rock fragments and
boulders, but also allowing the mechanical buck-
ling instability to initialize.

Results

Figure 3C and 4A show the initial model state.
Because we only consider the viscosity ratio, cal-
culated stresses cannot be taken as absolute stress
levels. The active layer exhibits layer-parallel
compression towards the rockglacier toe, which
is also reflected by the orientation of the most
compressive stress parallel to the layer. Immedi-
ately below the active layer, compression is much
smaller but still layer-parallel. These discontinu-
ous stresses across the layer interface drive the
buckling instability.

For further analysis we focus on the rockglacier
toe (Figure 4), where active buckling takes place.
The modeled buckle folds develop self-consistently
with a wavelength of around 20 m. Around 150 m
from the rockglacier front, compression in the act-
ive layer is largest; hence buckle folds develop the
fastest. Further towards the front, buckle folds
still develop, but at a lower rate. This is directly
comparable to the Murtel rockglacier (Figure 1C).
The amplitudes in Figure 4C of about 2 m are
comparable to the present-day amplitudes on the
Murtel rockglacier; hence, Figure 4C represents
today’s situation while Figure 4B represents an
earlier situation.
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Fig. 2.: Geometrical and rheological information of the
Murtel rockglacier (modified screenshots from the
FGT). A: Different input models using different layer
thicknesses of the active layer. Gray shades: furrows
and ridges as identified by the FGT. B: Resulting fold
amplitude-to-wavelength and thickness-to-wavelength
ratios with overlain shortening and viscosity ratio con-
tour lines.
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Fig. 3.: Initial and boundary conditions of the FE model, which is inspired by the Murtel rockglacier. The
numerical mesh (B) is simplified because the real mesh is too dense to be depicted. C shows the initial normalized
horizontal stress (positive = compression) and the orientation of the most compressive stress as white lines.

Figure 4D shows the modeled borehole deform-
ation (colored lines) from the surface down to 5 m
above the fixed model bottom. The deformation
of all boreholes and for both time intervals ex-
hibits the typical parabolic shape, confirming the
viscous flow profile within the rockglacier. The
developing buckle folds disturb this otherwise
smooth deformation profile in the active layer.
Naturally, data measured on the Murtel rockgla-
cier (gray lines) show more variations. However,
on average the deformation profiles are also para-
bolic and disturbed in the active layer. Hence,
the modeled borehole deformation profiles can be
directly compared to the real data.
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Discussion

Because we do not accurately describe the shear
zone, our FE simulation only accounts for 40%
of the total deformation. Borehole deformation
data and photogrammetric and terrestrial geo-
detic surveys yield surface velocities of the Murtel
rockglacier of 5 (Kéab et al., 1998) to 6 cm a1
(Arenson et al., 2002; Miiller et al., 2014). With
40% of this surface velocity, 625-950 years are ne-
cessary to reach the modeled surface displacement
of 15-19 m (Figure 4D). While the natural 3D de-
formation (compared to the 2D model) may not
significantly alter the deformation geometry, it
does affect the rate of deformation. The curved
furrows and ridges (Figure 1C) indicate a vis-
cous flow pattern also in map-view resembling an
open-channel flow. We estimate the velocity re-
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lines correspond to the borehole deformation data of Arenson et al. (2002) measured on the Murtel rockglacier

in a similar location.

duction in such a 3D flow to about 35% compared
to our modeled 2D flow. Hence, the estimated
time to develop the furrows and ridges extends
to 960-1460 years. Time 1 in Figure 4 corres-
ponds to 480-730 years and Time 2 corresponds
to 9601460 years after the initial state (Time 0).

Conclusions

Using the Murtel rockglacier as an example, we
promote gravity-driven viscous buckle folding
as the dominant process explaining the furrow-
and-ridge morphology characteristic for many
rockglaciers. Buckle folding requires two main in-
gredients: mechanical layering and layer-parallel
compression. In rockglaciers, the first is due to a
layered ratio between ice and rock fragments. The
second is due to the convex curvature of a rockgla-
cier towards it toe. The associated slow-down
leads to a compressive flow where curvature is
largest. Our dynamical gravity-driven FE-model
explains several first-order features of the Murtel
rockglacier: the amplitudes and wavelengths of
the furrow-and-ridge morphology, the location of
the largest-amplitude structures, and the para-
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bolic flow profiles measured in boreholes. We
estimate the time necessary to develop a furrow-
and-ridge morphology as observed on the Murtel
rockglacier to be less than 1500 years.
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Abstract: Geologically Shakardarra is evolved
through multiple episodes of deformation. In
the current research structural evolution of south
eastern Kohat is shown through 3D geoseismic
model. It is prepared by integrating surface struc-
tural geological data and subsurface seismic re-
flection data. At surface doubly plunging anti-
clines and synclines are evolved on evaporites
as detachment folds truncated by thrust faults
along their limbs. In subsurface stratigraphic
packages are marked on seismic sections based
on regional stratigraphic studies and dominant
reflections. The seismic data shows the thrust
faults emanates from basal detachment located at
sedimentary crystalline interface cutting up sec-
tion to surface or lose their displacement to splay
or back thrusts. At surface Shakardarra fault,
Tolabangi fault, Chorlaki fault and axial trend of
fold changes their strike from EW to NS which
narrates that thrust and axial trend of folds are ro-
tated along vertical axis by influence of Kalabagh
strike slip fault. The current research suggests
that Shakardarra is sequentially evolved in three
episodes of deformation. In the first phase detach-
ment folds developed on Eocene evaporites which
are truncated by thrust faults emanating from
basal detachment in second phase. In the third
phase early formed folds and faults are rotated
along vertical axis by the influence of Kalabagh
fault.
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Introduction

The Kohat Fold and Thrust Belt (KFTB) also
known as Kohat Pleatue is an integral part of
Himalayan Fold and Thrust System located in
the Sub Himalayas. The KFTB extends from
Main Boundary Thrust (MBT) in the north (Sar-
war et al., 1979, Yeats et al., 1984, Coward et al.,
1985) to Surghar range in the south (Ahmed et al.,
1999). It is separated from its eastern counterpart
Potwar Fold and Thrust Belt (PFTB) by Indus
River and its western boundary is marked by Kur-
ram Fault (Kazmi and Rana 1982). The KFTB
and PFTB in their evolution are genetically re-
lated to Himalayan induced deformation (Ahmed,
1995 Ali, 1995 McDougal &Hussain, 1991 Abbasi
and McElroy, 1991) in general and transpres-
sional tectonics (Pivnik & Sercombe.,1994) in
particular. However, Structural complexity is
more pronounced in KFTB and the difference
in structural style is attributed to the nature
of decollment at base and secondary levels and
role of strike slip faulting (Ahmed, 1995 Ahmed
2003 Ali, 1995 Dougal &Hussain, 1991 Abbasi
and McElroy, 1991 Pivnik & Sercombe, Chen and
Khan, 2010 Khan et al, 2012). Shakardarra is
present at boundary of KFTB and PFTB with

101



H. Ghani et al.

Tectonics and Surface Processes

POTWAR
FOLD AND
THRUST BELT .

INDIA

[R—

ARABIAN
SEA

Fig. 1.: stratigraphic column of the study area

active Kalabagh strike slip present in south of
it (figure 1). In the north of Shakardarra east-
west trending structures change their orientation
to north —south. The previous models (Abbasi.,
1991, McDougall and Hussain., 1991) showed the
lateral ramp in the subsurface causing the sur-
face structures to change their orientation across
it. Recent published work of (Khan et al 2012)
on the nature and kinematics of Kalabagh fault
shows its active nature and its presence as a lat-
eral ramp in the northern part (Figure 1). The
previous models developed had not taken the role
of strike slip faulting in the deformational history
as its presence in the near vicinity with still active
nature cannot be avoided. The exposed struc-
tures at Shakardarra don’t comply completely to
the concept of lateral ramp. As the west vergence
of thrust at the Hukni and continuation of these
structures in north of Shakardarra with east-west
trend are raising questions about the sole pres-
ence of lateral ramps in subsurface effecting the
structures above.

Aim and Objectives

The aim of research is to understand structural
evolution of the area in relation to fold and thrust
kinematics and role of active strike slip faulting
in reshaping the structures at surface and sub-
surface. The objectives are to prepare a 3 dimen-
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sional geoseismic model of the area to understand
the genetic relationship between structures at sur-
face and subsurface.

Methodology

Revised geological mapping of area at RF
1:50,000 by integrating published maps and
field data. Seismic reflection data of 865-NK-
02,05,08,11,15 are used for interpretation of sub-
surface structures, stratigraphy and depth to
basement. Deformed geoseismic cross section
are prepared by integrating surface geological,
and seismic data in 2D move. 3D model is pre-
pared in 3D move by integrating 2d cross sections,
generating surfaces, ramps and fault planes to
show the 3D structural geometries at surface and
subsurface.

Stratigraphy and Tectonics

Kohat plateau is comprised of Eocene and
younger sedimentary rocks and is located in the
west of Potwar fold and Thrust belt. There are
evaporates in the southern part of the plateau. In
the northern region there are several thrust faults,
synclinal folds and overturned folds. Low angle
thrust faults are folded which are forming klip-
pen. Evaporate sequence is missing or reduced
in the northern part. Panobashales are present
in the cores. There is E-W trending folds and
reverse faults which are north and south dipping
in the kohat plateau zone. Most of the faults are
fault propagation folds. The Eocene sequence
present in the Kohat plateau is very thick that is
300-500m. There are evaporates sequence in the
central part of the Kohat plateau. The structures
in the Shakardarra have an E-W orientation but
it abruptly change direction E-W to N-S. Hukni
fault which is a large thrust fault present in this
area. (Figure 2)

Structural Geology

The structural geology of the research area is
comprised of outcropping thrust faults and folds.
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Fig. 2.: Tectonic map of northern Pakistan Showing ma-
jor structural boundaries. The box shows the location
of the project area

The general trend of the structures in the area
is ENE-WNW. Fault bounded doubly plunging
anticlines and broader synclines are present at
the surface. Revised geological map of the area is
prepared at 1:50,000 by integrating published geo-
logical map (Meissner,1974), and field orientation
data (figure 3).

Seismic Interpretation

Seismic data is interpreted by solving velocity
windows panels to obtain the average velocity.
Time and depth of stratigraphic packages is cal-
culated using these velocities.Eocene, Paleocene,
Jurassic, Triassic and Permian Tops reflectors
were marked. Basement was marked on 10 km by
its presence as a prominent reflector on seismic
lines. (Figure 4) It is also evident from previous
research work ((Ahmed, 1995 Ahmed 2003 Ali,
1995 Dougal&Hussain, 1991 Abbasi and McElroy,
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1991). Some outcropping faults are correlated to
seismic shot point locations.

Cross sections

The cross sections are prepared manually by in-
terpolation the surface geological data (contacts
and orientations) and subsurface depth domain
data of reflectors. The manually prepared reflect-
ors are redrawn on 2D move software to maintain
the accuracy for thickness of each horizon. Cross
sections are later imported to Move for 3D model
generation.

Section AB and CD

Both sections are north south orientated 17.5 km
and 18.5 km in length.In north of section AB and
CD, Nari banda fault (NRF), Bargazi banda fault
(BBF) and Shakardarra fault (SF) are the thrust
faults emanates from basal detachment to surface.
Bab-e- Shakardarra fault (BSF) and two splay
faults emanates at shallow depth in north and
south of Shakaradarra fault. Eocene rocks are
thrusted over younger rocks by these two thrust
faults. In south of SF an open anticlinal and syn-
clinal structure is transected by complex network
of faults. In subsurface north facing thrust had
uplifted the stratigraphic section toward north at
deeper level. Tolabanghi khel fault and Chorlaki
fault originates as south facing faults from north
facing thrust at deeper level transects the limbs
of folds. Triangular zones are formed at depth in
between the opposite facing thrusts.

Section EF, GH, IJ & KL

Sections EF, GH and 1J are 27.1, 29.4 and 32.5
long orientated in NE-SW direction. Sections
EF, GH, 1J are oriented oblique to the strikes of
exposed structures, however section EF is east
west oriented perpendicular to the strikes of struc-
tures. NRF is present in the EF section thrusting
Eocene rocks over the Kamlial formation. SF is
present in all sections thrusting Eocene rocks over
the Kamlial and Nagri formations. NRF and SF
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are cutting up section from basal detachments
to surface. Tolabangi Khel fault in the sections
GH and 1J is thrusting Nagri formation in the
hanging wall over the Dhok Pathan formation
in the foot wall. In subsurface Pop-up and tri-
angle zones are present. In section KL steeply
dipping Chorlaki fault (CF) is present with less
stratigraphic throw. (Figure 5)

Discussion

Geologically Shakardarra is comprised of complex
deformational structures, developed and modified
by multiple deformational events. The structural
models of area show the distribution of structures
in 3 dimensional at surface and subsurface. Area
is occupied by tight anticlinal structures in north
and broader synclinal structures in south.The
presence of Eocene Jatta gypsum in the core
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of anticlinal structures indicates that folds are
formed as result of detachment folding on Eocene
evaporites. The truncation of folds at limbs by
faults narrates that faults are emplaced later in
the deformational history of area than folds. The
trends of folds axial traces and strikes of faults are
ENE to WSW which indicates there development
genetically linked to Himalayan induced deform-
ation. The cross sections show that these faults
are developed from basal detachment located at
sedimentary crystalline interface. The cross sec-
tion shows that back thrust are originated from
fore-thrust at much shallower depths to achieve
critical taper for initiation of fore thrust in south
of it In the central portion of area south dip-
ping blind thrust had uplifted the stratigraphic
sequence northward in subsurface. TBKF and
CF originate from these blind back thrusts cut
up section to the surface. The faulting in the
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central formation of study area is developed to
achieve the critical taper for initiation of Surghar
range frontal thrust in south of shakardarra. The
structural geology of area in central portion is
comprised of pop-up and triangle zone geometries
in subsurface. The reservoirs formations of Juras-
sic age are structurally uplifted and transected by
these faults forming the structures favorable for
exploration of hydrocarbon. The change in orient-
ation of Shakardarra fault, Tola bangi khail fault
and Chorlaki fault from E-W to N-S in the east-
ern portion of area is strongly influenced by right
lateral movement of Kalabagh fault present in
south east of this area. Dominant flexure/bends
in the strikes of Surghar range thrust in west
of Kalabagh fault and Shakardarra fault in east
represents that the early formed thrusts are ro-
tated along the vertical axis of rotation related
to kalabagh strike slip fault. The deformation
related to Kalabagh strike slip fault had changed
the orientation and dips of Nagri formation to
vertical near the rotated fault plane of Chorlaki
fault and Tola bangi khail fault. The research
suggests that area is evolved sequentially in three
episodes of deformation. In first phase of deform-
ation folding is developed on Eocene evaporate
horizons as detachment folds. In second phase
of deformation thrusting from basal detachment
had truncated the folded structures and elev-
ated the whole stratigraphic sequence. In third
phase of deformation early formed thrust faults
are rotated from EW to NS by the influence of
Kalabagh strike slip fault. (Figure 6)
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Conclusions

The current research had concluded following
points

1. Two distinctive detachment horizons are
present in the subsurface at sedimentary
crystalline interface and Eocene evaporates
sequence.

2. The general trend of faults and folds is ENE-
WSW which shows their genetic link to Hi-
malayan induced deformation.

3. The truncations of fold limbs by faults indic-
ate that faults are emplaced later in deform-
ational history of area than folds.

4. The back thrusts in the area are developed
to achieve the critical taper for initiation of
fore thrust towards south.

5. The change in strikes of shakardarra fault,
surghar range thrust, Tola bangikhel fault
and chorlaki fault indicates that these early
formed thrust are rotated along vertical axis
by the influence of Kalabagh strike slip fault.

6. The area is evolved sequentially in three
episodes of deformation, detachment fold-
ing followed by thrusting superimposed by
strikeslip faulting.
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Introduction

The rift of Gulf of California represents an ex-
ceptional case of oblique rifting where incipient
seafloor spreading is occurring (Lizarralde et al.,
2007; Sutherland et al., 2012). This rift is charac-
terized by a dextral movement which has an angle
of ~20° between the transform zone in the center
of the Gulf of California and the Baja California
peninsula (Stock & Hodges, 1989; Fletcher et
al., 2007). Analogue models reproducing oblique
rifting, which is characterized by a relative dis-
placement between two tectonic blocks with an
angle with respect to the rift axis of less than 90°
(Agostini et al., 2009; Autin et al., 2010), have
found that, among other factors, the obliquity
might be a consequence of the presence of a pre-
existing oblique lithospheric weakness zone both
in the crust and in the mantle. The influence
of pre-existence weak zone is believed to help to
localize the deformation causing rifting.

In order to investigate some aspects of the evol-
ution of deformation of the GoC oblique rifting
a series of astenospheric-scale analogue models
were carried out. The experiments consider a
central zone of weakened rheology. The object-
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ives of this study are to analyze the geometry of
fault patterns in the southern Gulf, to reproduce
the deformation between Baja California (Baja)
and Sierra Madre Occidental (SMO) blocks (fig-
ure 1), and finally to remark some similarities
between model and the southern part of the Baja
California rift.

Experimental Setup

The models were built at the Laboratorio de Mod-
elado Analédgico, Centro de Geociencias, UNAM.
The suitability of cold lithosphere physical mod-
els for studying rifting has previously been tested
by Autin et al. (2010). In our experiments,
the model lithosphere consist of four layers: a)
upper brittle crust, composed by a mixture of
hollow and dense glass microspheres; b) lower
ductile crust, made by mixing silicone, corundum
sand, and plasticine (100:30:10); c¢) lithosphere
mantle, composed by a mixture of silicone, dry
quartz sand, and plasticine (80:100:25) and, d)
the astenosphere, made by glycerin and gypsum.
The materials flow curves and density were prop-
erly scaled with respect to natural values. The
model lithosphere floats on the astenosphere,
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Fig. 1.: Geometry of fault patterns in the southern
Gulf of California. The zone located in the central
part of the GoC has a “zig-zag” geometry defined by
normal and lateral faults, these features might have
an influence on the faults observed in the edge of
the Baja California and Sierra Madre blocks localizing
deformation and forming border faults.

which is a high density and high viscosity ma-
terial. A weakness zone was built as a band in
the middle of the model that corresponds to the
position of the Gulf of California, reducing the
viscous resistance of the lower crust and the litho-
sphere mantle by adding oleic acid (10%) to the
mixtures.

The low resistance band divided the model
into a fixed block (Mexico mainland) and a mo-
bile block (Baja California) and they were built
in a plexiglass box with dimensions 40x40 cm?.
The angle of the weak zone with respect to the
direction of displacement was about 20°, corres-
ponding to the angle among the proposed dis-
placement of the Baja California Block with re-
spect to the mean rift axis (e. g., Fletcher et
al., 2007). Deformation of the experiments sur-
face was recorded by plain view images and its
digital topography was obtained by using the
Zebra software.

Results

The model reproduces the general topographic
features of the Gulf of California narrow rifting
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Fig. 2.: Digital elevations models of the experiment
and the southern GoC.

including the “zig-zag” geometry of the border
faults and the individual extensional basins along
the rift axis (Figure 2). In the analogue models it
is not possible to reproduce the continental rup-
ture and adding of material and thus is pertinent
only for the pre-rupture Miocene to Pliocene (~12
to 3 Ma) history of the rift. However, we consider
that the geometry of the transform system in the
gulf is a consequence of the progressive previous
history and it does not alter the border faults
geometry and the discussion about the location
and migrations of the depocenters sustains. Our
model focus in reproducing the geometry of the
rift and does not consider the causes of such geo-
metry. However, it has been suggested that the
Gulf of California narrow rift evolution is the con-
tinuation of a long history (more than 30 Ma) of
widespread extension in the western North Amer-
ican plate (Ferrari et al., 2013). A probable cause
of the “zig-zag” geometry of the border faults and
the presence of a weaker lithosphere localizing de-
formation is the rift segmentation that occurred
in previous extension episodes (Axen, 1995). The
conclusion is that the initial geometry of the bor-
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der faults has an important influence leading to
the geometry of the transform system after the
continental rupture.

In Figure 3 we present the evolution of three
topographic profiles with an orientation perpen-
dicular to the experimental rift axis to visualize
differences in the evolution of the rifting with ex-
tension. In the three cases, the model reproduces
the observation of a westward migration of the
extensional basins activity (Aragon-Arreola and
Martin-Barajas, 2007).

The width of the extension zone confined
within the weaker band is prescribed by the model
set up but there are significative variations in the
depocenter depths along the rift axis. Greater
asymmetry is observed at the northern part of the
model. Extension localizes initially at the SMO
block and progressively migrates to be closer to
the Baja block. Modeling reproduces suitably
the migration of depocenters.
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Fig. 3.: Topographic sections of the model showing the differences in depocenter evolution along the rift axis. In
the three cases presented the depocenter migrates westward with differences in the symmetry of the rift. The
depocenter locates closet to the moving block.
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The extensional reactivation of thrusts (i.e. the
negative tectonic inversion process) has often
been suggested as a major deformational mech-
anism in post-orogenic sedimentary basins and
rifted margins. The recognition of this negat-
ive tectonic inversion process is generally based
on combined structural features including the
collapse of major thrust-related structural relief,
the collapse of the backlimb of thrust-related
folds, the development of post-orogenic syn-rift
deposits upon the crest of previously developed
ramp-related anticlines and the general parallel-
ism of extensional and compressional structures
in map view. The direct relationships between
normal faults and the underlying thrusts are how-
ever rarely exposed due to the general burial of
these structures below a sedimentary cover con-
trolled by the tectonic subsidence. Seismic pro-
files across post-orogenic basins generally does
not allow providing, at depth, a precise image of
such relationships due to the overall structural
complexity.

To give further insight into this mechanism,
and provide a guide for structural and seismic in-
terpretation at depth in basins controlled by the
extensional reactivation of basement thrust faults,
a set of analogue modelling experiments have
been conducted. Modelling of the negative tec-
tonic inversion process has been rarely considered
conversely to the positive inversion that has been
the object of numerous studies. Basically, our
models involve a brittle, cohesionless, dry, porous
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3 cm-thick sand unit overlying a basal 1 cm-thick
silicone layer designed to localize the basal dé-
collement of the deformed structures. All models,
initially 110 cm long and 49 cm large, were built
above a flat, horizontal, rigid base. The entire
model was first subjected to a phase of shortening
by moving progressively at a constant speed (0.5
cm/hour) the left-hand wall until a value of about
39% bulk shortening was reached (87 hours of
shortening). An orogenic wedge formed against
the moving wall, then propagated progressively
rightward by formation of new forethrusts and by
bulk thickening of the wedge itself. At the end of
compression episode, a post-tectonic sand layer
was deposited to bury completely the structural
relief and generate a horizontal datum for the
next extensional phase Experiments were then
tilted hinterlandward to simulate a flexural re-
sponse of the lithosphere to orogenic loading. For
the extensional phase of the experiment, two dif-
ferent basal slopes were tested (2.5° and 5°) to
investigate the influence of internal thrust dips
on the extensional dynamics. Models were exten-
ded by moving backwards the mobile sidewall at
a speed of 1 cm/hour. As extension proceeded,
the horizontal post-compression datum subsided
locally along fault-bounded grabens that were in-
crementally filled-up with sand layers simulating
the syn-rift deposits. At the end of each experi-
ment, models were cut along equidistant vertical
cross-sections and integrated as a 3D structural
model using Move®. geomodelling software (Mid-
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Fig. 1.: Cross-sections across the centre of the models illustrating the relationships between the basin geometry,
the normal faults and the underlying thrust structures.

land Valley Ltd). Some representative sections
were restored at the main steps of the basin de-
velopment to provide a progressive view of the
structural evolution of the basin.

Results of modelling experiments (Fig. 1) give
a new insight into the geometries and kinematics
of the negative tectonic inversion process, and
allow further discussion on the main parameters
controlling the reactivation of basement thrusts
during a subsequent extension. They particu-
larly emphasize the characteristic geometric and
kinematic features of post-orogenic basin develop-
ment, and especially, argue for the ramps of fore-
and backthrusts to localize at depth respectively
the master normal faults controlling depocenters
and some antithetic secondary faults accommod-
ating the adjustment of the hangingwall over the
basal thrust surface.
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Tectonically controlled landforms develop mor-
phologic features that provide useful markers
to investigate rates of tectonic deformation and
mechanisms of relief growth. In this work, we
review results of morphotectonic experiments
obtained with an innovative approach combin-
ing tectonic deformation and surface processes,
coupled with accurate measurement techniques.
This allows for a qualitative and quantitative ana-
lysis of landscape evolution associated with active
deformation achieved through compressional, ex-
tensional and strike-slip tectonic settings (Fig.
1).

Major results indicate first that experimental
morphologies evolve significantly at a short time
scale (several seconds to tens of minutes, which
scales about to 1 — 500 kyr), suggesting that
morphogenetic processes have a short time re-
sponse to tectonic and climatic forcing. For com-
pressional settings, the formation of alluvial ter-
races above an active thrust is controlled by reg-
ular incision of the main channel through the
uplifting hanging wall and by avulsion of depos-
its on fan-like bodies. Deformation of terraces
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well records the growth of the structure. For
extensional settings, the dynamics of hanging-
wall sedimentary filling controls the position of
the base level, which in turn controls footwall
erosion. Two phases of relief evolution are recog-
nized: the first is a phase of relief growth and
the second is a phase of upstream propagation
of topographic equilibrium reached primarily in
the sedimentary basin. During the phase of relief
growth, the formation of triangular facets occurs
by degradation of the fault scarp and their geo-
metry (height) becomes stationary during the
phase of topographic equilibrium propagation.
For strike-slip settings, the complex geometry of
the wrench zone, composed of several interacting
fault segments, enhances the interactions with
the drainage network. Consequently, numerous
morphologic markers form continuously, but their
lifetime is generally short due to erosion. A signi-
ficant amount of distributed deformation is also
observed along the fault zone. Locally, less than
a quarter of the far field displacement can be
measured using fault offsets, leading to a system-
atic underestimation of the real fault slip rate.
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Fig. 1.: Experimental modelling results of landscape dynamics along an active A) thrust fault, B) normal fault,
and C) Strike-slip fault. Note the modelling of morphotectonic markers such as fault scarps, faceted spurs,
alluvial terraces, restraining bends and pressure ridges.

The experimental approach coupling deformation
mechanisms and erosion-transport-sedimentation
processes is well adapted to study the morpho-
logic evolution of diverse tectonically controlled
landforms.
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Here we focus on the relationships between tectonic deformation and sedimentary basin formation.
Resolving the interaction and feedback between tectonic crust-lithosphere scale deformation and
surface processes through erosion of elevated areas and formation of sedimentary basins over multiple
scales has been a long-standing challenge. While forward process based models have been successful
at showing that a feedback is expected between tectonic deformation and redistribution of mass at
the earth’s surface by erosion, transport, and deposition, demonstrating this coupling for natural
systems has been an even greater challenge and is strongly debated. Observational constraints on
crust-lithosphere deformation and surface processes are typically collected at highly varying spatial
and temporal scales, while forward process based models are typically run at either very large
lithosphere-mantle scale, or at the scale of the sedimentary basin making it difficult to investigate
and explore the detailed interaction and feedback between these systems. Here I will report on recent
advances in forward modelling linking crust-lithosphere deformation with surface processes over a
large range of scales resolving tectonic plate scale deformation and sedimentary basin formation
at stratigraphic scales. The forward numerical models indicate a linkage and interaction between
the structural style of thick-skinned large-scale mountain belt and rift-passive margin formation,
erosion-transport-deposition processes operating at the surface, and the thin-skinned deformation
occurring in the associated sedimentary basins.
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Introduction

Surface processes are well known to influence
deformation in mountain belts and accretionary
wedges. Erosion and sedimentation influence ver-
tical motions (exhumation) and wedge geometry
(number of faults and total strain accumulated
on them) by redistribution of material. Critical
taper theory has been successful in explaining
the interaction between tectonics and surface pro-
cesses in brittle wedges.

In terms of this interaction, the Magdalena Fan
on the active South Caribbean margin in Colom-
bia is a feature of particular interest. The Carib-
bean plate has subducted beneath north western
South America since at least Eocene times and
as a result, a long and wide accretionary prism
has developed. One of the world’s most sediment
rich rivers, the Magdalena River has deposited
its sediments on top of this accretionary wedge
since the Middle Miocene. The resulting Mag-
dalena Fan is a very prominent feature in the
bathymetry of the continental slope. Thrusts
in the wedge curve into the fan on both sides,
creating a convex-outward shape in map view.
Moreover, while thrusts are easily recognized on
seismic sections in the wedge, no deformation is
obvious on seismic sections inside the fan.

In previous studies, the curvature of the ac-
cretionary wedge has been explained both as a
primary feature, due to curvature of the margin,
and as a secondary feature, caused by loading
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by the Magdalena Fan. In this study, we test
the latter hypothesis and investigate the role of
strong syn-tectonic sedimentation from a point
Could localized sedimentation lead to
curvature of the accretionary wedge? How is
deformation partitioned between the accretion-
ary wedge and the fan and, in particular, how
and where is deformation accommodated inside
the fan? We address these questions by means
of coupled 3D analogue modelling, in which we
vary the sediment flux from a point source while
tectonic accretion occurs at a constant rate.

source.

Modeling strategy and setup

In a series of 3D scaled analogue models (1:10%),
we varied the sediment flux S while the tectonic
accretion rate A was kept constant (Table 1),
resulting in different S/A ratios.

We used a box of 80cm wide and 100cm length,
with a high friction conveyor belt at the base,
glass side walls and a vertical back wall. A 2cm
thick layer of quartz sand was sieved onto the
conveyor belt, representing the sediments on the
incoming plate. An initial sand wedge was sieved
against the back wall. Syn-tectonic sedimenta-
tion at different rates was achieved by pouring
glass beads through a funnel connected to a gut-
ter suspended above the deforming wedge in the
middle of the back wall at regular time intervals
(Table 1). Total shortening was 40cm.
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Model Model ID  Tot. displ. Sedimentation S H \Y% A S/A
(mm) rate (mm3/s) (mm) (mm/s) (mm3/s)

A 3D_50_4c 400 10ml / 20s 500 20 0.25 1000 1/2
B1 3D_50_4d 400 20ml / 20 s 1000 20 0.25 1000 1
B2 3D 50 3e 500 20ml / 10's 2000 20 0.5 2000 1

C 3D_50_4b 400 40 ml / 20 s 2000 20 0.25 1000 2

D 3D_50 4e 400 90 ml / 20 s 4500 20 0.25 1000 4.5
- 3D_50 4a 400 45 ml / 20 s 2250 10 0.25 500 4.5

Tab. 1.: Model parameters. S is sediment flux; H thickness of the incoming layer, V displacement rate of conveyor
belt. Tectonic accretion rate A was calculated by integrating the cross sectional material flux H*V over a

domain of 20 cm width.

Materials were chosen such that the angle of
repose of the sediment (given by its coefficient of
internal friction) is similar to the slope angle of
the critically tapered wedge (a function of basal
and internal friction). Thus we used quartz sand
< 0.3 mm (pu = 0.75) for the deforming sediment
on the incoming plate and glass beads of 0.2-0.3
mm (g = 0.5) mixed with 10%vol colored sand
for the fan sediment. The high friction base leads
to ub = p in the deforming wedge.

The experiments were monitored at short time
intervals with high resolution digital cameras.
At the end of each experiment, the model was
covered and moisturized and cross sections were
sliced at 2-5cm intervals.

Preliminary results

1. Loading by fan sediments forces the frontal
thrust forward, such that it breaks the sur-
face in front of (around) the fan (Figure 1).

2. Different modes of fault formation and slip
partitioning occur depending on the sedi-
ment flux (Figure 1):

e for low S/A ratios (S/A = 0.5), the new
frontal thrust forms as a single fault
along the wedge and curved around the
fan;

e in the intermediate case (S/A = 1)

there is a small delay between the form-
ation of a new thrust in front of the
wedge (initially curving into the fan)
and the one around the fan;

e high S/A ratios (S/A >=1) lead to pro-
longed lifetime of faults (and thus fewer
faults) below the fan: underthrusting
continues below the fan even as a new
fault is formed in front of the wedge.
This phenomenon may be enhanced by
the lubricating effect of the (low fric-
tion) fan sediments. The newly formed
faults in front of the wedge do not run
straight but curve into the fan.

3. The structural evolution of the wedge proves
to be sensitive also to the position of the sedi-
ment load (Figure 2): sediments deposited in
a more distal /frontal position (prograding
system, model B2) lead to duplex formation
and associated uplift in the rear of the wedge
below the fan and prolonged activity of the
faults below the fan. For an aggrading or
retrograding system a higher sediment flux
(S/A ratio) is required to obtain the same
effect (model B1, C)

4. Tectonics in return influences sedimentation:
hanging wall uplift leads to backward tilt of
fan, restricting sedimentation to the hanging
wall of the active fault for some time and
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Fig. 1.: Differences in structural evolution in Model A-D (top view) as a function of increasing S/A ratio (Table
1). Horizontal time axis shows increase of time, but not the same time for the different models.

leading to locally higher sedimentation rates
(Figure 1D, 2D). Aggradation and prograda-
tion are thus tectonically controlled in our
subaerial models.

5. Fan sediments are strongly deformed by
fault-bend folding in front of the active
thrusts, but undeformed on the tectonically
inactive part of the wedge (upper slope, Fig-
ure 2).
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A:S/A=1/2

B1:S/A=1

B2:S/A=1

Fig. 2.: Cross sections at the end of the model run for four models with different S/A ratios. Left panels: outside
the fan (10 cm from side wall), right panels: in the middle of the fan (40cm from side wall). The fan sediments
are distinctly deformed by fault propagation folding. For high S/A ratios (B2, C), fewer thrusts with larger
displacement have developed inside the fan than outside..
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Introduction

The continuous process from continental rifting to
seafloor spreading is a key step in Wilson’s cycle
(Wilson, 1966), but the complete process is hardly
simulated. Continental rifting history influences
oceanic spreading. Understanding the inherit-
ance of continental rifting in seafloor spreading
is crucial to study the incipient oceanic ridge
evolution and remains a big challenge (Lister et
al., 1986; Ebinger and Casey, 2001; Nielsen and
Hopper, 2004; Taylor et al., 1999, 2009; Gerya,
2012). Compared to the continental rifting pro-
cess, which has been widely studied by numerical
and analogue modelings, few studies have been
done on the complete rifting-spreading process
due to several diffculties. One is that the long
extension process requires large strain to reach
the final steady state of seafloor spreading from
the initial intact continental lithosphere, and it
includes many complex geodynamic processes,
such as magma formation, hydrothermal circu-
lation, and crystalization (Gerya, 2010, 2013).
Another diffculty is that oceanic spreading in
nature is a 3D problem, as large heterogeneit-
ies are present along oceanic ridges. Ultra-slow
spreading ridges are mostly oblique to spreading
directions and consist of alternating magmatic-
amagmatic segments (Dick et al., 2003). Symmet-
ric and asymmetric accretion is alternatively dis-
tributed along slow spreading ridges (Escartin et
al., 2008). Overlapping and transform faults are
two common ways that oceanic segments interact
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(Gerya, 2012) (and reference therein). These 3D
features of oceanic ridge require 3D models. Fur-
thermore, the lack of natural observations make
the rifting-spreading transition enigmatic. Unlike
the widely distributed examples of continental rift
and oceanic ridge, very few natural examples re-
cord the rifting-spreading transition informations,
and some good examples are theWoodlark Basin
in the southwestern Pacific ocean (Taylor et al.,
1999, 2009), the Laptev Sea margin in the Arctic
ocean (Franke D., 2001; Engen O., 2003) and the
Red Sea-Gulf of Aden system (d’Acremont et al.,
2010; Ligi et al., 2012; Brune and Autin, 2013).

The early-stage formed rift can be a template
for the future rift development and continental
breakup. However, numerous heterogeneities
are generated during continental rifting, and rift
propagation may divert from the initial rift trend
(the trend of the pre-existing weakness), such
as people proposed for the Main Ethiopian Rift
(Keranen and Klemperer, 2008). To what ex-
tend does rifting history influence continental
breakup and seafloor spreading is hardly con-
strained. Moreover, the importance of rifting his-
tory on continental breakup and seafloor spread-
ing is addressed by the formation of transform
faults. One possible formation of transform faults
which is widely proposed is related with the inher-
itance of pre-existing weakness. Transform faults
my initiate and develop along pre-existing frac-
ture zones that perpendicular to oceanic ridges,
such as the long transform fault in the equatorial
Atlantic ridge between South America and Africa
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(Wilson, 1965). The correspondence between the
passive margins and the transform faults in the
Gulf of Aden also suggests the possibility of in-
heritance of pre-existing weakness in transform
faults formation (d’Acremont et al., 2010).

In this study, we aim to investigate the in-
heritance of continental rifting on incipient sea-
floor spreading by modeling the complete rifting-
spreading process, with particular attention paid
on the two accretion modes (symmetric and asym-
metric accretion). The Initial rheological struc-
ture of continental lithosphere and the geometry
of a pre-existing weak zone are the two key para-
meters that we study.

Modeling results

We investigate the effect of rheological coupling
and decoupling on continental rifting and sea-
floor spreading using 3D numerical models (Fig.
la). Two different rheological coupling struc-
tures in terms of the absence/presence of a strong
lower crust are used in our models, named de-
coupled (DCP) rheology (i.e. weak lower crust)
and coupled (CP) rheology (i.e. strong lower
crust) (Fig. 1b). Two different idealized model
setups in terms of the geometry of the weak zone
are employed, named 2D-like and 3D-like setups
(Figs. 1c and 1d). Our preliminary modeling
results show that the asymmetric accretion in-
volved with active detachments is favored by DCP
models, while CP models most likely generate
symmetric accretion. Initiation, development and
termination of detachment faults, and curved geo-
metry of oceanic detachment faults are discussed.

2D-like model setup

2D-like model setups (Fig. 1c) are used in this
section. The decoupled (DCP) models generate
numerous heterogeneities along the continental
rifting direction which lead to significant 3D fea-
tures, and promote asymmetric oceanic accre-
tion (Figs. 2a and 2b). Deformation is more
distributed (for instance the widespread molten
asthenosphere), and longer extension time is re-
quired for the models to reach the steady state of
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seafloor spreading. Breakup of the lithospheric
mantle occurs earlier than that of the crust. The
volume of magma chamber is pressure and tem-
perature dependent. Large magma chamber is
generated in the DCP models (Fig. 2e), such as
in Model 1. Growth rate of the oceanic crust
becomes constant once the seafloor spreading
reaches the steady state (Fig. 2f). The coupled
(CP) models ( with a strong lower crust) gener-
ate a roughly straight oceanic ridge developing
from a straight continental rift (Figs. 2c and
2d), promoting symmetric oceanic accretion. A
small amount of mantle rock is exhumed along
the ocean-continental transition zones. In a relat-
ively short time period, both models reach steady
state of seafloor spreading, and the oceanic ridges
are featured by symmetric accretion. Oceanic de-
tachments are not formed in the CP models.

3D-like model setup

3D-like model setups (Fig. 1d) are used in this
section. Instead of extending throughout the
whole model box, the crustal or mantle weak
zone has a length of 24.5 km along z direction
(perpendicular to extension). Similar like the res-
ults with 2D-like setups, DCP models promote
asymmetric oceanic accretion, while CP models
favor symmetric accretion (Fig. 3). In the DCP
models, seafloor spreading develops in a propaga-
tion way, and curved oceanic ridges form. The
oceanic ridges are featured by asymmetric accre-
tion involving active oceanic detachment faults
which are established in the late continental rift-
ing stage. The CP models generate relatively
straight and symmetric oceanic ridges in a short
time period. Molten asthenosphere occurs in a
small area beneath the oceanic ridge, and a pair
of narrow conjugate passive margins is formed.
Along the passive margins, exhumed lithospheric
mantle is observed, since high angle normal faults
are rotated to low angle detachment faults.

Detachment fault formation

Two types of detachment fault termed continental
and oceanic detachment fault are generated in
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Fig. 1.: Initial model configuration. (a) An
example setup of 3D model (corresponds
to decoupled rheology with a 2D-like weak
zone). (b) Two different rheological struc-
tures of the background (without the influ-
ence of weak zone) are used in this study,
named decoupled and coupled rheology.
Coupled rheology is implemented by im-
posing a strong lower crust. (c) 2D-like
model setups for decoupled (left panel) and
coupled (right panel) rheology. The slices
are taken along y-z plane at x = 49 km. (d)
3D-like model setups for decoupled (left
panel) and coupled (right panel) rheology.
Normal extension velocity is prescribed on
the whole left and right surfaces (half ex-
tension rate is 1.5 cm/yr). Based on mass
conservation, the constant normal velocit-
ies on the top and bottom surfaces are
calculated and prescribed (Gerya, 2013).
The front and back surfaces are free slip.
A free surface condition for the crustal sur-
face is approximated by adding the sticky
air layer on the top.

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 123



J. Liao, T. Gerya

Tectonics and Surface Processes

Decoupled rheology
|

Coupled rheology
]

(a) ©)

Model 1

Py
S
N
o
i

3

= -

Lithospheric mantle

Crustal weak zone

Mantle weak zone
A
-

e

Model 3

(e) Magma chamber evolution
6000

—6— Model 1
—6— Model 2
--6--Model 3
y =-@--Model 4

3

Volume (km”)

0w
S 2 2
S 2 2
S S O

(f) Oceanic crust growth rate

200
—6— Model 1
—-— %oge{ %

5 --6--Model 3
150 Y —-@--Model 4
100

50

Growth rate (km*/Ma/km)

Time (Ma)

Fig. 2.: Comparison of modeling results with 2D-like setups. Rheological coupling/decoupling and weak zone
location are varied in different models. Color shows composition (a-d), also see Fig. 1 for the colormap. (e)
Dynamic evolution of magma chamber volume and (f) growth rate of oceanic crust are compared for each
model. The black line in ¢ shows the location of slices used in the Figs. 4 and 5. Note that the decoupled
rheology promotes asymmetric accretion, while the symmetric accretion is favored by coupled rheology

the CP and DCP models, respectively. In the
CP models, the continental detachment faults
are generated through fast rotation of the high
angle normal faults (Fig. 4). Due to the loc-
alized lithospheric extension and thinning, one
branch of the major conjugate faults is rotated
to low angle by the fast upwelling asthenosphere.
Macleod et al. (2009) demonstrated that core
complex detachment faults initiate from high
angle (60°£10°) normal faults and rapidly rotate
to low angles (~ 30°). The detachment faults
initiated and developed in the continental rifting
stage gradually become inactive in the late rifting
and early spreading stages. This may caused by
the rapid asthenosphere upwelling and intense
magmatism which cut off the detachment faults
and accommodate extension space (Lister et al.,
1986; Ebinger and Casey, 2001; Macleod et al.,
2009).

In contrast, in the DCP models, the oceanic
detachments establish during the late continental
rifting and early seafloor spreading (Fig. 5), ac-
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companied by oceanic crust growth. Following
the location of the initial weak zone, two conjug-
ate normal faults form along the magma walls in
the late rifting stage (t=3.4 Ma in Fig. 5a). One
branch of the conjugate normal faults gradually
develops into a detachment fault (t=4.6 Ma in
Fig. ba), as strain weakening and shear heating
amplify perturbations along the normal faults
and break up the symmetry. From the middle to
the edges along z direction, the formation time
of the detachment fault delays (t=6.4 Ma in Fig.
5a). Therefore, similar like the oceanic ridge
propagation, the detachment fault forms first in
a certain location and then propagates to two
directions along the ridge. As a consequence, a
curved geometry of the detachment fault forms
on a map view (Fig. 5b). This 3D curved geo-
metry of detachment faults can be in comparable
with natural observations (left panel in Fig. 5d).
Thus, our modeling results may provide a pos-
sible dynamic formation of curved detachment
faults formation.
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In the life cycle of OCCs (Macleod et al.,
2009), detachment faults are terminated by in-
tense magma that delivered to the footwall. This
feature is observed in our modeling results (Figs.
4 and 5). Suffcient magma cuts through the de-
tachment fault (compare the snapshot at t=6.4
Ma to the one at t=5.8 Ma in Fig. 5c), chan-
ging the accretion pattern from asymmetric to
symmetric. And as a consequence, abandoned
axial volcanic ridge (AVR) is generated on the
conjugate plate (the hanging wall, Figs. 5b-5c¢, t
= 6.4 Ma). The formation of abandoned AVR is
evidenced by the natural example on the MAR
at 5°S (Reston et al., 2002), where the extinct
axial volcanic ridge and abandoned detachment
faults are observed on the conjugate plate (Fig.
5d). The reconstruction (Fig. 5d) based on the
bathymetry data (matching the fault scarps on
the two flanks of the active ridge) indicates that
the two core complexes (numbered 1 and 2 in
the Fig. 5d) used to belong together. Thus, the
abandonment of AVR may occur together with
the abandonment of detachment faults.

Conclusion

Based on our modeling results, oceanic spread-
ing has a strong dependence on continental rift-
ing which is influenced by the initial rheological
coupling /decoupling of continental lithosphere.
Rheological coupling/decoupling generates two
types of incipient oceanic ridge development: (1)
coupled lithospheric rheology promotes symmet-
ric oceanic accretion, while (2) decoupled litho-
spheric rheology favors the formation of asym-
metric oceanic accretion involving development
of active detachment faults. In the models with
coupled rheology, lithospheric scale shear zones
are generated and lithosphere thins rapidly. De-
coupled models extend in a depth-dependent
way. Two types of detachment fault establish
in terms of their formation time. Continental
detachment faults establish in the models with
coupled rheology and mainly develop during rift-
ing stage. Intense magmatism terminates the
continental detachment faults in the late rift-
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ing stage. Oceanic detachment faults form in
the oceanic crust, dominating ridge accretion
asymmetrically. Magmatism can also terminates
oceanic detachment faults, switching oceanic ac-
cretion from asymmetric to symmetric. Curved
oceanic detachment faults can be simulated with
3D models.
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Introduction

Subduction zones are often accompanied by a
landward accumulation of sediments scraped off
the subducting oceanic plate into the accretion-
ary prism. Accretionary prisms are considered
analogous to wedges of snow or soil in front of
a moving rigid indenter and deform to attain a
critical taper (Davis et al., 1983; Dahlen, 1984).
However, contemporary analogue and theoretical
models for accretionary prisms (Wang and Hu,
2006) and inferences from high-resolution seismic
imaging (Park et al., 2002; Bangs et al., 2004;
Moore et al. 2007) have lead to a change in
our understanding of wedge dynamics. External
factors such as sedimentation on the wedge top
have the potential to stabilize the wedge and to
reduce the extent of internal deformation (Storti
and McClay, 1995). Amount and spatial variabil-
ity of sedimentation (Simpson, 2010) can lead to
different wedge architectures. As sedimentation
rates can change in time and space, the overall
feedback provided by sedimentation to wedge dy-
namics and vice-versa becomes important in un-
derstanding the evolution of accretionary wedges.
We investigate the effects of sedimentation with
a dynamic 2D thermo mechanical model incor-
porating surface processes, strain weakening and
sediment subduction. The model includes high-
resolution particle tracking of sediment layers in
order to visualize the developing stratigraphy of
the wedge-top basins. Stratigraphic features such
as unconformities are easily observable in the
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model. Wedge top basin stratigraphy revealed by
high-resolution seismic acquisitions and borehole
data has proved to be an invaluable repository
of past tectonic movements within accretionary
prisms (Beaudry and Moore, 1985; Strasser et al.
2009). Numerical modeling presents an opportun-
ity to test interpretations of seismic records for
dynamic consistency. In this study, we present
a new numerical model for: a) the architecture
of the wedge; and b) the stratigraphy of wedge-
top basins to understand the physics of wedge
evolution.

Method

We use a modified version of the thermo-
mechanical code 12VIS (Gerya and Yuen, 2003,
2007). It is based on the conservative fully
staggered finite difference scheme with visco-
brittle/plastic rheology, and a mnon-diffusive
marker- in-cell technique. The modelling do-
main spans 3500 km x 200 km (Figure 1) on
an irregular grid of 1284 x 300 nodes. The ini-
tial model setup mimics very broad features of a
passive margin. Subduction initiation is achieved
by the initial geometry and a prescribed weak
zone (light blue in Figure 1). The weak zone
also ensures decoupling between oceanic and con-
tinental crust during subduction initiation. The
lower boundary of the model is permeable with an
infinity-like external slip condition ensuring a free
slip condition at an external prescribed bound-
ary (Azeys = 2000 km). The adjoining 10 km
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Fig. 1.: Initial model setup. The oceanic crust is overlain by two types of rheologically identical sediments (light
and deep brown), for 2.5 km and another 1 km of weak layer prescribed to become the décollement (red). The
oceanic crust is 7 km thick and consists of 2 km of basaltic (deep green) and another 5 km of gabbroic rocks
(light green). The continental crust is 28 km thick having two equally thick layers for upper (light grey) and
lower crust (dark grey) that differ in density and rheology.

zone is allocated maximum viscosity of 10! Pa
s to minimize the mechanical interactions along
this boundary (Gorczyk et al., 2007a). A free

slip condition is imposed on all other boundaries. g
The convergence velocity is implemented by im- E
parting horizontal velocities to the distal oceanic %
and continental plates. 3
1002

The basin isochronal surfaces are tracked by
addition of a line of Lagrangian markers in time
along the upper surface of the model, which sub-
sequently are buried, transported, and deformed
according to the velocity field generated in the 100

model (Figure 2). The sedimentation is imple- gzoo

mented in two ways: (i) focused deposition of £

sediments in the basin (i.e. simulating ponding £*® [
geometries resulting presumably by gravity flows S

(e.g. turbidites) into closed basins, and (ii) con-
tinuous draping along the submerged wedge sur-

face thUS simulating hemi—pelagic Sedimentation. 1412 1414 1416 1418 1420 1422 1424 1426 1428 1430

Horizontal Distance(in km.)

Fig. 2.: A typical result for basin stratigraphy illus-
trating an unconformity in the forearc basin (marked
with black arrows). The unconformity illustrates the
erosional surface during the subsequent thrust faults.

o . . The color from green to purple signifies the time when
A reference model is illustrated in Figure 3 after the marker line was placed on the surface, green being

13.4 Myr of model run. Based on the observations the oldest and purple youngest.
of time frames from the reference model, a retro-
forearc basin forms that remains passive for most

Preliminary Results
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Fig. 3.: Accretionary prism formed in reference model with internal angle of friction for décollement tan(¢p) = 0.08
and internal angle of friction for sediments tan(¢) = 0.4. The convergence velocity is 5cm/yr, distributed
between the continental and oceanic plates in a ratio of 1:2. There is no sedimentation or strain weakening in
this model. a) Plot of material types at ~4.4Myr, ~9.4 Myr and 13.4My. b) Plot of second invariant of strain
rate tensor at ~13.4Myr.
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part of the model run. Other smaller wedge-
top basins are formed on the top of the wedge,
which is separated from the frontal prism by a
structural high. The structural high is uplifted
due to displacement along an Out-Of-Sequence
Thrust (OOST) and subsequent back accretion.
Figure 3 illustrates that episodic OOSTs form
prior to back accretion of the frontal prism, and
keeps on stepping forward with time. A deep
slope basin is formed at the transition between
the frontal prism and the uplifted part of the
prism due to back accretion. This uplifted part
of the prism is relatively stable and undergoes
little deformation with time hence is referred to
as the stable wedge. When a new OOST emerges,
it rapidly overthrusts the frontal prism and slope
basin. This causes the uplift of the material
lying between the old OOST and the emerging
Sediment subduction occurs throughout
the model evolution. The volume of sediment
subduction decreases around 5 Ma; thereafter,
it fluctuates within a fixed range. The frontal
prism undergoes perpetual in-sequence thrusting,
accreting material off the trench. However, the
effective length of the frontal prism decreases
after initiation of back-accretion. When that the
back-accretion halts, there is a rapid increase in
frontal prism length. Based on various model run
we observe amount of back-accretion is controlled
by the strength of the décollement and of the
sediments.

one.

Discussion & Qutlook

Building upon the work illustrated here, the study
will present various coupled wedge- and sedi-
mentation scenarios to discuss effects of spatio-
temporal variation in sedimentation on wedge
dynamics and vice versa. Preliminary results in-
dicate that deformation style variations correlate
with sedimentation regime along a trench to fore-
arc basin transect. The synthetic stratigraphy of
forearc basin and slope basin resulting from the
newly developed isochronal surface tracking ap-
proach (Figure 2) illustrates distinct stratigraphic
features including unconformities and truncation
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in the basin. The study will explore and dis-
cuss these generic stratigraphic signatures with
respect to different structural and mechanical
evolution paths of the accretionary prism.
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Abstract The mechanisms and timing of re-
gional uplift in Scandinavia remain enigmatic
given that the region has been relatively tecton-
ically inactive after the NE Atlantic breakup. In
this study we combine analysis of the vertical
motions of the region caused by the (dominantly)
glacial erosion during the Quaternary with AFT
analysis of rocks from the area. Using numerical
models we first quantify how glacial erosion re-
shapes the topography. Glacial erosion carved
out the fjords and valleys to a depth of 2 km
below the palaeco-surfaces. This erosional event
represents a major local weight loss and results in
a up to 0.8 km uplift of rocks and up to 0.5 km rise
of local topography. These estimates only mar-
ginally depend on the effective elastic thickness
of the lithosphere and thus are robust. We show
then that there is no correlation between sample
altitude and published AFT data, but that there
is a correlation between AFT age and the depth
below our constructed pre-glacial summit surface.
This correlation demonstrates the robustness of
the numerical erosional model, quantifies average
erosion rates during Carboniferous-Cretaceous
at < 0.01 mm/yr, and outlines the regions of
western Scandinavia (Lofoten and Bergen areas
and Mgre-Trgndelag fault complex) with atypical
Mesozoic-Cenozoic evolution probably related to
late restructuring.
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Numerical model of Quaternary
erosion

We use a simple quantitative approach by nu-
merically filling the eroded places with crustal
material and calculating the additional load. The
resultant modelled surface is thus an approxima-
tion of the pre-erosional topography and is not
tied to a specific time. This allows us to estim-
ate the elastic response and potential vertical
movements of surface topography backward in
time (Figs. 1D-F). The numerical model utilizes
Matlab-based numerical suite ProShell (Medve-
dev et al., 2008; Medvedev et al., 2013).

Figures 1 and 2 present results of the numerical
model

Combined analysis of AFT data
and erosional model

We assign the amount of exhumation calculated in
the erosional model (Figs. 1,2) to all of the AFT
data points (Hendriks et al., 2007; Ksienzyk et
al., 2014). This way we assume that the modelled
pre-glacial topography (1B) was the dominant
shape of the topography during post-Devonian
evolution of Scandinavia and thus the age of rocks
is constant on such surfaces.We also introduced
the general trend between exhumation and AFT
ages (Fig 3.)
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Modern topography, km

Uplift (EET=20), km
Fig.1. Results of the application of erosion backward in time to
Scandinavia. The modern topography (A) transfers into pre-
erosional topography (B) by filling concavities with eroded
material (C). (D) The topography of the area subjected both, uplift
(positive values) and subsidence (negative) during erosion and
isostatic adjustment. The black line on (A) outlines areas subjected
to erosion in the model; this area is taken to be far (at least 1000
km) away from boundaries to avoid the boundary effect. The
yellow line and blue polygon on (B) show the position of the
cross-section and zoomed areas from Fig. 2. The blue line on (C)
indicates continent-ocean boundary. The results are shown for
EET=20 km. N — Norskerenna (Norwegian channel).
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The elastic response is 0 at
modern time and increases in
absolute value with increase of
the weight of less eroded upper
surface in the backward-in-time
erosional model. Of note is the
summit around 8 °E which was
uplifted by more than 0.4 km. (B)
The amount of erosion and (C)
erosion-driven elevation changes
predicted by the model within a
blue box from Fig. 1B. The
results are shown for EET=20 km
H — Hardangervidda (average
elevation 1.0-1.1 km)

TE

(B) Erosion, km | T NN
[ 15

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 137



S. Medvedev, E. H. Hartz

Tectonics and Surface Processes

(A)1.8

(B)

Modeled exhumation, km

0.2} N 2
~The general trend

Deviation from general gend, km Deviation from general trend, km

o I T [ I

0.5 0 05 05 0
1.4} Fig.10
12

1 Zom!
"n/
[ %

os e ®® o O ‘

° s Fig.11 ) !”;j&
06 @9 D 33
0s oY / ;

50 300 250 200 150 100 50
AFT age, Ma

o Lofoton; .Figl1 - More-Trondelag Fault

Fig. 3. (A) The age of AFT data does not
correlate well to exhumation calculated
from numerical erosional model. Colors
reflect the distance in km from arbitrary
line representing exhumation at a rate of 6
pm/yr. (B) The geographical distribution
] of deviation from the general trend. Black
rectangles indicate locations of regions
+ | with atypical values of devi-ation: Fig 10 -

Complex; Fig. 12 - Bergen-Sunnhordland
Area. Two red polygons outline areas with
surface heat flux of more than 70 mW/m?>;
and blue line represents 40mW m? heat
flux, north of which the heat flux is
smaller (Slagstad et al., 2009).

Analysis of the distributions show:

1. The MTFC does not fit to our initial assump-

tion of no tectonic activity. The Lofoton area
has erosion of greater scale than one which
can be explained by our simple erosional
model. The Bergen-Sunnhordland area ex-
hibits relative vertical motion postdating the
AFT ages. Thus, we should exclude these
areas from consideration.

Shallower closure conditions in the South
correlate with higher surface heat flux meas-
ured in present day conditions and with heat
from the Oslo plume during Late Paleozoic
(Torsvik et al., 2008). Thus, we introduce
an iteratively derived coefficient of 40 m per
degree of latitude correction. This approx-
imately corresponds to the 400 m difference
in a closure depth over the entire domain,
to a maximum of 4 °C/km difference in geo-
thermal gradients.

Conclusions

The combined analysis of erosion model and AFT
ages allows us to conclude:
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1. The erosion model is robust and reasonable

as a first order regional approximation for
the reconstruction of pre-glacial topography
of Scandinavia.

2.

d.

Hendriks,

The vertical motion of topography due to
glacial carving is a significant contributor
to uplift of the Scandinavian mountains (up
to 0.4-0.5 km). This result is almost inde-
pendent from uncertain parameters such as
EET.

The average thickness of the material eroded
during active glacial carving is 430 m. This
would correspond to an erosion rate of 0.1
mm/yr (if the glacial carving was active 4.3
My). Locally, however, the rate may exceed
1 mm/yr as a consequence of the localized
nature of glacial erosion.

. The erosion rate during the Mesozoic is less

than 1 km per 100 My which corresponds to
a rate of <0.01 mm/yr. This rate is low and
thus topographic variations of Scandinavia
were limited.

Our simple model allows the identification of
anomalous regions within Scandinavia (non-
standard evolution or active tectonic): Lo-
foton, Bergen-Sunnhordland area, and the
Mgre-Trgndelag fault complex.
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Introduction

A number of fault complexes in the western Bar-
ents Sea, preciously formed in response to differ-
ent Paleozoic to Cenozoic tectonic events, were
inverted between Late Triassic to Miocene. Tec-
tonic inversion is evidenced by reactivation of
normal faults. The aim of the study is to invest-
igate by numerical modelling the origin of stresses
responsible for the different inversion events. A
secondary goal is to simulate slip on major faults
as a result of tectonic inversion of the western Bar-
ents Sea. To these aims, we use a finite-element
numerical code Code-Aster (Jean 2013) to simu-
late stresses and displacements in the study area
and plan to use the SORTAN analytical method
(Pascal 2004) to predict the sense of slip along
major fault planes.

Geological setting

The study area is part of the western Barents
Sea and extends from 15 - 25° E and 70 - 74°
N (Figure 1 & 2). A lot of research work has
already been done in the Barents Sea (Gabrielsen
et al., 1990; Doré 1991; Ritzmann and Faleide,
2007; Tsikalas et al., 2012; Gernigon et al. 2014).

The major tectonic phases responsible for the
development of the geological framework of the
western Barents Sea includes the collision of Balt-
ica and Laurentia in mid-Paleozoic time followed
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Fig. 1.: Regional setting and location of the study area
(Modified from Barrére et al., 2009)

by Mesozoic rifting events and Cenozoic breakup
(Gabrielsen et al., 1990; The first main tectonic
event, the Timanian Orogeny, resulted in a fold-
and-thrust belt along the northeastern passive
margin of Baltica and the southwestern Bar-
ents Sea during (Ediacarian) times (Roberts and
Olovyanishnikov, 2004; Gernigon et al. 2014).
The Caledonian Orogeny resulted in the closure
of the Iapetus Ocean due to the convergence of
the Laurentian and Baltic plates at ~ 400 Ma
(Roberts, 2003).

The Late Mesozoic-Cenozoic tectonic evolution
of the southwestern Barents Sea is influenced by
several stages of extension and transtension. In
Early Triassic, the western Barents Sea was af-
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fected by rifting and this rift phase is also re-
corded in many parts of the Arctic and North
Atlantic regions (Tsikalas et al., 2012 and Gerni-
gon et al. 2014). Middle-Late Triassic was the
postrift thermal subsidence time in the North
Atlantic and Arctic basins (Gernigon et al. 2014)
but in contrast, the Barents shelf area experi-
enced the initiation of progressive uplift of the
northern, eastern, and southern Barents Sea re-
gions (Worsley et al., 2008).

The Middle Jurassic to Early Cretaceous At-
lantic rifting affected the western margin of the
Barents Sea Shelf (Faleide et al., 2008). These
continuous rifting phases during the Jurassic are
responsible for the development of major deep
basins in the western Barents Sea (Gernigon et al.
2014). In the Late Cretaceous to Paleocene times
strike-slip movements took place in the western
Barents Sea which resulted in to the formation
of pull-apart basins (Faleide et al., 1996).

During and after the Early Tertiary rifting and
breakup of the northern North Atlantic, the west-
ern margin of the Barents Sea was subject to
tectonic inversion, apparently involving elements
of shortening in NE-SW and NW-SE directions
(Leever et al., 2008).
sponsible for the inversion have been suggested,
including secondary effects of the uplift of Iceland
and local transpression associated with the geo-
metry and configuration of the plate boundary
itself.

Several mechanisms re-

Numerical tools and modelling
approaches

The numerical tools used for this study are Finite-
Element Method Code-Aster & Salome Meca to
simulate the stresses and displacement in the
study area and the SORTAN to predict the sense
of potential slip along the major fault planes.

CODE_ASTER

Code-Aster is a Finite Element Analysis code
used for the study of the mechanical behavior of
different structures. It can handle mechanical,
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Fig. 2.: Major structural elements of the western Bar-
ents Sea and bordering areas (after Gabrielsen et al.,
2010).

thermal and associated phenomena in all sort
of analysis. The code is capable to solve the
problems related to all type of linear and non-
linear statics e.g. 3D, 2D, beams, pipes, multi
fibers, discrets, shells and plates etc. It produces
a set of result files after given the appropriate data
files set but without any colorful post processing
images.

SALOME is open-source software that provides
a generic platform for pre- and post-Processing
for numerical simulation and is the integration
of the Code-Aster solver in Salome platform. In
figure 3 the deformation energy of a rock volume
is minimized, assuming displacement constraints
on some parts. Rocks follow linear elasticity and
displacement constraints are used to input geolo-
gical constraints. Finally finite element meshes
are used to discretize the equations and Code-
Aster is used to perform computations.
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Fig. 3.: Expected results of the research showing inverted fault closure (after Rudkiewicz et al., 2009)

The SORTAN Method

SORTAN is used to calculate the sense of slip
which is induced by stresses along fault planes
(Pascal 2004). The method is based on the
“Wallace-Bott” assumptions: that the slip on
fault surfaces occurs parallel to the applied shear
stress, faults are planar, blocks are rigid along
the fault surfaces neither stress perturbations nor
block rotations occur and applied stress state is
stable for all tectonic events.

The input numerical parameters required for
SORTAN are the azimuth € and the shape ratio
¢ to describe the applied stress state and dip
direction d and the dip angle p to describe the
geometry of the fault.

Different fault complexes according to their re-
spective ages of activation and reactivation have
been selected (Figure 2). The selection of these
fault systems is based on their orientations, struc-
tural style (basement involved, hard/soft-linked,
salt influence, etc.), timings and evolution with
respect to local and regional tectonic events.
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Tectonic setting

Recent tectonic mapping of the intersection
between the Gloria Fault (GF) and the Tore
Madeira Rise (TMR) in NE Atlantic (Fig. 1A)
revealed a newly unveiled pattern of conspicuous
morphotectonic features (Fig. 1B). In the present
work we use analog modeling to preview the type
of structural pattern expected from such an inter-
ference, testing different assumptions regarding
the geometry and rheology of the main features
at stake.

The GF is a major active (dextral strike-slip)
fault corresponding to the eastwards continuation
of the Atlantic transform fault that marks the
Eurasia-Africa (Nubia) plate boundary in NE At-
lantic, also known as the Azores-Gibraltar Frac-
ture Zone (AGFZ, e.g., Jiménez-Munt et al., 2001
). A dominant overall right-lateral strike-slip kin-
ematics has been ascribed to the GF, confirmed
namely by historical and instrumental seismicity
data including high magnitude earthquakes (e.g.
M=7.1 and M=8.4 of 08/05,/1939 and 25/11/1941
respectively, implying surface ruptures of the or-
der of 250-300 km, Buforn et al., 1988) with com-
plying focal mechanisms attesting the present day
active tectonic nature of this fault.
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The TMR is a ~1000km long NE-SW elongated
submarine ridge, extending between the Madeira
archipelago (to the southeast) and the submar-
ine Tore seamount (to the northwest), which
age and origin remain debatable and yet not
fully understand. Nevertheless, numerous dia-
chronic manifestations of volcanism have been
reported by several authors, comprising ages ran-
ging from late Cretaceous to middle-late Miocene
to Present day (Geldmacher et al., 2006; Grange
et al., 2010). Wide-angle refraction studies sug-
gest a rheological structure in compliance with
thickened oceanic crust in isostatic equilibrium,
formed as a result of a possible phase of anom-
alous high accretion in the Mid-Atlantic Ridge
(Peirce and Barton, 1991).

The key area targeted for modelling in the
present work (Fig. 1) corresponds to the site of
intersection and tectono-magmatic interference
between these two major features. Our primary
motivation was the newly obtained morpho-
tectonic mapping of this area (outlined in Fig.
1B), which prompted the need to better under-
stand the apparent control exerted by the re-
vealed specific tectonic setting and the spatial-
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time distribution of the volcanic manifestations
in the area.

Analogue modeling and discussion
of preliminary results

The main question addressed by the preformed
scaled analog modeling was to preview the type
of structural pattern (fault distribution and mor-
phological variation) that is expected to be de-
veloped as the result of the intersection of a right-
lateral strike-slip fault (accounting for the Gloria
Fault system), and a morpho-rheological anom-
aly (accounting for the TMR). In our models it
is assumed that this TMR anomaly corresponds
to a softer crustal domain (e.g. with a mean
viscosity closer to the one generally ascribed to
the asthenosphere), and that the GF strike-slip
propagates across such an anomaly from a brittle
(crustal oceanic) medium.

We used the Perspex apparatus and the exper-
imental initial configuration depicted in figure
2, using sand as a Coulomb-Mohr brittle ana-
logous of the (oceanic) upper crustal behavior,
and a scaled mixture of silicone putty (PDMS)
and Wolframite powder to mimic the mechanical
behavior hypothetically assumed for the TMR.

Top view photographs of the accommodation
to successive wrenching increments are shown in
figure 3. The main results reveal a monoclinic-
like symmetry in the distribution of the main
compressive and extensional structures (thrusts
or graben-like/pull apart basins, respectively),
which is broadly comparable to what happens in
the natural example. Although a detailed geo-
metrical correspondence is not always observed,
a mechanical similitude concerning the bulk kin-
ematics (and dynamics) at stake is possible to
envisage. This is essentially manifested by the
observation that the sites of silicone vertical ex-
trusion, accounting for the volcanic highs and
plugs in the natural example, are consistently co-
incident with the areas of intersection/confluence
between the main faults and the main rheological
boundaries.
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Future work

Ongoing further upgrade of the experiments com-
prises varying the geometric and rheological con-
figuration, considering: a) a more realistic angle
of intersection (~ 115°) between the GF and the
TMR; b) performing an experiment (strictly for
benchmark comparative purposes) in which the
considered TMR anomaly corresponds merely to
a morphological anomaly, i.e. without any vis-
cosity contrast; c¢) considering the existence of
smaller rheological anomalies (working as local-
ized seeds) aligned on top of the basement (GF)
fault trace, embedded in the brittle medium rep-
resented by the sand.
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Fig. 1.: (top) A) General morpho-tectonic map of the study area; B) Detailed tectonic map (structural outline)

of the key area targeted in the carried out modeling. Fig. 2: (bottom) Used Perspex deformation apparatus
and experimental initial stage.
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Summary

We introduce the open source 2D Surface Evolu-
tion Code DANSER (Detachment limited lateral
Abrasion Nonlinear diffusion Surface Evolution
Routine). The code is intended to be coupled to
any lithospheric scale (thermo-)mechanical code,
and also to be applied to real Digital Elevation
Models (DEM). Selected examples with analytic-
ally imposed uplift demonstrate that the code is
able to simulate river capturing, induced by fault-
bounded block rotations. In presented work, we
highlight challenges and advances of the coupling
to (thermo-)mechanical codes.

Introduction

First coupled lithospheric scale (thermo-
Jmechanical and Surface Evolution Models
(SEM) were developed in the nineties (Beaumont
et al., 1992, Willett, 1999). 2D thermo-
mechanical codes were coupled with 1D (Willett,
1999) or 2D (Beaumont et al., 1992) surface
evolution. Nevertheless, 3D (thermo-)mechanical
codes are required to study more complex
processes like continental collision. Since the
influence of surface erosion on tectonics is
not well understood, a coupled model of 2D
surface evolution and 3D lithospheric scale
(thermo-)mechanics (e.g. CASQUS, Kurfefl and
Heidbach, 2009) could illuminate this topic.
DeLong et al. (2007) makes first attempts to
adapt SEM to DEM. He applies the bifurcation
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method (Freeman, 1991; Pelletier, 2004) with dif-
ferent erosion parameters to a simulated plane.
Further, he compares landslide threshold slope,
drainage densitiy, relief and other topographic
characteristics of the resulting topographies to a
DEM of a field site in southern California. Ac-
cordingly, he chooses the input parameters of the
best fit model as scaling values. The mentioned

scaling parameters are used for surface evolution
studies on the DEM.

It is of major importance for the scaling that
the SEM is able to simulate flexible river networks.
The bifurcation method makes this possible for
small slopes (e.g. fans), but is not able to reflect
this behaviour for steeper ones. E.g. in the Pamir
orogen, the valley of the main river Panj is much
broader than the stream. Nevertheless, the Panj
laterally abrades the whole valley.

Simulations of river capturing events are widely
studied. Approaches range from simple incision
models (Garcia-Castellanos, 2002) without chan-
nel initiation function (Willgoose et al., 1991;
O’Callagan and Marc, 1984) to finite-element
models that compute the location of the drain-
age divide between every two neighbouring nodes
(Castelltort et al., 2012). The challenge for every
modeler is to find a balance between simple and
fast algorithms on one hand, yet include com-
plicated algorithms that capture processes that
reflect the observations on the other hand.
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Computational algorithm

DANSER is a Surface Evolution Code (SEC)
that becomes open source available by the end
of the year. It is designed for coupling with any
lithospheric scale (thermo-)mechanical code. Fur-
thermore, it can be applied to Digital Elevation
Models (DEM).

input of topography

calculate flow directions of water

no deprdssions deplession

fill all depressions

0 ——
© calculate discharge
o
% v
CD incise topography -
£ =
e - C
y S
diffuse topography -
3
)
v &
°

uplift topography

\/
output of topography

Fig. 1.: Flowchart of the 2D surface evolution algorithm
DANSER. The red arrow on the left symbolizes the
surface evolution time steps, the short one on the
right the diffusion steps. The algorithm performs the
filling cycle (arrow in the upper right corner) maximal
once, if it is needed.

The routine follows the concept of the cellular
automaton (Beaumont et al., 1992), implemen-
ted on a regular Eulerian grid. Fig.1 presents
a flowchart of the routine. It comprises the D8
algorithm (O’Callaghan and Marc, 1984) for com-
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putation of flow directions and a new and fast
filling algorithm (Planchon and Darboux, 2001),
to get rid of topographic depressions. The new
accumulation routine for water discharges works
without time consuming sorting algorithm. It
is a slightly transformed and faster version of
O’Callaghan and Marks (1984) drainage accu-
mulation algorithm. The supply limited incision
code is based on the accepted stream power law.
It includes a new algorithm to spread the wa-
ter discharge over several cells, dependent on
the distance, the height difference and the water
discharge. This method leads to lateral abrasive
rivers and may substitute the bifurcation method.
Furthermore, we extend Beaumont’s implement-
ation (Beaumont et al., 1992) of the diffusion
equation to nonlinear diffusion. We decouple in-
cision from diffusion with the benefit of a simpler
calibration and a reduction of filling.

The code automatically adjusts incision and
diffusion time steps in order to stabilize the al-
gorithms. Since one incision time step, including
computation of flow directions and water dis-
charges, is more time consuming than the compu-
tation of a diffusion step, we refine each incision
step into multiple diffusion steps.

Special features, including the new lateral ab-
rasion routine and the immediate removal of dif-
fused material from the river bed, can be switched
on and off in order to adapt DANSER to given
challenges.

Coupling to lithospheric scale
(thermo-)mechanical codes

To execute one time step of a tectonic code con-
sumes remarkably more time than running a step
of a SEC. Beside that fact, a SEM, especially
riverbed incision, needs a finer resolution than a
tectonic model to reflect surface processes suffi-
ciently. As a consequence, a refinement of time
steps and resolution should be implemented in a
modern SEC, made for coupling to any tectonic
code.

Fig. 2 presents the coupling of DANSER to tec-
tonic codes. Before the initial tectonic time step,
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The brown arrows mark methods that are just per-
formed in the first tectonic step.

the surface elevations are extracted and bilinearly
interpolated to a finer resolution. This fine resol-
ution grid with elevation data gets stored for the
first surface evolution time step. In every follow-
ing tectonic step, three dimensional displacement
vectors pass the surface deformation data from
the tectonic code to the SEC. These vectors serve,
interpolated to the fine resolution surface grid, for
evaluation of the uplift rates. DANSER continues
with alternating uplift and erosion in finer time
steps. Subsequently, the resulting fine resolution
elevation data get stored in a static array for
the next time step. Finally, averaged to the de-
formed tectonic mesh, the elevation data modify
the surface coordinates of the underlying model.
Accordingly, the tectonic code performs the next
time step.

Application 1: River capturing in
the Pamir

The highly active Pamir orogen is penetrated by
sub-parallel faults. The main rivers of the Pamir
flow from east to west, following the fault system
(fig. 3). They join the river Panj, that abruptly
turns at 71.5° longitude from east-west direction
to the north. An old river bed in direction to
south-west can be observed at the sudden turn.
It is unknown, how strong such a fault system
influences a river network. Might the Panj river
have changed its direction due to a river capturing
event, induced by a recently forming fault?

This numerical study aims to clarify if and how
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66"

40°

38

Fig. 3.: Topographic map of the Pamir orogen. Rivers
are drawn in blue and faults in black. (Fuchs et al.,
2013)

a system of faults may influence the development
of a river network. We simulate the effect of vary-
ing angles between riverbed and faults on river
flow direction, and study for which configuration
a deflection of the river is possible. We also com-
pare the influence of uplift and high erodibility
zones on the deviation of the river networks.

We simulate an inclined plane with white noise
and five faults, arranged from east to west. The
direction of inclination defines the main flow direc-
tion of the arising rivers. We study fault-bounded
block rotations that are modelled as regions of
increased erodibility and analytically imposed up-
lift. Fig. 4 shows a river capturing event, enabled
by the new lateral abrasion routine.

before first capture

before second capture  after second capture

Fig. 4.: Simulation of a river capturing event. Three
time steps illustrate the rapidity of two capturing
events in a row. Colours illustrate the topographic
relief (brown: high, green: low). The main streams
are marked in black.

151



S. Schroeder et al.

Tectonics and Surface Processes

Application 2: Coupling to Slim3D

SLIM3D is a three-dimensional lithospheric-scale
thermo-mechanical C++ based code (Popov and
Sobolev, 2008). It allows modelling of litho-
spheric deformation with an elasto-visco-plastic
rheology with diffusion, dislocation, Peierls creep
mechanisms and Mohr—Coulomb plasticity. The
code incorporates an arbitrary Lagrangian Eu-
lerian formulation with free surface and Winkler
boundary conditions.

We couple DANSER to Slim3D and present a
coupled model of plateau growth. Challenges and
advantages of the coupling method are discussed.
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This research project uses 3D geological mod-
eling software to build a 3D structural surface
model of the Permo-Carboniferous rocks in the
northern Hastings Block (NHB) [1] (Figure 1).
The model is being built using comprehensive
strike and dip structural data and a digital eleva-
tion model. It is designed to unravel a compre-
hensively mapped, complexly folded, extensively
faulted geological sequence where there are no
well-log data. It is believed that this new work-
flow will be widely applicable in the oil, gas,
mining, and groundwater sectors.

Several tectonic models have been proposed
to explain the structural and tectonic develop-
ment of the Hastings Block which is outboard
of similar Carboniferous fore-arc basin sequences
in the Tamworth Belt, Australia. Mechanisms
of development include emplacement either by
faulting with or without rotation [2,3], or rota-
tion during folding of the southern section of the
Tamworth Belt [4,5,6]. The new 3D model will
enable testing of the validity of these existing
tectonic models. It will assist in constraining the
relative timing of fault development, testing fault
emplacement of the block, and verification of the
number and orientation of folding events in the
NHB.

The NHB is dominated by an open, ~ 40 x 30
km NW-trending dome with the dominant fold
axis plunging gently northwest [1]. It has been ex-
tensively faulted and possibly rotated after some

fault developments (Figure 2). Construction of
the 3D model fault-block by fault-block (Figures
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3, 4 and 5) has highlighted shortcomings with the
existing geological map of the NHB [7]. These
include the variability in the orientation of bed-
ding within some fault blocks, between adjacent
fault blocks, and around significant sections of the
dome. This is clearly illustrated in the Birdwood
Fault Block (Figure 5), a fault-bounded block
of Devonian-Carboniferous sequences on the SW
limb of the dome that contains sequences facing
northwest. In contrast, the surrounding rock se-
quences face northeast (Leitch E.C. pers.comm.)
or possibly southwest [7] suggesting at least 90°
rotation during emplacement.

Resolution of these challenges requires the re-
appraisal of the simple dome model for the NHB.
Each fault in the NHB is being analyzed sys-
tematically to determine the duration of faulting,
apparent sense of movement, and the relationship
to other faults and the folds (Figure 2). The fault
history plays an important role in building back-
ward and forward models. Comparison between
the cross-sections constructed from the 3D model
(Figure 4) and those from the existing fieldwork
provide better constraints on the validity of the
3D model.
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Fig. 2.: The preliminary 3D fault network model for the northern Hastings Block. This model was constructed
using Leapfrog (www.leapfrog3d.com) and 3D MOVE (www.mve.com). At present all fault surfaces are vertical.
The inclination of the fault surfaces will be adjusted to be consistent with both the geological information
available from field studies and the literature, and the need to balance geological processes over the region.

EFL L

Fig. 3.: The 3D geological model of the northern Hastings Block showing selected geological horizons. Horizons
are being constructed within each individual fault-block using a combination of field mapping data and the
consideration of the requirements of balanced geological sections.
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Summary

The gravitational collapse mechanism in over-
pressured cohesive and frictional materials of ar-
bitray topography and resting on an inclined weak
décollement is examined by analytical means.
The dominant mechanism consists in finding the
length of the active décollement and the dips of
the normal-fault and of the conjugate shear-plane
composing the emerging half-graben, and the dips
of the ramp and of the shear-plane bounding the
frontal hanging-wall. The predictions of the max-
imum strength theorem (MST), part of the kin-
ematic approach of limit analysis, not only match
exactly the theoretical solutions, but generalises
them in several aspects: failure geometry, com-
posed of cohesive material, arbitrary topography
and pre-existing faults. We show in particular
that the MST predicts the failure geometry of
the body triggerred by fluid over-pressure in a
physical experiment. The evolution of the mater-
ials on the décollement is predicted with a two
step method called sequential limit analysis. The
first step is based on the above dominant mech-
anism. The second step leads to a modification
of the geometry due to extensional fault-bend
folds and compressional fold-thrust belts. The
evolution simulation captures the main features
of gravitational collapse of the sandbox analogue
experiment.
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Introduction

The geodynamics context of interest here is
mainly extensional zones, motivated by the fol-
lowing examples : seismic reflection profiles docu-
mented many extensional wedges associated with
normal-faults, such as the Brazos Ridge fault,
offshore Texas [Xiao and Suppe, 1992; Withjack
et al., 1995] and sequences of normal-faults in
the convergent margin off Antofagasta [Delouis et
al.; 1998; von Huene and Ranero, 2003; Sallarés
and Ranero, 2005]. The more complex Niger
Delta shows the link between the extensional
province on the shelf and the contraction in the
toe-thrust systems in the deep water [Corredor
et al., 2005; Kostenko et al., 2008]. Instabilities
of compression/extension were also reproduced
in the laboratory with sandbox analogue experi-
ments [Mourgues et al., 2009; Lacoste et al., 2012].

The objective of this work is to propose a
simple method to analyze the gravitational de-
formation occurring in over-pressured cohesive
and frictional wedges extending the stability con-
ditions presented by Lacoste et al., [2012] to an
arbitrary-sloped topography, and cohesive mater-
ials. The kinematic approach of limit analysis,
also called the maximum strength theorem (MST)
[Maillot and Leroy, 2006], for compressional de-
formation [Cubas et al., 2008] and for the onset
of gravitational instability in over-pressured ma-
terials [Yuan et al., 2014] is extended for that
purpose.
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Fig. 1.: The prototype of gravitational instability composed of half-graben (HG), back-stop (BS) and hanging-wall

(HW).

Prototype and of the collapse
mechanism

The geometry of our prototype and of the collapse
mechanism is presented in Figure 1. It consists of
a slope of arbitrary topography resting on a dé-
collement inclined (AB) at an angle 5. The mode
consists of the gravitational collapse by the ac-
tion of two normal faults bounding a half-graben
(HG) and two reverse faults composing a frontal
hang-wall (HW), rooting on the décollement and
completed by the seaward sliding of a back-stop
(BS), the transition part of the materials. Materi-
als within the HG are sliding on the normal-fault
(JH dipping at va) and part of the material is
flushed through the conjugate shear plane (JI,
dipping at fa). This flux has for consequence
the push of the BS part of the slope seaward,
as in Figure 1, parallel to the décollement. The
HW bounded by a ramp GE dipping at vp and
shear-plane GF dipping at fp is formed by the
seaward movement of the BS.

Application of the maximum strength theorem
(MST) requires now to maximise the difference
between external effective power and maximum
resisting power for the proposed velocity field
in terms of the dips va, fa, vp and fp and the
length LJG. If that maximum difference power
is negative, the system is stable, otherwise there
is a quasi static or a dynamic instability and the
optimum five parameters (vya, fa, vp, 0p, LIG)
define the dominant collapse mechanism.
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Onset validation

It is now proposed to apply the collapse mechan-
ism accounting for the slope parallel model. The
arbitrary topography is simplified to be a straight
line parallel to the décollement, e.g. o = 3 (Fig-
ure 2a), and h is the thickness between the topo-
graphy and the décollement. The collapse length
[LJG/h]c is compared with the theoretical col-
lapse length from (9) in Lacoste et al. [2012].
The comparison of the MST (symbols) and the-
oretical results (curves) are presented in Figure
2b for two sets of décollement overpressure ra-
tio AD = 0.6, 0.8 with the décollement friction
angle D = 100 and bulk AB = Ahydro = 0.5.
They are coinciding with each other very well.
The comparison is extended in Figure 2c which
presents the optimum dips of active and passive
faults according the two theories, keeping the dé-
collement pressure ratio constant AD = 0.8. The
theoretical dips (yac, fac, ypc, Opc) are provided
by the method of the geometrical construction
of Mohr’s circles [Lehner, 1986] for the active
and passive Rankine stress state. The two sets of
predictions coincide exactly. Note that the sum
of active faults yac+60ac = 500(= 7/2 — ¢B) and
passive dips ypc + Opc = 1200 (= 7/2 4+ ¢B).
The dips of active faults are also validated by
applying the MST to the sand-box experiment of
Mourgues and Cobbold [2003] for the increase of
décollement fluid ratio. The experimental set-up
consists of rectangular glass box in which sand
packs were built with a length 40 cm and the

160



X. Yuan, Y. M. Leroy, B. Maillot, Y. Guéguen Tectonics and Surface Processes

D) 100 <) 50
; —_— %:I)()([;mnslecl al., 2012)
ll o ?\.D:O.ﬁ MST
sol | -~ &, =0.8 (Lacoste et al, 2012) o ac &
d;‘ o h,=08 MST ity = - S - v
e it - SR
— 60f = v O Y
= o E pC
- 240 v
2 = |7
= sof 3
Z
728 =
20} & hp=08
20F “ .
= . ,Yp(_‘.ﬁ
o Fa¥
. ok
4 8 _ 12 16 20 4 8 _ 12 16 20
B (deg] B [deg]
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fault dips (yac, fac, ypc, Opc) keeping the bulk pressure ratio constant AB = 0.5 and décollement friction angle
¢D = 100. b). Collapse length [LJG/h]c as the function of décolloment dip 5. c). The dips of faults as the
function of décolloment dip 3 for the active and passive failure. The symbols are the predictions of maximum
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Fig. 3.: a) Gravitational collapse as a result of fluid overpressure from analogue experiments [Mourgues and
Cobbold, 2003]. The extensional faults form by different air pressure, modified after Mourgues and Cobbold
[2003], b). The comparison of extensional fault dips (yac, fac) from experiments and predictions from MST as
function of fluid ratio, c).

height 4 cm, yielding a surface slope a = 8 =
6.70. It rests on one overlapping sieve. Beneath
the sieve was a pressure chamber, which acted
as a reservoir for compressed air and provided
a uniform air pressure (Pb) at the base of the
model. Air flowed through the sand in a direction
perpendicular to the slope, and the air pressures
in upper chamber is Pup (atmospheric pressure
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Pat in this experiment). The uniform air pres-
sure through the sand body in the experiment
produced identical pressure ratios in the décolle-
ment and into the wedge : AB = AD [Mourgues
and Cobbold, 2003; Lacoste et al., 2012; Pons
and Mourgues, 2012]. The sand density ps (1700
kg/m?), the internal friction coefficient y = 1.18
(¢B = 500) and the bulk cohesion (12 - 72 Pa)
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are provided by the authors. We assume the
cohesion CD = 0 Pa and the décollement fric-
tion can be any value (e.g. ¢D = 100 in this
analysis) since the active fault dips of interest
are independent on this value. The experimental
results and predictions from MST are presented
in Figure 3¢ where the dips of faults are as func-
tion of fluid ratio AD (= AB). The experimental
results show that the normal-fault dip vyac (circle
symbols) decreases and the shear-plane dip fac
(square symbols) increases with the increases of
fluid ratios. The theoretical results (yac, fac,
black curves) present the same trend with the
results of experiment. We conclude that the series
of four experiments is well described by the MST
despite the lack of passive fault dips ypc, Opc
from the experiments for the comparison.

Evolution

The complete evolution is analyzed in Figure 4
which presents four stages revealing the processes
of development. The material rests on a décolle-
ment with an initial topography slope a = 5 =
5o. The décollement fluid overpressure is applied
in the red dashed box (Figure 4). The density
of saturated material p = 2000 kg/m?3 (hydro-
static pressure ratio Ahydro = 0.5), décollement
ratio AD = 0.9 and bulk ratio AB = 0.7. The
décollement friction angle ¢D = 100 and material
friction angle B = 300. The materials and inter-
faces are assumed cohesionless. The frontal part
become thick by a series of three folds increas-
ing in amplitude downdip, and the back region
is thinned by a series of normal faulting. The
deformation captures the main features of grav-
itational collapse of the analogue experiment in
Figure 3a. The simulation was carried out un-
til stability was reached, i.e., when the external
effective power became less than the maximum
resisting power The present approach does not
allow us to determine the power of acceleration,
and therefore we have no time scale to follow the
evolution of a gravitational collapse. Comparison
to more general methods accounting for inertia
effect will be necessary to evaluate the adequacy
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of our quasi-static solutions.

Conclusion

The work proposes a mechanical analysis for ex-
tensional province and compressional toe inspired
by the extensional fault-bend folds and compres-
sional fold-thrust belts, respectively. This mech-
anism generalise in several aspects : fluid pres-
sure, composed of cohesive material, arbitrary
topography and failure geometry of the materi-
als. We validate it by comparing with theoretical
solutions and experimental results for the onset
of failure. The evolution simulation captures the
basic features of sandbox analogue experiments.
Beyond the direct applications presented here,
there are some perspectives the development of
sequential limit analysis in other settings such
as the sedimentation influence in Niger Delta
[Corredor et al., 2005; Kostenko et al., 2008],
the fluid ratio change with sedimentation, the
effect of listric normal fault, and the weakening
of pre-existing faults.
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Introduction

Inherited structures in the Earth’s crust are gen-
erally considered to represent weak zones along
which deformation will focus during subsequent
tectonic phases. In extensional settings, such as
the Cenozoic European Rift System, the East
African Rift System and many others (fig. 1),
faulting initiated along such structures. How-
ever, to develop a full-scale rift system, these
initial faults have to connect, which is usually
achieved through transfer zones. Those transfer
zones themselves might also follow the course
of an inherited structural grain, as is the case
in for example the Rhine-Bresse Transfer Zone
(Ustaszewski et al., 2005).

The development of transfer zone structures
has been investigated by means of analogue mod-
eling. However, most of these studies focus on
the oceanic domain and the well-known trans-
fer faults associated with mid-oceanic ridges (eg.
Serra & Nelson, 1988; Mauduit & Dauteuil, 1996;
Dauteuil et al., 2002; Amibilia et al., 2005).
Other studies do focus on the continental do-
main, but only in the shallow crust (Acocella et
al., 1999; Ustaszewski et al., 2005). Basile & Brun
(1999) do consider the whole (brittle/ductile) con-
tinental crust, but only in a pull-apart setting.
All studies mentioned above have in common that
they apply a rigid base plate to force localized
deformation in overlying sand, clay and/or silicon
layers.

The models from Acocella et al. (1999) are
taken as a starting point to investigate the in-
fluence of inherited crustal weakness geometries
on the development of transfer zones in contin-
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ental rift systems. The model series described
here improves upon the previous models by 1)
considering the complete continental crust and
2) by the application of a method that creates
a more natural, distributed type of deformation
than the rigid base plate set-up.

Model Set-up & Methods of
Analysis

The machine used for the experiments consisted
of two long rigid walls between which a series of
78 cm long, 5 cm high plexiglass and foam bars
were tightly stacked to fill the 25 cm wide initial
gap (fig. 2A). By moving the walls apart using
computer-controlled motors, the decompressing
foam expands and fills the extra space. This
system allows a uniform extensional deformation
at the base of any overlying model materials. In
addition, one of the base plates can move laterally,
which allows strike-slip and transtensional set-
ups. A rubber wall confined the short sides of
the models, to ensure uniform extension and to
minimize border effects.

To model the ductile lower continental crust,
a 1 cm thick layer of PDMS (RGB-0910) silicone
putty was placed on the foam/plexiglass base.
For the brittle upper crust, a 2 cm thick cover of
fine quartz sand was sieved on top of the PDMS,
intercalated with thin layers of dark corundum
sand to visualize displacement in sections. For
further material characteristics, see Buiter et al.,
(2006) and Panien et al., (2006). The 3 cm of
sand and silicone represents a 30 km thick crust.
To create pre-existing weak zone, lines of silicone
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Fig. 1.: Examples of transfer zones in extensional settings: A) Iceland and the Mid Atlantic Ridge, (modified after
Acocella et al., 1999); B) The Rhine-Bresse Transfer Zone (RBTZ), which is part of the Cenozoic European
Rift System, between the Rhine and Bresse Grabens, eastern France (modified after lllies, 1977); C) The East
African Rift System (modified after Acocella et al., 1999).

Experimental apparatus
“NAMAZU® (not to scale) Flexible rubber

sidewall

A

Mobile
longitudinal
sidewalls

4

Layering legend

- Sand layer {2 cm): 20 km of Upper Grust {+ weak zone)
PDMS Silicon layer (1 cm): 10 km of Lower Crust
— Plaxiglass/ffoam base (5 cm): “Mantle Lithosphara

Fig. 2.: A) Model set-up, using a foam and plexiglas base, which allows distributed deformation. Image modified
after Schreurs & Colletta (1998); B) CT-scanner installation with the sandbox machine during a model run.

(5x5 mm in diameter) were laid down on top of
the basal silicone layer. The extension velocities
were in the order of 0.6 cm/h, or ca. 10 mm/y
in nature, using the scaling formulas from Corti
et al., (2003) and data from Biirgmann & Dresen
(2008).

Top view photographs were taken in order to
follow the surface evolution. Additional cross-
sections were made to observe the final struc-
tures at the end of each model run. Furthermore,
several models were run in a CT-scanner to re-
veal the evolution of internal structures while the
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model was running (fig. 2B).

Results & Discussion

A series of 7 models was completed and inter-
preted (fig. 4). A first order observation is that
the localization of deformation along the longitud-
inal weak zones worked well, all models developed
distinct rift structures. However, several models
did not produce linkage between both rift zones,
which is an important difference with the results
from previous studies. Only in model Tzl, the
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silicone line

foam/plexiglass

Fig. 3.: CT Sections trough model Tz7 after 60 minutes, showing the lack of deformation along the weak zone
between both rift arms. A) Horizontal section at weak zone level, showing the weak zone geometry (compare
with fig. 4); B) Horizontal section ca. 5 mm higher than slice A, indicating fault activity (darker lines) along
the longitudinal weak zones, but no faulting occurs along the connecting weak zone. The same is evident in
sections C-C' and D-D': normal faults are clearly present (D), but the weak zone in between is not active at all

(C). For locations of these sections, see A.

45° oriented weak zone was clearly activated. Al-
though the curved rift in model Tz6 seems to
follow the weak zone, it actually cuts trough it.
In addition, the successful linkage in models Tz5
and Tz7 was not the result of weak zone activa-
tion (see the CT imaging in fig. 3), but was most
likely due to the close proximity of both rift arms;
in the other models the rifts are just too far apart
to join. This outcome can be explained by the
lack of cohesion in sand (Van Mechelen, 2004):
the sand layer is not strong enough to act as a
rigid whole. This view is supported by a later
experiment in which wet sand was applied and
transfer zones did activate.

The models without linkage show propagation
of the rift structures along strike of the longit-
udinal weak zones, but they also show a slightly
curving towards the center of the model (model
Tz4 did not yet, but shows the same early evolu-
tion as model Tz3). These structures are some-
what similar to the overlapping spreading centers
in SW Iceland (fig. 1A), although Iceland is situ-
ated in an oceanic setting while the models were
meant to represent a continental system. In con-
trast, models Tz5 and Tz7 did develop a linked
transfer zone and seem to be quite similar (al-
though a 31° oblique extension was applied to
model Tz7). The results are roughly comparable
to the structures in the Rhine-Bresse Transfer
Zone (fig. 1B): two parallel deep graben struc-
tures connected by a less subsided oblique fault
zone.
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Model Tz6 shows some interesting results; both
rift arms have developed in a completely dif-
ferent fashion with respect to each other and
with respect to those in the other models of this
series. The upper graben (a) has a more nor-
mal fault character with little oblique features
and propagated furthest. This propagation was
oriented perpendicular to the (31° oblique) dir-
ection of extension and created corresponding
normal faulting. The lower graben (b) on the
other hand has developed more oblique features,
which are perpendicular to the extension direc-
tion. Its propagation shows a strong curve, which
might have been influenced by the weak zone. But
CT imaging shows that the structure cuts right
trough the weak zone; the latter did not activate
significantly.

Conclusions and future modeling

The results of this first series of transfer zone
models have lead to the following conclusions:

1. The presence of high angle (at least > 45°)
pre-existing weak zone does not define the
occurrence of linkage between two graben
structures, although this is probably due to
the low cohesion of sand;

2. In contrast, the distance between both rift
arms determines the occurrence of linkage
here;
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Fig. 4.: Left: Top views of the model set-up showing the weak zone geometry (white dotted lines) and the
deformation vectors (red arrows, indicating the extensional deformation and for the transtensional models Tz6
and Tz7, the additional strike-slip components); Right: the resulting surface structures. NB: all models did
produce half-graben structures along the longitudinal sidewalls, but these boundary effects were considered not
to have a major influence on the structures in the center of the model.
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Fig. 5.: Application potential of CT data.
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Legend (t=0)

A) 3D views of model Tz7, showing the initial model and the

deformation after 60 minutes and 140 minutes; B) Cross-sections at the center of model Tz7 (for section
locations, see dotted lines in A), showing the progressive deformation through time.

3. Oblique extensional deformation creates
rather different structures with respect to
orthogonal rifting;

4. Some models resemble natural examples (Ice-
land, Rhine-Bresse Transfer Zone).

It is however clear that more research is needed
to fully describe the system. The top view photos
of all models have to be examined in more detail
and the available CT data from models Tz4-Tz7
has to be thoroughly analyzed. Also digital image
correlation techniques could be applied, especially
since the CT data allow motion tracing in 3D.
These results should then be compared to those
from previous modeling studies and with natural
examples.

This model series was part of a PhD project
start-up, and partially aimed to test the poten-
tial of the newly adjusted sandbox machine in
Bern. Future work within this project will mostly
focus on transtensional settings: different plate
geometries and the modeling of natural examples
of oblique extension: e.g. the Norwegian mar-
gin, the Knipovich Rigde near Svalbard and the
Mid-Atlantic Ridge around Iceland. Also, col-
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laboration with colleagues from the numerical
domain will be arranged, to fully combine and
exploit the possibilities of both sides of the mod-
eling spectrum.
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GeoMod2014 - Conference Outline

Time 31. August 1. September 2. September 3. September
08:45 - 09:00 - Welcome - -
09:00 - 11:00 - (Seismo-)tectonics ~ Volcanism  and Rheology (orals)
(orals) Volcanotectonics
(orals)
11:00 - 13:00 - (Seismo-)tectonics ~ Volcanism  and Rheology (poster)
(posters) Volcanotectonics
(poster)
13:00 - 14:00 - Lunch break Lunch break Lunch break
14:00 - 16:00 - Tectonics and Geodynamics Fluids and
Surface processes  (orals) Deformations
(orals) (orals)
16:00 - 18:00 - Tectonics and Geodynamics Fluids and
Surface processes  (posters) Deformations
(poster) (poster)
18:00 - 21:00 Ice  Breaker - - -
Party
19:00 - 22:00 - Joint Conference -

Dinner

GeoMod2014 - Short course on "Constitutive Laws: from Observation to Implement-
ation in Models" by Onno Oncken, Mathias Rosenau, Fabio Corbi, Georg Dresen Erik Rybacki,
Stephan Sobolev, and Sascha Brune

Thursday 4 September: 09:00 - 18:00

Friday 5 September: 09:00 - 14:00

GeoMod2014 - Hands-on tutorial on "ASPECT: a next-generation geodynamic
modelling software" by Anne Glerum and Juliane Dannberg

Thursday 4 September: 09:00 - 18:00: Tutorial

Friday 5 September: 09:00 - 18:00: ASPECT Strategy Workshop (for Advanced Users) - voluntary
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GeoMod2014 Conference Programme (31 August - 3 September)

Sunday 31 August 2014

18:00 - 21:00: Ice Breaker Party at the Theaterschiff Potsdam’ (Schiffbauergasse 9b,
14467 Potsdam)

Monday 1 September 2014
08:45 - 09:00: Welcome by Prof. Dr. Dr. h.c. Reinhard Hiittl and Prof. Dr. Onno

Oncken
09:00 - 11:00: (Seismo-)tectonics Orals (chairs: B. Kaus, O. Oncken)

e (09:00 - 09:30: Kelin Wang: Thermal Expressions of Stick-slip and Creeping Subduction
Megathrusts (keynote)

e 09:30 - 10:00: Bertrand Maillot: The long-term Evolution of Fold-and-Thrust Belts:
Consistency of Numerical Approaches and Physical Ezperiments (keynote)

e 10:00 - 10:20: Tasca Santimano et al.: Smart or Beautiful? Accretionary wedge evolution
seen as a competition between minimum work and critical taper

e 10:20 - 10:40: Lorenzo Bonini et al.: The role of pre-existing frictional weaknesses on
the propagation of extensional faults

e 10:40 - 11:00: Ylona van Dinther et al.: Seismo-thermo-mechanical modeling of subduc-
tion zone seismicily
11:00 - 13:00: (Seismo-)tectonics Posters (chairs: B. Kaus, O. Oncken)
13:00 - 14:00: Lunch break

14:00 - 16:00: Tectonics and Surface processes Orals (chairs: F. Graveleau, N. Hovius)

e 14:00 - 14:30: Ritske Huismans: Interaction and feedback between surface processes and
mountain building (keynote)

e 14:30 - 15:00: Stéphane Dominguez: Joint analogue modelling of marine and terrestrial
geological processes: state of the art and new developments (keynote)

e 15:00 - 15:15: Utsav Mannu et al.: Dynamic Modelling of Accretionary Prisms and
Stratigraphy of Forearc basins

e 15:15 - 15:30: Karen Leever: 3D Analogue Modelling of the Effect of Fan Sedimentation
on Accretionary Wedge Dynamics — the Magdalena Fan case, South Caribbean Margin,
Colombia

e 15:30 - 15:45: Frank Zwaan, Guido Schreurs: /D Transfer Zone Modeling in Continental
Rift Systems

e 15:45 - 16:00: Sergei Medvedev, Ebbe H. Hartz: Fvolution of topography of post-
Devonian Scandinavia: Effects and rates of erosion

16:00 - 18:00: Tectonics and Surface processes Posters (chairs: F. Graveleau,
N. Hovius)
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Tuesday 2 September 2014
09:00 - 11:00: Volcanism and Volcanotectonics Orals (chairs: O. Galland, E. Holohan)

e 09:00 - 09:30: Rikke Pedersen: Surface deformation simulations of volcanic and tectonic
processes in Iceland (keynote)

e 09:30 - 10:00: Olivier Roche, Yarko Nino: Mechanisms of entrainment of a granular
substrate by pyroclastic density currents: insights from laboratory experiments and models,
and implications for flow dynamics (keynote)

e 10:00 - 10:15: Rosanne Heistek et al.: Temporal changes in mantle wedge geometry and
magma generation processes in the Central Andes: towards linking petrological data to
thermomechanical models

e 10:15 - 10:30: Francesco Maccaferri et al.: The gravitational unloading due to rift
depression: A mechanism for the formation of off-rift volcanoes in (continental) rift zones

e 10:30 - 10:45: Lola Chanceaux, Thierry Menand: Solidification effects on sill formation:
an experimental approach

e 10:45 - 11:00: Max Gallagher, Ben Kennedy et al.: Megatsunami generation from caldera

subsidence

11:00 - 13:00: Volcanism and Volcanotectonics Posters (chairs: O. Galland,
E. Holohan)

13:00 - 14:00: Lunch break

14:00 - 16:00: Geodynamics Orals (chairs: F. Funiciello, S. Sobolev)

e 14:00 - 14:30: Anne Davaille: Plumes to Plate Tectonics: Insights from Laboratory
Ezxperiments (keynote)

e 14:30 - 15:00: Bernhard Steinberger et al.: On the relation between plate tectonics,
large-scale mantle flow and mantle plumes: Some recent results and many open questions
(keynote)

e 15:00 - 15:15: Paul J. Tackley et al.: Influence of Melting on the Long-Term Thermo-
Chemical Evolution of Farth’s Deep Mantle

e 15:15 - 15:30: Maria V. Chertova et al.: 3-D numerical modeling of subduction evolution
of the western Mediterranean region

e 15:30 - 15:45: Tobias Baumann, Boris Kaus, A. Popov: Constraining the rheology of the
lithosphere through geodynamic inverse modelling

e 15:45-16:00: Elisa Calignano et al.: Strain localization during compression of a laterally
heterogeneous lithosphere

16:00 - 18:00: Geodynamics Posters (chairs: F. Funiciello, S. Sobolev),
Methods and Materials Posters (chairs: M. Frehner, M. Rosenau)

19:00 - 22:00 Joint conference dinner in Potsdam on the ship ’Belvedere’ (Lange
Briicke 6, 14467 Potsdam)

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 473



Scientific Programme

Wednesday 3 September 2014
09:00 - 11:00: Rheology Orals (chairs: G. Dresen, H. Sone)

09:00 - 09:30: Yuri Fialko: Numerical models of ductile roots of mature strike-slip faults
(keynote)

09:30 - 10:00: Laurent Montési: Localization processes on Farth, Mars, and Venus
(keynote)
10:00 - 10:20: Suzon Jammes et al.: Localization of deformation in a polymineralic
material

10:20 - 10:40: Sebastian P. Miiller et al.: Rheology of bubble- and crystal-bearing magma:
new analogue experimental data and an effective-medium model

10:40 - 11:00: Maria A. Nikolinakou et al.: Modeling stress evolution around a rising
salt diapir

11:00 - 13:00: Rheology Posters (chairs: G. Dresen, H. Sone)

13:00 - 14:00: Lunch break

14:00 - 16:00: Fluids and Deformations Orals (chairs: S. Miller, M. Moreno)

14:00 - 14:30: Boris Galvan et al.: Towards a general simulation tool for complex
fluid-rock lithospheric processes: merging pre-processing, processing and post-processing in
state-of-the-art computational devices (keynote)

14:30 - 15:00: Takeshi Tsuji: Digital rock physics: Insight into fluid flow and elastic
deformation of porous media (keynote)

15:00 - 15:15: Thomas Heinze et al.: Numerical Modelling of earthquake swarms in the
Vogtland / West- Bohemia

15:15 - 15:30: Samuel Angiboust et al.: Effect of Fluid Circulation on Intermediate-
Depths Subduction Dynamics: From Field Observations to Numerical Modelling

15:30 - 15:45: Magdalena Scheck-Wenderoth, Judith Sippel et al.: Heat transport
mechanisms at different scales — a 8D modelling workflow

15:45 - 16:00: Antoine Jacquey et al.: Modelling of fractured reservoirs: Fluid-rock
interactions within fault domains

16:00 - 18:00: Fluids and deformations Posters (chairs: S. Miller, M. Moreno)

The posters will be presented during the entire conference. Each poster session starts with a 1-2
min. short presentation of all participating posters.
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GeoMod2014 - Short course on ''Constitutive Laws: from Observation
to Implementation in Models"

Thursday 4 September 2014

Morning Session: Onno Oncken, Mathias Rosenau, and Fabio Corbi

09:00 - 10:00: Onno Oncken: Observing deformation kinematics and localization: Ob-
servations from the field, geophysical imaging, and geodetic monitoring

10:00 - 10:15: Coffee Break

10:15 - 11:00: Mathias Rosenau: Rheology of rock analogues 1: Elastoplasticity and its
application in seismotectonic simulation

11:00 - 11:15: Coffee Break

11:15 - 12:00: Fabio Corbi: Rheology of rock analogues 2: Viscoelasticity and its
application in seismotectonic simulation

12:00 - 13:00: Visit to the GFZ Analogue Lab

13:00 - 14:00: Lunch break

Afternoon Session: Georg Dresen and Erik Rybackii

14:00 - 15:15: Rheology of the lower crust : Reconciling laboratory data and field
observations

15:15 - 15:30: Coflee Break
15:30 - 16:45: Visit to the GFZ rock mechanics lab
16:45 - 17:00: Coffee Break

17:00 - 18:00: Rock fracture processes and stick slip sliding —~-What do we learn from
analyzing nanofemto seismicity?

Friday 5 September 2014

Morning Session: Stephan Sobolev and Sascha Brune

13:00 -

09:00 - 10:00: Stephan Sobolev: Rheology and geodynamic modeling: key controls in
plate tectonics and beyond

10:00 - 10:15: Coffee Break

10:15 - 11:30: Sascha Brune: Rock rheology in numerical models: PC exercises and
application to rift dynamics

11:30 - 11:45 Coffee Break

11:45 - 12:30: Stephan Sobolev: Rheology and cross-scale modeling: towards under-
standing of great earthquakes

12:30 - 13:00: Discussion

14:00: Lunch and end of the short course
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GeoMod2014 — Hands-on tutorial on"'ASPECT: a next-generation
geodynamic modelling software'" by Anne Glerum and Juliane
Dannberg

Thursday 4 September 2014
08:30 - 9:00: Registration

e 09:00 - 10:00: Tutorial 1: First Steps — Compiling and Running ASPECT, Lecture:
How to run and visualize simple models

e 10:00 - 11:15: Lecture ASPECT — A next-generation geodynamic modelling software,
Tutorial 2: Convection in a 2D box

e 11:15 - 11:30: Coffee Break

e 11:30 - 13:00: Tutorial 3: Using the adaptive mesh refinement and spherical shell
geometry Lecture: How to run and visualize simple models

13:00 - 14:00: Lunch break

e 14:00 - 15:15: Tutorial 4: Using the adaptive mesh refinement and spherical shell
geometry and using the function parser

e 15:15 - 15:30: Coffee Break

e 15:30 - 17:00: Tutorial 5: Averaging at the example of subduction and using a “sticky
air” layer

e 17:00 - 18:00: Voluntary: Installing ASPECT on personal computers

18:30: Joint Dinner (to be payed by the perticipants)

Friday 5 September 2014

09:00 - 18:00: ASPECT Strategy Workshop for Advanced Users: Perspectives for
Modelling with ASPECT
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