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2.5.5 Is the deformation driven by top or bottom Ćuxes?

Tikoff and Teyssier (2002) discuss the deformation of the lithosphere and argue
that it occurs either by the movements of mantle layer (i.e. bottom driven tectonics)
or by the rigid crust (i.e. top driven tectonics). In order to determine which of these
two models is the more likely, it is necessary to determine which layer is mechanically
dominant and controls deformation of the whole system. We have shown that the
primary response of the mantle lithosphere with a low mechanical anisotropy is
the development of a typical indentation proĄle (Fig. 12 and Fig. 13 Ű lateral view;
Figure 14a Ű velocity Ąeld) and this has been simulated numerically by England and
Houseman (1989). Both crustal sections and surface analysis show that during the
early stages of the experiments the mantle governs the bulk lithospheric deformation.
However, this behavior changes rapidly after ca. 5-10% shortening i.e. during the
maximum ampliĄcation of the O→C and C→O folds within crust. The signiĄcant
crustal Ćow related to fold ampliĄcation affects the mantle Ćow, so the originally
developed indentation proĄle is modiĄed by lateral redistribution of the continental
and oceanic mantle. During this stage, it is the folding of the accretionary belt that
governs bulk material Ćuxes in its vicinity leading to the accumulation of oceanic
mantle material in the O→C fold and of continental crustal material in the C→O
fold. After ca. 30% shortening the active folding ceases and post-buckle Ćattening i.e.
homogeneous Ćattening takes over. The deformation becomes partitioning between
the O→C and C→O folds because of the different integrated strengths of these two
domains. During this stage the lithospheric deformation progressively passes to
mechanically coupled behavior.

2.5.6 Implications for geodynamic concepts of curved orogenic belts

Both continental and oceanic lithospheres possess a horizontal stratiĄcation
characterized by strong upper crust and upper mantle layers. This distribution of
rheologically contrasting layers is responsible for typical deformation of the lithosphere
such as the formation of thrust and fold belts, continental indentation or “crocodileŤ
type wedging (Burg et al., 1998; Midtkandal et al., 2013). In contrast, oroclines
are governed by the presence of vertical strong layer that fold around vertical axis
(Pastor-Galán et al., 2012). The primary prerequisite for oroclinal buckling is the
existence of a competent and vertical layer surrounded by less competent material.
The most common mechanism bringing strong lithosphere into a vertical position is
subduction of an oceanic plate as has occurred for example along the western PaciĄc
margin. Here, the vertical subduction and accretionary system separates the back
arc region formed by stretched continental crust, marginal basins and arcs from old
oceanic lithosphere. These two systems are characterized by horizontal stratiĄcation
and highly contrasting bulk rheology. There are several examples along the western
PaciĄc margin showing high curvature of a subduction system interpreted as a result
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of passive oroclinal bending related to differential subduction retreat (Menant et al.,
2016; Rosenbaum and Lister, 2004).

The model presented in this work shows the behavior of such a system when
it is compressed parallel to the subduction zone. Such systems are well known
from Central Asia, where the giant Paleozoic Kazakh and Mongolian oroclines
occur (Şengör et al., 1993; Şengör and Natal’ln, 1996; Yakubchuk, 2005). The
well-studied Mongolian orocline is formed by a folded subduction system surrounded
by horizontally stratiĄed pericontinental complexes and relaminated oceanic domains
called here CAW (e.g. Edel et al., 2014; Lehmann et al., 2010). In this region the
C→O and O→C systems exist and their deformation can be explained in the light
of model predictions presented above.

The gravity data show large-scale redistribution of the lower crust (Guy et al.,
2015) and the development of magmatic provinces spatially related to the orocline
geometry (Guy et al., 2014b). In particular, it is a major gravity low in the hinge
area of the Mongolian orocline, along its axial plane more or less coinciding with the
Permian Hangay and Triassic Khentey alkaline plutonic provinces (Fig. 17a). This
alkaline intraplate magmatism was previously interpreted as a result of migration
of South Khangai hot spot (e.g. Kovalenko et al., 2004; Yarmolyuk et al., 2007)
but may be a proxy of giant elevation of hot lower crust and thermally perturbed
mantle in the hinge zone and axial plane of the orocline as predicted by our model.
In our model, the elevation of hot mantle (Fig. 11 and 17 Ű oceanic subdomain fold)
might result in its melting and development of massive alkaline magmatic provinces
in the region. The presence of hot and low viscosity felsic material at depths that
is depicted in the whole accretionary system of southern Mongolia as a source of
magmatism (Guy et al., 2014a; 2015; Nguyen et al., 2018) is a necessary requirement
to accommodate deformation in both hinge and limb areas of orocline. Petrological
and geophysical studies show linear belts of Permian granulites associated with
important narrow gravity and magnetic lineaments (Fig. 17b and c) that coincide
with extrusions of this exceptionally hot granulitic crust along orocline hinge and limb
areas in the Chinese Altai (Li et al., 2004; Broussolle et al., 2018a; 2019). Similarly,
E-W trending deformation zones associated to alkaline magmatism coinciding with
magnetic lineaments and vertical deformation zones (Seltmann et al., 2011; Guy et
al., 2014b) were reported from the study region (Fig. 17c). These recent observations
indicate a major mobility of hot felsic relaminant and depleted mantle (source of
alkaline magmatism) during Permian times and its redistribution associated with
growth of the orocline. All these studies are in agreement with massive mantle and
lower crustal Ćuxes parallel to the axial planes of the orocline and perpendicular to the
general shortening direction as shown in this study. These structures can be well seen
in Fig. 11 and 12, where narrow vertical cusps can be observed. These lower crustal
Ćuxes resemble those reported in orogen parallel extrusions known from Tibet (Dewey,
1988; Zhang et al., 2004; Zheng et al., 2006) and the Eastern Alps (Ratschbacher et
al., 1991a,b). In contrast to these collisional systems that require the existence of a
free lateral boundary represented by a retreating subduction zone, in our system the
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lateral material Ćuxes are controlled by the active ampliĄcation of the oroclinal fold.
Finally, a characteristic feature of the Mongolian orocline is a remarkable contrast
between a high frequency and amplitude magnetic anomaly signal of the continental
ribbons compared to low frequency and amplitude signal of the oceanic domains
(Fig. 17c) supporting the main shape of oroclinal bend. Moreover, the development
of upright folds with horizontal axes that formed simultaneously with the oroclinal
buckling in the continental and oceanic subdomains is observed (Guy et al., 2014a;
Lehmann et al., 2010). This folding is best developed in the model surface analysis
(Fig. 13). Importantly, the indentation proĄle expressed in the model may well reĆect
structural features described recently along the boundary of the Chinese Altai and
southerly east Junggar oceanic crust (Jiang et al., 2019; Broussolle et al., 2019).

2.6 Conclusions

This study represents a new approach to the simulation of the mechanical
processes related with the building of large oroclinal systems that are associated
with lateral compression. It investigates mass transfer at the model surface which
is responsible for the deformation of the upper crust and for the development of
topography, ductile Ćows inside the model domain and the mechanical coupling in
lithospheric multilayer. The main modelling features can be summarized as follows:

• The lateral shortening of the pre-folded accretionary belt leads to development
of two regional-scale types of folds: the steeply plunging orocline and the upright
folds which form in the oceanic and continental domains with subhorizontal fold
axes.

• Generally, all curvilinear fold developed in the upper crust express geometry of
the axial planes of upright folds affecting also deeper lithospheric layers.

• The overall deformation distribution shows signiĄcant thickening and exhumation
of lower ductile layers at the piston side (results of indentation), accommodated
by thickening of the upper crustal material at the back-stop side.

• The overthrusting of oceanic crust along one of the orocline hinges (O→C) and
continental crust along the other (C→O) is associated with material vortex
Ćow around the inĆection of the orocline. This pattern decays towards deeper
lithospheric layers, where the lateral Ćow of material is negligible.

• Our model suggests that the geometry of the orocline is non-cylindrical with
increasing plunge of fold axis from upper crust towards deeper lithospheric
layers.

• The redistribution of lower crustal and mantle material related to oroclinal
buckling is consistent with some geophysical, namely gravity and magnetic data
for the Mongolian orocline. In particular, the model may explain formation
of a giant gravity low in the hinge zone of the Mongolian orocline that can
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coincide with vertical Ćux of hot mantle and hot lower crust. In addition, the
linear zones of gravity highs associated with vertical zones parallel to orocline
axial plane may reĆect formation of simulated pop-down structures. Finally, the
deformation gradient reported along the southern Ćank of Mongolian orocline
may correspond to indentation proĄle expressed by our model.

2.7 Appendix

2.7.1 The Ąrst generation of experiments

Before we developed the model where a full-wave-length orocline was simulated,
the Ąrst generation of experiments was performed (Fig. 18). In these models we
partly followed the scheme of Pastor-Galán et al. (2012) were the continental ribbon
is progressively buckled and developed the architecture of an arcuated orocline with
developed orogenic root in the central part of the arc and with large-scale extensional
ruptures oriented parallel to the shortening direction. However, in our modelling
approach we surrounded the continental ribbon by neutral silicone material (Fig. 18b)
and incorporated vertically oriented layers (including driving plastic layer) at the
side of the central continental subdomain (Fig. 18a). The model evolution (Fig. 18c)
here corresponds more realistically to natural material Ćuxes which are not separated
by discontinuum from surrounding rock materials.

The model domain deformation corresponds to buckling of the driving layer and
vertically oriented layers representing an accretionary belt. The axial plane of the
developed orocline is characterized by strong hinge indentation through a central
continental ribbon (Fig. 18c). Similarly to the second generation of experiments -
that are presented above - the signiĄcant ascent of the mantle material occur beneath
the orocline hinge zone (Fig. 21b). The shear zones with convergence to the hinge
zone are partly developed in upper brittle crust in the continental ribbon, however,
in comparison to the second generation of experiments, the topography of the models
is insigniĄcant.

2.7.2 Interlimb areas of the orocline

The topography of the upper crust in a full-wavelength orocline models (the
second generation) is signiĄcantly affected by pure-shear deformation between both
interlimb sectors (Fig. 19). The deformation of the oceanic domain (O→C) is
characterized by less signiĄcant vertical extrusion of the oceanic mantle which is
compensated for by development of pop-down and pop-up structures. In contrast,
the continental domain (C→O) is characterized by buckling of horizontal layers in
the interlimb sector and upright folding. The pop-down structures are not fully
developed in this region while the pop-ups dominate the topography (Fig. 19 - 45-50%
shortening).
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velocimetry) method. The 3D reconstruction show main directions and estimated
magnitudes of the displacement between material elements in a series of the sections
that are oriented in perspective view from indenter through inĆection plane to the
backstop. The individual stars in the 2D velocity Ąeld map corresponds to the main
deformation features and velocity anomalies (numbers in brackets in further text).

From 1-10% shortening of the model domain is visible rapid ampliĄcation of
driving layer (1) with indentation of the hinge and inĆow of the material which is
situated in interlimb sectors (3,4). The signiĄcant deformation of the upper crust in
the oceanic and continental domain correlates with a sharp gradient in the velocity
Ąeld (2,6) and maximum velocity is close to the indenter in a central part of the
model domain (5). The velocity gradient is progressively moved from indenter to
distal parts (8,10) where the main surface deformation will take a place during
later evolutionary stages. The mechanical coupling between surrounding material
and continental material occurs during this stage (7). Velocity of the material
displacement is homogenized in the wide Ąeld between these velocity gradients and
indenter side (9). In the lower levels of the continental and oceanic domain this
displacement is less signiĄcant than in top levels due to the presence of the rigid
basal plate at the bottom (scheme of displacement follows Couette style of channel
Ćow).

When the model domain is shortened up to 20-25% the localized areas of
high velocities and sharp gradients (11,12) became more distributed (15,16) and
development of associated structures in the upper crust (pop-up, pop-down structures,
strike-slips etc.) is Ąnished. The ampliĄcation of hinge areas (14) and rotation of
the material around inĆection of orocline (13) are also slowed. The indentation of
hinges is responsible for vertical gradient in material displacement (Couette Ćow)
and partial mantle pull from lower levels to continental and oceanic subdomains
(Fig. 21 - 3D reconstruction panel).

The late evolutionary stage between 37-50% of domain shortening represents
dominantly pure shear deformation with no signiĄcant development of topography.
The small variations in the velocity Ąeld are associated with a thrusting in front
of hinge areas (14), material rotation around inĆection axis (13,17) and small
material transfers between continental domain and surrounding material (18,19).
The progressive movement of deformation line (velocity gradients) is documented by
an indentation proĄle of surrounding material (Fig. 21 - 3D reconstruction panel).
In the piston side, the material is indenting the continental subdomain while in
back-stop part the surrounding material is indented by continental material.

2.7.5 Mantle exhumation and Bouguer anomalies in Hangai zone

The model explains to a certain extent the large-scale negative Bouguer anomalies
in the Hangai sector of the Tuva-Mongol orocline (Petit et al., 2002) that are probably
associated with signiĄcant mantle ascent beneath the O→C orocline hinge zone
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(Fig. 22). The block-diagram (Fig. 22a) combines schematics that are modiĄed
after Edel et al., 2014 and the presented model. From the sections it is visible how
continental and oceanic mantle lithosphere is cambered beneath interlimb zone of
arcuated accretionary complex with the most exhumed part situated underneath the
hinge sector. This also corresponds to the vertically rotated orocline (Fig. 22b) which
is responsible for mantle pull and Ćow-up. The presence of hot mantle material may
be responsible for partial melting of the lower crustal rocks as well as the mantle
itself experienced decompression and underwent partial melting. Decreasing regional
density of rock material then affects the distribution of light material and negative
values of Bouguer anomalies.
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3 Advanced strain and mass transfer analysis in

crustal-scale oroclinal buckling and detachment

folding analogue models

Ondřej Krýza, Prokop Závada and Ondrej Lexa

3.1 Abstract

The PIV (particle image velocimetry) method became a standard tool for the
calculation of displacement Ąelds in physical geodynamic models. For understanding
the deformation dynamics of geodynamic models, in our study, we implemented
several post-processing algorithms on the derived displacement Ąeld and calculated
the velocity and strain(-rate) components, such as the divergence of the velocity
Ąeld, vorticity and shear strain-rate.

In the model of oroclinal buckling, we focused on strain analysis of the upper
crust and correlated the shear strain-rate, vorticity and divergence anomalies with
visual deformation patterns in the upper crust. The divergence of velocity Ąelds in
these models correspond to the pop-up and pop-down belts oriented along the axial
trace of the oroclinal bends. High shear strain-rate domains correlate with horizontal,
isovolumic shear zones alongside these belts, while vorticity shows rotational trend
of fold axial traces of the pop-up and pop-down belts, around orocline inĆection.

In another series of models, we simulated the development of melt-cored crustal
scale detachment folds and employed the same set of parameters to investigate the
ductile deformation visible in side-view of the model domain. We developed a method
that allows tracing the divergence in subcells locked on target subdomains. We
tracked and quantiĄed melt Ćow between the melt source area at the bottom of
the model and progressively developing folds. This mass transfer analysis revealed
polyphase fold evolution, where initial fold perturbations quickly amplify as the
melt accumulates in the triangular hinge sector below and between the rotating fold
limbs. While the early ampliĄcation leads to decompression driving the melt into
the hinge zone area between the limbs, the fold lock-up stage and continued attenua-
tion of the vertical limbs is associated with melt expulsion from the fold interlimb
domain back into the source layer, where it can be transferred laterally to the foreland.

Keywords: analogue modelling, PIV method, oroclinal buckling, detachment fold-
ing, strain-rate, divergence

Highlights:

• Models of oroclinal buckling and detachment folding were investigated by the
PIV method.
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• Several model parameters related to the velocity and strain were used to analyze
the deformation features in both models.

• The divergence of the velocity Ąeld reĆects distortion of the model surface.

• Analysis of the divergence reĆects mass transfer budget in detachment folds.

• The fold growth rate is driven by the degree of melt Ćux into the axial zone.

3.2 Introduction

Analogue modelling represents a powerful tool for understanding geodynamic
processes and therefore requires precise analysis of internal kinematics and deforma-
tion. The PIV (particle image velocimetry) technique is often employed to calculate
the displacement/velocity Ąeld in the models to understand the model evolution on
a global scale (e.g. Adrian, 2005; Adam et al., 2005; Krézsek et al., 2007; Schmatz
et al., 2010; Warsitzka et al., 2013; Adam et al., 2013; Kettermann and Urai, 2015;
Kettermann et al., 2016; Schellart and Strak, 2016; Boutelier, 2016). The core
of the PIV method is based on tracing individual image elements (image patterns
that consist of a speciĄc arrangement of individual pixels or voxels) in the time-
sequence of images (Fig. 23). Displacement vectors are then calculated on the basis
of redistribution of these elements between the time steps. High resolution, fast
calculations and relatively simple implementation of advanced scripting for data
post-processing (vector validation, visualization, data smoothing) qualify the PIV
method for deformation analysis of various physical laboratory models, especially for
geometrically and rheologically complex simulations associated with high gradients
in the velocity Ąeld (Adam et al., 2005; Krézsek et al., 2007; Schellart and Strak,
2016).

There are two major types of PIV methods employed in the analogue geodynam-
ical modelling (e.g. Adam et al., 2005; Adam et al., 2013; Boutelier, 2016). First,
the 2D PIV technique, which uses images recorded from one camera focused on a
single plane, for example, the side-view or plan-view of thin-sheet experiments (e.g.
Bajolet et al., 2012; Jang and Lee, 2008). The second type represents the stereoscopic
and 3D PIV technique. The stereoscopic PIV technique enables calculating the
surface velocity Ąeld with three velocity components (e.g. Hori and Sakakibara,
2004; Strak and Schellart, 2014) by tracking and correlating the image elements
in photographs collected from several cameras targeted at the model domain from
different angles. In contrast, the 3D PIV technique allows to compute the velocity
components in a 3D space that consists of voxels (real 3D data), provided by e.g.
CT scans, X-ray tomography etc. (e.g. Okamoto et al., 2000; Elsinga et al., 2007;
Adam et al. 2013). For the 2D PIV technique, there are several open source software
(PIVlab, openPIV, GeoPIV, MatPIV, PIVMat, etc.) or commercial platforms (e.g.
LaVision - FlowMaster or StrainMaster, Dantec Dynamics - DynamicStudio, PIV
2D - Imagesystems, etc.). Similarly, for the stereo-PIV methods, that are usually
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the exy component of the strain-tensor in analogue models that operates with the
PIV method (e.g. Adam et al., 2005; Warsitzka et al., 2013; Chen et al., 2016).
The vorticity of the velocity Ąeld (e.g. Schmatz et al., 2010; Bajolet et al., 2012;
Warsitzka et al., 2013; Kettermann and Urai, 2015) displays a rotational trend of
the material in the model domain.

The geometry of the Ąrst model is controlled by ampliĄcation of an orocline
ribbon that inĆuences the deformation of brittle upper crust and underlying ductile
layers. We studied the deformation of the upper crust, marked by folds, strike-slip
faults and development of thrusts and normal faults bounding the pop-up and pop-
down systems, respectively. For mapping of the compression/extension subdomains
related with the development of pop-up and pop-down belts in the upper-crust,
we used the divergence of velocity Ąeld captured from the top-view of the model
surface. This approach is sometimes used in analogue models that produce faults or
thrusts (e.g. Reiter et al., 2011; Kettermann et al., 2016) or in models of subduction,
where the lower plate is progressively undulated (e.g. Bajolet et al., 2012). Simple
shear deformation is mapped by the isovolumic strain invariant and corresponds to
strike-slips zones in the deformed model surface, developed in particular along the
interface between the orocline and the surrounding material and along some of the
pop-up or pop-down belts. The vorticity of the velocity Ąeld revealed progressive
curvature of originally linear deformation features and rotation around the inĆection
point of the orocline.

In the second type of the model, the same model parameters serve for tracing
the relative mass transfers in side-view of the model domain. This thin sheet
experiment is designed to produce a series of crustal scale folds that are developed
as a result of the buckling above a melt weakened lower crustal detachment layer.
Here, the divergence is employed for tracing the local material Ćux between the
pre-deĄned subdomains. The mass-transfer calculations required the implementation
of additional routines that allow tracing the evolution of divergence in progressively
geometrically modiĄed subgrids.

3.3 Models of oroclinal buckling

3.3.1 Model background and setup

The Ąrst type of experiments were constructed in order to understand the
relative mass transfers between the different lithospheric domains during oroclinal
buckling. Formation of large arcuated orogens is related with rapid topography
development associated with deformation of the upper crust (e.g. Pastor-Galán et
al., 2012; Rosenbaum, 2012; Rosenbaum and Donchak, 2012; Rosenbaum, 2014),
while middle to lower ductile crust is transferred laterally by gravity-driven Ćow or
emplacement of a new material from the subduction wedge (Beaumont et al., 2006;
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Pastor-Galán et al., 2012; Maierová et al., 2014, Menant et al., 2016; Maierová et al.,
2018).

The model aims to mimic the formation of the Tuva-Mongol orocline (Xiao et al.,
2015) after subduction of the Mongol-Okhotsk oceanic plate underneath the Mongo-
lian microcontinent (Lehmann et al., 2010; Edel et al., 2014). The model is designed
to simulate the ampliĄcation of a preexisting, gently folded, accretionary-subduction
system surrounded by two neighbouring oceanic and continental lithospheric sub-
domains (Fig. 24a). In general, oroclinal buckling can be considered as a speciĄc
type of indentation tectonics setting which is accompanied with lateral movements
of individual oroclinal hinges perpendicular to the movements of oceanic/continental
blocks. Except for the complex material transfer in deeper lithospheric levels, de-
formation of the upper crust and related topography development represents an
important part of the mechanical behaviour of such a system. The PIV technique
was employed for deformation and displacement analysis of the model surface (upper
crust) that is controlled by the deep material Ćows and mechanical coupling between
the lithospheric mantle and the crust.

3.3.2 Model materials

The upper crust, in both oceanic and continental domains, is simulated by
cohesionless Fontainebleau sand (Fig. 24a, Tab. 1). Silicone putties of various
viscosity and density (GS1R gum from Rhone Poulenc, France) were used to simulate
the ductile lower crust, continental lithospheric mantle and oceanic lithospheric
mantle. Mechanical anisotropy in the model was implemented by incorporation of
a plasticine layer between the two lithospheric domains as a beam to induce the
oroclinal buckling and related mass redistribution. The inserted plasticine layer
was pre-folded and represents an artiĄcial element that controls the progressive
ampliĄcation of the single wavelength orocline.

The model was scaled according to the standard modeling techniques (Hubbert,
1937) and uses the materials with physical properties that are comparable with the
materials used in some of the previous 4-layer models (scaling according to Davy
and Cobbold (1991) and Brun (2002) and material used according to Cagnard et al.
(2006)), except for the incorporated plasticine layer (for model scaling see Tab. 2).

3.3.3 Experimental procedure and model development

Lateral compression was applied to the model at a rate of 2 cm/h up to 25, 37,
45 and 50% of Ąnite shortening in eight simulations. Laboratory temperature was
stable at around 19-20 °C during each experiment. The topographic images were
captured every 10 minutes and saved in RAW (NEF) and JPG format (Digital SLR
Camera Nikon D3200, 24.2MP, AF-S 18-55mm). The experiments show a similar
evolution for all of the eight simulations with dominant deformation features that were
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initiated already between 7-10% of shortening. These features are manifested by 1)
ampliĄcation of the orocline with hinges that buttress into both adjacent lithospheric
domains, 2) build up of upper crustal topographic perturbations manifested by the
development of pop-up structures conĄned by thrusts with strike-slip components,
and 3) rotation of the central model domain parts around the inĆection point of the
orocline.

3.3.4 Application of the PIV method for oroclinal buckling models

For the PIV analysis of all eight simulations, we used the MATLAB freeware
toolbox PIVlab (Thielicke and Stamhuis, 2014). The method was used for model
domains with identical initial geometry. For the last three simulations, the model
surface was powdered by dark-coloured grains of sand, to enhance the PIV accuracy.
The PIV analysis was performed on the surface of the model domain and excluded the
masked surrounding image parts. We analysed 47 TIFF (uncompressed, 24-bit(true
color, RGB)) images for each experiment with Ąnite shortening of 50% in pairs (i.e.
sequence 1-2, 2-3, 3-4...). The resolution of all the images is 6016 × 4000 px (vertical
to horizontal) where the analyzed domain represents 7590000 px2. We employed three
interrogation windows (2176 px2, 512 px2, 128 px2) in PIVlab and allowed additional
pre-processing features as intensity highpass or CLAHE (contrast-limited adaptive
histogram equalization) (Thielicke and Stamhuis, 2014, Raffel et al., 2007). For
data post-processing, we used a validation module implemented in PIVlab to reject
irrelevant (distant/false) values of the displacement Ąeld according to normalized
median test (Nogueira et al., 1997; Westerweel and Scarano, 2005). Missing data were
interpolated by the 3×3 neighbourhood (3×3 mean) interpolation method (Nogueira
et al., 1997; Thielcike and Stamhuis 2014; Boutelier, 2016).

The PIV procedure for our models comprised several post-processing algorithms.
At Ąrst, we tested the accuracy of the calculated displacement Ąeld with respect to the
different settings of the PIV calculations, input image formats and implementation of
colour particles as physical markers (for increasing the PIVlab capability in recogniz-
ing the particle patterns in the image). The aim of the PIV tests was to achieve the
best compromise between the resolution and accuracy of the resulting displacement
Ąeld, evaluated by visual comparison of the real and calculated displacement. While
the real displacement is deĄned by the movement of physical markers (an orthogonal
grid of coloured sand lines or contrasting particles), the calculated displacement
corresponds to the movement of virtual markers that match the original x, y positions
of the pre-selected physical markers.

The testing procedure consists of the following steps: 1. Attribution of virtual
point markers to initial physical markers (the Ąnite position of physical markers that
represent a surface sand grid) 2. application of a displacement to the virtual markers,
3. 2D interpolation of the displacement in new positions of the virtual markers from
the surrounding nodal values (the calculated displacement grid is sparser than the
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true displacement) for all time steps, and 4. imaging of the Ąnite positions of virtual
markers and their visual correlation with the position of physical markers. For all
the tests, we scripted the associated procedures in MATLABTM environment. Based
on the best PIV settings, for further analysis of the model, we Ąrst chose the dataset
calculated with additional Ąltering and a triplet of interrogation windows. This
setting regards models where the surface resolution of the model was not enhanced by
distributed dark particles (coloured sand grains). The accuracy test for this setting
revealed only several local deviations from real material displacement (Fig. 24d). In
the second approach, two interrogation windows were used in experiments (Fig. 24e),
where the sand layer was covered by distributed dark particles (coloured sand grains)
to increase the PIV accuracy. The resultant accuracy in the displacement Ąeld is
comparable for both approaches.

3.3.5 Derived model parameters

Several velocity and strain-related parameters were derived from the calculated
displacement Ąeld (Fig. 25). The Ąrst parameter represents the normalized magnitude
of the velocity Ąeld. The next three parameters are the divergence of the velocity
Ąeld, shear strain rate (second invariant of the deviatoric part of the strain rate
tensor) and vorticity.

First, the strain-rate tensor (Eq. 3.1) and its deviatoric part (Eq. 3.2) was
derived from the displacement between each of the model points (represented by the
discrete numerical grid). The elements of the main diagonal of the tensor represent
the stretches that are associated with the x, y directions, while the elements of the
anti-diagonal correspond to distortion (for the symmetric part of the tensor (Eq.
3.3a)) or rotation (for the antisymmetric part of tensor (Eq. 3.3b)). The divergence
of the velocity Ąeld (Eq. 3.4), is represented by the sum of elements situated along
the main diagonal of the strain-rate tensor. Shear deformation is deĄned as the
second invariant of the deviatoric strain-rate tensor (e.g. Becker and Kaus, 2015;
Gerya, 2009) that shows the magnitude of isovolumic deformation, independently to
the reference frame of the model (Eq. 3.5). The tendency of the material to rotate is
expressed by the vorticity (Eq. 3.6).
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3.3.6 Correlation of the calculated parameters with deformation features

All calculated model parameters (magnitude of the velocity Ąeld, the divergence
of the velocity Ąeld, shear strain and vorticity) were plotted for the three distinct
stages of oroclinal buckling model evolution (Fig. 25) up to 20% of domain shortening.
This initial deformation revealed a comprehensive correlation between the space-time
changes of the strain-related parameters and the deformation features.

At Ąrst, we analyzed the velocity Ąeld which provides the Ąrst insight into the
model dynamics (Fig. 25Aa-c) (All features that are described below are marked
in the Ągure 25A by stars with corresponding numbering in the text). Here, the
initial velocity increase reveals rapid ampliĄcation of the orocline hinge sector closer
to the indenter side (1). The velocity Ąeld map reveals a curved frontline velocity
gradient (Fig. 25Ab,c) (2) that is typical for arcuated deformation patterns in the
indentation tectonics (Regard et al., 2005; Reiter et al., 2011) and accretionary
wedge models conĄned between solid walls reĆecting the Poisseuille type of Ćow (e.g.
Grujic, 2006) (Fig. 25B). The zones of sharp velocity gradients are also related to
the major deformation structures in the model that are also reĆected by sharp space
variations in other calculated parameters.

Negative anomalies in the divergence of the velocity Ąeld correspond to the
thrust zones associated with the lateral propagation of the orocline hinges (Fig. 25e,f,
(3)), thrusting (4) or underthrusting (5) outside of the orocline subdomains or pop-
down structures (6) in the upper crust (Fig. 25f (6)). In contrast, positive values of
divergence are related to areas of extension in crestal parts of upright folds, collapsing
thrust belts or pop-up structures (7).

The contour diagram of shear strain (Fig. 25g,h,i) highlights two types of
structures. First, the maximum values of shear rate reveals strong mechanical
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decoupling along the rheological transition between the orocline and the surrounding
subdomains (8). Second, elevated values of this parameter also correspond to
strike-slip components of the thrusts and normal faults (9).

The restored vorticity Ąeld (Fig. 25j,k,l) reveals the clockwise movement of
material elements around the inĆection point sector of the orocline (10). This domain
of clockwise rotation stretches in the direction parallel with the propagation direction
of the orocline hinges. Another zone of relative clockwise rotation is situated in
the lower right part of the model, in the conĄning silicone material adjacent to
the brittle upper crustal domain (11). Counter-clockwise motion of the material
is evident for the limbs on both ends of the orocline (12) and transitional zones
(13) that divide subdomains of intense clockwise motion, dominated by rotational
translation (orocline inĆection) and regions, where deformation is dominated by
volumetric distortion (pop-ups and pop-downs).

3.4 Models of detachment folding

3.4.1 Model background and setup

The motivation for the detachment folding experiments was to understand
the dynamics of folding in accretionary systems with a melt-softened lower crustal
subdomain. Rheological stratiĄcation marked by a middle to lower crustal migmatitic
layer is typical for many of the Phanerozoic orogenic belts at convergent plate
boundaries (Vanderhaeghe et al., 1999, 2009). Late stage development of these
orogens is associated with lateral and vertical bulk Ćow of the melt weakened,
migmatitic domains, extruded from the core domains of the orogens e.g. in form of
metamorphic core-complexes (e.g. Beaumont et al., 2001; Schulmann et al., 2008;
Vanderhaeghe et al., 2009). The softening of lower crust in such systems is facilitated
by e.g. slab-retreat driven pre-orogenic thinning in hot back-arc domains (Collins,
2002) and/or by emplacement of voluminous partially molten layer between the crust
and upper mantle during a process known as “relaminationŤ (Hacker et al., 2011;
Lehmann et al., 2017; Maierová et al., 2018). The setup of the experiment (Fig. 26)
was designed to mimic the development of a late Devonian accretionary belt, the
Chandman metamorphic dome in the Central Asian Orogenic Belt, originally formed
by a strong brittle upper crust (∼15 km thick) and a weak partially molten layer
(∼15 km thick) in the lower crust above a strong granulitic residuum (Lehmann et
al., 2017).

The crustal scale detachment folding experiments were performed using a narrow
sandbox with a mobile heating plate (sheet metal with inner heating body) conĄned
between the glass walls (Fig. 26A). Stable thermal gradients in superposed layers
were attained by heat input from the heating plate and the light bulbs mounted
on the top of thermally insulated apparatus. These gradients are marked by ∼0.07
°C/mm and 0.06 °C/mm at the sides and the center of the model domain, respectively
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3.7; see Eq. 1.10 - 1.13), representing the ratio between the gravitational and viscous
forces (Rm; Weijermars and Schmeling, 1986; Sokoutis et al., 2005) as presented by
Lehmann et al., (2017):

Rm =
gravitational stress

viscous stress
=

ρdghd

ηė
=

ρdgh2
d

ηV
, (3.7)

where the ρd and hd are the density and thickness of the ductile layer (paraffin wax),
respectively, g is the gravity acceleration (g = 9.81m · s−2), eta is the viscosity of
the ductile layer and ė the strain rate given by the ratio between the mean velocity
of convergence V and the thickness of the ductile layer hd.

Scaling of the brittle deformation in the upper crustal layer formed by the sand
in the experiments was achieved by calculating the ratio between the gravitational
stress and cohesive strength (Rs; Ramberg, 1981; Sokoutis et al., 2005):

RS =
gravitational stress

cohesive strength
=

ρbghb

τc

, (3.8)

where ρb and hb represent the density and thickness of the brittle layer, respec-
tively, g is the gravity acceleration and τc the cohesive strength of the brittle layer.
For correctly dynamically scaled model, the Rm and RS calculated for both the model
and the original (e.g. the Chandman dome; Lehmann et al., 2017), respectively,
should be similar (Tab. 5).

The scaling analysis (Tab. 5) compares the viscosities of the partially crystallized
wax measured at 44 °C (6.84 mPa.s, Tab. 3) and a migmatite, for which the viscosity
is indirectly estimated from the viscosity of a suspension of a hydrous granite (hydrous
rhyolitic melt containing ∼ 1.5 wt.% water, Giordano et al., 2009) of ∼ 108 Pa.s
and 60-80 vol.% of crystals that increases the effective viscosity of the crystal/free
melt 6-7 orders of magnitude to maximum ∼ 1015 Pa.s (Costa et al, 2009). This
scaling analysis (Tab. 5) shows similar values of both the Rm and Rs values for
the experiment and the original, respectively. Alternatively, for the dynamic scaling
analysis of the ductile layer, we can consider the viscosity of the completely molten
wax (0.46 mPa.s at 52°C) as an equivalent to the same granite melt of ∼ 108 Pa.s, but
with 40-50% crystals that will render effective viscosity of the melt+crystal suspension
of ∼ 1013 Pa.s (Giordano et al., 2004, 2008; Costa et al., 2009). Calculating the
corresponding Rm and RS for both model and original will give again values within
the same order of magnitude.

In summary, we can suggest that the rheological stratiĄcation of the sand and
the wax quite well corresponds to the rheological stratiĄcation in thermally softened
accretionary orogens, where the lower crust is formed by migmatites. The partially
molten wax successfully implements a viscosity gradient from the completely molten
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by lower height than the folds F1b and F3, homogeneously attenuated fold limbs
and a relatively small amount of captured melt (Fig. 26d). Finally, the last fold
in the sequence (F6, Fig. 26b) is marked by the highest proportion of melt that
accumulated in the asymmetrical triangular zone below the crestal part of the fold.

3.4.4 Improvement of colour variability for PIV analysis

Passive marker layers were incorporated in both, the wax and sand layers, to
increase the visual resolution of the deformation features in the models. While the
wax subdomain consists of a multilayer of Ąve 0.3 mm thick layers of contrasting
colour, only one stripe of red colour was included in the sand layer (Fig. 27b).

To enhance the PIV method resolution, we incorporated solid and circular
passive markers that were randomly distributed on the front side of the model. These
variably coloured markers are represented by small and Ćat glitter particles (Fig. 27a)
of 0.1 - 0.5 mm in diameter. For the sand layer, we used the black colour dominated
markers, while the more colourful glitter mixtures were superposed on the wax layer.

To visualize the Ąnite deformation pattern, we tested the applicability of Ćuo-
rescent wax shavings (Fig. 27a) that were again sprinkled on the frontal side of the
wax layer. These variably shaped and elongated particles served as passive markers
that were deformed during the domain shortening and were aligned and stretched
parallel with the axial planes of the developing folds. The Ąnite deformation pattern
as visualized by these particles was then photographed with a long time exposure in
darkness (Fig. 27c).

3.4.5 The PIV calculations and testing of accuracy

The displacement Ąeld was calculated from all the sequential pairs of 445
analyzed images (TIFF format). The images, with a resolution of 5202 × 3465 px
(horizontal × vertical), were cropped by a mask, deĄning the model domain. The
PIV calculations were performed with the setting corresponding to the PIV analysis
of the oroclinal buckling models. We used three interrogation windows (2176 px2, 512
px2, 128 px2) for subareas of the images (4801680 px2 at an initial non-contracted
state where the deformable model domain is represented by 885312 px2) representing
the deformed model domain. Image pre-processing (additional image Ąltering and
contrast enhancement) were done using the PIVlab interface (see chapter 3.3.4 or
3.8.3). The resulting displacement Ąeld contains 319 × 57 (horizontal to vertical)
node points.

As in the oroclinal buckling models, we tested the accuracy of the PIV post-
processing using the virtual markers. The virtual markers were positioned along
the horizontal line following the red stripe in the sand layer and one of the layers in
the wax multilayer (Fig. 28). Application of the integrated displacement for each
marker and for all the time steps resulted in a very good match with the Ąnite state
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pattern of the experiment. The positions of the virtual markers trace the folded
passive markers and displacement around the thrusts in the sand layer (Fig. 27b,
28). This test suggests that the calculated displacement Ąeld reliably reĆects the
Ąnal deformation pattern.

3.4.6 Derived model parameters

The contour maps of the strain-related parameters derived from the displacement
Ąeld were analyzed only for the Ąrst 30% shortening since the evolution of the
associated Ąelds shows recurrent patterns during the sequential folding (Fig. 29).
All the displacement Ąeld features that are described in the text below are marked
by stars with corresponding numbering in Ągure 29A. The velocity displacement
Ąeld map reveals a sharp gradient along the longitudinal direction that corresponds
to the ampliĄcation of lastly developing fold (Fig. 29A-a (1)). From the ∼10% of
shortening, the velocity gradient becomes more gradual.

The positive and negative divergence of the velocity Ąeld represents primarily
the locations of extension and compression in the model domain, respectively. In
the sand layer, the positive anomalies correspond to the extensional crestal part of
the folds (Fig. 29A (2)), while the negative values match with the compressional,
synclinal sectors located between the individual folds (3) and at the interface of the
wax and sand above the initial fold perturbations (4). Aerially extensive domains
of negative divergence in the foreland Ćanking fold limbs in the sand are associated
with the motion of the model domain with respect to the immobile background
(5). Therefore, these anomalies can be regarded as artefacts of the experimental
setup and cannot be interpreted in terms of the inner deformation dynamics. Finally,
pairs of close spatially associated negative and positive anomalies are situated in
the triangular domains at the base of the developing detachment folds (6). These
sites correspond to the visual inĆow of melt from the source layer to the axial and
crestal parts of the developing folds. While the left sides of these triangular zones
are coupled with negative divergence, the right sides of these triangles show positive
divergence values.

The second invariant of the strain-rate tensor (isovolumic strain-rate) reveals
maximum shear rates at the surface of the model domain (7). This pattern is again
linked to the movement of the model domain in front of the immobile background,
similar to the negative divergence on the right side Ćanking slopes above the folds.
In the interior of the model domain, high shear rates are linked with locations of
fore- and back-thrusts in the sand (8) and axial planes of folds in the wax (9). The
last signiĄcant localization of shear is associated with the triangular zones at the
bottom of the melt-cored detachment folds (10).

In the vorticity Ąeld (Fig. 29A,j-l), we observe counterclockwise rotational
movement at the model surface (11), which is again associated with the relative
movement of the model domain with respect to the stable model background. In the
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inner part of the model domain, the vorticity anomalies correspond to the clockwise
and anti-clockwise motion related to the fore-thrusts (12) and back-thrusts (13),
respectively.

3.5 Divergence and the volumetric Ćow on local scale in the
detachment fold experiments

The divergence parameter in the detachment fold experiments was employed for
tracing the volumetric changes derived from the velocity Ąeld that were analyzed
from the cross-section of the accretionary system (side-view) (Fig. 26, 29). This
approach is analogous to the oroclinal buckling models (Fig. 24, 25), where the
divergence parameter was employed on plan-view image datasets for dynamics of
topography evolution. The motivation for the detailed divergence analysis in the
detachment fold experiments was a deeper understanding of the deformation and
relative material transfers in the selected parts of the models.

In particular, we wanted to quantify the Ćow dynamics of melt and surrounding
partially molten wax during the progressive development of the detachment folds,
because the Ąnal fold shapes are apparently linked with the relative amount of melt
available in the source layer (true amount of the melt transferred from the close
surroundings of the amplifying folds) and the rate of vertical melt injection along the
axial plane of the folds. Detailed inspection of the upward melt Ćow zones revealed
that the melt is transferred in a coherent single channel (e.g. fold F3, Fig. 26; Fig.
27c) or through several discrete and narrow, Ąnger-shaped channels surrounded by
the mushy wax (e.g. fold F1b, Fig. 26). Since the geometry of the folds and the Ćow
channels are clearly different across the studied sequence of the detachment folds in
a single experiment, we decided to trace the variations of the divergence parameter
in time and space.

At Ąrst, we focus on small-scale details of the models and analyze the displace-
ment Ąeld in a predeĄned static image window. This window is Ąxed with respect
to the background of the moving material in the model (Fig. 30) and locked at the
original level of the mushy wax zone, where discrete melt channels develop at later
stages of the model evolution (e.g. in fold F1b, Fig. 26, 29c). In the second approach,
we develop the mobile and adaptive subgrids, Ąxed on pre-selected subdomains in the
model domain (e.g. Ąxed on the axial plane of a speciĄc fold), where the divergence
is calculated.

3.5.1 Divergence in a static window

In order to understand the deformation pattern related with melt transfer on a
local scale, the window used for the PIV calculations was Ąxed at a position in the
foreland of the Ąrst two developed folds in the mushy wax layer (timestep 100/450;
Fig. 30a). We traced the deformation Ąeld in this small window until the time step
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300/450, (Fig. 30a,b), when the core zone of fold F1b completely overlapped with
this window during progressive shortening. At Ąrst, we calculated the divergence
from the original displacement Ąeld obtained from the PIV with settings described
in section 3.4.5. In the following calculations, we reshaped the interrogation windows
in the PIV settings for the image subsamples corresponding to the dimensions of the
static window (to 512 px2, 128 px2, 32 px2). The analyzed image window represents
the area of 75336 px2 cut from the original image of the model domain with a size of
885312 px2. The resultant vector Ąeld which is shown in Fig. 30b contains 49×391
nodes.

Preliminary analysis of the displacement Ąeld in the static window revealed
velocity gradients on small scales (Fig. 30b) marked by e.g. anomalous vectors (Fig.
30c) that are associated with the melt Ćow through small Ąnger-shaped channels in
the lower parts of the model (Fig. 30c). This melt propagation and ascent into the
cores of developing folds is apparently independent of the background displacement
Ąeld which is related to the displacement of the whole model domain.

We realized that standard Ąltering procedures could signiĄcantly alter the
distribution of divergence and interpretation of the local melt Ćow patterns. Therefore,
we decided to intentionally attempt to Ąlter all the anomalous vectors that are related
with the small scale (Ąnger shaped) channels transferring the melt from the source
domain to the overlying folds (Fig. 30c). This procedure implements artiĄcial
distortions of the displacement Ąeld, where the anomalous vectors were replaced with
interpolated values. As a result, the modiĄed displacement Ąeld is characterized by
non-zero values of integrated divergence that can be interpreted in terms of melt
inĆow, accumulation and outĆow.

Figure 30d displays the local and areal divergence in the static isovolumic area
(predeĄned static window) in time that corresponds to progressive folding of the
model domain in front of, and later above, this area. The divergence values reveal
a relatively small variation range for the Ąrst part of the studied image sequence
(100-170/450) with average values close to zero (Fig. 30b,d). The difference between
extreme values progressively increases with domain shortening from timestep 180.
The integral values (areal divergence), as well as the average values of divergence
(Fig. 30d), show a non-linear trend with decreasing values up to timesteps 240-260
followed by progressively increasing values up to a timestep 290.

This evolutionary trend may be attributed to an increasing melt transfer rate
between the source area (basal layer) and the core of the growing fold (decreasing
divergence). The minimum values are associated with a high rate of material inĆow,
resp. with an increasing amount of the melt which is distributed in the target area.
As the ampliĄcation of the F1b fold is slowing down, the rate of the melt inĆow
decreases and the divergence increases back to zero values.


